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Abstract

Aerobic rice has been proposed as an efficient management practice to save water and improve the
sustainability of rice as a crop. However, these techniques strongly influence soil properties and can
therefore modify the behaviour of pesticides. Bispyribac-sodium (BS) is a post-emergent herbicide
frequently used in rice agroecosystems, but which is considered very toxic to aquatic organisms and
hazardous for the environment. In order to evaluate the effects of the transition from flooding to sprinkler
irrigation on the sorption-desorption, dissipation, and leaching of BS on Mediterranean rice growing
ecosystems, field experiments were conducted over three consecutive years in SW Spain using four
different management regimes: anaerobic with conventional tillage and flooding (CTF), aerobic with
conventional tillage and sprinkler irrigation (CTS), aerobic with no-tillage and sprinkler irrigation (NTS),
and long-term aerobic with no-tillage and sprinkler irrigation (NTS7). The management regimes
significantly influenced BS sorption, although their effects were dependent on the time of
implementation. After three years, the K values in NTS7 were 1.7, 4.2, and 1.3 times significantly higher
than in NTS, CTS, and CTF, respectively. Sorption was negatively correlated with soil pH and positively
correlated with total organic carbon (TOC), with the two variables accounting for 93% of the variation in
BS sorption. In all management regimes, laboratory trials showed BS to be more persistent under
anaerobic (t;,=45.4-131d) than aerobic conditions (t, =30-51d), with the t;, values being
significantly greater for CTS under both conditions. Although soil pH was the main factor affecting the
dissipation of BS, this property together with TOC accounted for 96% and 86% of the variation of the t,,
values under aerobic and anaerobic conditions, respectively. Leaching studies indicated that the greatest
amount of BS leached occurred in CTS. Leaching losses of BS were reduced from 52% in CTS to 29%,
30%, and 19% in CTF, NTS, and NTS7, respectively. Thus, sprinkler irrigation under conventional
tillage may increase water contamination by BS in Mediterranean paddy fields, but it may greatly reduce

it under no-tillage practices, especially after long-term implementation of this alternative management strategy.



1 Keywords: Bispyribac-sodium; Leaching; Persistence; Rice; Sorption; Water and tillage management.
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1. Introduction

Rice (Oryza sativa L.) is traditionally cultivated by conventional agricultural practices and flooding
management, which implies high water consumption, large emissions of methane, and high global energy
costs. Moreover, rice cropping conducted under flooded conditions is pointed to as being an activity of
high polluting potential due to the usual proximity of the fields to surface water bodies (Machado et al.,
2006). In addition, this management system affects soil properties, with a subsequent negative impact on

the following non-rice upland crop in the rotation system (Hobbs & Gupta, 2003; Tripathi et al., 2005).

Although 90% of global rice production is in Asia, the crop is also widely cultivated in Africa and
America, and both widely and intensively in some zones of Southern Europe, mainly in Mediterranean
countries (FAO, 2009). Spain is one of the largest rice producers in the European Union, with 20% of the
total of European farmland under rice cultivation. Within Spain, Extremadura, with an average output of
7300 kg ha™, has become consolidated as one of the largest rice producing regions, with the most
productive areas located in the River Guadiana lowlands. However, this high productivity is also
associated with intensive and expensive cultural practices that include soil tillage, intensive use of
irrigation by flooding, and a high intensity of pesticide application directly to the water. These practices
can contribute to an enhanced risk of surface and groundwater pollution, making it necessary to

implement preventive measures (Barceld & Hennion, 1997; Bouman et al., 2002; Clayton, 2011).

With predictions suggesting that many countries will have severe water problems by 2025 (Rosegrant
et al., 2002), the continuation of flooded irrigation in rice-growing ecosystems is highly endangered due
to its lack of sustainability. Consequently, alternatives are being sought that will allow greater efficiency
of water use (Feng et al., 2007 and Qu et al., 2008). This is especially urgent in the Mediterranean region
where the problem of water scarcity is steadily worsening (Chenini, 2010). Therefore, there is a need to

develop appropriate management regimes to cope with these problems, regimes that will be economically
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feasible and environmentally sustainable (Kumar & Ladha, 2011). In this sense, aerobic rice production
(non-flooding, also termed intermittent irrigation) has been proposed as being an efficient management
practice in the sense of reducing water use and the need for agricultural procedures without any notable
decrease in rice grain yield (Bhushan et al. 2007; Mahajan et al. 2009; Sarkar et al., 2012). In
Extremadura, aerobic rice using conservation agriculture techniques (no-tillage) and direct seeding with
sprinkler irrigation has recently been implemented to change from the traditional cultivation of this crop.
The purpose is to reduce the environmental impact of the crop and improve its sustainability in this
region. This technique has undergone a very large expansion in recent decades in many parts of the
world. It has also given promising results in preliminary studies aimed at maintaining optimal yields

under Mediterranean conditions (Moreno-Jimenez et al., 2014).

