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ABSTRACT: Extensive pastures are commonly converted to sugarcane areas in Brazil. In soils cultivated with sugarcane, tillage and fertilization
are management practices commonly carried out. Soil management practices alter the physical and chemical properties increasing or
decreasing metal availability. The purpose of this study was to quantify soil metal concentrations during pasture-to-sugarcane conversion
correlating these changes with physical and chemical properties. The results showed that the concentration of metals in soil samples occurred
according to the following order Fe > Mn > Cr > Zn > Cu > Pb > Cd. Significant increases in soil metal concentrations due the sugarcane
cultivation were observed to Cd and Cu. The soil physical and chemical properties presented correlations with soil metal concentrations.
There was a strong relationship on inorganic fertilization to change in soil metal concentrations. The principal component analysis (PCA)
explained 55.4% of the total data variance, separating factors in two groups that pointed to an influence of fertilization on metal grouping.
Inorganic fertilizer application may input 1.06 g-ha-year* Cd. The Cd concentration ranged from 0.15 to 1.07 mg-kg, representing addictions
of 9.564 mg-ha-year® Cd in soil. The metal concentrations observed after five years of pasture-to-sugarcane conversion did not represent
environmental risks since the concentrations remained below the Brazilian official determinations.

Key words: heavy metals, cadmium, latosol, inorganic fertilization, simple superphosphate.

INTRODUCTION

Soil contamination with metals is a serious issue that occurs in both naturals, urban and agricultural environments
(Huang et al. 2020). In agricultural soil, the adsorption, complexation, precipitation and bioavailability of metals in soil are
influenced by several parameters. Between them, the source materials, geochemical forms, organic matter, crop residues,
pH, bulk density, type and amount of clay, the presence of iron and aluminum oxides, cation exchange capacity and the
organic matter content are examples of soil physical and chemical factors that determine the transport and fate of these
trace elements (Miskowiec and Olech 2020; Nogueira et al. 2013; Omwoma et al. 2010; Toor and Haggard 2009). It is known
that some potentially toxic metals are essential micronutrients and also constituent of molecules, which perform essential
functions in plants, being the toxic effect depending of the concentration and phytoavailability (Appenroth 2010).

Soil contamination depends preliminarily on the metal reaching the soil and accumulating in hazardous concentrations.
In agricultural areas, there are several anthropogenic metal sources including mining, smelting, waste disposal, urban effluent,
fuel residues, vehicle exhausts, sewage sludge, pesticides, liming and organic and inorganic fertilizer application (Alloway
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1995; Corbi et al. 2018; Wei and Yang 2010). Once fertilizers are not sufficiently purified during industrial processes, they
usually contain several impurities, including metals and heavy metals (Gimeno-Garcia et al. 1996), such as lead (Pb), cadmium
(Cd), copper (Cu), zinc (Zn), chrome (Cr), manganese (Mn), iron (Fe) and nickel (Ni) that are potentially harmful to the
environment (Corbi et al. 2018). Although nitrogen and potassium-based fertilizers are not considered a source of metals
(McBride and Spiers 2001), phosphate-based fertilizers have been described as a possible origin of such elements in soil (Jiao
et al. 2012; Yadav et al. 2010). Several studies have investigated the potential of fertilizers to increase metal concentrations
in agricultural soils (Concei¢do et al. 2009; Marques et al. 2007; Ramalho and Sobrinho 2001). Phosphatic fertilizers such
as monoammonium phosphate, diammonium phosphate, and triple superphosphate may contain significant amounts of
metals (Kabata-Pendias 2000). The increase in Cd concentration was described as a result of intensive and continuous
application of phosphatic fertilizer (Bizarro et al. 2008; Peris et al. 2008; Silva et al. 2016). In fact, small concentrations of
metals such as Cd and Pb may cause health hazards and decrease the crop yield (Kabata-Pendias 2000).

Sugarcane cultivation usually occurs during five years by planting and ratoon cycles that represent the annual stalk cut
and regrowth (Cabral et al. 2020). During this period, sugarcane management includes several agricultural activities, such
as soil tillage and organic and inorganic fertilization (Bento et al. 2018). Currently, sugarcane expansion occurs towards the
mid-west region of the Sdo Paulo state mainly over extensive pastures (Adami et al. 2012; CONAB 2019; Spera et al. 2017).
Extensive pastures are areas destined to livestock production in which no soil tillage or inorganic fertilizations are carried
out (Martha Junior et al. 2012). When extensive pastures are converted to sugarcane plantations changes in soil physical
and chemical properties are expected as a consequence of soil management to sugarcane cultivation. Soil tillage by plowing
and harrowing until 30-cm depth are carried out in the first sugarcane planting. Inorganic fertilization supply nitrogen,
phosphorus, potassium and some micronutrients, which are applied inside the sugarcane furrows after soil tillage in the
planting, and annually (in the ratoons), over the blanked after stalks harvest (Iamaguti et al. 2015).

Few experiments aimed to better understand the effect of sugarcane cultivation on the accumulation of metals. Some
authors reported metal concentrations above the natural in soils cultivated with sugarcane due to inorganic fertilizer
applications (Biondi et al. 2011; Bizarro et al. 2008; Corbi et al. 2018), but these experiments did not analyze one complete
sugarcane cycle in a conversion context.

