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Abstract: The practices (tillage and flooding) used for rice crops are unsustainable, especially in
areas characterized by water shortages, such as the Mediterranean region. Therefore, it is necessary
to develop sustainable methods in order to ensure the viability of rice production. However, it is
essential to understand the effects that alternative management can have on herbicide behavior. In
this context, this paper describes the first field experiment conducted to evaluate the medium-term
effects of different agricultural practices on the fate of bispyribac sodium (BPS). Thus, the treatments
were as follows: tillage and flooding (TF), tillage and sprinkler (TS), and no-tillage and sprinkler
(NTS). In addition, “alperujo” compost (AC) from olive mill waste was used in each treatment (TF-AC,
TS-AC, and NTS-AC). The AC was applied only once in 2015 when the TS and NTS treatments were
implemented. The AC amendment increased the adsorption of BPS and its irreversibility, thereby
decreasing the BPS leaching capacity. Furthermore, throughout this study, the BPS persistence was
up to 1.85 times greater with sprinklers than in the flooding condition, which could explain the high
values of BPS effectiveness (increased by a factor of 1.45 on average) found with sprinklers. Therefore,
the implementation of sprinklers in combination with AC can be considered a sustainable strategy
for Mediterranean rice production, at least in the medium term, as it reduces BPS water pollution
and increases its weed control efficiency.

Keywords: compost; direct seeding; flooding; leaching; sprinkler

1. Introduction

Weeds can lead to significant rice (Oryza sativa L.) yield losses, thereby reducing the
viability of growing rice, which is a staple food for a large part of the world’s population [1].
Therefore, weed control in rice fields is crucial to ensuring global food security [2,3]. In
this sense, chemical weed control is widely used in rice fields due to different advantages;
however, it has a high risk of herbicide pollution, which can have adverse effects on the
environment and human health. Thus, one of the main aims of the current “Farm to Fork”
strategy of the European Commission is to accelerate the transition of agricultural practices
to sustainable food production [4]. Therefore, in order to mitigate or prevent pollution
by herbicides, sustainable and innovative agricultural rice-growing practices should be
implemented [5,6]. Furthermore, the traditional practices applied to rice growing are
unsustainable due to soil degradation processes associated with intensive tillage operations,
as well as excessive water consumption because of permanent flooding irrigation [7]. In
fact, rice farming accounts for about 40% of the world’s irrigation water [8]. This situation

Sustainability 2024, 16, 4157. https://doi.org/10.3390/su16104157 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su16104157
https://doi.org/10.3390/su16104157
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8862-6697
https://orcid.org/0000-0002-1098-8329
https://orcid.org/0000-0003-2467-5910
https://orcid.org/0000-0001-7162-1398
https://orcid.org/0000-0002-4972-3336
https://doi.org/10.3390/su16104157
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16104157?type=check_update&version=2


Sustainability 2024, 16, 4157 2 of 16

is further aggravated in Mediterranean countries, where most European rice production
takes place, mainly due to the lack of water resources [9]. Accordingly, recent studies have
shown that the current drought has led to a significant drop in rice acreage (up to 60%)
in Italy and Spain [9,10], which are major European rice producers (they account for 80%
of the total rice production in the European Union). It is therefore imperative to develop
effective and environmentally responsible rice production [11].

Water-saving irrigation methods have been tested in rice crops (aerobic rice, alternate
wetting and drying, drip irrigation, and sprinklers). Thus, several studies have suggested
that sprinkler irrigation could be an interesting alternative to flooding irrigation for rice
cultivation [12,13], especially in water-stressed regions [14]. Besides saving water, another
important advantage of sprinkler irrigation is that it allows the adoption of soil conser-
vation techniques such as direct seeding and the application of organic amendments [12].
Given the deterioration of soil properties associated with the intensive tillage operations
used in rice production [15], the combination of agricultural conservation practices and
sprinkler irrigation has been considered a promising alternative to conventional manage-
ment, offering improved resource use efficiency (water and soil) [5,7]. Nevertheless, the
adoption of water-saving methods could be disregarded by rice farmers due to the potential
yield losses [16]. In fact, Pinto et al. [12] indicated that around 70% of the rice yield could
be lost due to inadequate water management under a sprinkler irrigation system in Brazil.
Similar results have been reported in different rice-growing regions, suggesting that rice
yields under sprinkler irrigation could be improved as crop management practices are
further developed and refined [17]. In this sense, the combination of sprinkler irrigation
and organic amendments has been proposed as an efficient alternative to flooding in order
to ensure the sustainability of rice crops, at least in regions facing water scarcity [5,18].
Hence, the application of organic amendments to soil has a great impact. It improves soil
properties and the water-holding capacity, which allows the optimal development of crops
and yield enhancement [19,20].

In the Mediterranean area, the olive oil industry produces a large amount of an
olive mill waste byproduct known as alperujo. Due to its high organic matter content, it
can be used as an organic amendment, especially after a composting process [21]. Thus,
different studies have indicated the positive effects of alperujo compost (AC) application
on soil properties. It restores soil fertility [22,23], including the fertility in rice soils [18],
while also promoting a circular economy. Nevertheless, the implementation of these
agricultural practices (water-saving methods, no-tillage methods, and the application
of organic amendments) strongly influences the properties of soil, which can alter the
environmental fates of herbicides [6,24].

Bispyribac sodium (BPS) is an herbicide that is extensively used in rice fields because
it can control a wide range of weeds [5]. However, reports about its environmental con-
sequences are meager [5,25]. Nevertheless, a study showed that the low adsorbed BPS
capacity of the soil was likely due to its high water solubility (64 g L−1), as well as its low
octanol/water partition coefficient [26]. Furthermore, BPS has relatively high persistence.
López-Piñeiro et al. [5] reported t1/2 values of up to 86.4 days in a Mediterranean rice
ecosystem, which could enhance its potential to contaminate water resources through
leaching processes [27]. In fact, in water samples collected in rice production areas, BPS
was detected at concentrations above the permitted levels [28], which indicates a serious
environmental hazard. In this sense, the use of organic amendments in rice soils has been
proposed as a measure to mitigate the risk posed by herbicides [5,6]. Nevertheless, other
authors have observed decreases in herbicide efficacy in amended soils, which could affect
weed control, indicating a need for additional herbicide applications [29,30]. Similarly,
López-Piñeiro et al. [5], using a different rice production system, observed that the applica-
tion of biochar could reduce the efficacy of BPS, although this effect only persisted under
flooding conditions after biochar aging under natural field conditions.

Despite the unsustainability of traditional rice crop management (intensive tillage
and permanent flooding), particularly in water-stressed regions such as the Mediterranean
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Basin, research about the effects of alternative rice management on BPS behavior is lim-
ited [5,18,26,30–32], despite its extensive use in rice agroecosystems. In fact, we found
only one published study about the effects of the combined use of AC and sustainable
agricultural rice management on BPS behavior, which was one of our own previous re-
search publications [18]; however, only short-term effects (≤3 years) were determined.
Therefore, in order to contribute to the correct decision making of rice farmers to improve
the sustainability of rice cultivation, further research studies are required. In addition,
the dynamics of herbicides in soils could be time-dependent due to the evolution and
transformation of soil and organic amendment properties over time under different rice
management systems [5,33]. In this context, reports showed decreases in carbon stocks in
agricultural soils after short-term applications of no-tillage management [34,35]. However,
significant increases were observed in the medium term [36,37]. Likewise, whereas Li
et al. [38], in a short-term study on rice soil, indicated that soil pH and enzyme activities
were not affected by different tillage management practices (conventional versus no-tillage
management), Roldan et al. [36] showed the highest enzymatic activity values under a
medium-term no-tillage implementation. Furthermore, after a 5-year period, López-Fando
and Pardo [39] reported that no-tillage soil exhibited strong vertical pH gradients, whereas
the pH values were more uniform at different depths under conventional tillage. In fact,
Liben et al. [40] concluded that they could observe medium-term positive effects of agri-
cultural conservation practices (no-tillage plus residue retention) on soil properties but
these effects were uncertain in the short term. Therefore, due to the impact of these soil
properties on the behavior of herbicides, it is necessary to develop medium- and long-term
studies to validate the results regarding the behavior of BPS under different agricultural
systems. In this context, this research is the first to evaluate the medium-term effects on
adsorption–desorption, dissipation, leaching, and efficacy of BPS, after five years of the
transition from flooding to sprinkler irrigation, with and without tillage management, in
combination with alperujo compost (AC) application. Thus, this information would be
invaluable in planning its management and appropriate environmental protection.