However, these techniques strongly influence the properties of the soil, and in particular can modify
the behaviour of pesticides in this agricultural ecosystem, affecting such processes as their adsorption,
leaching, and persistence, this last being strongly dependent on microbial activity which in turn is
dependent on whether the conditions are aerobic or anaerobic (Liesack et al., 2000; Vasquez et al., 2011).
Also, the adoption of conservation agriculture techniques such as a no-tillage system generally increases
the total organic carbon of the soil (TOC) and decreases its pH (Alvaro-Fuentes et al., 2012; Arshad et al.,
1999; Mufioz et al., 2007; Ldpez-Pifieiro et al., 2013), and may therefore also influence the behaviour and
environmental fate of soil-applied pesticides (Alletto et al., 2013; Novak et al., 1996). Usually, with the
increase in TOC and decrease in pH, the sorption of herbicides onto soil particles also increases, and thus
their mobility down the soil profile may be reduced (Si et al., 2011; Lopez-Pifieiro et al., 2013), although
measurements of these trends have frequently been contradictory (Alletto et al., 2013; Elliott et al., 2000;
Sadeghi et al., 1998; Larsbo et al., 2009). In addition, although the surface soil microbial community and
activity may increase under no-tillage management (Soon & Arshad, 2005; Mufioz et al., 2007; Ldpez-

Pifieiro et al., 2013), this does not always imply that the specific microbial populations involved in the
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degradation of a compound will be more abundant and therefore that this degradation will be faster
(Gaston & Locke, 2000). Indeed, compared with conventional tillage, slower pesticide dissipation rates
have been reported under no-tillage or reduced tillage regimes (Gaston et al., 1996; Zablotowicz et al.,

1998).

Despite aerobic rice cultivation being an attractive alternative to lowland rice in areas where water is
the limiting factor, one disadvantage of this management system is the greater amount of weeds (Singh,
2008). Nonetheless, the availability of new herbicides for weed control have essentially made this shift
technically viable (Mortimer et al.,, 2008;). Bispyribac-sodium (BS) - sodium 2,6-bis[(4,6-
dimethoxypyrimidin-2-yl)oxy]benzoate — is a pyrimidinyloxybenzoic herbicide intensively used on rice
fields across the world. It is steadily gaining in popularity due to its effectiveness in controlling annual
broadleaf and gramineous weeds. It is a systemic, selective, post-emergent herbicide which is considered
highly mobile and very toxic to aquatic organisms and hazardous for the environment (EFSA, 2010).
Furthermore, although BS is usually applied at low rates, to control weeds in more advanced stages of
development, increasing dosages are needed. This has stimulated some rice producers to abuse the
dosage, leading to increased risk of contamination of soils and water resources by this pesticide. Very
few research studies have been published, however, on the environmental behaviour of BS. Moreover, we
could find no work evaluating the impact of different rice management regimes on the behaviour of the
herbicide, although such information would be useful for its management agriculturally and

environmentally.

We hypothesized that sprinkler irrigation under no-tillage practices would be an attractive strategy
both to save water and to reduce the risk of water contamination by BS in Mediterranean paddy fields.
The objective of this study was therefore to analyse how the transition from flooding to sprinkler

irrigation affects the sorption-desorption, dissipation, and leaching of the herbicide BS in Mediterranean
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rice-growing ecosystems. Since herbicide persistence is directly dependent on microbial degradation, soil
dehydrogenase activity was also monitored to assess the effect of the management regimes on the

microbial activity of the soil.

2. Materials and Methods

2.1. Herbicide

Bispyribac-sodium (BS) — sodium 2,6-bis[(4,6-dimethoxypyrimidin-2-yl)oxy]benzoate — of purity 98.3%
was purchased from Dr Ehrenstorfer GmbH (Augsburg, Germany). It was used to prepare herbicide
solutions for laboratory tests. BS assays were performed by high performance liquid chromatography
(HPLC) using a Waters 600E chromatograph coupled to a Waters 996 diode-array detector. The
conditions used were the following: Nova-Pack C18 column (150 mm length x 4.6 mm i.d.), mobile
phase of acetonitrile/water (55:45, v/v) containing 0.1% phosphoric acid at a flow rate of 1 mL min™,
column temperature 30°C, 25 pL injection volume, and UV detection at 248 nm. External calibration
curves with standard bispyribac-sodium solutions between 0.05 puM and 10 uM were used in the
calculations. The detection and quantification limits under these conditions were 0.0068 uM and 0.0223

MM, respectively.

2.2. Rice cultivation

A field experiment was carried out from 2011 to 2013 on a Hydragric Anthrosol (FAO, 2006) with 17%
clay, 35.9% silt, 47.1% sand, organic C 7.5 g kg™, total N 0.817 g kg™, and pH 5.5. The experimental field
site is located in Extremadura, southwestern Spain (39° 06'N; 5°40'W), where the climate is
Mediterranean with mean annual precipitation of 480 mm, and very hot and dry summers. This region
has serious limitations in developing sustainable agriculture as it has an aridity index of 0.49 (UNESCO,

1977).

