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We investigated labile P and roots distribution in the soil profile and their effect on phosphorus uptake and soybean and corn yield under different tillage systems and phosphate fertilization managements. In a long-term experiment fertilized with triple superphosphate (TSP) or reactive phosphate rock (RPR), where the fertilizer was band-applied in the crop row or broadcasted under conventional tillage (CT) or no-tillage (NT), we evaluated labile P (Bray-1) and root density distribution in depth, and crop yield, biomass production and P uptake by soybean (16th crop) and corn (17th crop). The soil disturbance in CT promoted more homogeneous soil P distribution while in NT there was a strong gradient in depth, with nutrient accumulation in the fertilizer application zone. In general, the average content of P in the 0–20 cm layer was similar for the two soil management systems and for the two application methods, but higher for TSP in relation to RPR. Root distribution of soybeans in NT and corn in both tillage systems showed a strong relationship with soil P distribution. The production of biomass, P uptake and grain yield of soybean in CT was influenced by phosphate fertilization management and generally presented lower performance than in NT, what did not occur for corn possibly due to a better P uptake efficiency compared to that of soybean. Greater stratification on the distribution of soil P and soybean and corn roots in NT did not represent any limitation on the nutrient uptake and yield of these crops, not even in the extreme case where the fertilizer was continuously broadcast on the soil surface. The influence of soil tillage management and phosphate fertilization was more evident in soybeans than corn.
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INTRODUCTION

Despite the adoption of no-tillage (NT) in Brazilian grain production mainly due to cost reduction and tillage erosion minimization (Bolliger et al., 2006), several benefits have been attributed to this management system as compared to conventional tillage (CT), such as the accumulation of organic matter (Nunes et al., 2011a; Figueiredo et al., 2013), lower soil temperatures and moisture retention in surface layers (Costa et al., 2003; Martorano et al., 2009), better soil structure (Bertol et al., 2004), increased microbial activity (Mendes et al., 2003; Lopes et al., 2018) and diversity (Souza et al., 2012) and better nutrient dynamics (Santos and Tomm, 2003), resulting in a new soil fertility dynamics (Nicolodi et al., 2008). Its adoption has grown gradually, reaching about 33 million ha in the 2017/18 growing season (FEBRAPDP, 2021), or 63% of the cultivated area with grains in the country.

The maintenance of fertilizers and lime in the surface layers associated with cycling of nutrients by crops provides a concentration gradient of nutrients in the soil profile under NT (De Maria et al., 1999; Santos and Tomm, 2003; Calegari et al., 2013). This is especially true for P, a nutrient that presents low mobility in soil (Barber, 1995) and very low natural availability in the oxidic soils of the Brazilian Cerrado bioma (Sousa and Lobato, 2004). The intensity of this effect depends on the management of phosphorus fertilization. The application of phosphate fertilizer in rows reduces its contact with the soil, resulting in a smaller fertilized area but with higher availability compared to broadcast application, and less intense gradient in depth (Nunes et al., 2011b). On the other hand, the use of high solubility phosphate fertilizer sources in acidic tropical soils with high P adsorption capacity allows for rapid conversion of P to less available forms to plants and possibly could have its efficiency decreased over time (Prochnow et al., 2004), in contrary to what would occur with the use of reactive natural sources, which promote gradual solubilization of phosphorus, limiting specific adsorption by clays (Novais et al., 2007) and could allow for greater fertilizer efficiency (Sousa et al., 2010; Oliveira et al., 2019).

For proper soil P absorption, growth and crop productivity in the long-term, P availability must be associated with the presence of roots that are able to absorb it, since the contact between both occurs by diffusion (Barber, 1995). Although roots present high plasticity (Hodge et al., 2009; Mulia et al., 2010) responding physiologically and morphologically to nutrients availability distribution in soil (Robinson, 1996; Cahill et al., 2010), a high P concentration into a small volume should be avoided because of the possible deleterious effects on the apical meristem of the roots (Barber, 1995). In addition, absorption is dependent not only on P concentration but also on soil fertilized volume (Anghinoni, 1992; Klepker and Anghinoni, 1993), so higher volumes of fertilized soil may be necessary in some circumstances.

In systems with adequate soil fertility, differences in yields of crops with broadcast or banded fertilization are not usually observed (Pavinato and Ceretta, 2004; Guareschi et al., 2008; Nunes et al., 2011b). Thus, the choice of the best strategy may be based on other factors such as operational cost (Matos et al., 2006). On the other hand, the use of natural reactive sources may restrict yields compared to soluble sources (Oliveira Junior et al., 2008; Frandoloso et al., 2010), especially when labile P concentration is limited (Oliveira et al., 2020a). The early application of this source as a corrective soil P level fertilization has been recommended in order to overcome limitations of solubilization rate in NT (Oliveira et al., 2020a). Nonetheless, improved crop yields in NT compared to conventional tillage (CT) (Mcgregor et al., 2006; Nunes et al., 2011a) may be associated with better P nutrition in tropical soils (Nunes et al., 2011b; Oliveira et al., 2019).

