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Abstract

:

Sugarcane cultivation uses many chemical inputs to ensure good yields, which puts local water resources under pressure. Grey water footprint (GWF) is a widely used indicator of the volume needed to assimilate a pollutant load in a water body. However, the GWF relies on leaching runoff fractions, which are empirically determined. We hypothesize that these fractions might not represent the true magnitude of the Brazilian sugarcane environment and that management practices can further reduce this fraction loaded into the environment. In two field trials, we measure the herbicides and nitrate loaded into the environment through in situ measurements, determine their loss fractions, compare them with some empirical models, calculate the GWF, and estimate the potential for nitrate pollution attenuation with the adoption of split and incorporated nitrogen application. Both hypotheses are confirmed. For nitrate, our results suggest that the leaching runoff fraction used in most GWF studies is overestimated by about two times, impacting the GWF estimation for the Brazilian sugarcane environment. However, the same conclusion was not possible for herbicides due to the low diversity of the analyzed molecules. In addition, the fertilizer management application reduced the nitrate load on the environment, which the GWF did not necessarily detect.
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1. Introduction


Brazil is the world’s largest sugarcane producer, with a cultivated area of 8.317 Mha in the 2021/2022 season and an average yield of ~70 Mg ha−1 [1]. The country’s central southern region is responsible for ~90% of all production. This region has adopted high technological levels, including the retention of straw mulch on the ground after mechanical harvests and crop rotation [2]. However, sugarcane had the second-largest national pesticide market in 2018, with ~12% of all sales in the country [3]. Moreover, due to a large amount of biomass produced, substantial amounts of nitrogen (N) fertilizer in commercial sugarcane fields are used compared to many other crops [4,5,6]. Furthermore, ~1000 weed species are estimated to inhabit the sugarcane agroecosystems, competing for nutrients, water, and light [7]. Therefore, various pesticides are applied simultaneously throughout the season [8,9]. In São Paulo (state), the largest producer region in Brazil, it is estimated that ~5 kg ha−1 of herbicides as a commercial product is applied widely in almost all cultivated fields [9]. Although they have agronomic benefits, these molecules outside the agricultural system can cause adverse effects on the environment [10]. Several studies [11,12,13] have indicated the potential for water resource contamination by herbicides used in sugarcane fields. Even at low concentrations, herbicide molecules can result in noticeable alterations in the long-term environmental quality of water resources [14], representing risks to biota and human health [15]. Likewise, nitrate losses to the environment can contaminate surface and groundwater sources, causing eutrophication [16].



Nitrate and herbicide loss quantification is challenging to perform directly on fields, partly due to the difficulties performing field trials and the uncertainties associated with estimating deep drainage and concentrations [17,18]. In this sense, researchers as well as different stakeholders from companies to environmental non-governmental organizations and governmental institutions frequently use sustainable indicators, such as grey water footprint (GWF) [19,20,21]. GWF estimates the volume of freshwater required to assimilate a load of pollutants based on existing ambient water quality standards [22,23]. However, the great uncertainty in its calculation relies on the fraction of diffuse pollution loaded into the environment through leaching and runoff processes, as Jamshidi [24] reported.



Due to the need for more accurate information, GWF studies addressing nitrate and herbicides, particularly at a large scale (e.g., at watershed, country, and continental levels), have used the Tier 1 approach by Franke et al. [25], an empirical model that assumes that 10% and 1% of the total N and herbicides applied in an agricultural system reach the surface water. However, Tier 1 has fixed lost fractions via the leaching and runoff of herbicides and nitrogen from fertilizers applied to the soil, disregarding the interaction and transformation of these inputs in the soil or along its flow path. Tiers 2 and 3 may be used to further refine leaching runoff fractions. However, their use is limited in studies addressing large areas due to the need for more specific data for each addressed environment (field). For this reason, most GWF assessment studies rely on Tier 1 [25]. Another alternative for the herbicide loss estimation to water resources is the PestLCI 2.0 model, which aligns with the most modern pesticide risk assessment models [26].



Although agricultural practices in the sugarcane production system vary according to growers’ access to productive factors, Brazilian central southern sugarcane fields can be considered relatively homogeneous at technical levels. Since the early 2000s, sugarcane harvesting in São Paulo has been done without burning (green cane) with a mechanical harvesting system, which may include large amounts of straw and tops on the soil surface as mulch. Currently, ~99% of the cane fields harvested in São Paulo are under the green cane management system [14,27]. Under these conditions, the effect of N fertilization and herbicide application rates on sugarcane fields and their leaching and runoff deviation fractions are investigated. This study hypothesizes that:




	(a)

	
The leaching runoff estimated fractions of the Tier 1 approach by Franke et al. [25] and PestLCI [26] might not accurately represent the true magnitude of these losses to the Brazilian sugarcane environment;




	(b)

	
Management practices can further reduce the fraction of diffuse solutes loaded into the environment through the leaching and runoff processes.









