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Abstract 15 

Crop rotation, cover crops introduction and no tillage adoption have improved tropical 16 

agriculture sustainability through improvements on soil conservation and water use efficiency. 17 

Soil fertility and topsoil phosphorus (P) accumulation is also altered by management, affecting 18 

P dynamics and its use for subsequent cash crops. Changes in soil P fractions promoted by no-19 

tillage (NT) and conventional tillage (CT) in soybean/cotton crop systems with different cover 20 

crop rotations (fallow, maize as second crop, brachiaria and millet) were investigated in two 21 

long-term trials in Brazilian Oxisols (Ox-1 and Ox-2), and compared to soils under native 22 

Cerrado vegetation. Hedley’s P fractionation was performed in soil samples taken from 0-5, 5-23 

10 and 10-20 cm depth layers and P fractions grouped by their predicted lability. Long-term 24 

cultivation generated large amounts of legacy P in the soil (184-341 mg kg-1) but only a small 25 

portion remained in labile fractions (11-16%), with a slight increase in non-labile P (<5%) and 26 

organic P (10-20%) concentrations under NT when compared to CT. Although the soil P 27 

remained mostly in less available fractions, the legacy P obtained by the difference between the 28 

soil P data from the agricultural land and the native area provided a useful approach for P 29 

accumulation estimative over the time, very close to the predicted P inputs/outputs accounting. 30 

Brachiaria recycled more P than other cover crops, increasing the labile P (5-20%) and all the 31 

organic P fractions (10-25%) over the time.  32 

  33 

Keywords: phosphorus dynamics; Hedley P fractionation; long-term cultivation; brachiaria; 34 

millet. 35 
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1 Introduction 38 

The expansion of agriculture in the tropical regions such as Brazilian Cerrado has led to 39 

a high P fertilizer demand due to the majority of P-fixing soils (Lopes and Guilherme, 2016; 40 

Roy et al., 2016). Moreover, soil P availability has increased slowly, as the vast majority of 41 

added fertilizer P is rapidly adsorbed onto the surface of Fe and Al (hydr)oxides (Novais et al., 42 

2007; Rodrigues et al., 2016; Roy et al., 2016; Sousa and Lobato, 2004). The high P inputs for 43 

payment of the soil P fixation, although a commonly adopted strategy in tropical agriculture, 44 

will pressure national P demands (Withers et al., 2018) and may not be profitable to improve 45 

the P use efficiency in the future (Rowe et al., 2016; Withers et al., 2014), especially in the 46 

tropics (Roy et al., 2016).  47 

Rotation systems with less soil disturbance have shown positive effects on soil P 48 

bioavailability (Rodrigues et al., 2016; Tiecher et al., 2012a, 2012b). Also, different plants have 49 

evolved biochemical, physiological, and structural mechanisms to exploit less labile soil P 50 

fractions, including mycorrhizal associations, root morphology adaptation and modifications in 51 

rhizosphere biochemistry through exudation of low molecular-weight organic acids, 52 

phosphatases, phytases and protons (Hinsinger et al., 2011; Lambers et al., 2015). Cover crops 53 

have positive effects on soil conservation by covering the soil surface from erosion processes 54 

(Calegari et al., 2013), but also contributes to soil P recycling by accumulating P in their roots 55 

and shoots (Boer et al., 2007; Tiecher et al., 2012a). This enhanced P bioavailability and storage 56 

in degradable organic P fractions (Soltangheisi et al., 2017; Teles et al., 2017; Tiecher et al., 57 

2012a) may improve the yield of subsequent cash crops (Calegari et al., 2013; Carvalho et al., 58 

2011). Moreover, continuous cropping increases root density, resulting in greater exudation of 59 

organic compounds, and organic P (Po) accumulation in the soil, which modulates P 60 

bioavailability in tropical soils such as Oxisols (Cross and Schlesinger, 1995). The Po fraction 61 

is less susceptible to strong adsorption on functional groups of Fe and Al (hydr)oxides 62 
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compared to inorganic forms (Guppy et al., 2005; Hinsinger et al., 2011; Pavinato and Rosolem, 63 

2008). 64 

Soil P fractions have been successfully grouped and quantified (although not identified) 65 

by sequential chemical extractions, with the widely used Hedley’s P fractionation procedure, 66 

by its ability to concomitantly determine Pi and Po fractions (Hedley et al., 1982). Despite 67 

several analytical limitations of this procedure (Condron and Newman, 2011), the conceptual 68 

P lability distribution predicted by the sequential reagents in the Hedley’s P fractionation is 69 

considered useful for interpreting the soil P dynamics (Cross and Schlesinger, 1995), 70 

investigating the fate of native and applied P in agroecosystems (Negassa and Leinweber, 2009) 71 

and quantifying the P lability i.e., the P distribution in different fractions according to their 72 

potential to supply plants and the soil biota (Yang and Post, 2011).  73 

In a previous study by the present authors (Rodrigues et al., 2016) it was observed a 74 

significant accumulation of all P fractions in the soil after decades of Cerrado cultivation due 75 

to high P fertilizer inputs (usually applied as twice as the offtakes). Although the observed P 76 

use efficiency was over 55%, these inputs still generating a significant amount of residual or 77 

legacy soil P (Haygarth et al., 2014; Withers et al., 2015).  This legacy soil P is a relevant source 78 

of secondary P that can be utilised in a potential future scenario of P scarcity (Sattari et al., 79 

2012; Withers et al.,2014; Rowe et al., 2016). In the soybean/cotton succession system typical 80 

of the Brazilian Cerrado, this legacy could supply P for decades of cultivation, buffering the 81 

impact of a sharp increase in the price of P fertilizer (Rodrigues et al., 2016, Withers et al., 82 

2018). However, whether and how this sorbed P could be accessed by plants and how much of 83 

the residual P in tropical systems is potentially plant available is largely unknown.  84 

The present study was established with the hypothesis that the introduction of no-tillage 85 

(NT) and cover crops on the soybean/cotton rotation increases P availability on the soil surface 86 

and potentially reduces P fixation into non-labile fractions. Changes in soil P fractions promoted 87 
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by NT and conventional tillage (CT) in soybean/cotton crop systems with different cover crop 88 

rotations were investigated in two long-term trials in Brazilian Oxisols (Ox-1 and Ox-2), and 89 

compared to soils under native Cerrado vegetation.  90 

 91 

2 Material and methods 92 

2.1 Study sites description and experimental design 93 

Two long-term field experiments established in the Brazilian Cerrado region, under 94 

soybean/cotton rotation system (with different tillage systems and cover crops during the winter 95 

season) were selected for the present study. Oxisol 1 (Ox-1) is located in Costa Rica, Mato 96 

Grosso do Sul (08º15'10" S; 03º12'41" W and alt. 790 m), with annual mean temperature of 97 

24.8 ºC and mean precipitation of 1,950 mm. Both sites have soil classified as Typic Hapludox 98 

(Soil Survey Staff, 2014). Oxisol 2 (Ox-2) is located in Sapezal, Mato Grosso (13º56'33" S; 99 

58º53'43" W and alt. 640 m), with annual mean temperature of 23.5 ºC and mean precipitation 100 

of 2,150 mm.  101 

At Ox-1 site, the deforestation was in 1974 and soybean was grown under a conventional 102 

tillage system until 1993. At that time, NT and conventional tillage (CT) as main plots were 103 

established. In 2004, the cover crop treatments (fallow, millet, brachiaria and maize as second 104 

crop) were established after every soybean cultivation. The soybean was cultivated on the field 105 

trial at the even years, since 2004, until 2016 (sampling date). Cotton was cultivated in the odds 106 

seasons since 2005, until 2015 (five crop seasons until the sampling date). 107 

At Ox-2 site, the deforestation occurred in 1997 and soybean was cultivated under CT 108 

for three consecutive seasons. In 2001, the CT and NT main plots were established. After the 109 

soybean harvesting in 2005, the same cover crop treatments used for Ox-1 were established and 110 

used after every soybean cultivation. The soybean was cultivated since 2006, until 2014. Cotton 111 
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was cultivated in the even’s seasons since 2006, until 2016 (six crop seasons until the sampling 112 

date).  113 

The experimental design adopted at both sites was randomized blocks within a 2 x 4 114 

split-plot distribution, with three replicates for each treatment. The tillage systems (CT and NT) 115 

were the main plots and the subplots consisted of the following four cover crops: fallow (no 116 

cover, with chemical weed control), millet (Pennisetum glaucum L.), brachiaria (Brachiaria 117 

ruziziensis, syn. Urochloa ruziziensis) and maize (Zea mays L.) as second crop. Each sub-plot 118 

had dimensions of 9.6 x 110 m and 8.3 x 107 m (width x length) for Ox-1 and Ox-2 respectively. 119 