Thus, it is expected that different soil management systems and phosphate fertilization may influence P access by the plant and ultimately nutrient absorption and yield of crops, since P is an important growth modulator. The aim of this study was to evaluate the effect of tillage system and soil phosphate fertilization during a 17-yr period in the vertical distribution of P and soybeans and corn roots, and how this distribution affects P uptake and yields of these crops. The hypothesis are that: (1) both NT and broadcast P fertilizer application promote a deleterious effect on root development in depth due to reduced P availability below 10 cm; (2) greater P stratification in the soil profile compromises P uptake and consequently crop yields.



MATERIALS AND METHODS


Description of the Experimental Area

The study was performed in the experimental area of Embrapa Cerrados Agricultural Research Center, located at 15°35′30″S and 47°42′00″W, in the center of the Cerrado region plateau, in Distrito Federal, Brazil. The regional climate is classified as Cwa according to the Köppen classification, consisting of a typical savanna climate with a mean annual rainfall of 1,570 mm and two well-defined seasons: dry (from May to September) and rainy (from October to April). Maximum and minimum average temperatures are 26.4 and 15.9°C, respectively.

The original vegetation is the Cerrado. The soil is classified as a Rhodic Haplustox (Soil Survey Staff, 2010) or Rhodic Ferralsol (IUSS Working Group WRB, 2006). It is a typically permeable very clayey (64% clay) poor nutrient soil derived from basalt that presents high concentrations of free iron oxide (>5% Fe), no strong texture contrast between A and B horizons and very low extractable Bray-1 P (1.0 mg kg−1 in the 0–20 cm layer) by the time the experiment was set up in September 1994. Other soil characteristics are described in Table 1.


Table 1. Soil chemical analysisa of the 0–20 cm layer in two moments prior to the experiment establishment, before and after liming, as in Nunes et al. (2020).
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Experimental Design and Crop Management

Before the first crop, lime was applied and incorporated in order to raise the cation exchange capacity saturation (V) to 50 %, as were gypsum, potassium, sulfur and micronutrients, according to standard recommendations for the region made by Sousa and Lobato (2004), but no corrective fertilization with P was applied. Soil pH, although amended for adequate plant growth, was still low enough for RPR reaction in the soil before the first crop (Table 1). During the cultivations, annual maintenance fertilizations were carried out with 67 kg ha−1 of K (as potassium chloride), 30 kg ha−1 of S (gypsum), and for corn 30 kg ha−1 of N (urea) in the sowing furrows and 60 kg ha−1 of N as topdressing, according to Sousa and Lobato (2004). Lime was reapplied after the 6th and the 15th crops in order to maintain V close to 50% based on soil samples taken from the 0–20 cm soil layer. Annual P fertilization was applied at 35 kg P ha−1 rate, and the P source and method of application varied with each treatment.

The experiment was cultivated with just a main crop (soybeans or corn) per year (in the rainy season), and also with a cover crop in the dry season after the 9th crop (Table 2). Soybean (Glycine max) was grown during the first 9 years using a 0.5 m row spacing, while corn (Zea mays) was grown in the 10th and 11th years (0.8 m row spacing). Afterwards, it was cultivated a rotation between soybeans and corn, up until the 17th and last crop (corn). Soybeans and corn received supplemental sprinkler irrigation during drought periods in the rainy season (a common phenomenon in the region). Irrigation was defined based on tensiometers installed 20 cm deep in the plots. Pearl millet (Pennisetum glaucum) at a 0.20 m row spacing was sown after soybean or corn harvest as cover crop in the winter after the 9th and following crops and received supplementary irrigation for development without water limitation. It was cut at the beginning of physiological maturation and fertilized since the 14th year with 45 kg ha−1 of N (urea) aiming at higher biomass production.


Table 2. Crop sequences and sampling moments in the experimental area.
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We used eight treatments involving soil management and phosphate fertilization: CT (consisting of plowing up to 20 cm deep with a disk plow and harrowing before planting the summer crop) or NT, fertilized with reactive phosphate rock of Gafsa (RPR) or triple superphosphate (TSP), band-applied at the sowing row (R) or broadcast on the soil surface (B), at a dose of 35 kg ha−1 yr−1 of total P. In CT, broadcast treatments received P fertilizer before soil tillage, allowing for homogenization on the arable layer. Fertilizer application in the crop row in the correspondent treatments happened at the moment of sowing for both soil tillage systems. RPR contained 12.3% of total P, of which 44 % were soluble in a solution of citric acid 2%. TSP contained 20.8% of total P, of which 92 % were soluble in a solution of citric acid 2%.