Prior to beginning the study, the experimental area (2400 m2) was cropped with rice (Oryza sativa L.)
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using the management practices traditional in the region (deep ploughing and waterlogging). A part of the
field had already been devoted to direct seeding and sprinkler irrigated rice in the 7 years preceding the
experiment. After the rice harvest in November 2010, the field was divided into twelve plots of 200 m?2
(20 x 10 m) each, that were subjected to the following four management regimes: (CTF) applying the
techniques that are conventional in the region, i.e., tillage to 25 cm and flooding with continuous water
flow; (CTS) conventional tillage and sprinkler irrigation; (NTS) conservation agriculture techniques (no-
tillage and seeding by direct drilling) and sprinkler irrigation; and (NTS7) the same conservation
agriculture techniques (no-tillage and direct drilling) and sprinkler irrigation but where this management
regime had already been in use for 7 years, the purpose being to observe possible long-term effects.
Three replicates of each treatment were performed in a completely randomized design. Different plots
were separated with ridges 35 cm high with a 4-m wide protective buffer zone set up between adjacent
plots. They were cropped with Oryza sativa L. var. Gladio, a traditional genotype in Extremadura. Water
supply came from a surface catchment. The water use in different treatments was monitored with a water
flow meter. Water consumption in sprinkler irrigated treatments (7010 m® ha™) was around one-third of
that used for the flooded systems (24 000 m?® ha™) (Moreno-Jiménez et al., 2014). Each year the plots

were left uncultivated after harvest.

2.3. Sampling and physicochemical analysis of the soils

Soil samples from the plots were collected after the harvest in November 2011, 2012, and 2013 for the
sorption-desorption study and in November 2013 for the leaching and dissipation studies. Four soil
subsamples from each plot were taken randomly at a 20-cm depth. Samples were air dried, and the
fraction that passed through a 2-mm sieve was stored at 4°C until use. TOC was determined by
dichromate oxidation (Nelson & Sommers, 1996). Water-soluble organic carbon (WSOC) was extracted
with de-ionized water at a 3:1 (water to soil) ratio. Humic and fulvic acids (HA and FA, respectively)

were extracted by a solution of 0.1 M Na,P,0O- using a ratio of extractant to sample of 10:1, and the humic
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acid was precipitated by acidifying the supernatant to pH 2 with H,SO,. Then WSOC, HA, and FA were
determined by dichromate oxidation and measurement of the absorbance at 590 nm (Sims & Haby, 1971).
The humification index (HI) was calculated as (HA/TOC) x 100 (Pefia et al., 2015). The pH was
measured in a 1:1 (w/v) soil/water suspension using a combination electrode. Electrical conductivity

(EC) was measured in a saturation extract (US Salinity Laboratory Staff, 1954).

2.4. Adsorption-desorption experiment

The isotherms were determined using a batch equilibration method. Triplicate soil samples (5 g) were
equilibrated with 10 ml of initial BS solutions (0.5 to 20 uM in 0.01 M CacCl,) by shaking mechanically at
20 + 2°C for 24 h. Equilibrium concentrations in the supernatants were determined by HPLC. The
amount of BS sorbed (Cs) was calculated as the difference between the initial (Ci) and the equilibrium

(Ce) solution concentrations.

Desorption was measured immediately after sorption by successive dilution from the 20 UM initial
concentration points. The 5 mL of supernatant removed for the sorption analysis was replaced with 5 mL
of 0.01 M CaCl,. The samples were resuspended, shaken for another 24 hours, centrifuged, and the
equilibrium concentration in the supernatant was determined. This desorption procedure was repeated
thrice. The herbicide sorption and desorption experiments were fitted to the empirical Freundlich
equation, Cs = K;Ce exp(1/n;), where Cs (UM kg™) is the amount of herbicide sorbed at the equilibrium
concentration Ce (UM L™), and K; and n; are constants that characterize the relative sorption capacity.
Hysteresis coefficients, H, for the sorption-desorption isotherms were calculated as H = n,/ng, where n,

and nq are the Freundlich constants obtained from the sorption and desorption isotherms, respectively.

2.5. Dissipation studies and dehydrogenase activity
For each treatment, sextuplicate soil samples (5 g) were weighed into 50 mL glass tubes (three tubes were
used for the dissipation experiment, and three for the dehydrogenase activity determination). Soils were

9
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supplemented with distilled water to obtain aerobic non-flooded (80% field capacity) and anaerobic
flooded (soil-to-water ratio 1:1.25, w/v) moisture conditions. Bispyribac-sodium was added to the soils to
give an application dose that was equivalent to 0.5 kg ha™. Prior to the addition of BS, soils were pre-
incubated for 7 days in the dark at 20 £+ 2°C to allow the soil microorganisms to adapt to the incubation
conditions, and also to allow the development of reducing conditions in the flooded soils. The tubes were
then incubated in the dark at 20 £ 2°C for 49 days. The moisture content was maintained at a constant
level throughout the experiment by adding distilled water as necessary (checking by weight). Three
replicate tubes from each treatment were removed periodically (at 2 hours and at 2 days after herbicide
application, and then at 7-day intervals for 49 days) to measure the herbicide concentration. For the soils,
5 g aliquots of soil were extracted with 10 mL of a 60:40 (v/v) mixture of distilled water/methanol by
shaking mechanically on an end-over-end shaker at 20 + 2°C for 24 h followed by centrifugation, and the
BS concentration in the extracts was determined by HPLC. Herbicide residues from water samples were
also determined by HPLC. The BS dissipation curves in soils and water were fitted to first-order kinetics,

and the half-lives (ty,) were calculated.

To determine the dehydrogenase activity (DHA), another three replicate tubes from each treatment
were removed periodically at the same times as for the dissipation experiment. The DHA was determined
by the method described in Garcia et al. (1993). The tubes were incubated for 20 h at 20°C in the dark
with 1 ml of 0.4% 2-p-iodophenyl-3p-nitrophenyl-5 tetrazolium chloride (INT) as substrate. At the end of
the incubation, the iodonitrotetrazolium formazan (INTF) produced was extracted with methanol, and the

absorbance was measured at 490 nm.