The CT system used disk plough (twice annually) before the summer crop sowing, whereas in 120 

the NT system the soil was not disturbed (except for sowing operations), and the crop residues 121 

were chemically terminated (for weed control on the fallow, millet and brachiaria treatments, 122 

glyphosate was applied on the dosage of 3 L ha-1; for maize the grains were harvested and the 123 

cover was only the straw) and left on the soil surface.  124 

 125 

2.2 Soil sampling and chemical analysis 126 

Composite samples (4 sub-samples in each plot) in the layers 0-10 and 10-20 cm from 127 

field trials and from native vegetation were collected for soil chemical and mineralogical 128 

characterization (Table 1). Samples were very well mixed and 500 g of each layer/location was 129 

brought to the lab for analysis. Accordingly, soil pH determined by CaCl2, and organic matter 130 

content (SOM) determined by Walkley & Black method, were both increased by cultivation, 131 

especially in the top 0-10 cm layer, with also higher CEC in 0-10 cm than in 10-20 cm. As a 132 

general mineralogy evaluation, the amorphous/crystalline Fe ratio (FeOxalate/FeDCB, Table 1) was 133 

lower than 0.05 (0.036 and 0.037 for Ox-1 and Ox-2 respectively), demonstrating that in both 134 

soils the crystalline oxides are predominant.  135 
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X-Ray diffraction (DRX) analysis of the clay fraction was performed according to the 136 

method described by Jackson (1969), but modified by saturating the clay fraction with 1 M KCl 137 

or 1 M MgCl2 after Fe-oxide removal to identify the phyllosilicates. The following post-138 

treatments were applied: K saturation at room temperature (25 °C); K saturation and heating up 139 

to 300 °C; K saturation and heating up to 500 °C; Mg saturation at room temperature (25 °C); 140 

Mg saturation with solvent ethylene glycol. Another sample without removing Fe was prepared 141 

to identify the Fe oxides present in the soils, followed by the oriented glass slide preparation 142 

before analysis. The diffractograms were collected in a Miniflex II Desktop X-Ray 143 

Diffractometer (RIGAKU), CuKα radiation, analysis interval from 10 to 50 °2ϴ to the clay 144 

fraction without Fe samples and 5 to 30 °2ϴ to the samples of clay+Fe. The results (Figures S1 145 

and S2) clearly show the dominance of kaolinite as the only phyllosilicate, hematite and 146 

goethite as the Fe oxides and gibbsite as the Al hydroxide in both study sites. These minerals 147 

will be subsequently referred as Al and Fe oxides in the following sections. 148 

For P fractionation analysis, the soil samples were collected after termination of the 149 

cover crops in August 2015 for Ox-2 site and in August 2016 for Ox-1 site. Samples were 150 

collected at 0-5, 5-10 and 10-20 cm depths using a handling trowel. Four trenches were opened 151 

in each sub-plot and were mixed to form a composite sample (around 500 g per composite 152 

sample) for each layer in each treatment. Additionally, for sampling in the adjacent Cerrado 153 

native areas, four sites around 30 m distance from each other and at least 30 m from the forest 154 

edge were delimited, and subsamples were collected from each site and mixed to obtain a 155 

composite sample. Samples were air dried and sieved (2 mm) prior to sequential P fractionation 156 

according to the method proposed by Hedley et al. (1982) with modifications by Condron et al. 157 

(1985).  158 

The sequential extraction order and interpretation was based on the chemical extractants 159 

related P studies (Tiessen and Moir, 1993; Cross and Schlesinger, 1995; Gatiboni et al., 2007; 160 
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Condron and Newman, 2011). Soil P fractions were grouped according to their lability 161 

predicted by each extractant. Labile P included PAER, PiBic and PoBic; moderately labile P 162 

included PHid-0.1 (Pi and Po) and PHCl, and non-labile P included PHid-0.5 (Pi and Po) and PResidual.  163 

In order to evaluate the cumulative legacy soil P present in the soil since deforestation, 164 

P fractionation was also performed on native Cerrado soil samples and the values subtracted 165 

from the cultivated plots. Thus, the net P values were evaluated in relation to their distribution 166 

in labile, moderately labile and non-labile P. The mean annual P fertilizer input since 167 

deforestation was estimated at 37.2 kg P ha-1 yr-1 in Ox-1 and 44.8 kg P ha-1 yr-1 in Ox-2, 168 

whereas the mean annual offtake of P by the cash crops across tilled plots were 15.2 and 13.1 169 

kg P ha-1 yr-1 respectively. Annual inputs and outputs are described (Table S1). This balance 170 

left a net annual P surplus of 22.0 and 31.7 kg P ha-1 yr-1 respectively. 171 

 172 

2.3 Statistical analysis 173 

All the data on P fractions, P lability and legacy P pools were analysed to verify their 174 

normality (Shapiro-Wilk test) and homoscedasticity (Bartlett test). After checking these 175 

statistical assumptions, a two-way analysis of variance (ANOVA) was performed considering 176 

the randomized blocks within the split-plot design, where the soil cultivation systems (NT and 177 

CT) were considered as main plots and the cover crops (fallow, millet, brachiaria and maize) 178 

as subplots. When the treatment effect was significant by F-test (p<0.05), the means were 179 

compared by the Tukey’s test (p<0.05). When the interaction effect was significant by F-test 180 

(p<0.05), means of cover crops were compared inside each tillage system by Tukey’s test 181 

(p<0.05). Similar means comparisons were carried out to tillage effects inside each cover crop. 182 

All the statistical analyses were performed in the R Environment v.3.4 (R Core Team, 2017) 183 

and the split-plot design ANOVA and Tukey’s test were performed using the ExpDes R 184 

package (Ferreira et al., 2013). 185 
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 186 

3 Results  187 

3.1 Inorganic and organic P fractions 188 

Observed values in P fractions within the labile, moderately labile and non-labile pools 189 

at 0-5 and 5-10 cm depths were similar between soil managements and/or cover crops, in both 190 

Ox-1 and Ox-2 (Tables S2 and S3). In order to simplify and clarify the effects of tillage systems 191 

and cover crops, these two layers were averaged to 0-10 cm and then analysed. The PAER levels 192 

(Table 2) in the topsoil (0-10 cm) were affected by the interaction between tillage system and 193 

cover crop at both sites (Tables S2 and S3). At Ox-1, fallow under NT resulted in 44 and 50% 194 

higher PAER compared to the CT and the average of other cover crops, respectively, whereas at 195 

Ox-2 it was brachiaria the cover crop which increased PAER levels under NT. Under CT at Ox-196 

2, maize maintained the highest PAER level in the topsoil, which was 55, 54 and 33% higher 197 

than under fallow, millet, and brachiaria, respectively.   198 

Tillage system and cover crop did not affect PiBic and PoBic fractions in Ox-1 in either 0-199 

10 and 10-20 cm layers (Table 2). At Ox-2, significant effects on PiBic were observed only under 200 

brachiaria in NT system, which increased by 57 and 81% in 0-10 and 10-20 cm respectively, 201 

compared to other cover crops. Under CT, the positive effect of brachiaria was observed only 202 

in 10-20 cm layer, being significantly higher than fallow and millet, but not statistically 203 

different from maize. The PoBic concentrations were not affected by cover crops, but there was 204 