The experimental design consisted of randomized blocks with split plots with soil management systems (CT and NT) in the plots (16 m × 8 m) and P sources (RPR and TSP) and application modes (R and B) in the sub-plots (8 m × 4 m), randomly distributed within each of them, with three replications. The useable harvest area was 15 m2 for soybeans and 12 m2 for corn, located in the central portion of the sub-plots. At the end of the soybean and corn cycles, harvesting was done manually.



Soil Sampling and Analysis

Soil sampling was carried out in two moments, the first taking place after the 14th main crop (soybean) and the second after the 17th crop (corn). Both soil samplings collected four soil layers: 0–2.5, 2.5–5, 5–10, and 10–20 cm. For broadcast fertilization treatments 20 sub-samples were taken for each composite sample, having been collected randomly within the useable area of the plots. For row fertilization treatments each sample was formed by directed sub-samples obtained as follows: 6 locations were selected within each plot and in each location equidistant sub-samples perpendicular to the crop rows and within two inter-rows were collected, one being in the middle of the row. For soybean, 5 sub-samples per location were collected while for corn there were 7 sub-samples collected in each plot location, due to the wider spacing of this crop. Once collected, the samples were air dried, grinded, sieved at 1 mm in order to improve soil homogeneity and analyzed for labile P by the Bray-1 method (Bray and Kurtz, 1945). This method was chosen due to the expectation to better represent soil P lability where RPR was applied, once the commonly method used in Brazil, Mehlich-1, can overestimate P availability in these circumstances, due to its acidic characteristic. The 0–5 cm layer P contents were obtained by averaging the contents of the two first layers.



Roots and Plant Tissues Sampling and Analysis

For root analysis, other soil samples were collected at soybean flowering in the 16th crop and at the following (17th) crop (corn) flowering, using an auger hole of 10 cm in diameter, at depths 0–5, 5–10, and 10–20 cm in two sites (row and inter-row). Each sample was composed of two sub-samples and the sample collected in the inter-row was taken at a quarter of the crop's row spacing (12.5 cm for soybeans and 20 cm for corn). The samples were placed in plastic bags and the roots separated from a known volume of soil by washing and screening in a 0.5 mm mesh sieve, followed by manual scavenging of crop residues in a tray with water and new screening in 0.5 mm mesh sieve. The roots of corn with diameter larger than 2 mm were discarded. After these procedures, an amount of roots was separated and stored in 30% solution of ethyl alcohol at 4°C for later determination of root surface area. The remaining roots were oven-dried to determine dry weight.

The amount of roots kept in alcoholic solution was colored with Gentian violet B (methylrosaline chloride) 5 g L−1, air-dried and scanned. Root surface area was determined using digital images obtained by computer software SIARCS® 3.0 (Jorge et al., 1996), using on average 0.1 g and 0.3 g of soybeans and corn roots dry matter, respectively. After these procedures, the roots were oven-dried to determine dry matter. The root data used in this paper involves the average values obtained for rows and inter-rows.

At the same time as the root evaluation, sampling was conducted to evaluate P uptake by soybean and corn by collecting six plants per plot, clipped at the soil surface, and determining the oven-dry matter yield of shoots (DMYS) and P content (EMBRAPA, 1999), allowing for the calculation of P uptake by shoots (PUS). P utilization efficiency was determined (PUE = DMYS2/PUS) as proposed by Siddiqi and Glass (1981) while P acquisition efficiency was calculated (PAE = PUS/root surface density at 0–20 cm) adapting the concept proposed by Elliott and Läuchli (1985).



Statistical Analyses

For analysis of variance of available P and root surface density, the following model was used:
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For dry matter yield of shoots, P uptake of shoots, P acquisition efficiency, P uptake efficiency and grain yield, the following model was used:

[image: image]

where: μ = overall experimental average; B = block (i = 1, 2, 3); T = soil tillage system (j = 1, 2); S = phosphate source (k = 1, 2); M = application method (l = 1, 2); D = depth (m = 1, 2, 3) and error = experimental error.

Analysis of variance was performed according with the SAS MIXED procedure and when it was significant the least-significant test (LSD) (P < 0.05) was applied for means comparisons. In the analysis of the relative contribution of the different layers to total 0–20 cm means, and also in the evaluation of different soil P uptake parameters and grain yields, the SLICE option in the SAS software (SAS Institute, 2009) was used to compare agronomic means of interest, i.e., the two different levels of the factor tillage in each fertilizer management combination, and the four phosphate fertilization management strategies inside a given soil tillage.

The phosphorus P content and root density were modeled using sums of squares multivariate regression tree models (De'ath, 2002), as described by Mendes et al. (2012) and considering depth, tillage, source of fertilizer and application method as categorical explanatory variables. Also, regression analysis was performed via linear regression according to SAS GLM procedure.




