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MATERIAL AND METHODS
Field Sites and Experimental Design

Two field experiments were performed near Nao-Me-Toque 
(Location 1) and Sao Sepe (Location 2), in the state of Rio 
Grande do Sul (RS), southern Brazil. The study was performed 
during the 2014–2015 growing season. These two locations have 
similar precipitation, temperature, and incident solar radiation 
(Table 1). The two study locations were established at farmers’ 
fields with different management history. Location 1 was man-
aged for more than 30 yr under NT, and Location 2 a recently 
established NT with approximately 6 yr under NT. Despite the 
difference in the amount of time under NT, these two locations 
showed similar levels of organic matter (OM) accumulation and 
P vertical distribution (Table 2). The soil at Location 1 is clas-
sified as a Typic Haplortox, and Location 2 as Typic Paleudalf 
(USDA–NRCS, 2003). Soil chemical and physical characteris-
tics for both locations are presented in Table 2.

The experimental design was a randomized complete block 
with three replications. Individual gross plot size was 15 m wide 
by 200 m long. Treatments consisted of five P placements strate-
gies: (i) strip tillage with deep band P (ST-DB); (ii) strip tillage 
with band-applied 5-cm deep and 5 cm to the side (5 by 5) of 
the seed with the planter (ST-B); (iii) no-till with broadcast 
(NT-BR); (iv) no-till with band-applied 5 by 5 with the planter 
(NT-B); and (v) no-till with surface band with the planter 
(NT-SB). The strip till implement used a coulter followed by a 
shank spaced every 30 cm, and fertilizer was placed at a depth 
of approximately 20 cm. Band-applied 5 by 5 as well as surface 
band fertilizer application was completed with the planter using 
fertilizer application attachments. The surface band fertilizer 
application was completed using a disk rippled coulter system 
to slightly incorporate the fertilizer above the row to a depth of 
approximately 1 to 2 cm. The broadcast treatment was applied 
immediately prior to planting; using a self-propeller spreader 
Hercules 5.0 (STARA, Nao-Me-Toque, RS, Brazil) and the fer-
tilizer was not incorporated. The P fertilizer was applied at a rate 
of 31 kg P ha–1 for all treatments using triple superphosphate 
[(0–46–0), (N–P2O5–K2O)].

Soybean planting was completed with a Victoria DPS 4050 
planter (STARA, Nao-Me-Toque, RS, Brazil) at 45-cm row spac-
ing. The soybean varieties used were the NA 5909 RG (Nidera, 
Brazil) at Location 1, and Monsoy 5917 IPRO (Monsanto, 
Brasil) at Location 2 at 330,000 and 300,000 seeds ha–1, seed-
ing rate, respectively. Both varieties have maturity group 5.9 and 
indeterminate growth habit and are genetically modified for 

tolerance to glyphosate [N-(phosphonomethyl)glycine]. Other 
management factors such as planting date and pest control dur-
ing the growing season were those typically used by the producer 
and recommended for the region.

Sampling and Analyses

The P fertilizer placement treatments were evaluated for effects 
on plant height, plant dry weight, and P uptake with measure-
ments at the 20, 40, 60, and 80 DAE. Grain P content and grain 
yield were measured at harvest. Plant height was measured from 
the soil surface to the growing point, for five consecutive plants in 
the same row. The soybean plants evaluated for height measure-
ments were marked and all evaluations during the season were 
on the same plants. Plant dry weight was measured collecting five 
consecutive plants in the same row, aboveground biomass was 
dried at 65°C, weighed, and ground to pass through a 1.0 mm 
screen. Tissue samples were digested by the nitric-perchloric acid 
digestion (Johnson and Ulrich, 1959), and P was determined 
calorimetrically. All plant sampling was completed by collecting 
three subsamples within each plot spaced 50 m from each other.