Therefore, the objectives of this study are as follows: (i) to measure the amount of two herbicides (Diuron and Hexazinone) and nitrate from a fertilizer loaded into the environment through in situ measurements; (ii) to determine the loss fractions of these pollutants, comparing them with some empirical models; (iii) to calculate the appropriation of water resources for the sugarcane production system through the grey water footprint methodology; and (iv) to estimate the potential for nitrate pollution attenuation with the adoption of some agricultural practices, such as split and incorporated nitrogen applications.



To our knowledge, no study has yet conducted a high-resolution GWF quantification on a sugarcane production system, separately analyzing the leaching and runoff fractions from field trials to nitrate and pesticides. The findings of this study are relevant beyond the study sites and could be used in similar sugarcane fields in central southern Brazil to refine the GWF estimations.




2. Materials and Methods


2.1. Trial Description and Used Treatments


The study consisted of two sugarcane field trials carried out in São Paulo (state), central southern Brazil, in the municipalities of (i) Sales Oliveira—SO (20°51′42″ S, 47°57′15″ W and 681 m above sea level) and (ii) Jaú—JA (22°17′ S, 48°34′ W and 580 m above sea level) (Figure 1).



The climate in this traditional sugarcane region is classified in the Köppen system as Aw, mesothermal tropical, with a mean annual temperature of 22 °C and mean annual precipitation of ~1300 mm. The soil type and the physical characteristics of both sites are described in Table 1.



The first trial was established in a commercial field cultivated throughout the 2014/2015 and 2015/2016 crop seasons with SP81-3280 variety in SO. The experiment was designed in randomized blocks using three treatments with three replications. The treatments comprised 120 kg N ha−1 of ammonium nitrate applied via spraying broadcast over residue mulch (N120bro), 120 kg N ha−1 of ammonium nitrate incorporated in the soil at 0.1 m on both sides of the sugarcane row (N120inc), and a control treatment without nitrogen fertilization (Nzero), according to the methodology proposed by Castro et al. [29]. All nitrogen fertilization was applied at once 77 and 48 days after the previous crop harvest for the 2014/2015 and 2015/2016 seasons, respectively. In addition to nitrogen, 30 kg P2O5 ha−1 of triple super phosphate and 60 kg K2O ha−1 of potassium chloride were applied based on soil chemical analysis [30]. In this trial, a commercial herbicide was sprayed on the soil surface at 0.33 kg ha−1 to hexazinone and 1.17 kg ha−1 to diuron 59 and 48 days after previous crop harvests in the 2014/2015 and 2015/2016 seasons, respectively. Herbicides were applied in all treatments, including the control.



The second trial occurred in JA at the Experimental Station of the Agronomic Institute of Campinas (IAC) during the 2015/2016 crop season throughout the first ratoon cycle (variety IACSP 95-5000). The treatments comprised two nitrogen fertilization application rates of 140 (N140bro) and 210 kg ha−1 (N210bro) ammonium nitrate applied via spraying broadcast over a straw residue on sugarcane rows. However, in this trial, the total nitrogen fertilizer was split 15 and 96 days after the previous crop harvest. In addition, the control (Nzero) without any nitrogen fertilization was also considered. The experimental layout was arranged in a randomized split block design with four replicates. Moreover, based on soil analysis, all treatments received 140 kg ha−1 of K2O.



In both trials, cane harvest was performed manually without burning. Therefore, ~8.0 and 9.5 Mg ha−1 straws (green and dry leaves) on the dry matter basis were left on the soil surface as mulch in the 2014/15 and 2015/16 seasons in SO, while ~8.0 Mg ha−1 straws were left in JA. For residue dry matter estimation, straw was dried to constant weight at 65 °C and distributed manually on each plot, as detailed in the following section.




2.2. Field and Lab Measurements


Each plot (replicates) consisted of a 21 m2 catchment area delimited by galvanized sheets (2.0 × 10.5 m) fixed vertically in the ground perpendicular to the planting lines. The catchment area had seven sugarcane planting rows spaced 1.5 m apart. A gutter connected through a 200 mm pipeline to a closed water tank with a 1.0 m3 capacity was used for runoff assessment. Soil solution extractors with porous cups (UMS, SK20, Munich, Germany) were installed at 0.9 m depth in the middle of each catchment plot and kept in the vacuum at 0.6 bar for leaching samples’ assessment (Figure 2).