RESULTS


Soil Bray-1 P Vertical Distribution

The different phosphate fertilizer managements changed P contents down to 10 cm for NT and 20 cm for CT, at both evaluated moments (Figure 1). The interaction between all three factors of the experiment and soil layer was significant in both years (P = 0.0038 after 14 crops and P = 0.0106 after 17 crops). In CT, when P source was TSP, row fertilization showed similar or higher P content than broadcast fertilization on all layers at both periods, except for the 10–20 cm layer evaluated after the 14th crop. In NT, when the source was TSP, row fertilization provided lower P content than those observed for broadcast fertilization in the 0–5 cm layer, while the opposite took place in the 5–10 cm layer. When the source was RPR for the two tillage systems and in the two moments there was no difference between the application modes, except for the 0–5 cm layer in NT after 17 crops when broadcast fertilization resulted in higher P content than in row fertilization. In addition, when TSP was used, increased P contents in NT compared to CT generally occurred at 0–5 cm for broadcast application and at 5–10 cm for row application. At 10–20 cm there was higher P content in CT for all phosphate fertilization managements.


[image: Figure 1]
FIGURE 1. Phosphorus availability (Bray-1) in three layers of a very clayey Oxisol under different soil tillage systems and phosphate fertilization management after 14 years/crops (A) and 17 years/crops (B) of crops. Letters compare treatments in the same soil layer according to the LSD test (P < 0.05). NT, no tillage; CT, conventional tillage; TSP, triple superphosphate; RPR, reactive phosphate rock; B, broadcast; R, row.


According to Oliveira et al. (2019), Bray-1 critical levels in the 0–10 cm layer should be interpreted considering the fertilizer source used in the area: for TSP, Bray-1 contents sufficient for 90% and 80% relative yield potential are 17.7 and 13.5 mg kg−1, respectively. When RPR was used, these reference values are 9.3 and 7.4 mg kg−1, respectively. After the 14th crop, only broadcast treatments in NT presented yield potential above 80% according to this interpretation, based on 0–10 cm means. After 17 crops, the only RPR treatment with P Bray contents above 7.4 mg kg−1 was that under broadcast fertilization under NT. On the other hand, all TSP treatments in this evaluation moment presented contents above 13.5 mg kg−1 in the 0–10 cm layer, except CT under broadcast application.

The relative participation of each layer in P availability in the 0–20 cm soil profile is shown in Table 3, where a more homogeneous distribution was observed in CT, while in NT there was strong gradient in depth, with the exception of TSP band-applied at the crop row. In NT, for broadcast fertilization of both sources, over 60% of the P was located in the first 5 cm, while in the row fertilization, especially with TSP, there was more balanced distribution down to 10 cm deep, with significant participation of the 5–10 cm layer, where P fertilizer was applied.


Table 3. Relative distribution (%) of soil P availability (Bray-1) in three layers of a very clayey Oxisol under different soil tillage systems and phosphate fertilization management after 14 and 17 crops/years of cultivation.
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Soil P availability was lower in CT and in RPR treatments on the 0–20 cm layer average after 14 crops (Figure 2A). After 17 crops, there were interactions between fertilizer source and mode of application, and between tillage system and P source (Figure 2B). In all cases, the lower Bray P-values were observed with the use of RPR. With TSP, labile P reached 9.6 mg kg−1 under band application and were lower at 8.3 mg kg−1 under band application. Where RPR was used, no difference between fertilizer placement were observed. Considering the interaction tillage system—P source, availability was especially high when TSP was used in NT (Figure 2B).


[image: Figure 2]
FIGURE 2. Soil P availability (Bray-1) in the 0–20 cm layer in a very clayey Oxisol under different soil tillage systems and phosphate fertilization managements after 14 years/crops (A) and 17 years/crops (B) of cultivation. Letters compare levels within a factor in (A) and within 2-factor interactions in (B) according to the LSD test (P < 0.05). NT, no tillage; CT, conventional tillage; TSP, triple superphosphate; RPR, reactive phosphate rock; B, broadcast; R, row.




Crops' Roots Vertical Distribution

Root distribution of soybean and corn at 0–20 cm, assessed by surface density (cm2 of roots cm−3 soil), even after P accumulation during 16 or 17 years of cultivation was still influenced by tillage systems and soil phosphate fertilization (Figure 3A). This influence was observed down to 10 cm deep in NT and 20 cm deep in CT, for both evaluated crops.
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FIGURE 3. Surface density of soybean (A) and corn (B) roots in three layers of a very clayey Oxisol under different soil tillage systems and phosphate fertilization management. Letters compare treatments in the same soil layer according to the LSD test (P < 0.05). NT, no tillage; CT, conventional tillage; TSP, triple superphosphate; RPR, reactive phosphate rock; B, broadcast; R, row.