Grain yield was obtained by hand harvesting three subsamples 
within each plot of 8 m2 each (for a total of 24 m2 from each 
plot), these subsamples were spaced 50 m from each other. Grain 
weight and moisture were measured for each plot and reported at 
130 g kg–1 moisture content. Phosphorus uptake was calculated 
using P tissue concentration and total plant dry weight. Phosphorus 
removed with the grain was calculated using grain P concentration 
and yield. Partial nutrient balance (Dobermann et al., 2005; Syers 
et al., 2008; Fixen et al., 2015) was calculated through the balance 
method, that is, dividing the value of P removed with grain by the 
value of P applied as fertilizer and multiplied by 100. Soil sampling 
was completed before and after the study to evaluate the effect of 
P placement on soil test P at different depths. Before the study, a 
general soil characterization was completed collecting a total of 
10 subsamples for the experimental area at the 0- to 5-, 5- to 10-, 
10- to 20-, 20- to 30-, and 30- to 40-cm depth. After harvest, soil 
sampling was completed collecting three subsamples per plot in 
slabs. These soil slabs were divided into grids of 15 cm long by 5-cm 
depth by 5 cm wide afterward analyzed separately to evaluate soil 
nutrient distribution. Soil test P at the end of study was quantified 
using the average of soil P level in mg dm–3 of the three subsamples 
in each layer. Soil samples were air-dried (40°C), sieved through a 
2-mm mesh, and stored in covered plastic containers. Samples were 
analyzed for soil clay, silt, and sand content (Bouyoucos, 1962); 
soil pH (1:1 soil/water ratio) (Shoemaker et al., 1961);  soil organic 
carbon (SOC) (Walkley and Black, 1934); Mehlich I–extractable 
P (Mehlich, 1953); 1.0 mol L–1 KCl–extractable Ca, Mg, and Al 
(EMBRAPA, 1979). Phosphorus was determined by colorimetry 
and K by flame photometry (Nelson et al., 1953), and Al was 
titrated with NaOH 0.025 mol L-1 (EMBRAPA, 1979). The effec-
tive cation exchange capacity (CEC) of the soil was determined by 
the sum of the exchangeable bases (K, Ca, and Mg) plus Al.

Statistical Analyses

Statistical analyses were completed using SAS Studio (version 
9.4; SAS Inst., Cary, NC). Plant height, plant dry weight, and 
P uptake at the 20, 40, 60, and 80 DAE, soil test P values and 
measurements of P in soybean grain were analyzed using PROC 
GLIMMIX procedure. The main effects of fertilizer placement 

Table 1. Climate characterization for the study locations in the 
state of Rio Grande do Sul, Brazil.

Parameters

Locations
Nao-Me-Toque 

(Location 1)
Sao Sepe 

(Location 2)
Latitude 28°30′ S 30°15′ S
Longitude 52°46′ W 53°46′ W
Mean annual precipitation, mm 1950 1600
Mean annual temperature, °C 18 19
Elevation, m 475 202
Incident solar radiation, MJ m–2 d–1 16 14
Köppen climate classification Cfa† Cfa

† Humid subtropical climate.
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treatments were considered as fixed factor and the block as ran-
dom factor in the model. Sampling days and sampling depth were 
included as a repeated measure. Corrected denominator degrees 
of freedom were obtained using the Kenward–Roger adjustment. 
A Tukey post-hoc comparison of means test were done using the 
LSMEANs and SLICE option for PROC GLIMMIX.

RESULTS AND DISCUSSIONS
Initial Plant Development

Phosphorus placement strategies affected (p < 0.001) initial 
plant development as indicated by plant dry weight, plant P 
uptake and plant height at the 20, 40, 60, and 80 DAE (Table 3). 
Due to the absence of soil disturbance, soils under NT can show 
an increased soil bulk density, decreased soil permeability and 
consequently impacting root and shoot growth compared to 
sandier soils (Jones, 1983). Therefore, the differences in initial 
plant growth (at 20 and 40 DAE) among locations in this study 
can be partially related to the disturbance effect of the strip till-
age, in addition to differences in growing conditions (tempera-
ture and rainfall).

Treatments with strip till (ST-DB and ST-B) showed lower 
plant shoot development at 20 DAE; however, these treatments 
showed higher plant dry weight later in the season (Fig. 1). This 
might be due to the initial lower soil resistance in these treat-
ments (data not shown), which can induce a more aggressive 
initial root growth (Colombi and Walter, 2016). Therefore, 
plants are allocating resources in the growing organs with higher 
energetic demand (root system), promoting a biomass imbal-
ance in the plant (Hermans et al., 2006) with reduction of shoot 
growth. However, at 40 DAE, the effect of P fertilizer placement 
is the most likely factor driving plant growth, where band fertil-
izer treatments have shown an increase in shoot development due 
to the access of the plants’ root system to the fertilized soil area. 
At the flowering stage (80 DAE), ST-DB and ST-B treatments 
showed greater plant height and plant dry weight compared to 
the others treatments at Location 1 (Fig. 2). However, the tillage 
effects were not as evident at Location 2 (Fig. 3), possibly because 
of the lighter soil texture (lower clay content) with naturally 
lower soil bulk density and higher permeability (Jones, 1983).