As a general objective, this research was the first to evaluate the medium-term effects
of sustainable rice management on the behavior and bioefficacy of BPS. For this purpose,
the adsorption–desorption, dissipation, leaching, and efficacy of BPS were measured five
years after transitioning from flooding to sprinkler irrigation, with and without tillage
management, in combination with alperujo compost (AC) application. We hypothesized
that (1) the implementation of sprinkler irrigation instead of flooding, especially under
no-tillage conditions, would be an effective strategy to reduce the leaching of BPS herbicide
in the medium term, although its effectiveness could be affected, and that (2) due to the
evolution and transformation of soil properties over time, the medium-term effects of rice
management on BPS behavior could be different from those observed in the short term.

2. Materials and Methods
2.1. The Herbicide and the Analytical Procedure

An analytical standard of BPS (>98% purity) was purchased from Dr Ehrenstor-
fer, GmbH (Germany) (Figure 1). Its properties were as follows: a molecular weight
of 452.4 g mol−1, log Pow = −1.3, a water solubility of 64 g L−1 at 20 ◦C, a vapor pressure
of 5.5 × 10−6 mPa at 20 ◦C, and a pKa of 3.35 at 25 ◦C [41]. Concentrations of BPS were
analyzed using a Waters 600E HPLC (Waters, Milford, MA, USA) system coupled to a
Waters 996 diode-array detector (Water, USA). Separation was carried out with a Nova-Pack
C18 column (150 mm length × 4.6 mm i.d.) at 30 ◦C (Waters, Wexford, Ireland). A mixture
of 0.1% phosphoric acid (>85%, Panreac, Castellar del Vallès, Spain) and acetonitrile (≥99.9,
Fisher Scientific, London, UK) (55:45 v/v) was used as the mobile phase at a flow rate of
1 mL min−1 (isocratic conditions) and the wavelength monitored for UV detection was
248 nm. External calibration curves were obtained by analyzing BPS standard solutions
at concentrations ranging from 0.05 µM to 10 µM. The limits of detection (LOD) and
quantification (LQD) were 0.007 µM and 0.022 µM, respectively.
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2.2. Design of the Experiments, Sampling, and Assay

A field experiment was carried out in a rice-growing area located in south-eastern
Spain (38◦55′ N; 6◦57′ W) in a semi-arid Mediterranean climate (with a mean annual
temperature of 16.2 ◦C and rainfall of 460 mm). For a long time (>14 years), the experimental
area was dedicated to rice (O. sativa L.) cropping using traditional practices (permanent
flooding irrigation and tillage). Hence, the soil in the experimental area was a Hydragic
Anthrosol [42]. After the rice harvest in 2014, six different management practices were
implemented in a completely randomized design: rice growing under conventional tillage
and flooding irrigation without (TF) and with the application of AC (TF-AC), rice growing
under conventional tillage and sprinkler irrigation without (TS) and with the application of
AC (TS-AC), and rice growing under no-tillage (direct seeding) and sprinkler irrigation
without (NTS) and with the application of AC (NTS-AC). Each management practice was
carried out in triplicate. Thus, the experimental area had 18 plots in total (180 m2 for
each plot, as shown in Figure 2), which were previously characterized to guarantee soil
homogeneity in the different plots. At the beginning of the experiment, the main properties
of the original soils were as follows: loam texture (20.8% clay, 50.3% sand, and 28.9% silt),
pH of 4.42 ± 0.07, 12.6 ± 0.28 g kg−1 of total organic carbon, and 3.50 ± 0.01 dS m−1

of electrical conductivity. The AC was applied at a rate of 80 Mg ha−1 in 2015 and its
characterization can be found in Gómez et al. [18]. Briefly, days prior to sowing (at the
end of April), a complex fertilizer (9-18-27, Fertiberia, Madrid, Spain) was applied at a
rate of 550 kg ha−1 in all management conditions. Then, spring moldboard plowing was
carried out for the tillage conditions (TF, TF-AC, TS, and TS-AC). Afterward, rice was
sown (at a dosage of 160 kg ha−1 using seeds of the Sirio variety that were purchased from
COPSEMAR, Madrid, Spain) using a Semeato TDNG 320 Disc Seeder (Semeato, Passo
Fundo, Brazil) for the sprinkler conditions (TS, TS-AC, NTS, and NTS-AC) and an Amazone
za-x-perfect broadcast seed drill (Amazone, Munich, Germany) for the flooding conditions
(TF and TF-AC). Rice was sown as the sole crop in early May of each year. In both years,
urea (Fertiberia, Madrid, Spain) was applied as a cover fertilizer at dosages of 92 kg N ha−1

and 69 kg N ha−1 in the tillering (July) and initial panicle (August) stages, respectively.
Finally, in all conditions, rice was harvested in September using a Bertolini 124D reaper
(Emak, Piano, Italy). Furthermore, the TF and TF-AC conditions were continuously flooded
(from May to September), whereas in the TS, TS-AC, NTS, and NTS-AC conditions, the rice
was irrigated with a sprinkler system.
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Hence, in order to determine the medium-term effects, after the rice harvests (when
the different rice management practices were completed) in September 2018 and 2019 (four
and five years after the implementation of the management practices, respectively), four
subsamples of topsoil (0–20 cm, arable layer) were collected randomly for each of the plots
with the help of a manual auger (70 mm diameter) to make a composite sample that was
used to determine BPS adsorption–desorption, dissipation, leaching, and efficacy. The soil
samples were air-dried and ground and the fraction that passed through a 2 mm sieve was
stored at 4 ◦C until use. The soil properties were analyzed as described by Peña et al. [43]
and are compiled in Table 1.

Table 1. Selected soil properties (0–20 cm depth).

TOC
(g kg−1)

WSOC
(mg kg−1)

HA
(g kg−1)

FA
(g kg−1) pH EC

(dS m−1)

2018
TF 10.8aB 293abB 0.858aA 0.831bA 5.52aA 1.93bA
TF-AC 20.9cA 716cA 1.48bA 0.971cA 5.92bA 1.52aA
TS 10.2aA 257abA 0.911aA 0.891bA 6.27cA 1.87bA
TS-AC 16.6bA 721cB 1.41bA 1.25eA 6.89eB 2.08cA
NTS 11.1aA 211aA 0.869aA 0.559aA 6.73dB 1.45aA
NTS-AC 16.8bA 392bA 1.53bA 1.05dA 6.94eB 1.79bA
2019
TF 10.1aA 240aA 0.833abA 0.939bA 5.64aB 2.74bB
TF-AC 21.4eA 562cA 1.44cA 0.996bA 6.11bB 2.65bB
TS 11.6bB 356bB 0.736aA 1.00bA 6.29cA 2.12aA
TS-AC 18.6dB 402bA 1.30cA 1.18cA 6.62eA 3.93cB
NTS 12.3cA 333bB 0.958bA 0.775aB 6.46dA 5.97dB
NTS-AC 21.6eB 357bA 1.96dA 1.04bA 6.61eA 3.73cB

M *** *** *** *** *** ***
Y *** ** NS * *** ***
M × Y ** *** * NS *** ***

TOC: Total organic carbon; WSOC: Water soluble organic carbon; HA: Humic acid; FA: Fulvic acid; EC: Electrical
conductivity. Managements are tillage and flooding irrigation without (TF) and with the application of alperujo
compost (TF-AC), conventional tillage and sprinkler irrigation without (TS) and with the application of alperujo
compost (TS-AC); no-tillage (direct seeding) and sprinkler irrigation without (NTS) and with the application of
alperujo compost (NTS-AC). ANOVA factors are M: management; Y: year; M × Y: interaction management * year.
F-values indicate the significance levels * p < 0.05; ** p < 0.01; and *** p < 0.001, respectively, and NS: not significant.
Different letters indicate significant differences (p < 0.05) between managements in the same year (lower case
letters) and between years within the same management (upper case letters).