In CT, the surface density of soybean roots was higher with fertilizer application in the row compared to broadcast application for all layers and in the two sources, except for the layer of 5–10 cm with RPR. Moreover, in CT, for the same application mode, we observed similar root density of soybean in both P sources down to 10 cm deep and greater density in the 10–20 cm layer with TSP. In NT, when the source was the TSP, row fertilization provided lower roots surface density of soybean than those observed for broadcast fertilization in the 0–5 cm layer, the opposite occurring for the 5–10 cm layer, following the trend noticed in P distribution. Also in NT, differences in roots surface density of soybean for application modes were not observed when the source used was RPR. Furthermore, there was a greater density of soybean roots with TSP in relation to RPR at 0–5 cm for broadcast application and 5–10 cm for row application (Figure 3A).

The surface density of corn roots showed minor changes due to phosphate fertilization management while tillage systems had the greatest effects (Figure 3B). In CT, in the 5–10 cm layer, row application resulted in higher surface density of roots than broadcast application for TSP, while in the 10–20 cm layer, the broadcast application results in higher surface density of roots than row application for RPR. In NT, minor significant differences were observed in the 5–10 cm layer only.

NT provided higher soybeans and corn root surface densities only in the 0–5 cm layer, but while for corn it occurred in all treatments, in soybeans this was less evident. On the other hand, there was a higher root density of soybean and corn in the 10–20 cm layer in CT when compared to NT.

There was relatively homogeneous distribution of the surface density of soybean and corn roots in the 0–20 cm layer in CT and strong gradient in depth in NT, even with band-applied phosphate fertilization on the crop rows (Table 4). In NT between 48 and 61% of soybean and corn roots were located within first 5 cm depth, whereas in CT this value was between 26 and 37%.


Table 4. Relative distribution (%) of the surface density of soybeans and corn roots in each of the three layers of a very clayey Oxisol under different soil tillage systems and phosphate fertilization management.
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Evaluating the 0–20 cm layer average, soybeans under TSP fertilization developed 0.18 cm2 roots cm−3 soil while under RPR a lower 0.16 cm2 roots cm−3 surface density (Figure 4A). CT generally showed higher soybeans roots density than NT fertilization managements as well, while CT row fertilizer banding application improved root density in relation to broadcast application. The surface density of corn roots was similar for both CT and NT, with minor differences according to phosphate fertilization managements (Figure 4B).
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FIGURE 4. Surface density of soybean (A) and corn (B) roots in the 0–20 cm layer of a very clayey Oxisol under different soil tillage systems and phosphate fertilization managements. Letters compare levels of P source factor in (A) (green) and within 2-factor interactions in the remaining plots according to the LSD test (P < 0.05). NT, no tillage; CT, conventional tillage; TSP, triple superphosphate; RPR, reactive phosphate rock; B, broadcast; R, row.




Integrating Soil P and Roots Distribution

In general, crops roots distribution followed the same trend observed for soil P availability. However, it was observed that while in the NT soil P availability influenced the distribution of soybean and corn roots (Figure 5B), in CT this only occurred for corn (Figure 5A).


[image: Figure 5]
FIGURE 5. Relationship between soil P availability (Bray-1) and soybean and corn roots surface density in a very clayey Oxisol under conventional tillage (A) and no-tillage (B). Points represents different combinations between fertilizer sources (TSP or RPR), application modes (row or broadcast) and soil layers (0–5, 5–10, and 10–20 cm), with three replicates (n = 36). ***Significant at 0.1% according to the F test.


One way to integrate all this information and evaluate the weight of each factor studied on the variability of the data is employing the technique of tree modeling (Figure 6). The selected tree model explained 96% of the total data variability of available P and roots surface density of soybean and corn and resulted in 18 groups, represented by terminal nodes, involving all the categorical explanatory variables (tillage system, fertilizer source, application mode and depth). The depth of the evaluations and the soil tillage systems were the most important factors, accounting respectively for 56.1 and 18.4% of the model's explanation, while P source and application mode showed less important roles (15.4 and 10.1%, respectively).
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FIGURE 6. Tree model for soil P availability and surface density of soybean and corn roots at different sampling layers (0–5 cm, 5–10, and 10–20 cm), soil tillage system (conventional tillage—CT and no-tillage—NT), source of phosphorus (triple superphosphate—TSP and reactive phosphate rock—RPR) and application modes (broadcast—B and row—R). η indicates the percent fraction of the total variability explained by each branch.