Leachate extraction at 0.9 m depth was adopted because it is below the effective sugarcane rooting zone [31], where about 80% of the root mass is concentrated. Runoff and leachate samples from the field were stored in a freezer under 4 ± 2 °C according to CETESB [32] before laboratory analysis. The nitrogen in leachate, i.e., the removal of soluble materials by water moving from one layer to another of the soil profile and runoff samples from SO were determined by ion chromatography and the herbicides by ultra-performance liquid chromatography (UPLC-ESI-QTOF/MS) according to the APHA [33]. Runoff and leachate samples from JA were analyzed by flow injection analysis (FIA), adapted from Armstrong et al. [34].



In both sites, soil water retention characteristics were measured from undisturbed cores collected with stainless steel cylinders (0.05 × 0.05 m) at 0.20, 0.40, and 1.0 m depths with ten replicates. In the laboratory, these undisturbed soil cores were saturated and equilibrated to defined pressure heads (0.1, 0.2, 0.6, 1.0, 3.3, 10, 30, and 150 m) on porous plate equipment, after which water content was determined. The van Genuchten [35] soil-water retention equation was fitted to these data to describe the functional relationship between predicted soil water content θ(h) and the corresponding absolute value of the pressure head (h). Soil porosity was calculated from bulk and particle densities. The volume fraction of micropores was estimated considering the water content at 0.6 m tension (θ0.6) and macropore content by the difference between micropores and total porosity.



In JA, dielectric water potential sensors (MPS-2 Decagon, Pullman, WA, USA) were horizontally installed at 0.2, 0.4, and 1.0 m depths, 0.15 m apart from the planted lines with three replicates. In SO, the daily soil pressure head was obtained by tensiometers with porous cups installed at 0.8, 0.9, and 1.0 m depth with four replicates. In both sites, a meteorological station installed adjacent to the experimental area recorded the maximum and minimum air temperature (°C), wind speed (m s−1), air humidity (%), solar radiation (MJ m−2), and rainfall (mm) daily.




2.3. Runoff and Leaching Assessment


In this study, nitrogen and herbicides leaching runoff fractions from field experiments (αexp, %) were used in two empirical methodologies for leaching runoff fraction calculation: those by Franke et al. [25] (αFranke, %) and PestLCI [26] (αPestLCI, %).



2.3.1. Leaching Runoff Fraction and Total Pollutant Losses from Field Experiments


The nitrogen and herbicides leaching runoff fractions from field experiments (αexp, %), i.e., the sum of runoff (αrunoff, %) plus leaching (αleaching, %) fractions, were estimated by mass balance approach, presented in Equations (1) and (2).


    α   runoff    [ % ]  =     q   runoff     AR    



(1)






    α   leaching     %   =     q   leaching     AR    



(2)




where AR is the chemical application rate (kg ha−1), qrunoff is the sum of the chemical mass element in surface water (kg ha−1), which is estimated according to Equation (3), and qleaching is the chemical mass element flow below 0.9 m depth (kg ha−1), which is calculated according to Equation (4):


    q   r u n o f f   =   ∫  t 0   t f      q   r       C   r   d t  



(3)






    q   l e a c h i n g   =   ∫  t 0   t f      q   l       C   l   d t  



(4)




where qr is the surface runoff flux (m d−1), Cr is the chemical element concentration (mg L−1) in the surface water samples collected in reservoirs, ql is the soil water flux density (m d−1), Cl is the chemical element concentration (mg L−1) in the soil solution samples collected in soil solution extractors, and t0 and tf are the initial time (emergence after preview harvest) and final time, which correspond to the harvest.



The soil water flux density (ql) and surface runoff flux (qr) were estimated by using the Soil Water Atmosphere Plant—SWAP model, version 3.2, a dynamic, deterministic, and process-based model with a daily time step [36,37]. The soil water flux density (ql) was calculated by the Darcy–Buckingham approach (Equation (5)) for daily one-dimensional vertical soil profile. The surface runoff flux (qr) was estimated by Equation (6).


    q   l   = − K ( h )   ∂ ( h + z )   ∂ z    



(5)




where K(h) is the soil hydraulic conductivity (m d−1), h is soil water pressure head (m), and z is the soil profile vertical coordinate (m), taken positively upward.


    q   r   =   1   γ         max  ⁡    0 ,     h   0   −   h   0 , t h r e s h o l d             β    



(6)




where h0 is the ponding depth of water (m) on the soil surface, γ is a resistance parameter (mβ−1 d), β is an exponent (-) in the empirical relation, and h0,threshold is the critical depth of water storage in a ponding layer that, when it is exceeded, results in surface runoff.