2.6. Leaching studies
Leaching studies were carried out using PVC disturbed soil columns of 30-cm length x 5-cm i.d. To

minimize losses of soil during the experiment, the top 5 cm of the columns was filled with sea sand and

10
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the bottom 5 cm with sea sand plus glass wool. The remaining 20 cm was hand-packed with air-dried
soil. Each treatment was performed in triplicate. The soil columns were saturated with 0.01 M CaCl, and
allowed to drain for 24 h, and then the amount of BS corresponding to an application rate of 0.5 kg ha™
dissolved in water was applied dropwise to the top of the columns so as to cover the entire column
surface. Each day, the columns were leached with 0.01 M CaCl, at a rate of 50 mL day™ until no
herbicide was detected in the leachates. Leachates containing the herbicide were collected daily, filtered,
and assayed by HPLC. At the end of the monitoring period, the soil columns were sectioned into four
depths (0-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm), and BS extracted by shaking (24 h at 20°C) 5 g of
soil with 10 mL of a mixture of 60:40 (v/v) distilled water/methanol. The suspensions were centrifuged,
filtered, and assayed by HPLC in order to determine the residual amount of herbicide in the different

depths of the soil column.

2.7. Statistical analyses
Statistical analyses were carried out using the SPSS package (22.0) for Windows. The data obtained were
subjected to a one-way ANOVA. Pairwise multiple comparisons were performed using the Duncan test.

A statistical significance level of p<0.05 was taken for results to be considered as significantly different.

3. Results and Discussion

3.1. Soil properties

The soils' physicochemical parameters at 0-20 cm depth for the years 2011, 2012, and 2013 are listed in
Table 1. All the TOC values were low, as is usual for agricultural soils in Mediterranean environments
(Lopez-Garrido et al., 2014). The highest values were for NTS7 in all three years (15.6, 15.5, and
16.2 g kg™), reflecting a major effect of long-term no-tillage practices on this parameter. There were no
significant variations of the TOC content in the NTS management regime over the three years studied

(Table 1), indicating that the short-term effects of no-tillage practices on TOC are complex (Mufioz et al.,
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2007). But CTS and CTF showed significant declines (by 23.9% and 13.4%, respectively) in TOC
content for 2013 compared to 2011. The irrigation method is an important factor that may help explain
the differences in TOC losses between the CTS and CTF management regimes. In this sense, the
anaerobic conditions caused by the flooding in CTF may have resulted in a slower rate of organic matter
decomposition than in CTS (Sahrawat, 2001). The greatest WSOC content throughout the trial
corresponded to NTS7 (Table 1). Even this value, however, would be insufficient to promote an increase

in the mobility and leaching of the herbicide.

The greatest HA content throughout the trial corresponded to NTS7. All the treatments presented
significant decreases in 2012 relative to 2011 (Table 1), and reached their highest values in 2013. That
this pattern is independent of the type of management and irrigation technique points to the strong
influence of external factors. In particular, high rainfall was recorded in autumn 2012, with very wet
months of September, October, and November (AEMET, 2012). There was some 40 mm of rainfall prior
to the 2012 soil sampling, which may have slowed down organic matter humification in all the treatments.
The more favourable weather conditions in 2013 could have led to the major rise in HA content due to the
cumulative humification of both organic matter left over from 2012 and that of 2013. These results are
consistent with studies which report that the mineralization and humification of soil organic matter
depends on the climatic factors such as rainfall (Martin-Neto et al., 1998). The greatest FA content
throughout the trial also corresponded to NTS7. There were no significant changes in this parameter
between years for the NTS7 or CTF treatments (Table 1). It is important to recall that the management
techniques applied in these two treatments did not differ from those applied prior to the experiment,
reflecting a long-term stabilization. But the NTS and CTS management regimes showed contrasting
trends: while the FA content in NTS had increased by 43.6% in 2013 relative to 2011 due to the annual
input of organic matter, the FA content in CTS fell by 13.3% over the same period. This fact could be

attributed to the differences in microbial numbers and diversity frequently observed between soils under
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conventional and no-tillage management (Borie et al., 2006; Mufioz et al., 2007).

In 2013, after three years of the trial, the lowest value of EC corresponded to CTS and the highest to
NTS7 and NTS (Table 1). The TOC accumulation in the no-tillage management regimes and the organic
matter depletion in CTS may help to explain these contrasting trends. The treatments greatly influenced
the pH levels (Table 1). There was acidification of the NTS7 and NTS soils in 2013 relative to 2012,
This was probably because of a build-up of organic residues on the surface, as was noted by Limousin &
Tessier (2007) in studying topsoil acidification in no-tillage maize and wheat plots. The pH of the CTS
soil rose from 5.63 in 2011 to 6.25 in 2013. The CTF soil showed a similar trend, but with a much
smaller increase in pH (Table 1). This behaviour is coherent with the changes in TOC content discussed

above.