The first branch resulted in the separation of the 0–5 cm layer from the deeper ones and the fraction of the total variability explained (η) by this branch was 41.4%. Then there was separation of 5–10 cm and 10–20 cm depths, with 12.2% of the data variability explained by this branch. Within the 0–5 cm and 10–20 cm layers, roots and soil P were primarily sensitive to the soil tillage system (η = 12.9% and 3.4%, respectively). In addition, at a depth of 0–5 cm, the NT phosphate source influences more than the application mode (η = 7.9% and 5.2%, respectively), while at a depth of 10–20 cm there is no influence of phosphate fertilizer management. In CT the source of fertilizer had more influence over the mode of application, both in the 0–5 cm layer (η = 1.9% for source and 1.5% for mode) and in the 10–20 cm (η = 0.2% for source and 0.1% for mode). At the depth of 5–10 cm the soil tillage systems showed the least influential factor (η = 1.4%), while the phosphate source and application mode were best explanatory factors (η = 4.7 and 3.0%, respectively).



P Uptake by Roots and Yield Response

In CT, the oven-dry matter yield of shoots (DMYS) and P uptake by shoots (PUS) of soybean were similar for the two application modes when the source was the RPR (Table 5). On the other hand, fertilization with TSP in the furrow row allowed for higher DMYS and PUS of soybean when compared to broadcast application. In NT, although there were no differences between the different phosphate managements for DMYS and PUS of soybean, these attributes were, respectively, on average 30 and 39% higher in NT compared to CT.


Table 5. Dry matter yield of shoot (DMYS), P uptake of shoot (PUS), P acquisition efficiency (PAE), P utilization efficiency (PUE) and grain yield of soybean (16th cultivation) and corn (17th cultivation) in a very clayey Oxisol under conventional tillage (CT) or no-tillage (NT), receiving 35 kg P ha yr−1 as triple superphosphate (TSP) or reactive phosphate rock (RPR), with broadcast (B) or row (R) application.
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There were no differences in the P acquisition efficiency (PAE) of soybeans between the different fertilization managements under CT or NT (Table 5). However, PAE of soybean was on average 95% higher in NT. The PUE of soybeans, which corresponds to the capacity of converting the P uptake in biomass was higher with the application of the fertilizer in the row as compared to the broadcast application, for both P sources under CT (Table 5). PUE was similar between both systems when fertilizer was band-applied at the crop row. However, when the fertilizer was applied broadcast at the surface, NT had higher PUE as compared to CT, for the two P sources.

Although the application of phosphate fertilizer in the furrow row under CT has provided greater PUS by soybean, which was evaluated at the time of flowering, at the crop maturation it was broadcast application that provided higher grain yields (Table 5). On the other hand, under NT soybean yield followed the same trend observed for the PUS with no response from the fertilizer management. Moreover, greater PUS in NT also resulted in higher soybean yield when compared to CT.

Unlike what happened to soybeans, the corn crop showed no differences in DMYS, PUS, PAE and PUE in the comparison between the phosphate fertilizer managements or between soil tillage systems (Table 5). Grain yield was only different in TSP row application, where NT produced 9.5% more grains (Table 5).




DISCUSSION


Distribution of P and Roots in the Soil

While in NT fertilized soil, unreacted particles of fertilizer and crop residues are maintained in the application/deposition soil layer, in CT these materials are annually mixed, resulting in greater contact with the soil and favoring solubilization, adsorption and P mineralization reactions (Oliveira et al., 2019). Likewise, broadcast application of phosphate fertilizer provides greater surface contact with the soil when compared to the sowing furrow application, but that varies according to soil management system and fertilizer source.

In CT, the fertilizer broadcast applied is incorporated in the soil before planting, thus resulting, at first, in a distribution of available P which contrasted highly with that of the row application, which occurs at the time of planting (Figure 1). However, this difference is not cumulative, since annual plowing tends to equalize the effect of fertilization carried out in previous years. By reacting with a smaller soil volume when compared to broadcast treatment, the row application of TSP resulted in increased P content (Figure 1). However, this same reasoning does not fit with RPR fertilization once this is a low solubility source, which requires more time and surface contact with the soil to react and solubilize (Novais et al., 2007).

In NT, since there is no soil mixing, the differences between broadcast and row applications may occur more intensely in the fertilizer application layers (0–5 cm for broadcast and 5–10 cm for row application) and tend to increase with time due to the buildup that occurs every year. It was also in these layers that NT presented a higher P availability compared to CT (Figure 1), where fertilized soil and fertilizer particles are revolved 20 cm deep, reducing P availability in specific layers but reaching deeper layers in relation to NT (Figure 1).