In SWAP, an embedded generic mechanistic crop growth model WOrd FOod Studies—WOFOST [37,38] was used based on the calibration by Scarpare [39] for sugarcane above-ground biomass production under rainfed conditions in São Paulo. The core of the SWAP model is Richards’ equation (Equation (7)), where the soil water transport is modeled by combining the Darcy–Buckingham equation and the law of continuity.


    ∂ θ   ∂ t   = C ( h )   ∂ h   ∂ t   =   ∂   K ( h )     ∂ h   ∂ z   + 1       ∂ z   − S ( h )  



(7)




where θ is the soil water content (m3 m−3), C is the water capacity (m−1), t is the time (d), z is the vertical distance taken positive upward (m), K is the unsaturated hydraulic conductivity (m d−1), and S is the sink term (d−1).



The saturated soil hydraulic conductivity (Ksat, cm d−1) and its shape parameter (λ, -) were estimated by inverse modeling approach using the soil water potential from field observations as fitting criteria [40]. The Parameter ESTimation (PEST) software [41] that uses Gauss–Levenberg–Marquardt algorithm to solve Equation (5) was used for this task.



Based on SWAP/WOFOST water balance simulation, the total amount of pollutant lost from field experiments (kg ha−1) was estimated by multiplying the total water losses (runoff and leachate) by average pollutant concentration.




2.3.2. Leaching Runoff Fraction According to Franke et al. [25]—Tier 1 Approach


The second leaching runoff fraction approach for nitrate, diuron, and hexazinone was based on Franke et al. [25] (Equation (8)):


    α   F r a n k e     %   =   α   m i n   +       ∑  i      s   i   ×   w   i         ∑  i      w   i         ×     α   m a x   −   α   m i n      



(8)




where si is the score for the leaching runoff potential (-), and wi is the weight of the factor considered (-). For nitrogen, αmin is considered 1.0% and αmax 25%, while for herbicides, αmin is 0.01% and αmax 10%.



The factors influencing the methodology for the leaching runoff fraction proposed by Franke et al. [25] were used to estimate the contribution of the leaching and surface runoff from specific categories. The categories for nitrate are environmental factors (N-deposition, texture, natural drainage, and precipitation) and agriculture practices (N-fixation, application rate, N-plant uptake, and management practice). For pesticides, the categories are chemical properties (Koc and persistence), environmental factors (texture and organic matter), climate (rain intensity and precipitation), and agricultural practices (management practices).




2.3.3. Leaching Runoff Fraction According to PestLCI [26] Approach


PestLCI 2.0 is a pesticide inventory model [26] primarily used in life cycle assessments to estimate the fractions of pesticides emitted to different environmental compartments. For example, herbicide emissions are estimated according to Equation (9) as the sum of the number of pesticides emitted to air, surface water, and groundwater.


    α   P e s t   [ % ] =     m   e m     A R   =   f   a i r   +   f   s w   +   f   g w    



(9)




where mem is the total mass of pesticide emitted (kg ha−1), AR is the chemical application rate (kg ha−1), fair is the fraction of pesticide emitted to air (%), fsw is the fraction of pesticide emitted to the surface water (%), and fgw is the fraction of pesticide emitted to groundwater (%).



PestLCI 2.0 was parameterized to SO considering the following inputs: soil properties (organic carbon, pH, and texture), climate (maximum and minimum air temperature, average rainfall on a rainy day, total rainfall in 24 h, and solar irradiation). In addition, landscape (field width, length, and slope) and agronomic data (crop development stage at the time of application, active ingredient rate, application month, and application method) were also considered.





2.4. Grey Water Footprint Assessment


The leaching runoff fractions (α) obtained from the different methodologies described above were used to estimate the GWF, which was estimated according to Hoekstra et al. [42]’s approach (Equation (10)):


  G W F     m   3     k g   − 1     =       A R × α    /      c   m a x   −   c   n a t         C a n e   y i e l d    



(10)








2.5. Statistical Analysis


All data were statistically analyzed using the PAST 3® software [43]. The homogeneity of variance of chemical concentration was checked, and when necessary, the data were transformed using the Box and Cox [44] optimal potential procedure. An analysis of variance (ANOVA) test was performed to evaluate differences in nitrogen and herbicide losses between the evaluated treatments. The Tukey test (at 5% of probability) was used to assess whether the means for a different group (treatments) were significantly different from each other.