3.2. Sorption-desorption studies

The adsorption isotherms of BS in all soils were satisfactorily described by the Freundlich model with
R2>0.972 (Table 2). Values of ns were less than unity, indicating an L-type curve (Giles et al., 1960), and
therefore a decrease in specific sorption sites as concentrations in solution increased. The BS Ky values
ranged from 0.488 to 2.05 (Table 2). This is much lower than values reported by Chirukuri & Atmakuru
(2015) of 5.6 and 4.8 for soils from the USA and Netherlands with 33 and 44 g kg™ TOC content,
respectively, but is of the same order as the data reported by those authors for soils from Italy, Spain, and
the UK with K values of 0.5, 1.2, and 2.0, and 6.0, 13, and 18 g kg'l TOC, respectively. The K¢ values
published by Singh & Singh (2015) for Indian soils very poor in organic matter content ranged from 0.37
to 0.87, values within our range. The management regimes significantly influenced the Ky values in the
three years (Table 2). Their effects on K¢ were different in the three years as determined by the significant
treatment x year interaction (p<0.001; Table 2). While the Ky values were significantly greater for CTF

for the first and second years — 1.4, 2.3, 1.5, and 1.4, 2.4, 2.1 times greater than NTS7, NTS, CTS in the
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first and second years, respectively — for the third year, the K; values were significantly greater for NTS7
—1.7, 4.2, and 1.3 times greater than NTS, CTS, and CTF, respectively. These results suggest that in rice
cultivated with conventional tillage the use of sprinkler instead of flooding irrigation may reduce BS
sorption. But, in the long term with conservation (no-tillage) cultivation techniques, sprinkler irrigation
may increase BS sorption, and the movement of this chemical should be significantly lower than with

traditional rice crop management (i.e., conventional tillage and flooding irrigation).

The order of BS sorption in the soils of each management regime was indicative of decreasing affinity
for BS with both increasing soil pH and decreasing soil organic carbon content (Tables 1 and 2). Indeed,
Kt was negatively and highly significantly correlated with soil pH (r = -0.524**) and positively with TOC
(0.420%). This is consistent with previous studies which report greater adsorption of pesticides in soils
under no-tillage than under conventional tillage due to an increase in organic matter (Reddy & Locke,
1998; Zablotowicz et al., 2000) and a decrease in pH (Levanon et al., 1994). In this sense, a decrease in
pH can lead to increasing the proportion of neutral herbicide molecules which may be more easily
adsorbed by the negatively charged surface of soil particles (Loux et al., 1989; Hyun et al., 2003).
Because many soil properties are mutually correlated, it would be misleading to use only simple
correlations to predict BS sorption. Of the various combinations tested, K; was predicted best by

combining TOC (X1) and pH (X2), as shown by the following regression equation:

Kf=4.40 + 0.136TOC - 0.776pH; R = 0.963***

These two variables accounted for 93% of the variation in the BS sorption. Our findings agree with those
of Chirukuri & Atmakuru (2015) who reported that, in 21 agricultural soils from different countries, the
soil pH and TOC had negative and positive influences on BS sorption, respectively. Similar observations
have frequently been reported for other ionic herbicides such as MCPA (e.g., Lopez-Pifieiro et al., 2013)

and 2,4-D (e.g., Singh et al., 2014). However, the present findings contrast with the report of Singh &

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Singh (2015) in which the sorption of BS showed a positive correlation with soil pH and no correlation
with TOC, although that study was of soils which were very poor in organic content, which had pH values
much higher than those of the present study, and whose clay fraction was the major contributor to BS

sorption.

The BS desorption data were satisfactorily described by the Freundlich model with R2 > 0.955 (Table
2). Desorption was hysteretic for BS in all treatments (n; desorption > n; adsorption). According to
Koskinen et al. (2006), this implies that it is difficult to desorb the previously adsorbed pesticide, and
desorption cannot be predicted accurately on the basis of adsorption isotherms. The tillage and irrigation
systems significantly influenced the H values in the three years (Table 2). The effect of the different
treatments on H was similar in the three years (the treatment x year interaction was non-significant, Table
2). The H coefficients were greater (i.e., lower reversibility) under no-tillage and sprinkler irrigation
(NTS7 and NTS) than under conventional tillage and sprinkler or flooding irrigation (CTS and CTF).
This means that sorbed BS molecules in the NTS7 and NTS soils are more difficult to desorb than in the
CTS and CTF soils despite the greater WSOC content in the former (Table 1). The order of the H
coefficients reflects a direct relationship with soil organic matter content (Tables 1 and 2). Indeed, a
significant correlation was observed of H with TOC (r = 0.665**) and WSOC (r = 0.706**), but not with
HI (r = 0.215, p > 0.05), indicating that the transformed soil organic matter does not necessarily provide
more active sites than does the fresh soil organic matter. The lowest desorption rates were observed with
the NTS7 and NTS treatments (Table 2), confirming that the adsorbed BS was more easily desorbed in the
rice soils under tillage, independently of the type of irrigation applied. This can be attributed to the
greater soil organic matter content observed in the no-tillage soils than in those under tillage (Table 1).
Indeed, BS desorption was significantly and negatively correlated with TOC (r = -0.662**) and WSOC
(r = -0.553**), confirming that an increase in the soluble organic matter does not necessarily imply an

increase in its capacity to desorb BS. This contrasts with reports that the WSOC content might enhance
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sorption reversibility of such pesticides as diuron and terbuthylazine (Cabrera et al., 2007), and
metribuzine (LOpez-Pifieiro et al., 2013). However, our findings are consistent with those described in
Lopez-Pifieiro et al. (2014) of lower reversibility of MCPA in soils with high WSOC content, indicating

that its effect on the herbicide desorption of a soil also depends on the properties of the herbicide.