Considering the previous knowledge about sugarcane soil management and the metal dynamics in soil, it is hypothesized
that sugarcane cultivation would result in changes of soil metal concentrations. Therefore, this research aimed to quantify
the soil metal concentrations before and after pasture to sugarcane conversion and in the final of a five-year sugarcane
cycle, as well as analyze the correlations with physical and chemical properties. Through these data, it will be possible
to compare and discuss the concentrations of metal in sugarcane soils in light of the maximum limits established by the
Brazilian government, thus providing an environmental approach to a potential negative impact of sugarcane cultivation.
There is none experiment in the literature in which the changes in soil metal concentrations after a complete sugarcane
cycle cultivated after pasture-to-sugarcane conversion was evaluated.

MATERIAL AND METHODS
Study area characterization

The study was located on a farm in Salto de Pirapora municipality, Sdo Paulo state, Brazil (23°35’S, 47°32°W) (Fig. 1).
The farm is specialized in the livestock activity that is performed for more than 60 years in an extensive pasture system
(low-intensity cattle grazing). The experiment was set up in a local with predominance of Brachiaria sp. The climate in
the region is characterized as a Cfa with humid summers and mild to cool winters (Képpen classification). The annual
means of maximum and minimum air temperature are 12 and 30 °C, observed respectively in the winter and summer, and
annual mean is 21 °C (Ikematsu et al. 2007). The annual mean precipitation is of 1,330 mm (Brazilian National Institute
for Meteorology, www.inmet.gov.br). The evaluated period follows the expected seasonality patter to air temperature and
precipitation (Fig. 1). The soil of the experimental area had a very deep profile, located in a low waved relief and with an
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average elevation of 670 m (slope of 6.5%). The soil color was defined as Dark Reddish Brown (2.5YR 2.5/4) (Munsell Color
2010). According to Santos et al. (2018), the soil had clayey texture and was classified as latosol (typical LVAd1).
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Figure 1. Experimental area location, annual rainfall and air temperature from 2013 to 2018.

Soil management

The extensive pasture was converted to sugarcane in October 2013. Firstly, conventional soil tillage was
carried out in an area of approximately 0.5 ha. Tillage operations included double plowing with heavy machinery,
harrowing and leveling to open furrows with 30 cm depth along rows 1.6 m apart. After tillage, the sugarcane variety
RB86-7515 was planted by burying stalks (17 t-ha™). Then, the furrows were manually inorganic fertilized. The lime
application was not necessary, once the initial pH and bases saturation were ideal considering the levels for agricultural
activities (Malavolta 2006).

At the end of the first year of growth season (2014), period named cane-plant, sugarcane stalks were harvested and a
new inorganic fertilizer application was carried out. From 2015 to 2018 growing seasons, period named ratoons, inorganic
fertilizations were carried out also in the sugarcane rows, but over the soil covered with sugarcane trash (blanked).
Considering the five-year sugarcane cycle, the harvesters and inorganic fertilizations were carried out manually every
October. Fertilizations followed the rates recommended for sugarcane (van Raij et al. 1997) (Table 1). Total amounts of
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inorganic fertilizer were 188, 778 and 200 kg-ha'-year™! in the cane-plant and 375, 158, and 200 kg-ha-'-year™ in the ratoon
cycles of ammonium nitrate, simple superphosphate and potassium chloride, respectively.

Table 1. Treatments identification and soil management of pasture-to-sugarcane conversion.

Fertilization*

Treatments? ID Spaenr1i|‘:;ltijr;? Tillage® (kg-ha™-year-)

N P,0, K,0

Extensive pasture EP Initial condition No - - -
Sugarcane fertilized CP Cane-plant Yes 60 140 120
Sugarcane control in row SC, Fifth ratoon Yes 120 30 120
Sugarcane fertilized in row SF, Fifth ratoon Yes 120 30 120
Sugarcane control in mid-row SCyr Fifth ratoon Yes 120 30 120
Sugarcane fertilized mid-row SFm Fifth ratoon Yes 120 30 120

*Each one with four replicates and plots of 80 m? containing a central trench measuring 80 cm length x 80 cm width x 50 cm depth. 2The initial metal concentrations
and soil parameters were sampled in September, 2013 (initial concentration), in October, 2014 (cane-plant) and in October, 2018 (fifth ratoon). *The soil tillage was
carried out in 2013 including double plowing with heavy machinery, harrowing and leveling. “The nutrient rates were calculated follow Raij et al. (1997). Nutrient
sources were: ammonium nitrate (NH,NO,), simple superphosphate, and potassium chloride (KCI) which contain 32% N, 19% P,0O, and 60% K,O.