Sustainability 2024, 16, 4157 6 of 16

2.3. Adsorption–Desorption Experiments

For all management conditions, BPS adsorption–desorption isotherms were obtained
using a batch equilibration method in accordance with Gómez et al. [18]. Briefly, in
triplicate, 5 g soil samples were treated separately with 10 mL BPS solutions at initial
concentrations ranging between 0.5 and 20 µM. The BPS adsorption–desorption data were
fitted to the Freundlich model. Detailed information from this adsorption–desorption study
is presented in the Supplementary Materials (Text S1 and Figure S1).

2.4. Dissipation Experiments

The dissipation of BPS was carried out under two incubation conditions. Thus, flood-
ing was used in the TF and TF-AC conditions, whereas non-flooded conditions were used
in the TS, TS-AC, NTS, and NTS-AC conditions, in order to simulate the field conditions.
BPS was applied at a rate of 1.63 µg g−1. Samples were incubated in darkness at 20 ± 1 ◦C
for 49 d. At appropriate time intervals, triplicate samples (for each management condition)
were removed and immediately frozen until further analysis. A mixture of distilled water
and methanol (≥99.9, Fisher Scientific, UK) (60:40 v/v) was used as an extractant phase.
Half-lives (t1/2) were calculated on the basis of the experimental data after they were fit to a
first-order kinetics equation. Furthermore, simultaneously with the dissipation experiments
and using the same conditions, the activity of dehydrogenase (DA) was also determined in
accordance with Trevors [44]. Detailed information from this dissipation study is presented
in the Supplementary Materials (Text S2 and Figure S2).

2.5. Leaching Experiments

Disturbed soil columns (5 cm inner diameter × 30 cm length, constructed from PVC)
were used to determine the leaching of BPS, in triplicate, for each management condition.
Prior to the application of BPS, the columns were saturated using CaCl2 (0.01 M). Then, the
herbicide was applied to the tops of the soil columns at a rate of 0.5 kg ha−1. Daily, 50 mL
of CaCl2 (0.01 M) was applied to each column and the leachates were collected and frozen
until further analysis. Detailed information from this leaching study is presented in the
Supplementary Materials (Text S3 and Figure S3).

2.6. Bioassays

A laboratory bioassay was conducted according to López-Piñeiro et al. [5] to determine
the medium-term effects of AC on the efficacy of BPS in soils that had been subjected to
different tillage and water management conditions. Briefly, 50 g samples of the soil were
put into pots. The soils under flooding irrigation (TF and TF-AC) were incubated at a
soil-to-water ratio of 1:1.25 w/v and those under non-flooding irrigation (TS, TS-AC, NTS,
and NTS-AC) were at 80% of field capacity. The pots were placed inside a growth chamber
and kept at 25 ◦C with 12 h of daylight for 14 days. Then, for each management condition,
weeds were removed by hand and 10 pre-germinated seeds of Echinochloa crus-galli L.
(one of the main rice weeds in Europe [1]) were put in each pot. After 10 d, BPS was
applied to one set of pots at the recommended dosage of 100 g ha−1, leaving another set
as controls without herbicide. After 14 d of BPS application, the weights of E. crus-galli L.
were measured to determine the weed control efficacy (Figure S4).

2.7. Statistical Analyses

Statistical studies (ANOVA, Duncan’s test, Pearson’s correlation) were done with the
use of the IBM’s SPSS (vn. 22) software package. A p-value > 0.05 was considered to
indicate statistical non-significance.

Statistical analyses were carried out using IBM’s SPSS (vn. 22) software package. The
data were checked for normality of distribution and homogeneity of variances. Then, they
were subjected to a one-way ANOVA considering each variable alone (management and
year) to evaluate the statistical differences between the management conditions within each
year and in the same management condition in different years. A post hoc Duncan test
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was used to further elucidate differences among means (p < 0.05). To evaluate the signifi-
cance and interaction of the tested variables (management × year), a two-way ANOVA
was carried out. Three levels of significance were considered: p < 0.05, 0.01, and 0.001.
Pearson correlation coefficients were calculated to study possible correlations between
different properties. Correlations were considered using two levels of significance: p < 0.05
(statistically significant) and p < 0.01 (a higher level of statistical significance). Further-
more, the influence of soil properties on BPS behavior was determined via multivariate
regression analysis.

3. Results and Discussion
3.1. Adsorption–Desorption Experiments

Adsorption–desorption isotherms of BPS for the different management systems are
shown in Figure S5, which shows adequate fitting to the Freundlich model (R2 ≥ 0.982,
Table 2). Regardless of the management condition and the year of study, the values of
nf (<1) indicate that the adsorption of BPS was dependent on its initial concentration.
Similar results were reported by other authors, who also found values of nf less than
unity in different types of soils, indicating strong competition for adsorption sites [30,45].
The management conditions significantly affected BPS adsorption (Table 2). Thus, for the
unamended conditions, after five years of implementation, the results indicated higher
soil capacities (Kd) under flooding (TF) than in the sprinkler conditions, regardless of the
tillage system (TS or NTS, Table 2). This finding is consistent with previous research, such
as that of Gómez et al. [18], who observed that the BPS adsorption capacity was greater
under anaerobic management than under aerobic management in Mediterranean rice fields,
although this was a short-term effect. Such results could be due to the pH of soils because
an increase in pH, as found under sprinkler irrigation (Table 1), can lead to increases in
the degree of ionization of BPS (anionic forms), resulting in less adsorption [31]. This is
in agreement with the results of Sharma et al. [46], who showed more adsorption of BPS
in acidic soils (pH = 5.2) compared to basic soils in rice soils from India, suggesting the
importance of soil pH for BPS adsorption. Compared to the unamended management
conditions, significant increases in Kd values were observed in the AC-amended conditions,
regardless of the irrigation and tillage systems. Hence, the BPS Kd values were 1.10, 1.10,
and 1.32 and 1.17, 1.36, and 1.49 times greater in the TF-AC, TS-AC, and NTS-AC conditions
than in the corresponding unamended conditions for 2018 and 2019, respectively (Table 2).
Higher adsorption of BPS in the AC-amended management conditions could be due to
increases in total organic carbon (TOC) (Table 1). In fact, Kd was significantly and positively
(p < 0.01) correlated with TOC (r = 0.424). These results are in agreement with the results
observed by Chirukuri and Atmakuru [27], who indicated a positive influence of TOC on
BPS adsorption in different soil types. However, Gómez et al. [18] reported no significant
differences in BPS adsorption capacity between unamended and AC-amended management
conditions in the short term, especially under sprinkler management. These differences
could be attributable to greater variations in soil pH after applying AC in the short term
than in the medium term. Thus, whereas the short-term application of AC caused increases
in soil pH of up to 1.22-fold, in the medium term, these increases were much lower (up
to 1.10-fold). Indeed, Kd was significantly and negatively (p < 0.01) correlated with pH
(r = −0.711), in line with previous studies [27,31], due to an increase in repulsive forces
as pH increased. These findings show the importance of considering more than short-
term effects in order to validate the effects on the behavior of herbicides. Furthermore,
according to Green and Hale [47], the solubility of BPS could increase with soil pH, making
it more hydrophilic and more available in solution form, thus decreasing its tendency to be
adsorbed. Furthermore, after the multivariate analysis (multiple regression), we observed
that 90% of the variance in Kd was explained by a combination of pH and TOC variables
using the following equation:

Kd = 2.873 − (0.448pH) + (0.031TOC), R = 0.949 (p < 0.001)
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Table 2. Bispyribac-sodium adsorption–desorption parameters.