47% more PoBic in CT than in NT in 10-20 cm layer at Ox-2.  205 

At Ox-1, mod-labile PiHid0.1 was reduced by 11, 13 and 21% under millet, maize and 206 

brachiaria, respectively, when compared to fallow in 0-10 cm (Table 3). There was an 207 

interaction between tillage × cover crop in PiHid0.1 at Ox-2 (Table 3), whereas under NT 208 

brachiaria increased this fraction by 35% compared to the other cover crops, while under CT 209 
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maize increased PiHid0.1 by 28% relative to the other crops. At both sites, PiHid-0.1 was not 210 

affected by either tillage systems or cover crops at 10-20 cm. 211 

At Ox-1, brachiaria enhanced PoHid-0.1 by 28% compared to the other cover crops in the 212 

layer 0-10 cm, without any isolated effect of management, similarly 22% more PoHid-0.1 was 213 

detected in the layer 10-20 cm (Table 3). For Ox-2 brachiaria also changed this PoHid-0.1  fraction 214 

but only in the 10-20 cm layer and under NT system. Tillage system had a major effect on PoHid-215 

0.1 levels at Ox2, with considerably higher values (+109%) under NT than under CT. Since the 216 

PHCl fraction contributed the lowest (<1%) portion of total P at both sites (Table 3), and did not 217 

show any difference between either the cover crops or tillage systems, the results for this 218 

fraction were not statistically evaluated neither discussed.   219 

Tillage systems x cover crops interaction did not affect PiHid0.5, PoHid0.5 or residual P 220 

fractions at both sites and both depths, 0-10 and 10-20 cm (Table 4). At Ox-1, cover crops did 221 

not have any significant effect and the tillage system only slightly changed PoHid0.5 in the 0-10 222 

cm, where NT increased PoHid0.5 by 29% compared to CT. Cover crop only affected PiHid0.5 in 223 

Ox-2, with increments in this fraction of around 20 and 23%, respectively for maize and 224 

brachiaria in relation to fallow. Moreover, the PResidual was either not affected by the tillage 225 

systems and cover crops, for both sites evaluated (Table 4), ranging from 36 to 46% of the total 226 

P. About cover crop effect, brachiaria reduced slightly the proportion of PResidual (2% in site Ox-227 

1 and 4% in site Ox-2), but only in 10-20 cm depth layer. This effect was not related to PResidual 228 

depletion but mostly due to the increment in other P fractions as consequence of brachiaria 229 

cultivation.      230 

 231 

3.2 Phosphorus lability  232 

Labile P (PAER + PiBic and PoBic) in top 0-10 cm was not significantly affected by tillage 233 

system or cover crop at site Ox-1 (Figure 1A). However, in the 10-20 cm layer, brachiaria 234 
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enhanced labile P by 17% compared to fallow. At site Ox-2, interactions between tillage system 235 

× cover crop influenced labile P at both depths (Figure 2A). In 0-10 cm, labile P increased by 236 

22-35% when brachiaria was cultivated under NT compared to other crops. In the CT system, 237 

only maize improved labile P. In the 10-20 cm layer, labile P with brachiaria and fallow were 238 

similar under NT, but maize, brachiaria and millet increased labile P by 59, 30, and 18%, 239 

respectively, when compared to fallow under CT. 240 

A tillage system × cover crop interaction significantly influenced moderately labile P in 241 

the 0-10 cm, what was observed in both sites (Figures 1B, 2B). Under CT, fallow and maize 242 

increased mod-labile P compared to brachiaria and millet at site Ox-2 (Figure 2B), while no 243 

cover crop effect was observed under CT at site Ox-1 (Figure 1B). Under NT, millet, brachiaria 244 

and fallow showed more mod-labile P at Ox-1 (Figure 1B), whereas at Ox-2 fallow and 245 

brachiaria increased mod-labile P more than other cover crops (Figure 2B). Significant effects 246 

of brachiaria under NT were observed in the 10-20 cm layer at Ox-2, with 39-59% more mod-247 

labile P than other cover crops. There was 41% more mod-labile P under NT than under CT 248 

(Figure 2B). 249 

Non-labile P was not influenced by the tillage system nor by the cover crop species at 250 

Ox-1 (Figure 1C). Nevertheless, at Ox-2 some of the cover crops slightly increased non-labile 251 

P by 9-12% and 6-8% compared to fallow in the 0-10 and 10-20 cm layers, respectively (Figure 252 

2C). A significant effect in total P content at Ox-1 was only observed in the topsoil (0-10 cm) 253 

(Figure 1D). Cover crops did not change total P, but NT under fallow and millet resulted in 254 

higher total P compared to CT system. At Ox-2, a small interaction between tillage system × 255 

cover crop was observed at both depths (Figure 2D). Overall, brachiaria under NT increased 256 

total P by around 12 and 19% in the layers 0-10 and 10-20 cm respectively, whereas under CT 257 

cover crop did not change total P levels in either soil layers.       258 

 259 
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3.3 Legacy phosphorus  260 

The soil legacy P that had accumulated at both sites since deforestation was obtained by 261 

estimating the difference between total P in the agricultural treatments (tillage systems and 262 

cover crops) and the native Cerrado areas (Table S4). Labile, moderately labile and non-labile 263 

P pools were also calculated across the sampled 0-20 cm depth in cultivated areas and native 264 

vegetation. Considering the P fertilizer inputs and the annual offtakes in each site since 265 

deforestation, the expected total soil legacy P was around 924 and 527 kg ha-1 for Ox-1 and Ox-266 

2 respectively (Table 5). The average legacy P determined by the P fractionation (0-20 cm soil 267 

depth) was 333.9 (±20) in Ox-1 (Figure 3A) and 182.9 (±15) mg kg-1 in Ox-2 (Figure 3B).  268 

In order to verify the ability of the cover crops to prevent or enhance the legacy P, each 269 

separated pool was also analysed. Cover crops did not alter the lability of legacy P at Ox-1, as 270 

measured by the distribution of labile, moderately labile (Figure 3C) and non-labile (Figure 3E) 271 

pools. However, NT increased the non-labile portion of legacy P by 16% (Figure 3E). At Ox-272 

2, brachiaria enhanced the legacy P from 44-51% under NT, whereas under CT both brachiaria 273 

and maize resulted in higher legacy P, 25 and 43% higher than fallow respectively (Figure 3B). 274 

Overall, both the labile and moderately labile net P balances were increased by brachiaria 275 

cultivation under NT in Ox-2 (Figure 3D). Nevertheless, the non-labile P was enhanced by 36-276 

43% by cover crops in comparison to the fallow, with no differences between maize, millet and 277 

brachiaria (Figure 3F). 278 

  279 

4 Discussion  280 

4.1 Tillage and cover crop effects on P fractions and lability 281 

The 0-5 and 5-10 cm results were averaged over 10 cm as they showed similar 282 

behaviour, similar to previous studies evaluating the effects of tillage system in soils (Rodrigues 283 

et al., 2016; Vieira et al., 2016). However, other studies evaluating the effect of cover crops on 284 
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P availability have reported higher P accumulation in the 0-5 cm depth, with small or no 285 

influence in deeper layers (Soltangheisi et al., 2017; Tiecher et al., 2012a, 2012b). There was a 286 

significant accumulation of SOM at the surface in those studies in response to the long-term 287 

deposition of organic residues, besides P fertilizer being broadcasted on the soil surface. In our 288 

study, SOM levels were not very different between the 0-5 and 5-10 cm layers (Table 1) and P 289 

fertilizer was applied in the sowing furrow (7-10 cm deep), suggesting that it was appropriate 290 

to consider the mean 0-10 cm for detection of fertilizer residual in the soil.  291 

At both study sites, higher PAER levels were observed in fallow under NT compared to 292 

CT, with a negative effect of cover crops under NT at Ox1 (Table 2). Resin removes just the 293 

amount of P readily-available to plants (Gatiboni et al., 2007; Hedley et al., 1982),  and the soils 294 

were sampled immediately after cover crops termination, this reflects the recent uptake of PAER 295 

by the cover crops, what was not detected in fallow under NT (long term effect). Thus, since 296 

the cover crops accumulate P into their tissues (roots and shoots) and the soil was sampled 297 

immediately after cover crops termination, the P recycling capacity of cover crops was 298 

underestimated here, i.e, the strong P adsorption and storage as non-labile P (Gatiboni et al., 299 