3. Results


3.1. Nitrate and Herbicide Pollutant Load on the Environment—Measurement


The nitrate concentration patterns were similar in both trials. Although there were no significant differences between the runoff treatment samples, the nitrate concentration was always higher than the leachate concentration (by ~ten times in SO and ~five times in JA), often exceeding the cmax. On the other hand, the leachate concentration that was below 0.9 m was significant (p < 0.05) between the treatments (Table 2), and it never exceeded the established limit for nitrate (Figure 3).



Although the leachate concentration samples were lower, the nitrate load on the environment could be substantial at the end of a season, especially for high porosity soil, such as SA (Table 1), which presented a high fraction (~40%) of water balance for drainage (Figure 4). Studies performed with sugarcane in the same region have also reported a high amount of leached N from native and fertilizer sources [46,47,48].



The nitrate concentration in the control treatment samples (Nzero) was also expected since these trials were carried out in fields with a long history of more than 20 years of sugarcane cultivation. Thus, the nitrate detection may stem from previous growing cycle fertilizations in the area, as reported in different studies [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48], and to a lesser extent, from the mineralization of soil organic matter [49].



The herbicide concentrations, such as nitrate, were lower for the runoff samples than leachate (Figure 5). However, the leachate fraction’s herbicide losses to the environment were significant, especially for hexazinone (Table 2).



The maximum concentrations of diuron (36.2 µg L−1) and hexazinone (34.9 µg L−1) in the runoff samples were observed ~2.5 months after their application, which lasted for ~5.5 months for diuron (13.6 μg L−1) (Figure 5). Furthermore, several other studies reported similar herbicide concentrations in sugarcane fields in Australia 2.5 and 4 months after their application [50,51] and in Brazil [12], evidencing a longer half-life on the soil (75 days) than was proposed by Lewis et al. [52].




3.2. Leaching Runoff Fraction and GWF


The leaching runoff fractions for nitrate, diuron, and hexazinone estimated by two empirical models versus those obtained from the field measurements, detailed in Section 2.3, are presented in (Table 3).



The huge leaching runoff fraction differences between the herbicides are due to each molecule’s physical/chemical characteristics. For example, hexazinone’s water solubility (252 mg L−1 at 20 °C) is ~seven times higher than that of diuron (35.6 mg L−1 at 20 °C). At the same time, the sorption coefficient in the soil organic carbon of hexazinone is ~ten times lower than that of diuron [52], facilitating its adsorption affinity to the soil organic particles [53]. In regards to GWF, diuron is the main chemical element requiring the largest amount of water to re-dilute the polluted freshwater back to an acceptable threshold value (Figure 6).





4. Discussion


The average αFranke was ~2.5 and ~4.5 times higher than that in the field experiments for the nitrate and herbicides. However, the most significant discrepancy between the trials and empirical models was observed for pesticide αPestLCI, which was ~20 times lower than αexp (Table 3). The PestLCI underestimated the losses of diuron and hexazinone in the two harvests evaluated. This model was originally developed to meet European production scenarios [26,54]; therefore, its applicability to other geographic areas can be limited [55]. Some essential practices in tropical environments, such as vegetation cover, were not incorporated into the model and can explain this result [56]. The maintenance of straw on the soil surface plays a vital role in the dynamics of pesticides. The amount of plant material maintained in the experiments (~8 kg ha−1), which is not considered in the PestLCI, can substantially interfere with the losses of the herbicides on the surface and at a depth. In addition to the geographic factor, the difference of 0.2 m in the depth assessed for herbicide loss between the PestLCI (1 m) and our agricultural experiment (0.9 m) may have contributed to the lower leaching runoff fraction obtained by the model, since herbicides tend to degrade in the soil profile.



The average nitrate αexp from our trials, 5.2%, was very close to what Otto et al. [57] observed (5.6%), which summarized the in-situ measurements of the N balance for Brazilian sugarcane fields at the same technical level as explored in this study. The fertilizer management application explored in both trials reduced the nitrate load on the environment. The fertilizer soil incorporation used in the SO trial was responsible for significant nitrate reductions of ~75% and ~45% for leaching and runoff, respectively (Table 2). While in JA, although not significant, the split broadcast application, i.e., a half-dose of N120bro vs. N210bro, reduced the nitrate load by ~50% and ~40% through solute leaching and runoff, respectively (Table 2). However, lower nitrate load management does not necessarily translate into lower GWF estimations, because it is composed of a ratio between the application rate times its leaching runoff fraction over the crop yield, which are directly proportional. Therefore, the nitrate GWF interpretation per unit of yield could be tricky. For example, in JA, although the N210bro resulted in a higher nitrate load on the environment (Table 2), it also promoted a higher crop yield (e.g., 90.3 Kg ha−1 compared to 79.2 Kg ha−1), counterbalancing the GWF estimations (Figure 6). In SO, the GWF estimations were impacted by the meager leaching runoff fraction measured for the N120inc treatment (Table 3).