nf Kd R2 H

2018
TF 0.929abcA 0.973dB 0.991 386aA
TF-AC 0.979cA 1.067eB 0.988 481abA
TS 0.909abcA 0.486bA 0.984 996bB
TS-AC 0.944bcA 0.537cA 0.989 1894cB
NTS 0.848aA 0.387aA 0.982 316aA
NTS-AC 0.879abB 0.512bcA 0.989 641abA
2019
TF 0.889bcA 0.776dA 0.994 462abA
TF-AC 0.924cA 0.905eA 0.997 496abA
TS 0.892bcA 0.489aA 0.998 416abA
TS-AC 0.863abA 0.664bB 0.997 872cA
NTS 0.865bA 0.482aB 0.996 330aA
NTS-AC 0.821aA 0.717cB 0.996 625bA

M * *** ***
Y * * *
M × Y NS *** **

The data for nf, Kd, and hysteresis (H) are mean values. Managements are tillage and flooding irrigation without
(TF) and with the application of alperujo compost (TF-AC), conventional tillage and sprinkler irrigation without
(TS) and with the application of alperujo compost (TS-AC), and no-tillage (direct seeding) and sprinkler irrigation
without (NTS) and with the application of alperujo compost (NTS-AC). ANOVA factors are M: management;
Y: year; M × Y: interaction management * year. F-values indicate the significance levels * p < 0.05; ** p < 0.01;
and *** p < 0.001, respectively, and NS: not significant. Different letters indicate significant differences (p < 0.05)
between managements in the same year (lower case letters) and between years within the same management
(upper case letters).

This shows that the adsorption capacity of BPS can be predicted well using only
the TOC and pH values of soils and is consistent with results reported by López-Piñeiro
et al. [32], who observed that pH and TOC accounted for 93% of the variation in the BPS
adsorption capacity, although in their study, the effects of AC were not evaluated.

Similar to adsorption, BPS desorption was significantly (p < 0.001) affected by the
management conditions (Table 2). Thus, greater hysteresis (H) values (greater irreversibility)
were found in the AC-amended conditions than in the unamended conditions, especially
under sprinkler irrigation, regardless of the tillage conditions (Table 2). In fact, the H
values were 1.24, 1.90, and 2.0 and 1.07, 2.10, and 1.89 times greater in the TF-AC, TS-
AC, and NTS-AC conditions than in the corresponding unamended conditions for 2018
and 2019, respectively (Table 2), indicating that more adsorbed BPS could be retained in
AC-amended soils under sprinkler irrigation. These results agree with a previous report
of higher irreversibility of BPS in amended rice soils [18]. Hence, the decrease in BPS
desorption in amended soils could be due to an increase in the number of active sites for
BPS adsorption [31]. In particular, in our study, H was significantly and positively (p < 0.01)
correlated with fulvic acids (FAs) (r = 0.611), showing that these humic substances could
provide active sites for herbicide adsorption. These results are consistent with those of
Fouad et al. [48], who indicated that humic substances provide active adsorption sites for
BPS in clay loam soil. Furthermore, our findings are in line with results observed by Alister
et al. [49], who indicated that humic substances and pH were the main soil properties
governing the adsorption–desorption processes of different herbicides used in rice soils.

3.2. Dissipation Experiments

Figure 3 shows the BPS dissipation curves of the different management conditions,
as well as the values of DA recorded throughout the dissipation experiments. In order
to calculate the BPS half-lives (t1/2), the experimental data were fitted to the first-order
kinetics and high correlation coefficients were found (R2 ≥ 0.809, Table 3). The BPS t1/2
values were significantly (p < 0.001) affected by the management conditions (Table 2).
Compared to the unamended conditions, the BPS half-life values ranged from 32.3 d
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in the TF condition to 60.6 d in the NTS condition in 2018 and from 46.6 d in the TF
condition to 86.4 d in the NTS condition in 2019 (Table 2). These values were higher
than those obtained by Chirukuri and Atmakuru [27], whose t1/2 values for BPS ranged
between 5.1 d and 16.2 d, and those of Kalsi and Kaur [50], who reported BPS t1/2 values
of 4.09–40.96 d, but in line with values reported by Gámiz et al. [30] (21–84 d) and Gómez
et al. [18] (27.4–86.5 d). Probable reasons for this variability in BPS dissipation among these
studies include differences in the physicochemical properties of the soils and the different
conditions of the experiments [30,50]. In this sense, the fast dissipation of BPS was indicated
by Reimche et al. [51] in a field study carried out in Southern Brazil. The values of t1/2
ranged from 8.9 d to 15.5 d, although these authors only considered rice paddy water
without taking soil into account. In fact, our results showed rapid BPS dissipation under
anaerobic conditions (TF and TF-AC) compared to aerobic conditions, regardless of the
tillage methods (TS, TS-AC, NTS, and NTS-AC). Hence, the t1/2 values were higher in the
TS and NTS conditions than in the TF condition by factors of 1.84 and 1.88 as well as 1.45
and 1.85 for 2018 and 2019, respectively (Table 3). In accordance with Kalsi and Kaur [50],
the higher BPS dissipation under anaerobic conditions may be attributed to a decline in
the availability of pores for BPS diffusion after flooding irrigation, which involves more
partitioning of BPS in the aqueous phase and thus favors its dissipation. Similar results
were found by Gómez et al. [18], who also observed longer persistence of BPS in aerobic
incubation conditions.
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Figure 3. Medium-term effects of different management regimes on Bispyribac-sodium dissipation
(#) and dehydrogenase activity (•). Vertical bars representing one standard error of the mean were
smaller than the symbols in all cases.
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Table 3. Bispyribac-sodium dissipation parameters and dehydrogenase activity .

t1/2
(days) R2 DA

(µg INTF g−1 h−1)

2018
TF 32.3bA 0.955 9.77cA
TF-AC 27.5aA 0.902 31.78dA
TS 59.5dA 0.934 5.21aA
TS-AC 38.7cA 0.979 8.58bB
NTS 60.6dA 0.809 8.27bB
NTS-AC 40.4cA 0.949 8.74bA
2019
TF 46.6aB 0.914 33.65cB
TF-AC 43.2aB 0.955 31.13cA
TS 67.7cB 0.992 4.96aA
TS-AC 55.7bB 0.955 6.81abA
NTS 86.4dB 0.954 7.63bA
NTS-AC 41.3aA 0.986 8.03bA

M *** ***
Y *** ***
M × Y *** ***

Half-lives: t1/2; DA dehydrogenase activity considering all the incubation times in soil conditions. Managements
are tillage and flooding irrigation without (TF) and with the application of alperujo compost (TF-AC) and
conventional tillage and sprinkler irrigation without (TS) and with the application of alperujo compost (TS-AC);
no-tillage (direct seeding) and sprinkler irrigation without (NTS) and with the application of alperujo compost
(NTS-AC). ANOVA factors are M: Management; Y: Year; M × Y: interaction management * year. F-values
indicate the significance levels *** p < 0.001. Different letters indicate significant differences (p < 0.05) between
managements in the same year (lower case letters) and between years within the same management (upper
case letters).