2007; Rheinheimer et al., 2008) by P stocking in the soil as labile and moderately labile 300 

fractions (Boer et al., 2007; Calegari et al., 2013; Carvalho et al., 2014).   301 

The use of brachiaria notably increased PAER and PoBic at Ox-2 (Table 2). This crop has 302 

previously shown in intensification systems in Brazil that is able to improve soil P availability 303 

over the time (Almeida and Rosolem, 2016), because of its capacity to exudate organic acids 304 

or stimulate microbial enzyme activity around the roots (Jones, 1998; McLaughlin et al., 2011). 305 

The Po mineralization, by higher microbial and phosphatase enzyme activities also contribute 306 

to increase the labile P fraction (Louw-Gaume et al., 2010). This was observed here by 307 

decreasing PoBic fraction and, consequently, increasing labile Pi fractions (PAER and PiBIC) in 308 

Ox-2, reinforcing that brachiaria is a useful cover crop for improving plant-available P in long-309 
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term cultivation systems, or potentially digging up P from deeper layers to the soil surface 310 

(Almeida et al., 2019).  311 

As expected from many years of intensive cultivation with high fertilizer P inputs 312 

(surplus of 21.0 and 29.7 kg ha-1 yr-1 for Ox-1 and Ox-2 respectively), PAER levels were above 313 

the agronomically-optimum critical level of 15 mg P kg-1 soil, adopted as the standard in 314 

Brazil’s central region for the resin method (Sousa and Lobato, 2004). The increase in labile P  315 

(PAER + PiBic and PoBic) relative to the native area was equivalent to 80.4 and 59.0 kg ha-1 316 

(considering labile P at 0-20 cm, related to the labile P in the native area), which means an 317 

annual addition of 0.91 and 1.64 mg kg-1 of P in the soil. Considering only PAER, it was increased 318 

by an average of 0.48 and 1.03 mg kg-1 of P in the soil for Ox-1 and Ox-2, respectively. Hence 319 

the critical soil P level was achieved after approximately 24 years in the Ox-1, but after only 320 

3.5 years at Ox-2 because of the higher rate of legacy labile P accumulation and the higher PAER 321 

in the native vegetation related to a lower clay content in Ox-2 (Table 1).  322 

The PoHid0.1 fraction can prove the ability of the brachiaria as cover crop in changing 323 

soil P dynamics, storing more organic P. However, this effect was more pronounced in site Ox-324 

1, which explain the Po accumulation in this fraction, related to the organic P stored onto fulvic 325 

and humic acids adsorbed onto mineral and SOM surfaces (Linquist et al., 1997). In site Ox-2, 326 

Po accumulation was also detected, but only with brachiaria cultivation and when NT was 327 

adopted, evidencing the benefits promoted by the brachiaria introduction in NT rotation 328 

systems. Brachiaria is capable of recycling and storage P into its root system, relating this crop 329 

as a high potential to explore more soil P (Boddey et al., 1996; Almeida et al., 2019), leading 330 

to a higher plant P uptake and contributing to recycle this nutrient. Almeida and Rosolem (2016) 331 

reported a significant contribution of brachiaria in the labile P (PAER + total PBIC), indicating a 332 

relevant labile Po transformations into Pi, contributing to increase the plant P availability. 333 

Otherwise, PoBic and PoHid0.1 (labile and moderately labile organic P) showed similar trends to 334 
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the ones observed by Tiecher et al. (2012a). Moreover, under CT system, this effect was also 335 

observed, but in deeper layers (10-20 cm), rather than restricted surface (0-10 cm) effects 336 

observed in NT.  337 

Tillage effects were most pronounced for the PoHid0.5 fraction (non-labile organic P), 338 

with NT showing generally more organic P accumulation than CT at Ox1. At Ox-2, no effect 339 

of tillage system was observed in either the Pi or the Po extracted by 0.5 M NaOH. The residual 340 

P (PResidual) was not affected by either tillage systems or cover crops in both study sites, similar 341 

to other reports (Rodrigues et al., 2016; Tiecher et al., 2012a, 2012b). The PResidual is considered 342 

an occluded P form with high P binding strength and low reversibility. In  tropical soils, PResidual 343 

represents the majority of P present (Cherubin et al., 2016; Conte et al., 2003; Rodrigues et al., 344 

2016; Tiecher et al., 2012b), and it is an important P fertilizer sink (Soltangheisi et al., 2017; 345 

Teles et al., 2017), leading to low PUE by crops. Although desirable, cover crops and tillage 346 

systems were not able to reduce the amount of P stored into this highly recalcitrant fraction 347 

(PResidual). 348 

 349 

4.2 Tillage and cover crops effects on legacy P bioavailability   350 

Soil total P in the native Cerrado (Table 3S) in 0-5 cm was much higher than in the other 351 

layers, indicating the importance of plant P recycling in forests, especially in the tropics 352 

(Vincent et al., 2010). However, to estimate the legacy P and in order to compare the differences 353 

in the agricultural plots, this aspect was not taken in consideration in the present study and to 354 

avoid the tillage systems differences on P levels among the soil depths, only the average 355 

weighted 0-20 cm levels were taken into account.  356 

Considering the average soil bulk density of 1.21 and 1.33 kg dm-3 for Ox-1 and Ox-2, 357 

respectively (Table 1), the total legacy P stock (in the 2000 dm-3 soil volume) calculated by the 358 

difference between the total P in the cultivated and native areas was 808.0 (±48.1) and 486.5 359 
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(±39.8) kg ha-1 in these respective sites, very close to the legacy P estimated by crop inputs and 360 

outputs (924 and 527 kg ha-1 for Ox-1 and Ox-2 respectively; Table 5 and Supplementary Table 361 

S1). The accumulated legacy P remaining in the soil amounted to 381.8 and 198.2 mg kg-1 for 362 

Ox-1 and Ox-2 respectively, which was 47.9 and 15.3 mg kg-1 higher than the legacy P predicted 363 

by the P fractionation for Ox-1 and Ox-2 respectively (which was 333.9 and 182.9 mg kg-1 364 

respectively). This difference is probably related to the uncertainties involved in the first 20 and 365 

4 years of cultivation for the Ox-1 and Ox-2, respectively, since the database was not available 366 

and estimations were according to the common rates adopted in the beginning of the soybean 367 

cultivation in the Cerrado region (Lopes and Guilherme, 2016; Sousa and Lobato, 2004). Also, 368 

new more productive varieties over the time may have interfered in this balance.        369 

The Brazil’s farmland in the central region has been managed at the expense of high 370 

agricultural inputs since the conversion from native Cerrado (Lopes and Guilherme, 2016), 371 

especially high P inputs to increase its availability, denominated as the soil ‘P fixation tax’ (Roy 372 

et al., 2016). This aspect is detached by the high P accumulation over the time (Table 5 and 373 

Figure 3A, 3B). Overall, a proportion of 48-51% and 47-57% of the legacy P was stored into 374 

non-labile P (Figure 3E, 3F) in the Ox-1 and Ox-2, respectively, reinforcing the high P input 375 

dependency (Roy et al., 2016), and consequently, the low P efficiency (Novais et al., 2007; 376 

Rodrigues et al., 2016; Withers et al., 2018) in tropical agricultural systems.  377 

Despite the accumulation of the legacy P predominantly into the non-labile P fractions, 378 

the increase in labile and moderately labile legacy P promoted by cover crops in Ox-2 (Figure 379 

3D), although modest, indicates the potential of these plants, especially brachiaria, in improving 380 

P supply for successive cash crops, consequently diminishing the P input rates (Rowe et al., 381 

2016; Withers et al., 2014; Withers et al., 2018). This additional “source” of potentially 382 

available P can be estimated up to 50% (172 mg kg-1, considering labile and moderately labile 383 