The average nitrate GWF of ~9 m3 kg−1 obtained in our trials is substantially smaller than that of the Franke approach, ~24 m3 kg−1, and by other studies performed in Brazil, ~18 m3 kg−1 [20,21], which used a constant α approach of 10%. Therefore, in addition to Tier 1, two other higher-tier levels (Tiers 2 and 3) are suggested to be used for more accurate α results [58]. However, this requires detailed input data, making it difficult for large global, national, basin, and district assessment areas. Furthermore, besides the leaching runoff fractions (α), GWF estimations are strongly sensitive to the environmental water quality standard values, which could vary from basin to basin for cnat, and the environmental protection agencies in different countries for cmax, as stated by Muratoglu [58].



In our trials, the higher nitrate concentration in the runoff samples was somehow expected, especially at the beginning of the crop development when the sugarcane canopy had not yet covered the soil, as stated in some studies [59,60]. Furthermore, although the straw mulch deposition on the soil surface after an unburnt harvest mitigates the erosion process by dissipating the kinetic energy of raindrops on the surface [2], at the same time, it creates a physical barrier between the soil and fertilizer. Therefore, high-intensity storms (e.g., >7.5 mm h−1), which represented 27 and 37% of total precipitation in SO and JA, provide mechanisms for rapid fertilizer transport to the environment through runoff. This is one of the reasons why N fertilization applications should be split or even incorporated into the soil when applied in large doses, especially on sandy soil texture fields with a moderate slope.



Regarding all the nitrate leached below 0.9 m, it is impossible to affirm that its fate will be in local water bodies or groundwater. Soil nitrogen dynamics are complex, with mineralization occurring during the decomposition of organic matter and immobilization occurring during microbial synthesis and humification [61]. Moreover, it is recognized that the sugarcane root system, composed of rope roots, plus the superficial and buttress root types [62], can reach several meters of depth, depending on the physical/chemical characteristics of the cultivated soil [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63]. In Brazil, sugarcane fields are established mainly on well-drained deep and highly weathered soils [64], expanding toward the Cerrado environment (Cerrado is a vast ecoregion of tropical savanna in Eastern Brazil, particularly in the states of Goiás, Mato Grosso do Sul, Mato Grosso, Tocantins, Maranhão, Minas Gerais, and the Federal District) under similar soil conditions [65,66]. Thus, iron (Fe) and aluminum (Al) oxides prevail in the subsurface horizons of highly weathered soil with low soil organic matter.



Moreover, depending on the soil’s pH, the development of anion exchange capacity can sorb anions, such as nitrate. On top of that, the N rates adopted in Brazil are substantially lower than the N fertilization rates adopted in other sugarcane producers’ countries, as stated by Robinson et al. [67]. For example, in São Paulo (state), the official N fertilization recommendations for ratoon crops vary between 60 and 120 kg N ha−1, depending on the expected yield [68]; in Australia, higher fertilization amounts for ratoon, i.e., ~30%, are usually recommended.



The highest calculated GWF in our trials were obtained for herbicides, diuron, and hexazinone (Figure 6), reinforcing the idea that all chemical products used in the production chain should be considered for calculating the appropriation of water resources, as stated in several studies, e.g., [8,19,58]. In our trials, ammonium nitrate was the only source of nitrogen addressed. However, other types of nitrogen fertilization, particularly inorganic N versus manure or organic N, could influence the leaching runoff fraction and GWF. Besides fertilizers, various other agrochemical types usually applied in sugarcane areas, including natural substances with no toxicological characteristics and risks (e.g., vegetable extracts and pheromones used to control pests), to chemical molecules such as herbicides, insecticides, ripeners, and adhesive spreading agents. Higher herbicide GWF levels have been reported for sugarcane fields in Brazil. Under a mixture of herbicides, Vale et al. [8] estimated a GWF of ~900 m3 kg−1, while Barreto et al. [19] found a GWF of ~1700 m3 kg−1. Besides the α, the highest GWF levels for herbicides compared to nitrate are also due to the low cmax and null cnat. Synthetic chemical molecules used as pesticides do not have a natural environmental concentration. In addition, the cmax for these molecules in water bodies are very low compared to nitrate (~1400 and ~4000 times for diuron and hexazinone, respectively).