Experimental design

The treatments were defined based on three pasture-to-sugarcane conversion periods: initial condition, cane-plant
(first growth season) and fourth ratoon (last growth season) (Table 1). These periods were established as a chronosequence
of the conversion process. The treatments were (i) extensive pasture, which was the land-use before the conversion to
sugarcane and provided the initial metal concentrations (n = 4); (ii) row of fertilized cane-plant (n = 4); (iii) row of
unfertilized sugarcane planting at the fourth ratoon (row control plots) (n = 4); (iv) row of fertilized sugarcane at the
fourth ratoon (n = 4); (v) mid-row of unfertilized sugarcane planting at the fourth ratoon (mid-row control plots)
(n = 4); (vi) mid-row of fertilized sugarcane planting at the fourth ratoon (n = 4). The plots of sugarcane and pasture
had 80 m?, distant 6 m from one to another. The sugarcane plots were delimited soon after soil preparation. Despite the
plots had remained in the experimental area during the total experimental period (from 2013 to 2018), there were not
simultaneous samplings in the plots.

Soil sampling and physical and chemical analyses

Soil samples were collected for particle-size distribution, bulk density, soil pH, total carbon and nitrogen, organic
matter and metal quantification along the three periods. Trenches measuring 80 x 80 x 50 cm (length, width and depth,
respectively) were opened in the middle of each experimental plot. Firstly, soil samples were collected from trenches in
the extensive pasture plots in September 2013. The soil was managed to sugarcane plantation (October 2013) and a second
soil sampling was performed in the final of the cane-plant period, in October 2014. Soil samples were collected in the rows
during the cane-plant period once the first fertilizer application was carried out inside the sugarcane furrows. Finally, soil
samples were collected five growth seasons after pasture-to-sugarcane conversion, in October 2018.

Soil samples were collected in two depths, from 0 to 20 and from 20 to 40 cm. To particle-size distribution analyses, four
simple soil samples were collected from each plot and were mixed and homogenized to obtain one composite deformed
sample. To bulk density determinations, four undeformed soil samples were collected from each face of the trench using
standard stainless-steel cylinders (104 cm®). The particle-size distribution was determinate by the pipette method and soil
density by bulk density method followed the standard protocols (Camargo et al. 2009). To quantify soil pH, total carbon
and nitrogen, organic matter and metal concentrations, soil samples were collected using PVC pipes (2.5 cm width and
20 cm length). One pipe was used to collect four soil samples from the trenches in each of the two depths analyzed. After
being collected, the four samples were mixed in polyethylene bags hermetically sealed to form one composite deformed soil
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sample per depth. Pipes and bags were previously washed with tap water and nonionic and metal-free detergent solution,
bathed in acid solution (5% HNO,) for 24 h, and rinsed with distilled water.

Following the protocol for sample preparation and routine laboratory analyses to deformed soil samples, the samples
for pH, carbon, nitrogen and metal analyses were homogenized, air dried and sieved through a 2-mm sieve (Camargo et al.
2009). Total carbon and nitrogen were determined by dry combustion in an elementary analyzer (CHNSO analyzer 2400
series II, Perkin Elmer) (Nelson and Sommers 1996). Determinations of pH were done with 0.01 mol-L™ CaCl, using a
bench pH meter (Bel Engineering PHS3BW) (Silva 2009). Organic matter was determinate by colorimetry in a microplate
reader (Sinergy HTX Biotech) (Silva 2009).

The method 3051A (USEPA 2007a) was used to process the soil samples collected to metal quantification. Aliquots
of 0.5 g of each soil sample were weighed and submitted to microwave-assisted acid digestion (Multiwave Pro, Anton
Paar). The digestion was carried out with three technical replicates. After the microwave-assisted acid digestion, the
extracts were transferred to conical centrifuge tubes and centrifuged at 2000x g for 10 min at room temperature
(~24 °C). The suspension was transferred to volumetric flasks and filled with ultrapure water to obtain a final volume
of 10 mL for fertilizers and 25 mL for soil extracts. Glassware was cleaned in 10% HNO, solution for 24 h and rinsed
with distilled water.

The Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd and Pb quantifications were carried out by microwave plasma atomic emission
spectrometry (MP-AES 4200, Agilent Technologies). Analytical calibrations were carried out using multielement standard
solution (Agilent Technologies). The wavelengths, limits of detection (LOD) and quantification (LOQ) (Hage and Carr
2012) are described in Table 2. All reagents used had a high purity rate, and their trace metal content was verified. Ultrapure

water for elemental trace analysis was used to prepare the solutions.

Table 2. Wavelength of metal analysis by microwave plasma atomic emission spectrometry (MP-AES) and their limits of detection (LOD)
and quantification (LOQ).

Element Wavelength (nm) LOD (mg-L™?) LOQ (mg-L?)
Cr 425.433 6.44E-06 1.95E-05
Mn 403.076 6.27E-06 1.90E-05
Mo 379.825 9.02E-07 2.73E-06
Fe 371.993 2.63E-05 798E-05
Cu 327.395 5.40E-07 1.64E-06
Ni 352.454 5.86E-07 1.78E-06
Co 340.512 6.60E-06 2.00E-05
Zn 213.857 6.66E-06 2.02E-05
Cd 228.802 5.89E-07 1.78E-06
Pb 405.781 1.75E-05 5.30E-05

Metal quantifications in the inorganic fertilizers

The metal contents in the inorganic fertilizers applied over the soil of the experimental area were verified once it was
the main anthropogenic source of metals during the experimental period. Samples of ammonium nitrate, superphosphate
simple and potassium chloride, applied in the experimental plots, were separated and smashed for metal concentration
analysis. One same batch of inorganic fertilizer, acquired in 2013, was used during the entire experimental period.