P) of the total legacy P in Ox-1. In Ox-2, this value ranged from 37% (61 mg kg-1) under millet 384 
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in CT, rising up to 60% (147 mg kg-1) when brachiaria was cultivated under NT. It is well 385 

known the relevance of NT in enhancing P availability (Gatiboni et al., 2007; Rodrigues et al., 386 

2016) and also the brachiaria effect increasing P lability, consequently preventing P fixation 387 

(Almeida and Rosolem, 2016), or even exploring less available P fractions (Merlin et al., 2016, 388 

Almeida et al., 2019).  389 

Therefore, a large proportion of the legacy P may be considered as potentially 390 

bioavailable, being a supplementary P source for plants during periods of scarcity or when 391 

fertilizers may become prohibitively expensive. Based on the P pools affected by cover crops 392 

(Figure 3), we are suggesting that “bioavailable legacy P” could be measured as the amount of 393 

P fractions stored into labile (PAER + PiBIC + PoBIC) and moderately labile P pools (PiHid0.1 + 394 

PoHid0.1 + PHCl). Although positive effects of cover crops on non-labile Po were observed in the 395 

Ox-2, it is not considered as bioavailable in sustainable agricultural conditions. Although, how 396 

much and whether the moderately labile P can be used as a supplementary source of P by crops 397 

without yield penalties remains unclear and further investigations are required to support this 398 

affirmative.      399 

 400 

5 Conclusions 401 

A long cultivation period of up to 42 years generated a large amount of legacy P in the 402 

soil, but only a small portion of this legacy P remained in a labile form (11-16%), with a slight 403 

increase in non-labile P (<5%) under NT compared to CT. Although not all available, the legacy 404 

P obtained by the difference between the soil total P data from the agricultural land and the 405 

native area provided a useful approach for accumulation estimative over the time. 406 

The use of brachiaria as a cover crop recycled more P to the soil than millet, maize or 407 

fallow, generating more total P and increasing labile P (5-20%) and all the organic P fractions 408 
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(10-25%) in the first 10 cm. As far as we could evaluate, moderately labile P may be accessed 409 

by some crops, although  further investigations are necessary.  410 

          411 
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Table 1. Soil chemical and mineralogical characterization of the two locations (Ox-1 and Ox-2) in cultivated (trials) and native vegetation areas. 

       DCB(3) Oxalate(4) Granulometry$ 

Study site 

Time of 
cultivation Soil layer CEC(1) pH 

CaCl2 SOC(2) Fe Al Fe Al Sand Silt Clay 

(Trial 
establishment) cm mmolc kg-1  ---------------------------- g kg-1 -------------------------- 

Ox-1 

Cultivated 
42 years 

(22 years) 

0-10 91.8 5.0 25.9 

48.8 10.7 1.78 6.73 101 243 656 
10-20 67.8 4.7 20.8 

Native - 
0-10 68.8 4.8 26.2 

10-20 52.9 4.6 20.0 

Ox-2 

Cultivated 
18 years 

(14 years) 

0-10 93.7 4.9 23.9 

48.1 13.1 1.76 7.29 185 363 452 
10-20 77.9 4.8 19.5 

Native - 
0-10 78.7 3.8 26.3 

10-20 97.2 4.0 18.4 
(1) CEC: cation exchange capacity; (2) SOC: soil organic carbon; (3) DCB: dithionite, citrate and bicarbonate, extracted according to Mehra and Jackson (1960); (4) Oxalate: acidic 

ammonium oxalate extraction according Schwertmann (1964). DCB, Oxalate and Granulometry evaluated only from native vegetation soil samples (mean 0-20 cm). $Analysed 

and presented by Pavinato (2009).  

 

 

 
  



26 
 

 

Table 2. Labile P fractions in two Brazilian Cerrado Oxisols (Ox-1 and Ox-2) after decades of no-tillage (NT) and conventional tillage (CT) 

managements and cover crops rotation in the soybean/cotton cash crop production. 

 Ox-1  Ox-2 

Cover Crops  
0 – 10 cm | 10 – 20 cm  0 – 10 cm | 10 – 20 cm 

NT CT Mean | NT CT Mean  NT CT Mean | NT CT Mean 

 Inorganic P extracted by anion exchange resin (PAER, mg kg-1) 
Fallow 35.1 Aa 24.4 Ba 29.7 | 20.1 18.7 19.4 ns  37.1 Aa 27.7 Bb 32.4 | 31.8 21.5 26.7 ns 
Millet 20.6 Ab 24.4 Aa 22.5 | 22.2 19.4 20.8  26.8 Ab 27.8 Ab 27.3 | 23.7 21.7 22.7 
Brachiaria 24.7 Ab 24.0 Aa 24.4 | 27.7 22.0 24.9  43.4 Aa 32.1 Bb 37.8 | 34.1 22.4 28.3 
Maize 25.0 Ab 27.8 Aa 26.4 | 15.8 20.9 18.3  37.7 Aa 42.8 Aa 40.3 | 20.3 28.5 24.4 

Mean 26.4 25.1  | 21.4 ns 20.3   36.2 32.6  | 27.5 ns 23.5  
 Inorganic P extracted by 0.5 M NaHCO3 (PiBic, mg kg-1) 

Fallow 27.2 21.7 24.4 ns | 14.5 16.5  15.5 ns  28.9 Ab 25.5 Aa 27.2 | 38.5 Ab 19.5 Bb 29.0 
Millet 16.3 19.4 17.8 | 19.8 13.5 16.7  25.6 Ab 22.2 Aa 23.9 | 34.1 Ab 16.3 Bb 25.2 
Brachiaria 18.0 16.7 17.3 | 15.6 17.4 16.5  41.0 Aa 24.7 Ba 32.8 | 62.7 Aa 33.0 Ba 47.9 
Maize 19.1 23.0 21.1 | 10.0 20.9 15.5  23.9 Bb 31.0 Aa 27.4 | 30.9 Ab 31.6 Aa 31.3 

Mean 20.2 ns 20.1  | 15.0 ns 17.1   29.9 25.9  | 41.5 25.1  
 Organic P extracted by 0.5 M NaHCO3 (PoBic, mg kg-1) 

Fallow 22.4 23.1  22.7 ns | 20.8 14.7   17.7 ns  42.3 41.9  42.1 ns | 47.4 38.1 42.8 
Millet 20.5 23.2 21.9 | 17.7 20.3 19.0  45.1 45.5 45.3 | 36.9 55.7 46.3 
Brachiaria 21.7 26.0 23.8 | 17.5 23.4 20.4  47.3 47.7 47.5 | 27.8 47.3 37.6 
Maize 21.9 27.7 24.8 | 17.4 19.0 18.2  44.6 46.9 45.7 | 28.3 65.5 46.9 

Mean 21.6 ns 25.0  | 18.3 ns 19.3   44.8 ns 45.5  | 35.1 B 51.6 A  
For each soil and within each depth and P fraction, means followed by the same capital letter in line and small letter in column were not significantly different by Tukey’s test 
(p<0.05).  
ns: not significant; NT, no-tillage system; CT, conventional tillage system. 
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Table 3. Moderately labile P fractions in two Brazilian Cerrado Oxisols (Ox-1 and Ox-2) after decades of no-tillage (NT) and conventional tillage 

(CT) soil managements and cover crops rotation in the soybean/cotton cash crop production. 