3.3. Dissipation studies

The time dependence of the BS dissipation rates and of the dehydrogenase activity (DHA) for each
treatment (under aerobic and anaerobic conditions) is shown in Fig. S1 of the supporting information. The
experimental data for all treatments fit first-order kinetics with R2>0.905 (Table 3). Under aerobic
conditions the BS ty; values ranged between 30 d for CTF and 51 d for CTS. As far as we know, only
one study has investigated the dissipation of BS in soils under aerobic conditions (Chirukuri & Atmakuru,
2015), and the present half-life values are greater than those reported in that work which ranged between
5.3d and 16.2 d in different soil types. In that study, however, the moisture content was adjusted to 33%
field capacity, whereas in the present study the samples were adjusted to 80% field capacity. The
management regimes significantly influenced the ty,, values (Table 3). Those values showed the trend in
BS dissipation rates to be CTS < NTS= NTS7=CTF. Thus, while in CTS less than 49% of the applied
BS had been dissipated by the end of the experiment, the figures were 66%, 65%, and 63% for CTF, NTS,
and NTS7, respectively (Fig. S1). Interestingly, although CTS presented the lowest Ks values (Table 2),
its BS half-life was significantly longer than those of the rest of the treatments (Table 3). Although
significant correlations between DHA and dissipation of several herbicides have been found for different
soils (e.g., Paszko 2009; Lopez-Pifieiro et al., 2014), in the present study the differences in the dissipation
rates of BS could not be due to the differences in their DHA values, since the highest value corresponded
to CTS and the lowest to CTF, both being in the soils treated with the pesticide at the start of the
experiment (Table 3) (see Supplementary Material, Text S1). The order of the ty, values reflects a direct

relationship with soil pH (Tables 1 and 3). Indeed, ty, was positively and highly significantly correlated
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with soil pH (r = 0.787**), suggesting that BS was more stable and less available for dissipation with
increasing pH. This is consistent with Hultgren et al. (2002) who reported that a decrease in soil pH
increased the dissipation rates of weak acid herbicides due to enhanced hydrolysis of these compounds at
the lower pH values. Although simple correlation analyses found no significant relationship between ty,,
values and TOC, the ty, values were predicted best when pH (X1) and TOC (X2) were included in a

multiple regression analysis, as shown by the following equation

ty, = -56.3 + 18.8pH - 1.40TOC; R = 0.977***

The two variables accounted for 96% of the variation in the t;;, values. The results suggest that the half-
life of BS could be estimated accurately by using only pH and TOC in the multiple regression equation,
with the dissipation of this herbicide being faster in soils with acidic pH and higher organic carbon
content. Our findings are consistent with those of Chirukuri & Atmakuru (2015) who reported that the
availability of organic carbon and the acidity of the soils influenced the degradation of BS, with the

herbicide being less stable in acidic soils.

In all managements, BS was less persistent under aerobic conditions (t;,=30-51d) than under
anaerobic conditions (ty, = 45.4-131 d) (Table 3) (see Supplementary Material, Text S2). Although also
under anaerobic conditions the management regimes significantly influenced the BS ty, values (Table 2),
with the trend of BS dissipation rates being CTS < NTS7= NTS < CTF, the effects of management regime
on BS dissipation differed between anaerobic and aerobic conditions, with the management x incubation
condition interaction being significant (p<0.01). Thus, while the t;,, values were significantly greater for
CTS in both incubation studies, for aerobic conditions the value was 1.6, 1.6, and 1.7 times greater, and
for anaerobic conditions it was 1.8, 1.8, and 2.9 times greater than for NTS7, NTS, and CTF, respectively.
Similar to aerobic conditions, t;, was positively and highly significantly correlated with soil pH

(r = 0.835**), indicating that the differences in this property may well explain the dissipation rates of BS
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under anaerobic conditions also. These results suggest that chemical hydrolysis, which is generally
favoured under acidic conditions, might be the dominant process of BS degradation under both aerobic

and anaerobic conditions (Sarmah & Sabadie, 2002).

Neither under anaerobic conditions was the correlation between the ty, values and TOC significant
(p>0.05). Again however, t;, was best predicted when the two soil properties, pH (X1) and TOC (X2),

were included in a multiple regression analysis, as shown by the following regression equation

ti, = -275 + 68.8pH - 3.42TOC; R = 0.925***

Although the equation obtained for aerobic conditions was a better predictor of t;, than the above
equation for anaerobic conditions, the two variables still accounted for 86% of the variation in the ty,
values, indicating that the half-life of BS under anaerobic conditions could also be estimated well using
just soil pH and TOC in the multiple regression equation. Again, the dissipation of this herbicide was
faster in the soils with acidic pH and higher organic carbon content as also had been observed under
aerobic conditions. For both conditions, the coefficients obtained for each variable confirm the major role
of pH in BS dissipation. This fact suggests that BS dissipation increases with soil adsorption, confirming
the hydrolysis process discussed above. In this sense, several studies found that the strong adsorption onto
soil particles could enhance the hydrolytic cleavage of some molecular bonds (e.g., Armstrong &

Chesters, 1968; Kah & Brown, 2006).