Plant Phosphorus Uptake
Band placement treatments showed greater (p < 0.001) P 

uptake in the initial growth stages across locations (Fig. 1). The 
proximity of the nutrient with the root system likely promoted 
an increase in P absorption by the plant (Barber, 1958; Barbosa 
et al., 2015; Borges and Mallarino, 2000). However, NT-B and 
NT-SB placement did not result in increased P uptake at 80 
DAE. At Location 1, the NT-B and NT-SB P uptake was 22.1 
and 23.4 kg P ha–1, respectively at the 80 DAE. The mean total P 
uptake at flowering stage was 60 kg P ha–1 at Location 2, this value 
was twice the amount measured at Location 1 (27 kg P ha–1) dur-
ing the same growth stage (Fig. 2 and 3). These results are a 
consequence of the greater aboveground biomass produced at 

Table 2. Soil chemical and physical characteristics at two experimental locations in the state of Rio Grande do Sul.
Sampling depth pH OM P† K Ca Mg Al CEC‡ Al§ Clay PR¶

cm g kg–1 mg kg–1 ——–———- cmolc dm–3 —————– % g kg–1 MPa
Location 1

0–5 5.4 38 58 306 7.3 2.7 0.2 10.9 2 42 1.22
5–10 5.2 31 25 268 6.7 2.6 0.2 10.3 2 50 3.07

10–20 5.0 25 13 157 6.1 2.6 0.2 9.4 3 57 2.51
20–30 5.2 15 2 100 5.6 2.4 0.3 8.5 3 80 2.11
30–40 4.9 2 1 57 4.5 2.1 0.4 7.1 6 84 1.91

Location 2
0–5 6.0 45 55 251 9.4 3.6 0.0 13.6 0 30 0.61

5–10 5.4 29 15 194 6.1 3.2 0.1 9.8 1 28 1.74
10–20 4.6 22 7 130 4.5 2.2 0.5 7.5 7 30 1.82
20–30 4.2 20 5 88 4.0 1.8 1.3 7.2 18 32 1.97
30–40 4.2 17 3 59 3.7 1.5 1.3 6.5 20 35 1.93

† P-Mehlich-I.
‡ CEC, cation exchange capacity
§ Percentage of Al in the effective CEC.
¶ PR, penetration resistance.

Table 3. Significance of F values for the effects of plant dry 
weight, plant P uptake, plant height, grain yield and post-harvest 
soil test P as affected by treatment (P placement), soil depth 
when applicable, growth stages, and interactions.

Fixed effect
Locations

Location 1 Location 2 Across locations
—––——————–  p > F ——————–—–

Plant dry weight
Treatment (T) <0.001 <0.001 0.013
Growth stage (S) <0.001 <0.001 <0.001
T × S <0.001 <0.001 <0.001

Plant P uptake
Treatment (T) <0.001 <0.001 <0.001
Growth stage (S) <0.001 <0.001 <0.001
T × S <0.001 <0.001 <0.001

Plant height
Treatment (T) <0.001 <0.001 <0.001
Growth stage (S) <0.001 <0.001 <0.001
T × S <0.001 <0.001 <0.001

Grain yield
Treatment (T) 0.632 <0.001 <0.001

Post-harvest soil test P
Treatment (T) 0.020 0.001 –
Depth (D) <0.001 <0.001 –
T × D <0.001 <0.001 –
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Location 2 (12,915 kg ha–1) than Location 1 (6855 kg ha–1), 
likely promoted by varietal and environmental differences. Crop 
above ground biomass obtained is the driving factor for nutrient 
accumulation (Bender et al., 2015). These results are greater than 
those found by Bender et al. (2015), but similar to those published 
by Flannery (1986) and proposed for modern soybean cultivars 
(Kurihara et al., 2013).