 Ox-1  Ox-2 

Cover Crops  
0 – 10 cm | 10 – 20 cm  0 – 10 cm | 10 – 20 cm 

NT CT Mean | NT CT Mean  NT CT Mean | NT CT Mean 

 Inorganic P extracted by 0.1 M NaOH (PiHid0.1, mg kg-1) 
Fallow 219.9 217.9 218.9 a | 130.4 149.8 140.1 ns  83.7 Ab 88.0 Aab 85.8 | 74.1 67.8 71.0 ns 

Millet 213.6 177.1 195.3 ab | 135.2 106.1 120.6  76.6 Ab 70.8 Ab 73.7 | 74.5 70.3 72.4 

Brachiaria 163.5 182.4 172.9 b | 152.8 117.7 135.2  104.5 Aa 69.7 Bb 87.1 | 90.9 79.8 85.3 

Maize 190.2 191.4 190.8 ab | 128.4 137.2 132.8  71.8 Bb 97.2 Aa 84.5 | 76.0 84.9 80.5 

Mean 196.8 ns 192.2  | 136.7 ns 127.7   84.1 81.4  | 78.9 ns 75.7  
 Organic P extracted by 0.1 M NaOH (PoHid0.1, mg kg-1) 
Fallow 142.7 100.5 121.6 b | 104.6 95.8 100.2 b  60.8 47.3 54.1 a | 29.6 Ab 24.4 Aa 27.0 

Millet 136.8 128.0 132.4 b | 107.9 119.9 113.9 b  34.3 45.1 39.7 b | 23.4 Ab 17.4 Aa 20.4 

Brachiaria 173.2 155.8 164.5 a | 107.3 151.1 129.2 a  46.8 39.8 43.2 ab | 65.6 Aa 31.4 Ba 48.5 

Maize 120.2 141.6 130.9 b | 91.5 117.4 104.5 b  53.9 43.8 48.9 ab | 35.9 Ab 21.2 Ba 28.6 

Mean 143.2 ns 131.5  | 102.8 ns 121.1   48.9 ns 44.0  | 38.6 23.6  
 Inorganic P extracted by 1 M HCl (PHCl, mg kg-1) 

Fallow 2.2 1.4    1.8 # | 1.4 0.9    1.1 #  1.0 1.0    1.0 # | 0.9 0.7    0.8 # 

Millet 1.6 1.7 1.7 | 1.0 1.0 1.0  1.4 1.0 1.2 | 1.0 0.8 0.9 

Brachiaria 1.6 1.6 1.6 | 1.0 1.3 1.2  2.0 1.2 1.6 | 1.2 1.1 1.2 

Maize 2.0 1.5 1.8 | 1.0 1.2 1.1  1.4 1.3 1.3 | 1.0 0.8 0.9 

Mean    1.8 # 1.6  |    1.1 # 1.1      1.4 # 1.1  | 1.1 # 0.9  

For each soil and within each depth and P fraction, means followed by the same capital letter in line and small letter in column were not significantly different by Tukey’s test 
(p<0.05).  
#, not statically evaluated; ns: not significant; NT: no-tillage system; CT: conventional tillage system. 
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Table 4. Non-labile P fractions in two Brazilian Cerrado Oxisols (Ox-1 and Ox-2) after decades of no-tillage (NT) and conventional tillage (CT) 

soil managements and cover crops rotation in the soybean/cotton cash crop production. 

 Ox-1  Ox-2 

Cover Crops  
0 – 10 cm | 10 – 20 cm  0 – 10 cm | 10 – 20 cm 

NT CT Mean | NT CT Mean  NT CT Mean | NT CT Mean 

 Inorganic P extracted by 0.5 M NaOH (PiHid0.5, mg kg-1) 
Fallow 49.2 46.9     48.0 ns | 45.2 42.5     43.9 ns  68.5 64.6 66.6 b | 60.4 62.1 61.2 ns 

Millet 47.1 47.5 47.3 | 44.7 45.9 45.3  71.3 71.2 71.3 b | 61.8 71.1 66.5 

Brachiaria 43.8 51.6 47.7 | 46.2 48.5 47.3  83.5 80.3 81.9 a | 66.7 67.7 67.2 

Maize 49.9 48.5 49.2 | 47.1 40.8 44.0  75.1 84.5 79.8 a | 59.2 73.8 66.5 

Mean 47.5 ns 48.6  | 45.8 ns 44.4   74.6 ns 75.1  | 62.0 ns 68.7  
 Organic P extracted by 0.5 M NaOH (PoHid0.5, mg kg-1) 

Fallow 91.7  61.5 76.6 ns | 44.9 33.8     39.3 ns  21.8 34.0  27.9 ns | 30.8 32.7   31.8 ns 

Millet 75.5  62.5 69.0 | 37.2 35.1 36.1  51.3 36.4  43.9 | 37.2 27.3 32.2 

Brachiaria 78.5  58.3 68.4 | 32.8 47.1 39.9  29.8 39.1  34.5 | 52.4 34.0 43.2 

Maize 76.6  67.2 71.9 | 45.2 42.0 43.6  35.5 29.5  32.5 | 42.5 25.8 34.2 

Mean 80.6 A 62.3 B  | 40.0 ns 39.5   34.6 ns 34.7  | 40.7 ns 30.0  
 Residual P (mg kg-1) 
Fallow 313.8 300.9   307.3 ns | 293.8 270.4   282.1 ns  240.9 249.4 245 ns | 227.4 251.5   239.5 ns 

Millet 325.3 299.7 312.5 | 291.4 288.4 289.9  258.3 262.6 260 | 232.0 254.5 243.2 

Brachiaria 313.4 301.3 307.4 | 298.4 270.1 284.2  260.6 264.5 262 | 236.3 261.1 248.7 

Maize 318.1 314.8 316.4 | 296.7 301.1 298.9  249.3 270.0 259 | 247.1 251.5 249.3 

Mean 317.6 ns 304.2  | 295.0 ns 282.5   252.3 ns 261.6  | 235.7 ns 254.7  

For each soil and within each depth and P fraction, means followed by the same capital letter in line and small letter in column were not significantly different by Tukey’s test 
(p<0.05).  
ns: not significant; NT: no-tillage system; CT: conventional tillage system. 
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Table 5. Estimated soil Legacy P considering the P balance (P inputs – P outputs) in two long-

term field trials in the Brazilian Cerrado (Ox-1 and Ox-2). 

Study Site 

Total P inputs Total P outputs Net P (Legacy) Years since 
deforestation 

(trial 
establishment) ------------------------ kg ha-1 ------------------------ 

Ox-1 1560.6 636.7 923.9 42 (22)# 
     

Ox-2 806.3 279.2 527.1 18 (14)# 
#: relative to the period of soil sampling (2016 for Ox-1 and 2015 for Ox-2) and the deforestation time. Values 

inside the brackets denote the time (years) after tillage differentiation. 
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Figure 1.   Soil phosphorus lability after long-term effects of tillage systems and cover crops in 

a Brazilian Cerrado Oxisol 1 (Ox-1). A) Labile P; B) Moderately labile P; C) Non-
labile P; D) Total P. Within each depth and P fraction, means followed by the same capital letter 
(tillage systems) and small letter (cover crops) were not significantly different at p<0.05 by Tukey 
test. ns: not significant differences observed (n=3). NT: no-tillage; CT: conventional tillage; T1: 
fallow; T2: millet; T3: brachiaria; T4: maize. 
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Figure 2.   Soil phosphorus lability after long-term effects of tillage systems and cover crops in 

a Brazilian Cerrado Oxisol 2 (Ox-2). A) Labile P; B) Moderately labile P; C) Non-
labile P; D) Total P. Within each depth and P fraction, means followed by the same capital letter 
(tillage systems) and small letter (cover crops) were not significantly different at p<0.05 by Tukey 
test. ns: not significant differences observed (n=3). NT: no-tillage; CT: conventional tillage; T1: 
fallow; T2: millet; T3: brachiaria; T4: maize. 
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Figure 3.   Soil P Legacy and its distribution in the labile, moderately labile and non-labile pools 

in soil top 20 cm of two Brazilian Oxisols after decades of tillage systems and cover 
crops cultivation. A) Total legacy P in the Ox-1; B) Total legacy P in the Ox-2; C) 
Labile and moderately labile Legacy P pools in the Ox-1; D) Labile and moderately 
labile Legacy P pools in the Ox-2; E) Non-labile P pool in the Ox-1; F) Non-labile P 
pool in the Ox-2. Within each depth and P fraction, means followed by the same capital letter 
(tillage systems) and small letter (cover crops) were not significantly different at p<0.05 by Tukey 
test. ns: not significant differences observed (n=3). NT: no-tillage; CT: conventional tillage; T1: 
fallow; T2: millet; T3: brachiaria; T4: maize. 
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Table S1.  Summary of P inputs and outputs at Ox-1 and Ox-2 field trials. 
 