Soil mixing in CT also resulted in a more homogeneous P distribution in the profile, whereas there was a strong gradient in depth in the NT, effect well-described in the literature (De Maria et al., 1999; Santos and Tomm, 2003; Motomiya et al., 2004; Oliveira et al., 2020b), and which was intensified by the broadcast application (Table 3). In NT with broadcast fertilization, P content at the 0–5 cm layer was the result of surface fertilization and nutrient cycling by crops residues and abundant roots through time (Santos and Tomm, 2003). In this same management system, P distributions under 5 cm deep can be considered as a result of the redistribution in the soil by the effect of the decomposition of absorbed P by the roots (Franchini et al., 2004), organic anions leaching (Pavinato et al., 2008), and by the annual opening up of furrows to sow crops.

Despite the differences in P distribution, Bray-1 P average content in the 0–20 cm profile was relatively close between both tillage systems, especially after all 17 crops, when contents were influenced mainly by the interaction between P source and mode of application or tillage (Figure 2B). Within the same soil tillage system, TSP gained P availability in relation to RPR, a probable reflection of the greater solubility of TSP. The effect of modes of application indicated higher labile P levels on row application only when TSP was used, what might be a reflection of reduced soil-fertilizer contact in this application method. There were no significant differences between modes of application when RPR was used, what is probably related to the reduced ability of the Bray-1 solution to access rock phosphate derived P (Oliveira et al., 2019) and thus quantify differences between other factors of the experiment. Nonetheless, values were slightly higher under broadcast in this case, what might be related to increased RPR dissolution under broadcast application due to soil-fertilizer contact. Santos et al. (2008) though, observed equivalent average labile P contents between different P fertilizer application methods.

Since root growth is stimulated by the presence of P (Barber, 1995), in general, root distribution (Figure 3) followed the same trend as that of P contents (Figure 1), being strongly influenced by soil tillage systems and phosphate fertilizer management systems (Holanda et al., 1998; Costa et al., 2010). Thus, the higher density of roots in fertilizer application layer (0–5 cm for broadcast application and 5–10 cm for application in the furrow row), mainly with water soluble source (Figure 3), was probably the result of higher P contents (Figure 1). According to Robinson (1996), roots respond structurally to the distribution and availability of nutrients in the soil, stimulating growth where nutrients are more readily available.

Despite the effect of soil mixing in soil structure encouraging vertical roots growth in CT (Figure 3) (Ball-coelho et al., 1998), the increased presence of P in depth when compared to NT (Table 3) may also have influenced the abundant root growth below 10 cm deep (Table 4), as also observed by Qin et al. (2006). A strong gradient of roots surface density in depth was observed in NT, which was only slightly reduced by the row application of fertilizer (Table 4), similarly to the effects of P source placement on Bray-1 P distribution. These results resemble those observed by Costa et al. (2009) after 18 years of cultivation on a Rhodic Paleudult under NT, when about 50 % of the corn roots density was located in the topsoil, regardless of the application mode of phosphate fertilizer. Ball-coelho et al. (1998), when observing the surface concentration of corn roots in NT, suggests that broadcast application of fertilizer containing highly mobile nutrients and subject to leaching, such as nitrogen, is more efficient than row application. Likewise, the surface distribution of corn and soybean roots in this study indicates that in NT, crops can benefit from broadcast application of fertilizers containing low mobility nutrient, such as P, due to greater fertilized soil volume in contact with a large portion of the total roots surface area in the first few centimeters of soil. It should be noted, however, that our experiment received supplementary irrigation during drought periods. Although Hansel et al. (2017) have observed that yields under broadcast P fertilization in NT were more resilient to water deficit than under NT band-application, more studies are needed to evaluate how water deficit may influence the distribution of roots of crops growing under different tillage systems and fertilizer managements.

On the average of the evaluated soil profile, tillage and phosphate fertilization management systems influenced differently soybean and corn roots surface density. The lower soybean root density in NT when compared to that of CT for all fertilizer managements (Figure 4A) demonstrated that the limited root growth below 10 cm in the NT was not compensated by increased root growth in the surface layer, while for corn there was this compensation (Figure 3B), with no significant effect of tillage on corn root surface density in the 0–20 cm layer, only P source and placement (Figure 4B). Thus, unlike what was observed by Ball-coelho et al. (1998), NT did not present greater total roots density in the profile. Nevertheless, the relationship between the distribution of available P and roots in soil was higher in NT than CT, especially for soybeans (Figure 5), indicating that NT provided more favorable conditions for P absorption by this crop. While in NT layers the higher P concentrations were also those with the highest soybean and corn roots concentration, in the CT this did not occur for soybeans. Possibly this influenced the lower yield of shoot, P uptake, P acquisition and utilization efficiency and thus lower grain soybean yield in CT when compared to that of NT (Table 5) since P is a limiting nutrient of productivity in the Cerrado soils (Nunes et al., 2011a; Oliveira et al., 2020a).