Aliquots of 0.25 g of each fertilizer source were weighed. Samples were subjected to microwave-assisted acid digestion
following the method proposed by Lorencatto (2019). The digestion was carried out with three technical replicates. After
fertilizer microwave-assisted acid digestion, the same methodology carried out to soil extracts was performed. Differently

of soil, to fertilizer metal quantifications the final volume of the extracts was of 10 mL.
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Statistical analysis

The descriptive statistics were determined through the mean, minimum, maximum and coefficient of variation for
the metal concentrations in the treatments. The normality of the data was analyzed through the Shapiro-Wilk test.
Significant differences (p < 0.05) were verified to the soil metal concentrations and to the soil physical and chemical
properties. They were determinate through two-way analysis of variance (ANOVA), considering as factor the treatments
and depth, as well as the interactions between these factors. The correlation between the soil metal concentrations and
the soil physical and chemical properties were analyzed by Pearson’s test (p < 0.05). The PCA was used to explore the
relationships between metal concentration data and the physical and chemical properties, with data normalization by
autoscaling and Euclidean distance. Analyses were performed in RStudio software (R 3.4.1) (https://cran.r-project.org)
and MINITAB 14.0 software.

RESULTS AND DISCUSSION
Soil physical and chemical properties

Conventional management systems can influence on soil physical and chemical properties of several crops. Changes
in soil physical and chemical conditions resulted from the agricultural activity are controlled by the tillage, input of plant
residues, chemical composition and decomposition of organic matter, rainfall, soil moisture and temperature, pH, and
microorganism activity (Bayer et al. 2000; Bronick and Lal 2005; Dieckow et al. 2009; Lal 2004; Reynolds et al. 2007). As
expected for the soil type, particle-size distribution showed that the soil in the experimental area had highest clay content
comparing with sand and the soil texture was mainly clayey (Table 3). Bulk density remained next to the initial observation
only when CP was taken into consideration (Table 3). Reynolds et al. (2007) classify the soil bulk density in three categories
(I, I, and III), the sugarcane data falls mainly on category III (BD > 1.2 g-dm™?), which indicates high soil compaction
conditions. Thus, the sugarcane ratoons reveal an increase in soil compaction.

Table 3. Soil physical and chemical parameters (n = 4) in the periods of extensive pasture, cane-plant and fifth sugarcane ratoon.

Depth (cm) Sand (%) Clay (%) BD (g dm™3) pH C(g-kg™) N (g-kg™) OM (g-dm3)
EP 0-20 24.32 5114 110 6.39 276.22 34.92 30
EP 20-40 12.51 59.11 0.94 6.12 24778 3118 27
CP0-20 15.17 58.74 110 5.51 29753 16.42 34
CP 20-40 18.15 59.79 117 5.38 22313 9.37 29
SC,0-20 20.97 54.36 121 6.01 289.17 48.07 73
SC,20-40 470 56.09 120 5.76 236.23 39.36 51
SC,,, 0-20 18.58 53.68 119 6.08 284.34 46.36 73
SC,,, 20-40 23.23 59.49 124 5.87 228.47 43.25 48
SF,0-20 16.70 5704 115 5.48 33114 4421 70
SF,20-40 20.65 61.63 138 5.57 268.70 38.67 59
SF,, 0-20 17.88 64.81 121 5.51 343.88 53.76 71
SF,. 20-40 15.01 5751 130 5.568 23292 38.35 55

EP =initial conditions of the experimental area; CP = cane-plant; SC, and SC, . = row and mid-row of unfertilized sugarcane on the fifth ratoon cycle, respectively;
SF. and SF,,. = row and mid-row of fertilized sugarcane on the ratoon cycle, respectively. BD = bulk density; OM: organic matter (colorimetric).

The pH decreased from the EP to the CP, SC and SF treatments. Soil pH is also an important parameter for the transport
and destination of metals, and its ionization, water solubility and mobility increase at low soil pH (Omwoma et al. 2010).

High soil pH, which is slightly alkaline, is responsible for decreasing the mobility of metals in soils (Keshavarzi and Kumar
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2020). The data revealed an increase in soil acidity over the years of sugarcane cultivation, resulting in a reduction in metal
adsorption (Table 3).

After soil management, the carbon contents at 20-40 cm decreased when compared with the initial levels, excluding
the sugarcane in rows at the fifth ratoon. The carbon contents at the 0-20 cm depth increase substantially mainly at the
fifth ratoon. During the CP, the total nitrogen contents decreased at 0-20 and 20-40 cm soil depths. The highest carbon
and nitrogen contents were observed at 0-20 cm on rows and mid-rows in the fifth sugarcane ratoon (Table 3). Soil
tillage and organic matter deposition (sugarcane trash) influence on organic matter decomposition and carbon contents
(Graham and Haynes 2006; Teixeira et al. 2010). When the soil was revolved, the aggregates are exposed and microorganism
activity is promoted, favoring the organic matter mineralization of the more labile fractions and decreasing carbon
accumulation (Paustian et al. 2000). A high C/N relationship of the litter formed by the sugarcane cultivation and the nitrogen
fertilizations can reflect on the larger carbon and nitrogen contents. Organic matter consumption by microorganisms results
in a lower potential for carbon (Bronick and Lal 2005; Reicosky et al. 1997), but if mineralization rates are slow, a carbon
accumulation can be observed.