Ox-1  Ox-2 

Obs Year 
Count 

Crop 
Season 

Cultivated 
Crop 

P Input 
(kg ha-1) 

P Output 
(kg ha-1) 

 Obs Year 
Count 

Crop 
Season 

Cultivated 
Crop 

P Input 
(kg ha-1) 

P Output 
(kg ha-1) 

Ti
m

e 
be

fo
re

 tr
ia

l, 
co

nv
en

tio
na

l t
ill

ag
e 

(C
T)

 

1 1974/75 Soybean 39.3 12.36  

Ti
m

e 
be

fo
re

 
fie

ld
 tr

ia
l 1 1997/98 Soybean 52.40 14.56 

2 1975/76 Soybean 39.3 12.36  2 1998 Cotton 54.36 15.21 

3 1976 Soybean 39.3 12.36  3 1999 Soybean 50.69 14.56 

4 1977 Soybean 39.3 12.36  

Ti
lla

ge
 d

iff
er

en
tia

tio
n 4 2000/01 Soybean 33.01 13.74 

5 1978 Soybean 39.3 12.36  5 2001 Cotton 53.05 12.62 

6 1979 Soybean 39.3 12.36  6 2002 Soybean 30.56 14.97 

7 1980 Soybean 39.3 12.36  7 2003 Cotton 56.59 16.28 

8 1981 Soybean 39.3 12.36  8 2004 Soybean 30.56 15.74 

9 1982 Soybean 39.3 12.36  

Co
ve

r c
ro

ps
 e

ffe
ct

s (
av

er
ag

e 
P 

in
pu

ts 
an

d 
ou

tp
ut

s f
or

 fa
llo

w
, b

ra
ch

ia
ria

, m
ill

et
 a

nd
 m

ai
ze

) 

9 2005/06 Cotton 62.88 15.47 

10 1983 Soybean 39.3 12.36  10 2006 Soybean 30.56 21.79 

11 1984 Soybean 39.3 12.36  11 2007 Cotton 62.88 13.95 

12 1985 Soybean 39.3 12.36  12 2008 Soybean 22.00 20.21 

13 1986 Soybean 39.3 12.36  13 2009 Cotton 55.89 14.65 

14 1987 Soybean 39.3 12.36  14 2010 Soybean 32.75 15.57 

15 1988 Soybean 39.3 12.36  15 2011 Cotton 55.89 14.53 

16 1989 Soybean 39.3 12.36  16 2012 Soybean 34.93 14.52 

17 1990 Soybean 39.3 12.36  17 2013 Soybean 43.66 15.13 

18 1991 Soybean 39.3 12.36  18 2014 Soybean 43.66 15.71 

19 1992 Soybean 39.3 12.36  
Total 

Inputs Outputs 

20 1993 Soybean 39.3 12.36  806.3 279.2 

Ti
lla

ge
 d

i ff
er

en
tia

tio
n  

21 1994/95 Maize 39.2 27.08        

22 1995 Soybean 22.7 16.42        

23 1996 Maize 41.9 26.76        

24 1997 Soybean 25.9 14.49        

25 1998 Cotton 48.0 14.16        

26 1999 Soybean 23.4 14.89        

27 2000 Maize 37.3 30.58        

28 2001 Cotton 52.5 16.96        

29 2002 Soybean 23.8 15.99        

30 2003 Maize 44.5 32.36        

31 2004 Cotton 56.6 16.30        

Co
ve

r c
ro

ps
 e

ffe
ct

s (
av

er
ag

e 
P 

in
pu

ts 
an

d 
ou

tp
ut

s f
or

 
fa

llo
w

, b
ra

ch
ia

ria
, m

ill
et

 a
nd

 m
ai

ze
)  

32 2005/06 Soybean 15.7 11.36        

33 2006 Cotton 39.1 18.43        

34 2007 Soybean 15.7 14.04        

35 2008 Cotton 47.4 15.04        

36 2009 Soybean 15.9 13.16        

37 2010 Cotton 60.7 16.48        

38 2011 Soybean 15.7 15.24        

39 2012 Cotton 56.8 16.21        

40 2013 Soybean 17.5 14.02        

41 2014 Cotton 59.0 15.88        

42 2015 Soybean 15.3 13.56        

Total 
Inputs Outputs        

1560.6 636.7        



34 
 

 

Table S2.  Summary of the analysis of variance (ANOVA) for phosphorus fractions after decades of tillage systems and cover crops cultivation 
in a Brazilian Cerrado Oxisol 1 (Ox-1). 

Factor Hedley phosphorus fractions 
 PAER PiBic PoBic PiHid0.1 PoHid0.1 PHCl PiHid0.5 PoHid0.5 PResidual PiTotal PoTotal PTotal 
 0 – 5 cm 
Tillage (a) ns ns * ns ns - ns * ns ns ns ns 
Crops (b) * ns * * * - ns * ns * * * 
a*b * ns ns ns * - ns * ns ns * * 
CV_a (%)   9.80 34.30 5.12 7.77 10.99 - 6.70 7.11 10.73 3.64 7.29 1.68 
CV_b (%) 11.40 22.02 10.42 13.99 18.87 - 11.48 11.00 6.02 5.82 11.63 3.78 

     5.498 / 
7.444 

29.485 / 
12.149 

1.658 / 
6.861 

234.65 / 
760.27 

214.2 / 
631.5 - 9.175 / 

27.218 
31.69 / 
75.85 

1105.73 / 
347.79 

467.5 / 
1191.4 

299.6 / 
763.1 

194.8 / 
987.5 

 5-10 cm 
Tillage (a) * ns ns ns ns - ns ns ns ns * * 
Crops (b) ns ns ns * ns - ns * ns * ns * 
a*b ns ns ns * ns - ns * ns ns ns ns 
CV_a (%)   9.80 14.57 12.79 9.40 23.01 - 8.10 18.95 6.27 5.95 15.04 0.56 
CV_b (%) 27.64 41.27 18.90 7.13 16.76 - 8.11 13.21 5.88 6.45 12.33 6.91 
     7.204 / 

58.035 
12.726 / 
102.178 

7.536 / 
16.457 

324.9 / 
187.1 

1060.7 / 
562.3 - 16.882 / 

16.932 
146.03 / 

71.02 
382.29 / 
335.99 

1308.6 / 
1538.2 

1163.5 / 
782.6 

 22.0 / 
3331 

 10-20 cm 
Tillage (a) ns ns ns ns ns - ns ns ns ns * ns 
Crops (b) ns ns ns ns * - ns ns ns ns ns ns 
a*b ns ns ns ns ns - ns ns ns ns * ns 
CV_a (%)   9.37 40.33 3.48 9.31 12.57 - 9.93 16.36 3.78 3.93 6.19 4.10 
CV_b (%) 24.97 59.22 16.08 17.37 15.32 - 7.73 24.71 7.94 7.61 11.86 7.79 

     3.821 / 
27.120 

41.808 / 
90.160 

0.430 / 
9.174 

151.58 / 
527.39 

198.01 / 
294.25 - 20.083 / 

12.180 
42.298 / 
96.502 

119.22 / 
526.28 

392.89 / 
1473.13 

1163.5 / 
782.6 

392.89 / 
1473.13 

 0-10 cm # 
Tillage (a) ns ns ns ns ns - ns * ns ns ns * 
Crops (b) * ns ns * * - ns ns ns * * ns 
a*b * ns ns ns ns - ns ns ns ns * * 
CV_a (%)   8.47 22.09 7.27 8.46 15.65 - 4.33 9.96 2.77 3.11   9.89 0.64 
CV_b (%) 16.27 26.40 9.92 9.17 14.55 - 7.43 7.76 3.92 4.63 10.20 4.16 

     4.753 / 
17.554 

19.823 / 
28.325 

2.867 / 
5.340 

270.83 / 
318.17 

462.21 / 
399.51 - 4.341 / 

12.762 
50.70 / 
30.79 

74.21 / 
148.30 

350.50 / 
775.80 

527.4 / 
560.4 

194.8 / 
987.5 

* significant different detected at p < 0.05. ns: not significant difference observed. 
# obtained by average values from 0-5 and 5-10 cm results. 

 general mean. - not evaluated.  

y

y

y

y

y
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Table S3.  Summary of the analysis of variance (ANOVA) for phosphorus fractions after decades of tillage systems and cover crops cultivation 
in a Brazilian Cerrado Oxisol 2 (Ox-2). 