Results from this study showed that the initial increase in P 
uptake did not increase yields. These results agree with previous 
work showing that P supplementation during the initial crop 
development is crucial for optimizing crop growth (Grant et al., 
2005), despite P supply at later growth stages is expected to show 
greater correlation with yield. Furthermore, other studies sug-
gest that P availability and plant stress during early growth has a 
minimal impact on yield on soybean.

Phosphorus Balance and Use
During the vegetative stage, the plant is developing photo-

synthetic and absorptive organs (e.g., leaves, roots, etc.), storing 
nutrients and saving energy for the reproductive stage (Bender et 
al., 2013). During the grain-filling stage, most nutrients stored in 
the different tissues begin to be remobilized to the grain (Bender 
et al., 2015). However, results from this study showed that P sup-
ply varied during the growing season for different conditions 
(Locations 1 and 2, Fig. 4). In Location 1, the amount of P present 
in the tissue at the flowering growth stage was lower than that 
removed with the grain, suggesting that a significant amount of 
the grain P was absorbed from the soil after the R2 growth stage. 
On the other hand, at Location 2, there was greater amount of 
P uptake at the flowering stage than removed with grain. These 
results can also be partially related to each specific soybean variety, 

Fig. 1. Plant height, plant dry weight, and P uptake at the 20, 40, 
60, and 80 d after soybean emergence across locations for strip 
tillage with deep band P (ST-DB); strip tillage with band-applied 
5 by 5 at planting (ST-B); no-till with broadcast (NT-BR); no-till 
with band-applied 5 by 5 at planting (NT-B); and no-till with 
surface band (NT-SB).

Fig. 2. Plant height, plant dry weight, and P uptake at the 20, 40, 
60, and 80 d after soybean emergence in Location 1 for strip 
tillage with deep band P (ST-DB); strip tillage with band-applied 
5 by 5 at planting (ST-B); no-till with broadcast (NT-BR); no-till 
with band-applied 5 by 5 at planting (NT-B); and no-till with 
surface band (NT-SB).
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where certain varieties can accumulate P after onset of seed filling 
to developing grain tissues or remobilize from various plant organs 
(Xue et al., 2014). In the first case, the soil P availability to supply 
P after the R2 stage become more important than the initial P 
supply and other factors besides P placement can drive P uptake 
during the growing season.

Based on the balance of P input and output, a greater amount of 
P was removed with grain (output) than the total input with the 
applied fertilizer for both locations (Fig. 4). In our study, the average 
P removed with the grain was 36 and 34 kg P ha–1 for Locations 1 
and 2, respectively. The difference in P uptake was provided by the 
soil P pool (Buresh et al., 1997; Damon et al., 2014). The nutritional 
requirements of soybean are mainly related to the yield potential and 
total nutrient removal with the grain, therefore a combination of 

optimum P fertilizer application rates and close monitoring of soil 
test P are required to maintain long- term productivity.

Partial nutrient balance (PNB) is a method to determine P use 
and P recovery efficiency, this value is expressed as nutrient output 
per unit of nutrient input (Fixen et al., 2015). This method has 
been widely used and consider the heterogeneity and the complex-
ity of biological, chemical, and physical environment of the soil 
(Syers et al., 2008). Thereby, nutrient management and efficiency 
of nutrient use are being accounted considering changes in all 
nutrient pools at a system level (Dobermann et al., 2005).

Fig. 3. Plant height, plant dry weight, and P uptake at the 20, 40, 
60, and 80 d after soybean emergence in Location 2 for strip 
tillage with deep band P (ST-DB); strip tillage with band-applied 
5 by 5 at planting (ST-B); no-till with broadcast (NT-BR); no-till 
with band-applied 5 by 5 at planting (NT-B); and no-till with 
surface band (NT-SB).

Fig. 4. Phosphorus input and output as affected by different 
P placement strategies in: (a) Location 1, (b) Location 2, and 
(c) Across locations. Phosphorus uptake was calculated at the 
80 d after emergence (DAE) (flowering stage–R2). Phosphorus 
removed with grain was calculated using P concentration in the 
grain and yield. (ST-DB) strip tillage with deep band P; (ST-B) 
strip tillage with band-applied 5-cm deep and 5 cm to the side 
of the seed; (NT-BR) no-till with broadcast; (NT-B) no-till with 
band-applied 5-cm deep and 5 cm to the side of the seed; and 
(NT-SB) no-till with surface band.