The results of chemical characterization showed that organic matter rose by ~12% in CP and ~71% in SE considering the
initial condition and the first 0-20 cm results (Table 3). The organic matter tends to accumulate in the first soil layers because
of the sugarcane blanket that is deposited and transformed on the soil surface (Wood 1991). Organic matter influences the
transport of metals in soil, and anthropogenic additions could be strongly correlated with soil organic carbon (Omwoma
et al. 2010). The increases in the carbon and nitrogen contents and the organic matter content from 2013 to 2018 (Table 3)

increased the complexation of the metals on soil solution (Gharaibeh et al. 2020).
Metal concentration in soil

The means of metal concentration occurred according to the following order: Cd < Pb < Cu < Zn < Cr < Mn < Fe
(Fig. 2). The elements Mo, Ni and Co remain well marked below the detection limit during the soil analyses. The coeflicient
of variation values for the metals in soil ranged from 0.81 to 152.25%. The Fe presented the lowest coefficient of variation,
suggesting low variation among soil samples, while Cd had the highest, suggesting more variation among soil samples
and a high likelihood of an anthropogenic effect (Cai et al. 2015; Chen et al. 2008; Keshavarzi and Kumar 2020). A
coefficient of variation of 30-50% or more is common for many metals in soils when sampling is carried out randomly
(Gharaibeh et al. 2020).

Despite significant differences in the Cr soil concentrations not being observed, either by treatments or depth, there was
an apparent effect of soil tillage in increase Cr concentrations (Table 4; Fig. 2). It is possible to infer that the differences in
the amount of Cr were observed due to an acceleration of organic matter mineralization by tillage, blanket accumulation
and high clay amounts, even such difference did not result in statistical significance. The correlation between Cr and Fe
(Table 5) may be explained by the fact that, in the presence of iron oxides, the speciation of Cr in soil is positively affected
(USEPA 2008). Camilotti et al. (2009) observed Cr oscillations from 26.08 to 39.75 mg-kg™, while Lake (1987) observed
differences from 5 to 1000 mg-kg™'. However, Barcel6 and Poschenrieder (1992) mentioned normal contents of 50 mg-kg™,
which is similar with the contents observed in this experiment.

The Mn soil concentrations were significantly different among the depths, but no significant differences were observed
when the effect of treatments was considered (Table 4; Fig. 2). The Mn soil concentration in EP at 0-20 cm depth was the
highest among the treatments (Fig. 2). For the same element, the concentrations (0-20 cm) were not different in the CP,
SF, and SF,  treatments and were lowest than those observed in the control (SC, and SC ) and EP treatments (Fig. 2).
The Mn maintenance in soil is also due to the organic matter provided by the blanket above superficial depth (0-20 cm),
this condition can be clearly verified through the increase in organic matter content (Table 3) and through the significant

correlations between carbon content and Mn (Table 5).
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Figure 2. Soil metal concentrations in the periods of extensive pasture, cane-plant and fifth sugarcane ratoon.

Note. Treatments were named as following: EP = initial conditions of the experimental area; CP = cane-plant; SC, and SC, , = row and mid-row of unfertilized
sugarcane on the fifth ratoon cycle, respectively; SF, and SF,,. = row and mid-row of fertilized sugarcane on the fifth ratoon cycle, respectively.

Table 4. Effect of treatment, depth, inorganic fertilization and time on soil metal concentration and in soil physical and chemical properties
measure by two-way analysis of variance.

Treatments? Depth Interactions

Soil metal concentrations

Cr ns ns ns
Mn ns p<0.05 ns
Fe ns ns p<0.05
Cu p<0.001 ns ns
Zn ns p<0.001 ns
Cd p<0.001 ns ns
Pb ns p<0.05 ns
Physical and chemical properties
pH p<0.001 ns p<0.05
Sand ns ns ns
Clay ns ns p<0.05
C p<0.05 p <0.05 p <0.05
N p<0.001 p<0.001 p<0.001
oM p<0.001 p<0.05 ns

‘Treatments (EP, CP, SC,, SC, ., SF, and SF, ) were designed to test fertilization (control and fertilized), row position (row and mid row) and period (extensive
pasture, cane-plant and fifth ratoon).
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Table 5. Pearson’s correlation matrix and the significance level of metals and the soil physical-chemical parameters. We considered correlation
results of 0.40-0.59 as moderate correlation and > 0.60 as strong correlation.