Regardless of the management conditions, our results showed a clear trend for the
effects of AC on BPS dissipation (Table 3). The dissipation rate of BPS increased by factors of
1.17, 1.54, and 1.50 in the TF-AC, TS-AC, and NTS-AC conditions and increased by factors
of 1.08, 1.22, and 2.09 compared to the corresponding unamended conditions in 2018 and
2019, respectively. Similar results were observed by García-Jaramillo et al. [52], who found
that the dissipation of azimsulfuron, a herbicide that is also widely used in rice cultivation
and is a weak acid like BPS, increased with the application of AC but only under flooded
conditions. Likewise, Kalsi and Kaur [50] indicated that under field-capacity conditions, the
dissipation of BSP increased by 1.86- to 5.96-fold in soils amended with farmyard manure
compared to unamended soils. Despite the increase in BPS adsorption capacity in the AC-
amended management conditions (Table 2), the highest BPS dissipation in these conditions
was probably due to the high TOC and the degree of humification (humic acid, HA). These
factors boost biotic degradation and thus hasten the dissipation of herbicides [50]. Indeed,
the t1/2 values were significantly and negatively (p < 0.01) correlated with TOC (r =− 0.433),
HA (r = − 0.485), and DA (r = − 0.442). Our results are in agreement with those of Kalsi
and Kaur [50], who indicated that high organic matter contents in soils accelerated BPS
dissipation due to increased microbial activity. Similar results related to the fast dissipation
of different types of herbicides (non-dissociated and dissociated) such as chlorotoluron,
flufenacet, and picloram in organic-amended soils were reported by Carpio et al. [53]
and Gámiz et al. [33]. However, our results were not consistent with those reported by
Gómez et al. [18], who indicated that the persistence of BPS increased with AC application,
regardless of the management condition. The variability in the dissipation behavior of
BPS in these studies could be attributed to the carbon and/or nitrogen sources of the soil
microorganisms. Thus, when a short period of time has elapsed since the AC application
(<3 years), soil microorganisms can use the AC as a source of nutrients instead of the
herbicide, while in the medium term (4–5 years), soil microorganisms could preferentially
use BPS as a source of nutrients. Therefore, the field aging of AC was likely responsible for
the shorter persistence of BPS observed in our study. Similar results have been reported [32]
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related to faster-dissociated herbicide (such as BPS) dissipation after an aging process for
amended soils.

3.3. Leaching Experiments

The cumulative breakthrough curves of BPS for the different management systems
are shown in Figure 4. BPS was detected in relatively large amounts in leachates in all
management conditions that were studied, where up to 69.1% of the herbicide applied to
the columns was recorded. These results are of a similar order to those indicated by Kaur
et al. [54], who found values ranging from 62 to 87% for BPS leached in different soils and
they are lower than those indicated by Fouad et al. [55], who reported values of about 90%
for BPS leached, although these latter authors used soils with pH>8.20 and higher sand
contents. Thus, for the unamended management conditions, the values of the BPS leaching
losses ranged from 46.3% in the TF condition to 58.2% in the TS condition in 2018 and from
61.3% in the TF condition to 69.1% in the TS condition in 2019 (Figure 4). Therefore, the
medium-term implementation of sprinkler irrigation in rice crops, especially under tillage
conditions, promoted BPS leaching losses. These findings could be attributable to the fact
that sprinkler irrigation decreased BPS adsorption (Table 2) and enhanced the persistence
of the herbicide (Table 3). This behavior showed the importance of the adsorption and
dissipation processes to the leaching of herbicides, as indicated in previous studies [5,27,30].
Furthermore, the soil properties could also play a key role in leaching behavior. In fact, in
our study, significant negative (p < 0.05) correlations were observed between the values
of leached BPS and TOC (r = −0.354) and HA (r = −0.388), confirming that BPS loss by
leaching may also depend on organic matter as well as humic substances. These findings
could be a reason for the higher leached BPS in the TS conditions compared to the NTS
conditions 5 years after their implementation due to the significant increases observed
in TOC and HA under no-tillage compared to the tillage conditions (Table 1). Similar
results were described by López-Piñeiro et al. [32], who also found a significant negative
correlation between BPS leaching and AH in Mediterranean rice fields, although their study
was conducted without organic amendment application.
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Figure 4. Medium-term effects of different management regimes on cumulative breakthrough curves
of bispyribac-sodium. Vertical bars represent one standard error of the mean.

Compared to the unamended management conditions, significant decreases in BPS
leaching losses were observed in the AC-amended conditions, regardless of the irrigation
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and tillage systems. Hence, the total leached BPS values were 1.13, 1.19, and 1.13 as well
as 1.09, 1.14, and 1.10 times lower in the TF-AC, TS-AC, and NTS-AC conditions than in
the corresponding unamended conditions for 2018 and 2019, respectively (Figure 4). These
results were consistent with those described above for adsorption–desorption, where AC
led to increases in the BPS adsorption capacity, as well as greater irreversibility, which
may have helped to reduce the mobility of BPS through the soils. Similar findings related
to the leaching behavior of BPS were indicated by Singh and Singh [45] for different soil
types. Likewise, Kaur et al. [31] concluded that the application of different organic amend-
ments (rice straw and biochar produced from rice straw) could be interesting agricultural
management systems used to control the leaching potential of BPS due to its enhanced
adsorption capacity in amended soils. Moreover, these results are in agreement with those
of Liu et al. [56], who indicated that the small losses of the herbicide Glyamifop due to
leaching in rice soils across China may be explained by the organic matter of soils and its
high adsorption capacity, although it is an herbicide with very low water solubility. Fur-
thermore, the leaching findings were also consistent with the decreases in BPS persistence
observed in AC-amended soils, which limited the leaching of BPS. In fact, a significant
negative (p < 0.01) correlation was found between the amount of BPS leached and Kd
(r = −0.549), while a positive correlation with t1/2 (r = 0.763) was found. Similar results
have been reported by other authors [18,30,32] and could be very important to achieving a
reduction in the amount of BPS leached, thereby promoting environmentally responsible
rice production.

3.4. Bioassays

The herbicidal activity of BPS under different management systems is shown in
Figure 5. The weed control efficacy was significantly affected by the management systems.
Compared to the unamended management conditions, the lowest values of BPS efficacy
were recorded in the TF condition, whose values were about 60% in both years of this study,
whereas with sprinkler systems, values of up to 84% were found (Figure 5). These results
could be attributable to the adsorption and persistence behavior of BPS. Thus, decreases
in the BPS adsorption capacity when sprinkler irrigation is implemented compared to
flooding could favor weed control using BPS [5]. In addition, increases in BPS persistence
under sprinkler irrigation can enhance the bioefficacy of this herbicide. Indeed, weed
control efficacy showed a significant negative correlation with Kd (r = −0.689, p < 0.01) and
a positive correlation with t1/2 (r = 0.377, p < 0.05), indicating that increases in herbicide
persistence might lead to greater effectiveness of these compounds. Independent of the
water and tillage management conditions, the medium-term effects of AC on BPS efficacy
were not significant (p > 0.05), except in the TS-AC condition in 2019, when the BPS
efficacy increased to 92%. Our results contrast with those of López-Piñeiro et al. [5], who
found significant decreases in BPS in amended soils under different irrigation management
conditions, although it was only observed for a short time (≤1 year) and biochar was
used as an organic amendment. In this sense, many studies have demonstrated reductions
in the efficacy of herbicides in biochar-amended soils [29,57]. In fact, Yavari et al. [58]
indicated that the weed control of imidazolinones decreased in biochar-amended rice soils.
In contrast to biochar, Peña et al. [59] indicated that the bioefficacy of S-metolachlor, a
non-dissociated herbicide used for weed control in different crops, was not reduced in
different agricultural AC-amended soils, although the organic amendment led to significant
increases in herbicide sorption. Therefore, at least in the medium term, five years after the
transition from flooding, sprinkler irrigation in combination with AC application could be
considered an interesting strategy to improve weed control using BPS as well as promote
sustainable rice production, especially in areas characterized by a scarcity of water resources
such as the Mediterranean area.
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Figure 5. Medium-term effects of different management regimes on bispyribac-sodium efficiency
against Echinochloa crus-galli L. Beauv.. Different letters indicate significant differences (p < 0.05)
between managements in the same year (lower case letters) and between years within the same
management (upper case letters).

4. Conclusions

The environmental fate of BPS was widely affected by the different rice management
conditions. After medium-term implementation, the sprinkler irrigation management
conditions led to a decline in the BPS adsorption capacity and increases in its persistence
compared to the flooding conditions, thereby enhancing the weed control efficiency of
BPS. However, the highest BPS leaching losses were observed in the sprinkler manage-
ment conditions, especially under tillage conditions, and they represent a risk of water
contamination. Nevertheless, this threat was counteracted by the AC amendment, despite
five years passing since its application, which resulted in a higher herbicide adsorption
capacity and greater irreversibility, as well as a lower persistence of BPS. The total organic
carbon and humic substances were crucial soil properties that affected the environmental
fate of BPS. Therefore, the combined use of AC and water-saving methods such as sprinkler
irrigation, especially in a no-tillage system, can be considered a promising alternative to
enhance the effectiveness of BPS while reducing its risk of contamination in rice ecosystems,
thus enhancing the viability and sustainability of this important crop.
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leaching experiments; Figure S4: process of BPS bioassays experiments; Figure S5: bispyribac-sodium
adsorption and desortion isotherms. Vertical bars representing one standard error of the mean were
smaller than the symbols in all cases. Ce: equilibrium bispyribac-sodium concentration; Cs: amount
of bispyribac-sodium adsorbed are presented as Supplementary Materials.