Factor Hedley phosphorus fractions 
 PAER PiBic PoBic PiHid0.1 PoHid0.1 PHCl PiHid0.5 PoHid0.5 PResidual PiTotal PoTotal PTotal 
 0 – 5 cm 
Tillage (a) ns ns ns ns * - * ns ns ns * ns 
Crops (b) * ns ns ns * - * * * * ns ns 
a*b * ns ns ns ns - * * ns * ns * 
CV_a (%) 22.82 8.18 18.68 7.80 15.55 - 0.54 23.62 4.00 2.56 7.02 5.75 
CV_b (%) 13.52 17.51 10.76 19.16 32.19 - 5.36 16.16 3.51 4.33 13.23 5.94 

     58.584 / 
20.578 

4.474 / 
20.486 

74.863 / 
24.831 

41.13 / 
248.04 

50.1 / 
214.7 - 0.18 / 

17.34 
72.12 / 
33.76 

109.78 / 
84.77 

152.81 / 
437.19 

80.6 / 
285.9 

1208.0 / 
1292.1 

 5-10 cm 
Tillage (a) ns ns ns * * - ns ns ns ns ns * 
Crops (b) * * ns * ns - * ns ns * ns * 
a*b * * ns * * - * * ns * * ns 
CV_a (%) 14.74 35.32 13.78 7.61 19.01 - 19.42 50.36 9.85 5.88 15.75 0.56 
CV_b (%) 14.32 18.84 11.37 18.82 21.60 - 10.16 21.40 5.40 5.09 9.43 6.91 
     27.113 / 

25.578 
111.31 / 

31.65 
36.78 / 
25.04 

40.25 / 
246.25 

36.78 / 
25.04 - 195.965 / 

53.642 
283.053 / 

51.112 
615.51 / 
184.92 

774.5 / 
581.1 

386.32 / 
138.51 

 22.0 / 
3331 

 10-20 cm 
Tillage (a) ns * ns ns * - ns ns ns ns ns ns 
Crops (b) ns * * ns * - ns ns ns * * ns 
a*b ns * * ns * - ns ns ns * ns ns 
CV_a (%) 23.21 15.90 23.75 28.33 19.63 - 11.40 28.57 8.15 9.87 5.90 6.72 
CV_b (%) 21.50 18.14 12.62 16.16 18.69 - 10.05 22.66 4.92 5.32 12.09 4.91 

     35.100 / 
30.106 

28.11 / 
36.57 

106.09 / 
29.97 

479.86 / 
156.07 

37.32 / 
33.85 - 55.569 / 

43.107 
102.04 / 

64.17 
398.79 / 
145.44 

1952.6 / 
566.9 

41.96 / 
176.43 

1400.3 / 
747.0 

 0-10 cm # 
Tillage (a) ns ns * ns ns - ns ns ns ns ns ns 
Crops (b) * * ns ns * - * ns ns * ns * 
a*b * * ns * ns - ns ns ns * ns * 
CV_a (%) 10.71 21.38 15.03 2.61 16.47 - 9.27 33.76 6.33 4.20 10.66 3.82 
CV_b (%) 11.65 14.21   7.34 10.81 16.64 - 5.73 14.34 2.82 3.12 7.92 3.45 

     13.587 / 
16.096 

35.489 / 
15.674 

46.094 / 
10.978 

4.65 / 
80.07 

58.492 / 
59.750 - 48.167 / 

18.425 
137.065 / 

24.722 
264.13 / 

52.56 
402.60 / 
222.70 

181.10 / 
100.16 

528.00 / 
430.80 

* significant different detected at p < 0.05. ns: not significant difference observed. 
# obtained by average values from 0-5 and 5-10 cm results. 

 general mean. 

y

y

y

y

y
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Table S4. Hedley’s P fractions (mg kg-1) in Brazilian Cerrado native soils (Ox-1 and Ox-2). 

Soil P Pi Po Pi Po P Pi Po P P 

 AER Bic Bic Hid0.1 Hid0.1 HCl Hid0.5 Hid0.5 Residual Total 

 ------------------------------------------------ mg kg-1 ------------------------------------------------ 

Ox-1 

0 – 5 cm 

3.9 4.0 15.6 118.2 98.8 1.0 75.9 48.5 147.4 513.3 

(±0.2) (±0.3) (±2.3) (±21) (±17) (±0.6) (±7.1) (±7.8) (±10) (±39) 

5 – 10 cm 

3.2 2.5 16.1 106.5 90.9 0.7 62.0 42.2 135.6 459.6 

(±0.2) (±0.4) (±1.2) (±8.6) (±9.9) (±0.1) (±6.9) (±7.6) (±15) (±17) 

10 – 20 cm 

3.1 2.2 16.7 74.4 29.9 0.9 66.3 25.0 135.0 353.6 

(±0.1) (±0.4) (±2.2) (±10) (±8.4) (±0.4) (±3.9) (±7.2) (±7.6) (±11) 

0 – 20 cm (weighted mean) 

3.3 2.7 16.3 93.4 62.4 0.8 67.7 35.2 138.2 420.0 
(±0.1) (±0.4) (±1.9) (±13) (±11) (±0.3) (±5.5) (±7.5) (±10) (±20) 

Ox- 2 

0 – 5 cm 

15.7 23.0 51.7 56.5 6.9 0.4 82.2 26.3 178.7 441.3 

(±4.3) (±3.3) (±4.1) (±6.3) (±2.6) (±0.1) (±8.9) (±6.6) (±2.7) (±11) 

5 – 10 cm 

11.0 13.6 62.2 55.2 5.5 0.4 68.4 8.8 180.9 406.0 

(±3.8) (±1.1) (±10) (±9.7) (±2.8) (±0.1) (±9.8) (±2.1) (±3.1) (±13) 

10 – 20 cm 

9.7 9.7 42.8 51.8 6.8 0.4 60.4 12.3 175.3 369.3 

(±2) (±0.8) (±2.1) (±4.6) (±1.6) (±0.2) (±7.9) (±4.9) (±11) (±17) 

0 – 20 cm (weighted mean) 

11.5 14.0 49.9 53.8 6.5 0.4 67.8 14.9 177.5 396.5 
(±3) (±1.5) (±4.8) (±6.3) (±2.1) (±0.1) (±8.6) (±4.6) (±7.4) (±15) 
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Figure S1. X-ray diffraction of Ox-1 soil clay fraction: (a) Sample prepared without Fe 

removal and (b) clay with Fe removed (K+ saturation at room temperature, K 25 ̊C; sample 

saturated with K+ and heated up to 300 ̊C, K 300 ̊C; sample saturated with K+ and heated up 

to 500 ̊C, K 500 ̊C; Mg2+ saturation at room temperature, Mg 25 ̊C; sample saturated with 

Mg2+ and solved with ethylene glycol, Mg + EG), oriented blades. Identified minerals: 

gibbsite (Gb), goethite (Gt), hematite (Hm) and kaolinite (Kt).  
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Figure S2. X-ray diffraction of Ox-2 soil clay fraction: (a) Sample prepared without Fe 

removal and (b) clay with Fe removed (K+ saturation at room temperature, K 25 ̊C; sample 

saturated with K+ and heated up to 300 ̊C, K 300 ̊C; sample saturated with K+ and heated up 

to 500 ̊C, K 500 ̊C; Mg2+ saturation at room temperature, Mg 25 ̊C; sample saturated with 

Mg2+ and solved with ethylene glycol, Mg + EG), oriented blades. Identified minerals: 

gibbsite (Gb), goethite (Gt), hematite (Hm) and kaolinite (Kt) 
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