Zn Cd Cu Pb Mn Cr Fe Sand Clay C N pH
Zn -
Cd -0.13 -
Cu 0.31* -0.04 -

Pb 0.58***  -0.09 0.15 -
Mn 0.60***  -0.08 -0.06 0.45* -

Cr 0.05 0.06 0.20 0.21 -0.02 -
Fe -0.22 0.51*** 0.16 -0.04 -030* 0.40** -
Sand 0.20 0.01 -0.02 0.021 0.31* -0.30* -0.23 -
Clay 0.02 0.21 0.42* -0.04 -0.38** 0.14 0.477**  0.009 -
C 0.36 0.18 -0.09 0.27 0.62*** 0.03 -0.02 0.21 -0.36* -
N 012 0.68***  -0.24 -0.12 0.31* -0.06 0.23 -011 -016  0.48*** -
pH 0.20 -0.10 -0.27* 011 0.39** -0.21 -0.22 0.25*  -0.41* 0.19 0.19 -

*p<0.05,**p<0.01, *** p<0.001). The correlation of 0.40-0.59 were considered as moderate correlation and > 0.60 as strong correlation (Gharaibeh et al. 2020).

The Fe soil concentrations did not present significant differences, but the interactions between treatments and depth
result in differences (Table 4; Fig. 2). As expected, Fe concentrations were the highest between the elements analyzed and
was positively correlated with clay contents (Table 5). At the 0-20 c¢m soil depth, Fe correlations with clay can explain
greater iron contents, but organic matter mineralization in this soil layer is also an important factor to take into account,
which corroborates with the highest Fe levels in SF,. It can be observed that, where the clay concentrations were higher
(Table 3), Fe levels were also higher (Fig. 2).

The Cu soil concentrations were significantly different among row position, fertilization and periods; however, they
were not different when depth was considered (Table 4; Fig. 2). The lowest Cu amounts in the SC, and SC,,, were observed
when compared with SFR and SEMR. This result can be attributed to the low amount of organic matter and clay in the
control treatments, characteristics that demonstrate the mechanism of Cu exchange and adsorption in soil (USEPA 2007b).
Moreover, the clay mineral exchange phase may serve as a sink for Cu in soils (Mclean and Bledsoe 1992). Corroborating
the abovementioned results, Cu was significantly correlated with clay (p < 0.01) (Table 5).

The Zn soil concentrations was significantly different among the depths; however, they were not different when the different
treatments were considered (Table 4; Fig. 2). Despite the observation that there was a Zn accumulation effect in the final
ratoon cycle at 0-20 cm depth (Fig. 2), the statistical test applied in the data resulted in no significant differences between the
treatments. Except for SF, treatment, low Zn amounts were observed in soil with low pH; the adsorption by soil compounds
occurs at pH 5.0 or greater (USEPA 2007c¢). At the 0-40 cm soil layer depth, Zn concentrations decreased consecutively, while
clay amounts were major. According to the literature, zinc is readily adsorbed by clay minerals when associated with Fe and Mn
oxides (USEPA 2007b), this information corroborates the results, in which Zn was significantly correlated with Mn (Table 5).

The Cd concentrations were not different at depths of 0-20 and 20-40 cm, but were significantly different when
row position, fertilizer application and periods were taking into account (Table 4; Fig. 2). In sugarcane rows and mid-
rows, at the fourth ratoon, there was an increase in Cd concentration. In the rows, there were no differences between the
unfertilized (SC,) and fertilized (SF,) treatments (Fig. 2). Similarly, in mid-rows at the fourth ratoon, the means were not
different in the unfertilized (SC,,,) and fertilized (SF, ) treatments at 20-40 cm depth but were different at 0-20 cm depth
(Fig. 2). The reduction in Cd concentration at deeper depths after conversion of pasture-to-sugarcane occurred likely due
to the soil management to sugarcane planting. In rows, the increase in Cd concentrations was caused by organic matter
and pH alterations, as well as by interactions with other elements that became the metal available. The Cd concentration
in SFMR at the 0-20 cm soil was higher than in CP, EP, and SC, . The Cd was 0.23 mg-kg™ higher than in the respective

unfertilized treatment (Fig. 2).
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The Pb soil concentrations were not significant when row position, fertilization and periods were considered, but the depths
result in significant differences (Table 4; Fig. 2). The soil pH varies from 5.0 to 6.5, and at this condition, the concentration
of Pb in the soil solution reaches a minimum due to metal-organic complex formation (USEPA 2005). Finally, Lake (1987)
observed Pb concentrations ranging from 21.17 to 24.75 mg-kg™ higher than those observed in this experiment and the
ones described as normal (from 12 to 14 mg-kg™) (Oliveira et al. 2005).

The PCA reinforced the differences between the treatments, showed by the statistical analyses. These differences reveal
the influence of the fertilizer on change the metal concentrations, which is indicated by the group’s separation (Fig. 3).
Two different groups containing the soil samples studied are identified. This distribution is explained by 55.4% of the total
data variance, which is the sum of the two principal components (PC1 31.2% and PC2 24.2%). Group A is mainly formed
by the fertilized treatments (CP, SF, , and SF,), and Cr, Fe and Cd are connected negatively to clay content in this group
(Fig. 3). Opposing, group B is formed by the unfertilized treatments (EP, SC, and SC, ), and pH is positively connected with
Zn, Mn, carbon and nitrogen (Fig. 3). The variables sand, Pb and Cu did not seem to directly affect the group separation
by treatments (Fig. 3).