Author Contributions: Conceptualization, A.L.-P., Á.A. and J.M.R.N.; methodology, A.L.-P.; L.V.,
D.F.-R. and D.P.; software, L.V., Á.A. and D.P.; validation, A.L.-P., D.F.-R., J.M.R.N. and D.P.; formal
analysis, L.V., D.F.-R., Á.A. and D.P.; investigation, A.L.-P., D.F.-R. and Á.A.; resources, A.L.-P.; data
curation, A.L.-P., L.V. and D.P.; writing—original draft preparation, A.L.-P., L.V., J.M.R.N. and D.P.;
writing—review and editing, A.L.-P., L.V., J.M.R.N. and D.P.; visualization, A.L.-P., D.F.-R., Á.A. and
D.P.; supervision, A.L.-P. and Á.A.; project administration, A.L.-P.; funding acquisition, A.L.-P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Extremadura Regional Government, grant number IB16075
and MCIN/AEI/10.13039/501100011033, by ERDF A way of making Europe, grant numbers RTI2018-
095461-B-I00 and PID2021-123062OB-100, by grant TED2021-129790B-I00 funded by MCIN/AEI/10.13
039/501100011033, and by European Union NextGeneration EU/PRTR. The APC was funded by
invitation of the Editorial Board.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/su16104157/s1
https://www.mdpi.com/article/10.3390/su16104157/s1


Sustainability 2024, 16, 4157 14 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Calha, I.; Oliveira, M.D.F.; Reis, P. Weed management challenges in rice cultivation in the context of pesticide use reduction: A

survey approach. Sustainability 2023, 15, 244. [CrossRef]
2. Liu, C.; Yang, K.; Chen, Y.; Gong, H.; Feng, X.; Tang, Z.; Fu, D.; Qi, L. Benefits of mechanical weeding for weed control, rice

growth characteristics and yield in paddy fields. Field Crops Res. 2023, 293, 108852. [CrossRef]
3. Pattanayak, S.; Jena, S.; Das, P.; Roul, P.K.; Maitra, S.; Shankar, T.; Sairam, M.; Swain, D.K.; Pramanick, B.; Gaber, A.; et al. Crop

establishment methods and weed management practices influence the productivity and profitability of Kharif rice (Oryza sativa
L.) in a hot-humid summer climatic conditions. Paddy Water Environ. 2023, 21, 447–466. [CrossRef]

4. European Commission. European Commission. Farm to Fork Strategy. For a Fair, Healthy and Environmentally Friendly Food System.
2020. Available online: https://food.ec.europa.eu/horizontal-topics/farm-fork-strategy_en (accessed on 15 January 2024).

5. López-Piñeiro, A.; Martín-Franco, C.; Terrón-Sánchez, J.; Vicente, L.A.; Fernández-Rodríguez, D.; Albarrán, Á.; Nunes, J.M.R.;
Peña, D. Environmental fate and efficiency of bispyribac-sodium in rice soils under conventional and alternative production
systems affected by fresh and aged biochar amendment. Sci. Total Environ. 2022, 847, 157651. [CrossRef]

6. Cervantes-Díaz, A.; Alonso-Prados, E.; Alonso-Prados, J.L.; Sandín-España, P. Assessing the effect of organic amendments on the
degradation of profoxydim in paddy soils: Kinetic modeling and identification of degradation products. Sci. Total Environ. 2024,
912, 169072. [CrossRef]

7. Rana, B.; Parihar, C.M.; Jat, M.L.; Patra, K.; Nayak, H.S.; Reddy, K.S.; Sarkar, A.; Anand, A.; Naguib, W.; Gupta, N.; et al.
Combining sub-surface fertigation with conservation agriculture in intensively irrigated rice under rice-wheat system can be an
option for sustainably improving water and nitrogen use-efficiency. Field Crops Res. 2023, 302, 109074. [CrossRef]

8. Arbat, G.; Cufí, S.; Duran-Ros, M.; Pinsach, J.; Puig-Bargués, J.; Pujol, J.; de Cartagena, F.R. Modeling approaches for determining
dripline depth and irrigation frequency of subsurface drip irrigated rice on different soil textures. Water 2020, 12, 1724. [CrossRef]

9. Straffelini, E.; Tarolli, P. Climate change-induced aridity is affecting agriculture in Northeast Italy. Agric. Syst. 2023, 208, 103647.
[CrossRef]

10. European Commission. Agriculture and Rural Development. Agri-Food Data Portal. Rice Production. 2024. Available online:
https://agridata.ec.europa.eu/extensions/DashboardRice/RiceProduction.html (accessed on 30 April 2024).

11. Kima, A.S.; Kima, E.; Bacyé, B.; Ouédraogo, P.A.W.; Traore, O.; Traore, S.; Nandkangré, H.; Chung, W.G.; Wang, Y.M. Evaluating
supplementary water methodology with saturated soil irrigation for yield and water productivity improvement in semi-arid
rainfed rice system, Burkina Faso. Sustainability 2020, 12, 4819. [CrossRef]

12. Pinto, M.A.B.; Parfitt, J.M.B.; Timm, L.C.; Faria, L.C.; Concenço, G.; Stumpf, L.; Nörenberg, B.G. Sprinkler irrigation in lowland
rice: Crop yield and its components as a function of water availability in different phenological phases. Field Crops Res. 2020, 248,
107714. [CrossRef]

13. Vories, E.; Stevens, W.G.; Rhine, M.; Straatmann, Z. Investigating irrigation scheduling for rice using variable rate irrigation.
Agric. Water Manag. 2017, 179, 314–323. [CrossRef]

14. Spanu, A.; Murtas, A.; Ballone, F. Swater use and crop coefficients in sprinkler irrigated rice. Ital. J. Agron. 2009, 4, 47–58.
[CrossRef]

15. Parihar, C.M.; Meena, B.R.; Nayak, H.S.; Patra, K.; Sena, D.R.; Singh, R.; Jat, S.L.; Sharma, D.K.; Mahala, D.M.; Patra, S.; et al.
Co-implementation of precision nutrient management in long-term conservation agriculture-based systems: A step towards
sustainable energy-water-food nexus. Energy 2022, 254, 124243. [CrossRef]

16. Haque, A.N.A.; Uddin, M.K.; Sulaiman, M.F.; Amin, A.M.; Hossain, M.; Aziz, A.A.; Mosharrof, M. Impact of organic amendment
with alternate wetting and drying irrigation on rice yield, water use efficiency and physicochemical properties of soil. Agronomy
2021, 11, 1529. [CrossRef]

17. Mandal, K.G.; Thakur, A.K.; Ambast, S.K. Current rice farming, water resources and micro-irrigation. Curr. Sci. 2019, 116, 568–576.
[CrossRef]

18. Gómez, S.; Fernández, D.; Peña, D.; Albarrán, Á.; López-Piñeiro, A. Behaviour of bispyribac-sodium in aerobic and anaerobic
rice-growing conditions with and without olive-mill waste amendment. Soil Tillage Res. 2019, 194, 104333. [CrossRef]

19. Razavipour, T.; Moghaddam, S.S.; Doaei, S.; Noorhosseini, S.A.; Damalas, C.A. Azolla (Azolla filiculoides) compost improves grain
yield of rice (Oryza sativa L.) under different irrigation regimes. Agric. Water Manag. 2018, 209, 1–10. [CrossRef]