The main influence of soil tillage system at the 0–5 and 10–20 cm depths (Figure 6) occurs because the greatest contrast between them occurs in these layers, since in the NT, P and hence the roots, are kept at the 0–5 cm depth while in the CT, P is revolved down to the 10–20 cm layer (Table 3), stimulating root growth in this layer (Table 4). In turn, at all depths, the phosphate source had greater influence over the application mode (Figure 6), indicating that in established systems, nutrient cycling caused by roots and shoots of plants (Santos and Tomm, 2003) tends to minimize differences promoted by the application mode.



Tillage and Fertilizer Management Implications on P Uptake and Yield

The high stratification of P (Table 3) and roots (Table 4) in the soil under NT, especially with fertilizer broadcast applied, did not represent restrictions for P uptake and yields of soybean and corn. In this system there was no effect of fertilization management (Table 5) on these properties. Systems established under NT, with adequate fertility, usually do not show differences between soybeans and corn yields with broadcast or row P application (Pavinato and Ceretta, 2004; Bergamin et al., 2008; Guareschi et al., 2008; Sousa et al., 2010; Nunes et al., 2011b) so that the choice of the best strategy may be based on other factors such as the operating costs (Matos et al., 2006) or the necessity for short planting windows.

When comparing P sources, Richart et al. (2006) and Nunes et al. (2011b) also observed similar yields using soluble or natural reactive phosphate sources, although many other papers have reported lower grain yields with phosphate rocks (Oliveira Junior et al., 2008; Fontoura et al., 2010; Frandoloso et al., 2010) so that the early application of this source has been recommended in order to overcome solubilization rate limitations in NT (Sousa et al., 2010; Oliveira et al., 2020a). However, these studies reporting low RPR efficiency were performed in shorter time periods than in the present research, what is a relevant factor in the study of slow solubilization fertilizer sources.

In CT soybeans showed higher DMYS and PUS with the application of phosphate fertilizer in the row, which was the fertilization management that promoted greater P content (Figure 2) and root growth (Figure 4) in the soil. However, despite the best performance of row application until flowering, the period in which these evaluations were made, the grain yield of soybeans was higher with fertilizer broadcast application, indicating that some fertilizer management effects later influenced the behavior of this crop.

Besides influenced by fertilizer management under CT, soybean performance in this tillage system was well below that observed in NT, both in DMYS and grain yield (Table 5). This seems to be related to the synchronism between P and soybean root distribution existing in NT, but which does not occur in CT (Figure 5), resulting in higher PAE and soybean yield in NT. An evidence of this is the significant correlation between the PAE and grain yield of soybeans (r = 0.68, p < 0.01, n = 24). Although in the initial years NT did not provide yield gains compared to CT (Schwab et al., 2006), over time soybean yields are frequently higher in NT (Mcgregor et al., 2006; Sousa et al., 2010; Nunes et al., 2011b).

The corn crop, in turn, suffered no influence of P management in CT, and presented performance similar to that observed in NT for almost all fertilization management systems, suggesting that soil tillage promoted a limiting condition for P absorption and grain yield of soybean, but which was circumvented by corn. This was possibly due to the P and roots distribution synchrony observed in corn under CT (Figure 5). In addition to its more favorable root distribution for P absorption, it is known that corn presents several absorption kinetic parameters for P with comparative advantage to that of soybean (Barber, 1995), allowing it to satisfactorily absorb P under conditions that would be limiting to this crop. As a result, corn had much higher PAE than that in soybean, with values about 4.5 times higher in the CT and 2.3 times higher in NT (Table 5). Consequently, while soybean showed considerable gains in productivity in NT (25–42%), corn yields were similar between both systems and when gains did occur they were lower (9%).




CONCLUSIONS

Adequate P uptake, growth and grain yield of crops in the long-term depend on the adoption of management systems that promote bioavailability of P in soil and its access by plant roots. While in NT there is strong gradient in depth, with P accumulation in the fertilizer application zone (0–5 cm for broadcast application and 5–10 cm for row application), soil disturbance in CT provided a more homogeneous P profile distribution, with relatively high concentrations below 10 cm deep. Despite differences in distribution, in general the average P content in the 0–20 cm profile was similar for the two soil management systems and for the two application modes, while the TSP provided greater Bray-1 P contents in relation to RPR. P availability and root density of soybeans and corn were influenced to a greater extent by the soil management system, followed by the source and mode of application of phosphate fertilizer. Root distribution of soybeans and corn showed a strong relationship with P distribution, except for soybeans under CT. Consequently, biomass production, P uptake and grain yield of soybeans in CT, in addition to being influenced by P fertilizer management systems, showed lower performance than in NT, which did not occur for corn possibly due to the greater P acquisition efficiency of this crop compared to that of soybeans. The greater stratification of P and roots in soil under NT did not represent any limitation on nutrient uptake and yield of these crops, even with broadcast P application.
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