-1 1

Second Component (24.2%)

-3

-2 -1 0 1 2 3 4
First Component (31.2%)

pH

0.0 Zn
Mn

-0.14 Clay

-0.2 Cr

-0.34

Second Component

-0.41

-0.51 N

Cd

-0.6 1
-0.50 -0.25 0.00 0.25 0.50
First Component

Figure 3. Principal component analysis for samples and parameters distributions along PC1 versus PC2.

Note. Soil use was indicated by treatments, as follow: EP = initial conditions of the experimental area; CP = cane-plant; SC, and SC,,, = row and mid-row of
unfertilized sugarcane on the fifth ratoon cycle, respectively; SF_ and SF,,. = row and mid-row of fertilized sugarcane on the fifth ratoon cycle, respectively.
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The results of PCA showed that the variables that most included samples after cultivation were Cd, Cr, Fe and clay.
Groups A and B are formed by samples of fertilized and unfertilized treatments, which shows the influence of the
fertilizer application in the accumulation of the metal. In group A, the lower the clay content, the lower the Cd, Cr and Fe
concentrations, suggesting that clay could mainly be responsible for metal sorption in the fertilized treatments. Soils with
higher clay content retain more metals than light-textured soils (Gharaibeh et al. 2020). Group A also suggests that Cd,
Cr and Fe are affected by fertilization. In group B, the higher the pH, the lower the Zn, Mn, carbon and nitrogen contents.
Once there were no fertilized and no-tilled (EP) treatments in group B, it could be inferred that pH was the main factor
controlling the variables previously cited.

Metal concentration in fertilizer

Considering the ten metals analyzed, at least six were found in inorganic fertilizers applied in the experimental area
(Table 6). The orders of occurrence of these metals were Ni < Cu < Cr < Zn < Mn < Fe to ammonium nitrate, Cd < Co
< Mo < Ni < Cr < Cu < Zn < Fe < Mn to superphosphate simple and Cd < Cu < Pb < Zn < Mn < Cr < Fe to potassium
chloride (Table 6). Brazilian phosphate-based fertilizers, excluding thermophosphate, have low Cd, Cr and Ni amounts
(Minari et al. 2017), and the concentrations obtained in this experiment was lower than those observed by other authors,
in which they found rates ranging from 3 to 4 mg-kg™ Cd, from 14 to 26 mg-kg™ Cr, and from 3 to 45 mg-kg™' Ni (Gabe
and Rodella 1999).

Table 6. Metal concentrations (n = 4) in the inorganic fertilizers and the total element quantities added annually.

Metal concentrations* Added?
Element AN SS PC
(mg-kg™) (mg-kg) (mg-kg?) (g-hayear?)
Mo - 374 - 1.05
Ni 0.16 479 - 3.06
Co - 3.00 - 0.85
Cd - 151 0.69 1.06
Pb - - 2.09 0.42
Cr 0.40 769 6.83 12.22
(mg-kg™) (g-kg™) (mg-kg™) (kg-ha'year?)
Mn 1.30 562.64 4.62 461.14
Fe 42.78 540.36 431.35 488.98
Cu 0.22 171.02 1.35 140.17
Zn 1.02 266.17 2.83 218.15

* AN = ammonium nitrate; SS = superphosphate simple; PC = potassium chloride. 2 Considering the sum of the quantities applied annually to fertilizer where
the element was identified.

The limit of Cd in Brazilian phosphate-based fertilizers is similar to the European Union and higher than California
(USA) standards that allow up to 20 mg-kg™' P,O, and 4 mg-kg™' per 1% P205, respectively (Jiao et al. 2012). Considering
one of the main metals reported in inorganic fertilizers, Cd addition was approximately half of that from atmospheric
deposition, of 1.9 g-ha™-year™ (Jiao et al. 2012). Nziguheba and Smolders (2008) estimated that the average Cd input from
phosphate-based fertilizers in European countries was 1.6 g-ha™'-year, ~34% over the results of this experiment.

Considerations about changes in metal concentration

Soil chemical properties (Table 3) can be addressed as the main reason for changes in soil metal concentration and
dynamics (Table 5). Taking into account that the initial condition was an extensive pasture, the soil management (tillage
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and fertilization) to sugarcane cultivation appears to result in metal concentration changes only when Cd and Cu were
considered. Some authors reported concentrations of Cd and other metals above the natural concentration in soils cultivated
with sugarcane due to inorganic fertilizer applications (Biondi et al. 2011; Bizarro et al. 2008; Corbi et al. 2018), but these
experiments did not analyze one complete sugarcane cycle or not reported the data considering baseline concentrations.
Taking into account the total dry weight of the soil mass sampled in the treatments, extrapolating to a volume of 2,000 m’
(10,000 m? x 0.20 m) and the means of soil bulk density determinations in the treatments, as well as the Cd addictions by
fertilizer, was estimated a final soil increase of 9.54 mg-ha™'-year Cd.