3.4 Leaching studies

Figure 1 shows the relative and cumulative BS breakthrough curves for each management regime. The
total BS leached and the percentage extracted from the soil columns are presented in Table 4. The
breakthrough of BS in all managements occurred after the passage of less than one pore volume of water
(Fig. 1), which is typical of highly mobile compounds (Beck et al., 1993). The total BS leached ranged

between 18.7% and 51.7% of the amount initially applied (Table 4; Fig. 1). Much greater leaching losses
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of BS were found by Singh & Singh (2015) who reported recovering 100% of the initially applied BS
from a leachate, although this was in an alkaline soil with very low organic matter content. The
management regimes influenced the downward movement of BS in the columns, and significantly
affected both the breakthrough and the maximum concentration of BS in the leachate (Table 4; Fig. 1).
Thus, while in CTF the BS breakthrough occurred after 0.30 pore volumes of water, it was after 0.66,
0.66, and 0.97 pore volumes in CTS, NTS, and NTS7, respectively, despite the WSOC content of the CTF
soil being about 3.4 times less than that in CTS, NTS, and NTS7. This suggests that BS was mainly
bound to the solid-phase organic matter, so that an increase in the soluble organic matter did not
necessarily imply any faster movement of the BS. A mass balance calculation indicated that the greatest
amount of BS leached occurred in the CTS treatment. The cumulative breakthrough curves show that
leaching losses of BS were significantly (p<0.05) reduced for the CTF, the NTS, and especially the NTS7
managements. Thus, while 51.7% of the initially applied BS was recovered from the leachate of CTS, the
amounts of BS leaching out of the CTF, NTS, and NTS7 soils were 28.6%, 29.6%, and 18.7%,
respectively (Fig. 1). Moreover, the average maximum concentration of BS in the leachate from CTS
reached 1.27 UM, whereas its maximum concentrations in CTF, NTS, and NTS7 were 0.518, 0.409, and
0.118 uM. The decrease in sorption may explain the greater increase of this herbicide in the leachate of
the CTS management (Tables 2 and 4). Indeed, the amount of BS leached was significantly (p<0.01)
negatively correlated with K (r =-0.618) and HA (r = -0.614), indicating that BS leaching also depends,
at least partially, on the degree of polymerization of the of the soil. These results suggest that the
transition from flooding to sprinkler irrigation under conventional tillage may increase water

contamination by BS in Mediterranean environments, but may greatly reduce it under no-tillage practices.

The BS leached down to 20 cm depth in all soil columns. However, the CTS management decreased
the retention of BS by the soil, so that it was not surprising that lower amounts of this herbicide were

recovered in the CTS (11%) than in the CTF, NTS7, and NTS management systems (17%, 20%, and 25%,
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respectively), although the differences were not significant. Furthermore, while the amount of BS
recovered decreased with depth in CTS, the herbicide presented uniform concentration profiles for the
other treatments (data not shown). The total amounts recovered (leached + extracted) from the CTS soil
columns were greater than the amounts recovered for the rest of the treatments (Table 4). In particular,
compared to CTS, the amounts of herbicide recovered were lower by factors of 1.6, 1.2, and 1.4 in NTS7,
NTS, and CTF, respectively. These results are coherent with those described above for the sorption and

persistence experiments (Tables 2 and 3).

4. Conclusions

Aerobic rice production may induce important transformations in soil properties, leading to changes in the
sorption-desorption, dissipation, and leaching of the herbicide bispyribac-sodium (BS). Soil organic
carbon and pH were found to be the major factors contributing to the behaviour of BS in rice
agroecosystems under different management regimes. Since the persistence of BS was significantly
greater under anaerobic than aerobic incubation conditions for all management regimes of this study, rice
production under sprinkler irrigation would contribute to disappearance of BS from the environment, but
it could also potentially reduce the herbicide's activity. The implementation of sprinkler irrigation under
tillage led to a decrease in the BS sorption capacity of the soil and enhanced the amount of herbicide
leached, but under no-tillage practices it led to an increase in the BS sorption capacity and a decrease in
the leaching losses of the herbicide. Therefore, sprinkler irrigation under conventional tillage may
increase the risk of water contamination by BS in Mediterranean rice-growing ecosystems, but may
greatly reduce it under no-tillage practices, especially after long-term implementation of this alternative

management system.
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Table 1. Effect of different management regimes on the soil's physicochemical properties.

TOC WSOC HA FA HI EC
(g kg™ (mgkg")  (gkg™) (g kg™ (%) (sem? 1
2011
NTS7  15.6¢A 219.6dA 1.60cB 1.03cA 10.2bB 1.51dC 5.84cA
NTS  7.93aA 133.1cC 0.833bB 0.532aA 10.5bB 0.906bB 5.91cB
CTS  9.23abC 96.1bB 0.604aB 0.676bB 6.55aA 0.698aA 5.63bA
CTF  9.92bB 74.43B 0.627aB 0.634bA  6.328A 1.26¢B 5.153A
2012
NTS7  15.5¢A 198.4¢A 1.33bA 0.993cA 8.62CA 0.490aA 5.92dA
NTS  6.80aA 66.4aA 0.514aA 0.579aB 7.32bA 0.857bA  5.92cB
CTS  8.22bB 97.1bB 0.515aA 0.685bB 6.27aA 1.09cB 5.84bB
CTF  8.25bA 61.2aA 0.481aA 0.661bA  5.83aA 1.27dB 5.21aB
2013
NTS7  16.2dA 213.9dA 1.76dC 0.998dA 10.8aB 1.26¢B 5.84cA
NTS  7.67bA 112.4¢cB 1.13cC 0.764cC 14.8¢C 1.38dC 5.22aA
CTS  7.03aA 80.5bA 0.908aC 0.586aA 12.9bB 0.753aA 6.24dC
CTF  8.60cA 64.9aA 0.984bC 0.639bA 11.4aB 1.08bA 5.33bC
v o ek sk ek sk sk R
M sk sk sk - ok ok -
YAM R Hoxx Hoxx Hoxx Hoxx Hoxx Hoxx