Studies involving field measurements and laboratory analyses always have a certain degree of uncertainty. Our experimental data and model simulation partially determined the estimated water balance in both trials. The soil hydraulic parameters were estimated using the soil moisture profile measurements by applying the inverse modeling approach. Although consistent with other studies in the same area [59,69], we cannot exclude the possibility that actual runoff or leaching may have been slightly different. Nevertheless, up until now, there had not been any studies on the assessment of high-resolution leaching runoff fractions for central southern Brazil’s sugarcane production system.




5. Conclusions


Our experiments showed that both hypotheses were confirmed. The global average leaching runoff fractions (α) recommended within the Tier 1 method [25] for nitrate and herbicides do not represent the reality of the Brazilian sugarcane sector since it overestimates the leaching runoff fractions. For herbicides, PestLCI [26] had higher differences for diuron, while similar results for hexazinone were observed. These differences reveal the importance of quantifying leaching runoff fractions as in situ measurements. Therefore, while assessing the appropriation of water resources for the sugarcane production system through the GWF methodology, we strongly suggest considering regional conditions instead of specifying a fixed global average value. For nitrate GWF estimations, in light of the absence of more detailed information in the study area, we recommend adopting a 5% level instead of 10% under Brazilian production conditions. The same recommendation for herbicides cannot be made from the presented results since only two molecules were targets in our evaluation. However, our results suggest that the herbicide global leaching runoff average is also an order of magnitude. Further studies are necessary to refine the leaching runoff fraction for pesticides used in the sugarcane production system.



The fertilizer management application explored in this study reduced the nitrate load on the environment, which was not necessarily detectable in the GWF. Therefore, increasing the yield with efficient fertilizer use would be a solution to reduce the high levels of N released into freshwater resources, improving GWF estimations based on the achieved yield.
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Figure 1. Sugarcane trial location over sugarcane land use in central southern Brazil [28] and field management information. 
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Figure 2. Experimental field details: (a) Plot design overview, (b) Catchment area surrounded by galvanized sheets, (c) Runoff gutter collector, (d) Runoff tank collector, (e) Soil solution extractor, (f) Aerial trial overview, and (g) Cross-section overview. 
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Figure 3. Nitrate concentration (mg L−1) in SO for (A) leachate and (B) runoff samples in the 2014/2015 and 2015/2016 seasons; (C) leachate and (D) runoff samples in JA 2015/2016 season. cmax is the maximum acceptable concentration of NO3-N according to CONAMA [45]. 
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Figure 4. Water balance components for SO (2014/2015 and 2015/2016 seasons) and JA (2015/2016 season). Precipitation for both areas and runoff in SO were measured in field experiments while leaching, and SWAP/WOFOST model estimated actual evapotranspiration (ETa). 
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Figure 5. Herbicides concentration in SO trial in the 2014/2015 and 2015/2016 seasons for (A) leachate and (B) runoff samples. 
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Figure 6. Grey water footprint (GWF, m3 Mg−1) for sugarcane production associated with loss of herbicides and nitrate from field trials and two empirical models [25,26]. 
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Table 1. Soil type and physical properties in SO (Sales Oliveira) and JA (Jaú), the state of São Paulo, Brazil. Data represent the average of four replicates with a 0–0.4 m soil layer.






Table 1. Soil type and physical properties in SO (Sales Oliveira) and JA (Jaú), the state of São Paulo, Brazil. Data represent the average of four replicates with a 0–0.4 m soil layer.





	
Soil Layer (m)

	
SO—Clay Rhodic Eutrudox (Slope 9%)

	
JA—Sandy-Clay Haplustox (Slope 6%)




	
Clay

	
Silt

	
Sand

	
BD *

	
MaP **

	
MiP ***

	
Clay

	
Silt

	
Sand

	
BD *

	
MaP **

	
MiP ***




	
g kg−1

	
kg m−3

	
m3 m−3

	
g kg−1

	
kg m−3

	
m3 m−3






	
0–0.2

	
687

	
244

	
69

	
1.22

	
0.40

	
0.14

	
362

	
58

	
581

	
1.67

	
0.11

	
0.31




	
0.2–0.4

	
718

	
214

	
68

	
1.21

	
0.41

	
0.13

	
434

	
55

	
512

	
1.53

	
0.15

	
0.31




	
0.4–1.0

	
700

	
235

	
66

	
1.13

	
0.38

	
0.20

	
399

	
49

	
552

	
1.48

	
0.12

	
0.32








* BD: bulk density; ** MaP: macroporosity; *** MiP: microporosity.
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Table 2. The average amount of herbicides (g ha−1) and N-NO3 (kg ha−1) load to the environment in Sales Oliveira (SO) and Jaú (JA).
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Trial sites

	
SO

	
JA




	
Treatments

	
N120bro

	
N120inc

	
Nzero

	
N210bro

	
N140bro

	
Nzero




	