The mobility of Cd in soils is governed by the soil pH, organic matter content, and components of solid-phase minerals
(Tiller 1989). In soils with low pH, the content of organic matter as well as oxides and hydroxides of Fe and Mn control
the solubility of this element. Under acidic conditions, the solubility of Cd increases, and low adsorption by soil colloids is
observed (USEPA 2003). Studies indicate that Cd adsorption correlates most with the charge exchange capacity of the soil,
especially when the soil is saturated with divalent charges, which explains, combined with the other parameters mentioned,
the correlation with Fe (Table 5) and the grouping in A in PCA (Fig. 3) (Barzegar et al. 2005; Tiller 1989; USEPA 2003). It is
well established that the higher the pH, the lower the Cd concentrations expected (Barzegar et al. 2005). However, it has also
been described that at pH values greater than 6.0, Cd is adsorbed by the soil solid phase, and the solution concentrations
are reduced (at pH 6.5, ~55% of Cd is adsorbed by soil colloids) (USEPA 2005). Based on these facts, in EP samples, low
amounts of Cd were found due to a high adsorption rate.

Considering this element, Lake (1987) observed lower concentration in agricultural soil than Campos et al. (2003),
ranging from 0.01 to 0.7 mg-kg™. Other authors also observed higher Cd values than Lake (1987) in Brazilian latosol, as
follows: range from 1.07 to 1.26 mg-kg™1 (0-60 cm) (Juliatti et al. 2002) and a mean of 0.7 mg-kg™' (Oliveira et al. 2005).
Despite this divergence, the results agreed with the literature.

Considering all treatments, the mean Cd concentration is 0.65 mg-kg™', which is close to the Lake (1987) and Oliveira et
al. (2005) observations. The authors found that Cd concentrations only slightly increased after a long period of continuous
fertilization; Richards et al. (1998) and Hejcman et al. (2009) reported no evidence that Cd accumulated in soils after 29
and 75 years of fertilizer application, while Jeng and Singh (1995) observed slight increases in Cd concentrations after 70

years of phosphate fertilizer application.
Environmental risks according to Brazilian polices

Currently, there are no limits determined by the Brazilian legislation destined to inorganic fertilizer for most of the
elements analyzed in this experiment (Brazil 2006) (Table 7). Considering the elements covered by the document (Cd, Pb
and Cr), it was observed that none of them exceed the maximum limits allowed in Brazilian polices even those present in
the fertilizer samples. Although the concentrations of metals in the fertilizer samples do not reveal values exceeding the
maximum limits allowed by the Brazilian laws, it is important to take into account the presence of metals in other nutrient
sources applied over sugarcane soils and the changes in the physical and chemical soil properties which may alter the
soil metals availability. These alterations mean a new condition in adsorption, complexation, precipitation, leaching and
bioavailability of metals.

Though the concentrations, it was analyzed whether metals reached the prevention or the limit soil range proposed
by Brazilian polices (Brazil 2009) and if they were between the background concentrations (Table 7). Although between
the background concentrations, Cd detected in SF,,, at the 0-20 cm soil depth almost reached the concentration limit
for prevention actions, other Cd concentrations were below the prevention and investigation levels for agricultural soils.
The Pb, Cu and Zn in the soil reached values below the Brazilian polices determinations. According to the Brazilian legal
determinations, the Cr concentrations were close to the prevention and below the investigation (limit) levels to the agricultural
soils. There are no determinations for Mn and Fe concentrations in Brazilian policies, but the results showed that the first

was under the background concentration and the second was in the expected range.
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Table 7. Prevention and limit contents in Brazilian latosol designated for agriculture, based on Brazilian laws and national soil background concentrations.

it Soil (mg-kg?) Fertilizer (mg-kg™?)
Prevention* Limit/Investigation* Background? Permitted?
Mn ND ND 400-700 -
Mo 30 50 - -
Fe ND ND 20,000-550,000 -
Cu 60 200 3-238 -
Ni 30 70 3-45 -
Co 25 35 7-10 -
Zn 300 450 12-96 -
Cd 13 3 0.37-1.01 20
Pb 72 180 10-49 100
Cr 75 150 - 200

Resolution n° 420 of 28, December 2009 (Brazil 2009). 2The background concentrations of the elements Cu, Ni, Zn, Cd, Pb were defined by Campos et al. (2003);
Mn by USEPA (2007); Fe by USEPA (2003); Co by Biondi et al. (2011). * SDA Normative Instruction no. 27 from February, 05 of 2006 (Brazil 2006), that considered the
maximum limits of metals in mineral fertilizers with nitrogen, potassium and secondary macronutrients with um 5% of P205 and to not specified values. ND = not defined.

CONCLUSION

After five years of pasture-to-sugarcane conversion, increases in soil metal concentrations as resulted of the management
to sugarcane cultivation, which included soil tillage and inorganic fertilization, were significant to Cd and Cu. After one completed
sugarcane cycle, the final increase in Cd soil concentration was of 9.54 mg-ha™'-year!, which is a very small amount. The physical
and chemical soil properties presented correlations with all metal concentrations. The significant increases in Zn, Pb and Mn soil
concentrations at the 0-20 and 20-40 cm depth were addressed exclusively to the physical and chemical soil properties. Take into
account the maximum limits established by the Brazilian polices, the results of this study about the increases in soil metal concentration
during sugarcane cultivation did not represent environmental risks when compared with other anthropogenic activities.
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