TOC: total organic carbon; WSOC: water soluble organic carbon; HA: humic acid; FA: fulvic acid; HI: humic
index; EC: electrical conductivity; N: total nitrogen; P: phosphorus. ANOVA factors are Y: year; M: management
regime; Y*M: interaction year*management regime; *, **, and *** significant at a levels of 0.05, 0.01, and 0.001,
respectively; NS: not significant. Different letters indicate significant differences (p<0.05) between management
regimes in the same year (lower case letters) and between years within the same management regime (upper case

letters).
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Table 2. Effect of different management regimes on bispyribac-sodium sorption-desorption parameters

Ny Ks R? H2 DP (%)
2011
NTS7 0.840aA 0.872bA 0.993 4.94bB 29.4aA
NTS 0.932aB 0.526aA 0.986 2.62aA 52.4cC
CTS 0.894aA 0.805bB 0.994 2.75aA 45.1bcB
CTF 0.925aB 1.21cA 0.980 2.85aA 42.6bA
2012
NTS7 0.832aA 1.09bB 0.979 2.97aA 37.4bB
NTS 0.834aA 0.635aB 0.975 4.40bB 36.6bA
CTS 0.827aA 0.726aB 0.972 5.52cB 24.4aA
CTF 0.764aA 1.55¢B 0.992 2.44aA 41.2cA
2013
NTS7 0.778aA 2.05dC 0.998 4.47bB 38.3aB
NTS 0.837bA 1.21bC 0.99 4.38bB 43.4abB
CTS 0.840bA 0.488aA 0.974 2.52aA 52.8cB
CTF 0.784aA 1.63cB 0.993 2.78aA 46.4bA
v _— _— ; * _—
M * - ; - .
Y*M NS rk - ek ek

%values of hysteresis; values of percentage of bispyribac-sodium after three desorption steps. ANOVA factors are
Y: year; M: management regime; Y*M: interaction year*management regime; *, **, and *** significant at o levels
of 0.05, 0.01, and 0.001, respectively; NS: not significant. Different letters indicate significant differences (p<0.05)
between management regimes in the same year (lower case letters) and between years within the same management

regime (upper case letters).
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Table 3. Effect of different management regimes on dehydrogenase activity and Bispyribac-Sodium
dissipation parameters

DHAB 80% DHAA 80% DHAB 1:1.25 DHAA 1:1.25

s Riw 2 520 (ugINTFG Y (ug INTEG Y (ug INTFg* ) (ug INTF g )
NTS7 31.0ab  0.976 73.2b 0.948 0.456b 0.590b 1.14c 1.08b
NTS 32.6b 0.974 71.8b 0.923 0.441b 0.403a 0.721b 0.549%
CTS 51.5c 0.957 131.8c 0.905 0.531c 0.646¢ 0.583a 0.619a
CTF 30.0a 0.96 45.4a 0.969 0.382a 0.380a 0.581a 0.602a
v . - - - - -

t12 8006 half-life from soils conditioned to 80% water holding capacity; ti, 1.1.05: half-life from soils conditioned to
1:1.25 (p/v) (soil/water) moisture content; DHA: dehydrogenase activity before (B) and after (A) two hours
herbicide application from soils conditioned to 80% water holding capacity and 1:1.25 (p/v) (soil/water) moisture
content. ANOVA factor is M: Management Regime; *** significant at o levels of 0.001. Different letters show

significant differences (p<0.05) between treatments.
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Table 4. Effect of different management regimes on leaching of Bispyribac-Sodium

Initial Pore Volume

Max. Amount Leached

Total Leached

Total Extracted

(rg) (%0) (%)
NTS7 0.970c 2.53a 18.7a 20.0bc
NTS 0.660b 8.81a 29.6b 25.3¢
CTS 0.660b 28.8b 51.7¢ 10.7a
CTF 0.323a 11.7a 28.6b 16.5ab
M * ok - *

ANOVA factor is M: Management Regime; *, and *** significant at o levels of 0.05 and 0.001, respectively.

Different letters show significant differences (p<0.05) between management regimes.
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Figure 1. Effect of different management regimes on bispyribac-Sodium dissipation and dehydrogenase

1

activity (3) on soils under aerobic (A) and anaerobic (B) conditions. NTS7 (@), NTS (O), CTS () and

2

CTF (A). Error bars represent one standard error of the mean.
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Figure 2. Effect of different management regimes on the relative (left) and cumulative (right)
breakthrough curves of bispyribac-sodium. NTS7 (@), NTS (0), CTS (¥) and CTF (A). Error bars

represent one standard error of the mean.
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