20. Lourencetti, J.; Bonini, C.D.S.B.; Andreotti, M.; Alves, M.C.; Bonini Neto, A.; Santos, M.A.; Barretto, V.C.D.M.; de Figueredo,
R.W.R. Evolution of Soil Chemical Fertility in an Area under Recovery for 30 Years with Anthropic Intervention. Sustainability
2023, 15, 10344. [CrossRef]

21. Alburquerque, J.A.; Gonzálvez, J.; García, D.; Cegarra, J. Agrochemical characterisation of “alperujo”, a solid by-product of the
two-phase centrifugation method for olive oil extraction. Bioresour. Technol. 2004, 91, 195–200. [CrossRef]

22. Madejón, P.; Alaejos, J.; García-Álbala, J.; Fernández, M.; Madejón, E. Three-year study of fast-growing trees in degraded soils
amended with composts: Effects on soil fertility and productivity. J. Environ. Manag. 2016, 169, 18–26. [CrossRef]

https://doi.org/10.3390/su15010244
https://doi.org/10.1016/j.fcr.2023.108852
https://doi.org/10.1007/s10333-023-00940-y
https://food.ec.europa.eu/horizontal-topics/farm-fork-strategy_en
https://doi.org/10.1016/j.scitotenv.2022.157651
https://doi.org/10.1016/j.scitotenv.2023.169072
https://doi.org/10.1016/j.fcr.2023.109074
https://doi.org/10.3390/W12061724
https://doi.org/10.1016/j.agsy.2023.103647
https://agridata.ec.europa.eu/extensions/DashboardRice/RiceProduction.html
https://doi.org/10.3390/SU12124819
https://doi.org/10.1016/j.fcr.2020.107714
https://doi.org/10.1016/j.agwat.2016.05.032
https://doi.org/10.4081/ija.2009.2.47
https://doi.org/10.1016/j.energy.2022.124243
https://doi.org/10.3390/agronomy11081529
https://doi.org/10.18520/cs/v116/i4/568-576
https://doi.org/10.1016/j.still.2019.104333
https://doi.org/10.1016/j.agwat.2018.05.020
https://doi.org/10.3390/su151310344
https://doi.org/10.1016/S0960-8524(03)00177-9
https://doi.org/10.1016/j.jenvman.2015.11.050


Sustainability 2024, 16, 4157 15 of 16

23. de Sosa, L.L.; Sánchez-Piñero, M.; Girón, I.; Corell, M.; Madejón, E. Addition of compost changed responses of soil-tree system in
olive groves in relation to the irrigation strategy. Agric. Water Manag. 2023, 284, 108328. [CrossRef]

24. Schreiber, F.; Scherner, A.; Massey, J.H.; Zanella, R.; Avila, L.A. Dissipation of Clomazone, Imazapyr, and Imazapic herbicides in
paddy water under two rice flood management regimes. Weed Technol. 2017, 31, 330–340. [CrossRef]

25. Okmen, G.; Donmez, G.; Donmez, S. Influence of nitrate, phosphate and herbicide stresses on nitrogenase activity and growth of
cyanobacteria isolated from paddy fields. J. Appl. Biol. Sci. 2007, 1, 57–62.

26. Sharma, N.; Kaur, P.; Jain, D.; Bhullar, M.S. In-vitro evaluation of rice straw biochars’ effect on bispyribac-sodium dissipation and
microbial activity in soil. Ecotox. Environ. Saf. 2020, 191, 110204. [CrossRef] [PubMed]

27. Chirukuri, R.; Atmakuru, R. Sorption characteristics and persistence of herbicide bispyribac sodium in different global soils.
Chemosphere 2015, 138, 932–939. [CrossRef] [PubMed]

28. Vieira, D.C.; Noldin, J.A.; Deschamps, F.C.; Resgalla, C., Jr. Ecological risk analysis of pesticides used on irrigated rice crops in
southern Brazil. Chemosphere 2016, 162, 48–54. [CrossRef] [PubMed]

29. Nag, S.K.; Kookana, R.; Smith, L.; Krull, E.; Macdonald, L.M.; Gill, G. Poor efficacy of herbicides in biochar-amended soils as
affected by their chemistry and mode of action. Chemosphere 2011, 84, 1572–1577. [CrossRef] [PubMed]

30. Gámiz, B.; Velarde, P.; Spokas, K.A.; Hermosín, M.C.; Cox, L. Biochar soil additions affect herbicide fate: Importance of application
timing and feedstock species. J. Agric. Food Chem. 2017, 65, 3109–3117. [CrossRef]

31. Kaur, P.; Sharma, N.; Kaur, K. Influence of pyrolysis temperature on rice straw biochar properties and corresponding effects on
dynamic changes in bispyribac-sodium adsorption and leaching behavior in soil. Pedosphere 2023, 33, 463–478. [CrossRef]

32. López-Piñeiro, A.; Sánchez-Llerena, J.; Peña, D.; Albarrán, Á.; Ramírez, M. Transition from flooding to sprinkler irrigation in
Mediterranean rice growing ecosystems: Effect on behaviour of bispyribac sodium. Agric. Ecosyst. Environ. 2016, 223, 99–107.
[CrossRef]

33. Gámiz, B.; Velarde, P.; Spokas, K.A.; Celis, R.; Cox, L. Changes in sorption and bioavailability of herbicides in soil amended with
fresh and aged biochar. Geoderma 2019, 337, 341–349. [CrossRef]

34. Cai, A.; Han, T.; Ren, T.; Sanderman, J.; Rui, Y.; Wang, B.; Smith, P.; Xu, M.; Li, Y. Declines in soil carbon storage under no tillage
can be alleviated in the long run. Geoderma 2022, 425, 116028. [CrossRef]

35. Amami, R.; Ibrahimi, K.; Sher, F.; Milham, P.J.; Khriji, D.; Annabi, H.A.; Abrougui, K.; Chehaibi, S. Effects of conservation and
standard tillage on soil physico-chemical properties and overall quality in a semi-arid agrosystem. Soil Res. 2022, 60, 485–496.
[CrossRef]

36. Roldán, A.; Salinas-García, J.R.; Alguacil, M.M.; Caravaca, F. Changes in soil enzyme activity, fertility, aggregation and C
sequestration mediated by conservation tillage practices and water regime in a maize field. Appl Soil Ecol 2005, 30, 11–20.
[CrossRef]

37. Araya, T.; Cornelis, W.M.; Nyssen, J.; Govaerts, B.; Getnet, F.; Bauer, H.; Amare, K.; Raes, D.; Haile, M.; Deckers, J. Medium-term
effects of conservation agriculture based cropping systems for sustainable soil and water management and crop productivity in
the Ethiopian highlands. Field Crops Res. 2012, 132, 53–62. [CrossRef]

38. Li, C.F.; Yang, J.; Zhang, C.; Zhang, Z.S.; Zheng, M.; Ahmad, S.; Cao, C.G. Effects of short-term tillage and fertilization on grain
yields and soil properties of rice production systems in central China. J. Food Agric. Environ. 2010, 8, 577–584.

39. López-Fando, C.; Pardo, M.T. Changes in soil chemical characteristics with different tillage practices in a semi-arid environment.
Soil Till. Res. 2009, 104, 278–284. [CrossRef]

40. Liben, F.M.; Tadesse, B.; Tola, Y.T.; Wortmann, C.S.; Kim, H.K.; Mupangwa, W. Conservation agriculture effects on crop
productivity and soil properties in Ethiopia. Agron. J. 2018, 110, 758–767. [CrossRef]

41. BPDB. Biopesticides Properties Database. University of Hertfordshire. 2024. Available online: http://sitem.herts.ac.uk/aeru/bpdb/
(accessed on 7 February 2024).

42. FAO. Guidelines for Soil Description; Food and Agriculture Organization of the United Nations: Rome, Italy, 2006; Available online:
https://www.fao.org/3/a0541e/a0541e.pdf (accessed on 22 April 2024).