	
N-NO3 losses (kg ha−1)




	
Leaching

	
7.2a ± 2.3

	
1.9b ± 0.3

	
1.0bc ± 0.2

	
1.4A ± 0.3

	
0.7AB ± 0.05

	
0.6B ± 0.2




	
Runoff

	
18.2a ± 2.0

	
10.0a ± 0.7

	
13.8a ± 1.7

	
12.1A ± 0.01

	
7.3A ± 0.01

	
1.8A ± 0.01




	

	
Herbicide losses in SO trial (g ha−1)




	

	
Leaching

	
Runoff

	
Total




	
Diuron

	
4.4 ± 4.0

	
4.2 ± 1.7

	
8.6 ± 4.7




	
Hexazinone

	
7.1 ± 5.5

	
3.0 ± 1.0

	
10.1 ± 5.7








Lowercase letters for SO trial and uppercase letters for JA trial in rows for N-NO3 losses (kg ha−1) represent the results of the Tukey test (p < 0.05); ± is the standard error.
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Table 3. Leaching runoff fraction (α) comparison of nitrate, diuron, and hexazinone from field trials (SO—Sales Oliveira and JA—Jaú) and from two empirical methodologies [25,26].






Table 3. Leaching runoff fraction (α) comparison of nitrate, diuron, and hexazinone from field trials (SO—Sales Oliveira and JA—Jaú) and from two empirical methodologies [25,26].





	
Field

	
Season

	
Treatment

	
Source/Methodology

	
αrunoff (%)

	
αleaching (%)

	
αtotal (%)






	

	

	

	

	
Nitrate




	
SO

	
2014/2015

	
N120bro

	
Field trial

	
2.47

	
1.90

	
4.37




	
SO

	
2014/2015

	
N120inc

	
Field trial

	
0.00

	
0.50

	
0.50




	
SO

	
2014/2015

	
N120bro

	
Franke et al. [25]

	
--

	
--

	
12.20




	
SO

	
2014/2015

	
N120inc

	
Franke et al. [25]

	
--

	
--

	
12.20




	
SO

	
2015/2016

	
N120bro

	
Field trial

	
4.87

	
8.40

	
13.27




	
SO

	
2015/2016

	
N120inc

	
Field trial

	
0.34

	
0.93

	
1.27




	
SO

	
2015/2016

	
N120bro

	
Franke et al. [25]

	
--

	
--

	
13.42




	
SO

	
2015/2016

	
N120inc

	
Franke et al. [25]

	
--

	
--

	
13.42




	
JA

	
2015/2016

	
N140bro

	
Field trial

	
5.21

	
0.10

	
5.31




	
JA

	
2015/2016

	
N210bro

	
Field trial

	
5.78

	
0.38

	
6.16




	
JA

	
2015/2016

	
N140bro

	
Franke et al. [25]

	
--

	
--

	
14.62




	
JA

	
2015/2016

	
N210bro

	
Franke et al. [25]

	
--

	
--

	
16.23




	

	

	

	

	
Diuron




	
SO

	
2014/2015

	
1.17 kg ha−1

	
Field trial

	
0.63

	
0.71

	
1.34




	
SO

	
2014/2015

	
1.17 kg ha−1

	
Franke et al. [25]

	
--

	
--

	
4.84




	
SO

	
2014/2015

	
1.17 kg ha−1

	
PestLCI [26]

	
--

	
--

	
0.03




	
SO

	
2015/2016

	
1.17 kg ha−1

	
Field trial

	
0.08

	
0.04

	
0.12




	
SO

	
2015/2016

	
1.17 kg ha−1

	
Franke et al. [25]

	
--

	
--

	
5.01




	
SO

	
2015/2016

	
1.17 kg ha−1

	
PestLCI [26]

	
--

	
--

	
0.03




	

	

	

	

	
Hexazinone




	
SO

	
2014/2015

	
0.33 kg ha−1

	
Field trial

	
1.25

	
4.22

	
5.47




	
SO

	
2014/2015

	
0.33 kg ha−1

	
Franke et al. [25]

	
--

	
--

	
6.34




	
SO

	
2014/2015

	
0.33 kg ha−1

	
PestLCI [26]

	
--

	
--

	
0.17




	
SO

	
2015/2016

	
0.33 kg ha−1

	
Field trial

	
0.57

	
0.10

	
0.67




	
SO

	
2015/2016

	
0.33 kg ha−1

	
Franke et al. [25]

	
--

	
--

	
6.52




	
SO

	
2015/2016

	
0.33 kg ha−1

	
PestLCI [26]

	
--

	
--

	
0.17
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