43. Peña, D.; Albarrán, Á.; López-Piñeiro, A.; Rato-Nunes, J.M.; Sánchez-Llerena, J.; Becerra, D. Impact of oiled and de-oiled olive
mill waste amendments on the sorption, leaching, and persistence of S-metolachlor in a calcareous clay soil. J. Environ. Sci. Health
B 2013, 48, 767–775. [CrossRef] [PubMed]

44. Trevors, J.T. Dehydrogenase activity in soil: A comparison between the INT and TTC assay. Soil Biol. Biochem. 1984, 16, 673–674.
[CrossRef]

45. Singh, N.; Singh, S.B. Adsorption and leaching behaviour of bispyribac-sodium in soils. Bull. Environ. Contam. Toxicol. 2015, 94,
125–128. [CrossRef]

46. Sharma, N.; Devi, S.; Kaur, P.; Sondhia, S. Behaviour of bispyribac sodium in soil and its impact on biochemical constituents of
rice. Int. J. Environ. Anal. Chem. 2023, 103, 4791–4805. [CrossRef]

47. Green, J.M.; Hale, T. Increasing and decreasing pH to enhance the biological activity of nicosulfuron. Weed Technol. 2005, 19,
468–475. [CrossRef]

48. Fouad, M.R.; El-Aswad, A.F.; Aly, M.I.; Badawy, M.E.I. Sorption characteristics and thermodynamic parameters of bispyribac-
sodium and metribuzin on alluvial soil with difference in particle size and pH value. Curr. Chem. Lett. 2023, 12, 545–556.
[CrossRef]

https://doi.org/10.1016/j.agwat.2023.108328
https://doi.org/10.1017/wet.2017.5
https://doi.org/10.1016/j.ecoenv.2020.110204
https://www.ncbi.nlm.nih.gov/pubmed/31954925
https://doi.org/10.1016/j.chemosphere.2014.12.029
https://www.ncbi.nlm.nih.gov/pubmed/25577693
https://doi.org/10.1016/j.chemosphere.2016.07.046
https://www.ncbi.nlm.nih.gov/pubmed/27479455
https://doi.org/10.1016/j.chemosphere.2011.05.052
https://www.ncbi.nlm.nih.gov/pubmed/21696801
https://doi.org/10.1021/acs.jafc.7b00458
https://doi.org/10.1016/j.pedsph.2022.06.046
https://doi.org/10.1016/j.agee.2016.03.003
https://doi.org/10.1016/j.geoderma.2018.09.033
https://doi.org/10.1016/j.geoderma.2022.116028
https://doi.org/10.1071/SR21011
https://doi.org/10.1016/j.apsoil.2005.01.004
https://doi.org/10.1016/j.fcr.2011.12.009
https://doi.org/10.1016/j.still.2009.03.005
https://doi.org/10.2134/agronj2017.07.0384
http://sitem.herts.ac.uk/aeru/bpdb/
https://www.fao.org/3/a0541e/a0541e.pdf
https://doi.org/10.1080/03601234.2013.780884
https://www.ncbi.nlm.nih.gov/pubmed/23688227
https://doi.org/10.1016/0038-0717(84)90090-7
https://doi.org/10.1007/s00128-014-1420-5
https://doi.org/10.1080/03067319.2021.1931852
https://doi.org/10.1614/WT-04-001R5
https://doi.org/10.5267/j.ccl.2023.3.001


Sustainability 2024, 16, 4157 16 of 16

49. Alister, C.A.; Araya, M.A.; Kogan, M. Adsorption and desorption variability of four herbicides used in paddy rice production.
J. Environ. Sci. Health B 2010, 46, 62–68. [CrossRef] [PubMed]

50. Kalsi, N.K.; Kaur, P. Dissipation of bispyribac sodium in aridisols: Impact of soil type, moisture and temperature. Ecotox. Environ.
Saf. 2019, 170, 375–382. [CrossRef] [PubMed]

51. Reimche, G.B.; Machado, S.L.O.; Oliveira, M.A.; Zanella, R.; Dressler, V.L.; Flores, E.M.M.; Gonçalves, F.F.; Donato, F.F.; Nunes,
M.A.G. Imazethapyr and imazapic, bispyribac-sodium and penoxsulam: Zooplankton and dissipation in subtropical rice paddy
water. Sci. Total Environ. 2015, 514, 68–76. [CrossRef]

52. García-Jaramillo, M.; Cox, L.; Hermosín, M.C.; Cerli, C.; Kalbitz, K. Influence of green waste compost on azimsulfuron dissipation
and soil functions under oxic and anoxic conditions. Sci. Total Environ. 2016, 550, 760–767. [CrossRef] [PubMed]

53. Carpio, M.J.; Marín-Benito, J.M.; Sánchez-Martín, M.J.; Rodríguez-Cruz, M.S. Accelerated dissipation of two herbicides after
repeated application in field experiments with organically-amended soil. Agronomy 2021, 11, 1125. [CrossRef]

54. Kaur, P.; Kaur, H.; Kaur Kalsi, N.; Bhullar, M.S. Evaluation of leaching potential of penoxsulam and bispyribac sodium in Punjab
soils under laboratory conditions. Int. J. Environ. Anal. Chem. 2023, 103, 7376–7394. [CrossRef]

55. Fouad, M.R.; El-Aswad, A.F.; Badawy, M.E.I.; Aly, M.I. Impact of organic amendments addition to sandy clay loam soil and
sandy loam soil on leaching process of chlorantraniliprole insecticide and bispyribac-sodium herbicide. Curr. Chem. Lett. 2024, 13,
277–286. [CrossRef]

56. Liu, L.; Rao, L.; Hu, J.; Zhou, W.; Li, B.; Tang, L. Effects of different factors on the adsorption–desorption behavior of Glyamifop
and its migration characteristics in agricultural soils across China. Microchem. J. 2021, 170, 106646. [CrossRef]

57. Yang, Y.; Sheng, G.; Huang, M. Bioavailability of diuron in soil containing wheat-straw-derived char. Sci. Total Environ. 2006, 354,
170–178. [CrossRef] [PubMed]

58. Yavari, S.; Kamyab, H.; Binti Abd Manan, T.S.; Chelliapan, S.; Asadpour, R.; Yavari, S.; Saparim, N.B.; Baloo, L.; Sidik, A.B.C.;
Kirpichnikova, I. Bio-efficacy of imidazolinones in weed control in a tropical paddy soil amended with optimized agrowaste-
derived biochars. Chemosphere 2022, 303, 134957. [CrossRef]

59. Peña, D.; Albarrán, Á.; Gómez, S.; Fernández-Rodríguez, D.; Rato-Nunes, J.M.; López-Piñeiro, A. Effects of olive mill wastes with
different degrees of maturity on behaviour of S-metolachlor in three soils. Geoderma 2019, 348, 86–96. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/03601234.2011.534372
https://www.ncbi.nlm.nih.gov/pubmed/21191865
https://doi.org/10.1016/j.ecoenv.2018.12.005
https://www.ncbi.nlm.nih.gov/pubmed/30550967
https://doi.org/10.1016/j.scitotenv.2015.01.055
https://doi.org/10.1016/j.scitotenv.2016.01.142
https://www.ncbi.nlm.nih.gov/pubmed/26849340
https://doi.org/10.3390/agronomy11061125
https://doi.org/10.1080/03067319.2021.1970148
https://doi.org/10.5267/j.ccl.2023.12.004
https://doi.org/10.1016/j.microc.2021.106646
https://doi.org/10.1016/j.scitotenv.2005.01.026
https://www.ncbi.nlm.nih.gov/pubmed/16398993
https://doi.org/10.1016/j.chemosphere.2022.134957
https://doi.org/10.1016/j.geoderma.2019.04.022

	Introduction 
	Materials and Methods 
	The Herbicide and the Analytical Procedure 
	Design of the Experiments, Sampling, and Assay 
	Adsorption–Desorption Experiments 
	Dissipation Experiments 
	Leaching Experiments 
	Bioassays 
	Statistical Analyses 

	Results and Discussion 
	Adsorption–Desorption Experiments 
	Dissipation Experiments 
	Leaching Experiments 
	Bioassays 

	Conclusions 
	References

