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Abstract 

Lowlands represent a significant portion of agricultural areas in the world. Thus, 

understanding the spatial variability of the chemical and granulometric characteristics of 

hydromorphic soils can contribute to improving soil management and fertility. The objective 

of this work was to characterize spatial dependence, spatialized chemical attributes, 

granulometry, and the ideal number of samples in irrigated hydromorphic soil. Soil sampling 

was conducted in a grid of 10x10 m, in the layers of 0–0.1 and 0.1–0.2 m, totalling 432 

composite samples. The evaluated attributes are as follows: pH in water, H+Al, SOM, Ca, 

Mg, Al, P, K, CTC, V%, Cu, Fe, Zn, Mn, clay, silt, and sand. The texture of the area was 

classified as loamy–sandy and free in the 0–0.1 and 0.1–0.2 m layers, respectively. The 

coefficient of variation of the attributes ranged from 2.71% (0–0.1m) to 149.07% (0.1–0.2m). 

All the attributes studied exhibited moderate to strong spatial dependence. The sample grid 

with a sampling interval of 20 m referring to the 0–0.1 m layer proved to be adequate. The 

ideal number of simple samples per composite is 19 for granulometry and macronutrients, 

and 28 for the micronutrients in the 0–0.1 m layer.  

Keywords: soil fertility, flood plain, spatial variability, soil sampling  

1. Introduction  
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Irrigation in lowlands or floodplains is important for agricultural food production. 

Geotechnology can be utilized to characterize soil fertility in irrigated landscapes, with the 

aim of optimizing management and improving sustainability. 

Globally, there is an estimated 93 million ha of rice cultivated in irrigated lowlands, 

corresponding to 75% of the total rice production (GRiSP, 2013). In Asia, this ecosystem is 

responsible for about 45 million ha (Haefele et al., 2014). In Brazil, Rio Grande do Sul has 

5.4 million ha of lowland, and rice is cultivated in an irrigated portion (1.1 million ha) of this 

area (Cassol, 2017); this makes the state of Rio Grande do Sul the largest producer of rice 

(Andres et al., 2012). Tocantins (TO) has more than 500,000 ha of floodplain area, 9% of 

which is used for rice cultivation during the rainy season, and is mostly concentrated in the 

municipalities of Cristalândia, Dueré, Formoso do Araguaia, Lagoa da Confusão, and Pium 

(Kischel et al., 2011). In Goiás (GO), cultivation in lowlands or, more appropriately, in flood 

plains is predominant in the regions of Flores de Goiás, Formoso, and Luiz Alves, where 

there are public incentives for the implementation of the projects. 

Generally, lowlands or floodplains have lower-fertility soil compared to those of other 

irrigated environments (Haefele et al., 2014). In these environments, the mobility of mineral 

fertilizers (Aidar et al., 2002), nutrient dynamics, and the decomposition of organic matter are 

altered. Much of the fertilizer recommendation is made based on the requirements of upland 

environments. In addition, the recommendations generally disregard the particularities of 

flooded lands, such as spatial variability of the soil due to systematization, variability in water 

availability, topographic interference (Haefele et al., 2016), and nutrient dynamics under soil 

redox conditions. 

The heterogeneity in the physical and chemical properties of the soil significantly influences 

the performance of the crops, both quantitatively and qualitatively, and precision agriculture 

can contribute to reducing the environmental impacts on agricultural productivity (Benedetto 

et al., 2012). The most accurate estimates of the spatial variability of the soil properties can 

be obtained by observing the elements of autocorrelation and random variation (Montanari et 

al., 2012; Rosemary et al., 2017) allowing for the planning of appropriate sampling schemes 

(Kerry et al., 2010) for fertility diagnosis. Kriging is one of the most used methods in 

geostatistics (Uyan, 2016) for data interpolation in non-sampled points (Barik et al., 2014), 

which allows the mapping of the attributes of interest. In this paper, we present the results of 

a study on the physical and chemical properties of soil, using soil maps, in homogeneous 

units, which contributes to irrigation management (Jiménez-Aguirrea et al., 2018) and 

sustainable management of agricultural areas (Bogunovic et al., 2017). Therefore, it is 

possible to use fertilizers at a variable rate (Najafian et al., 2012) to increase fertilization 

efficiency and crop productivity (Tesfahunegn et al., 2011). 

To conserve resources, most consultancies related to precision agriculture (AP) do not adopt 

previous data on the spatial variability of nutrients and the definition of the ideal number of 

samples. Thus, the development of maps for farmers trying to apply fertilizers at variable 

rates is often based on criteria obtained off-site, which interferes with the accuracy of the 

mapping. 
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In areas of hydromorphic soils, irrigated by surface and sub-irrigation (groundwater) methods 

in the state of Goiás, Brazil few studies have been conducted with the objective of 

understanding the spatial variability and mapping of chemical and physical soil attributes. 

Consequently, the objective of this work was to characterize the spatial dependence, the 

sampling grid, spatialized chemical attributes, granulometry, and the ideal number of 

hydromorphic soil samples from an area irrigated by surface and sub-irrigation methods at 

the Luís Alves Irrigation Project site. 

2. Method 

This study was conducted at the Luís Alves do Araguaia Irrigation Project (PILAA) site, in 

Luiz Alves (GO), the São Miguel do Araguaia district - GO, Brazil (Figure 1). The total area 

of the first stage of the project was 1,843.92 ha (GOIÁS, 2020) and is located in Zone 22L of 

the Universal Transverse System of Mercator (UTM) with geographic coordinates 

547525,5680 m (E) and 8537244, 9750 m (S). The climate of the region falls in the Aw - 

Tropical Climate of Savana - hot and rainy summer and mild and dry winter, according to the 

Köppen climate classification (Köppen, 1931). The study area is located in the Araguaia river 

floodplain, which is irrigated by surface water method during the dry season and by 

sub-irrigation method with variable groundwater during the rainy season (October to April). 

 

Figure 1. Location of the study area 

 

The area has been used by farmers since the year 2000. Rice crops are cultivated in the 

wet/rainy season (October to March) and other crops during the dry season (April to 

September), such as sorghum, watermelon, Kabutiá pumpkin, melon, cowpea, industrial 

tomato, soybean, and corn (GOIÁS, 2020), with the latter two predominating. Usually, after 

the rice harvest, the straw is burnt based on the argument that it hinders the germination of 

seeds; subsequently, the conventional preparation of the soil by grating is carried out, aiming 

at planting rice, corn, or other crops. 

The experiment was conducted on an area with the dimensions of 230 x 80 m (1.84 ha), 

where the soil sampling was conducted in October 2016 at depths ranges of 0.0–0.1 m and 

0.1–0.2 m. The sample mesh was 10 x 10 m, according to the literature (Parfitt et al., 2009; 

Bitencourt et al., 2016), totaling 432 composite samples. Each composite sample was sourced 

from three simple samples collected during the interweaving of the soybean crop with the aid 
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of a Dutch type auger. 

A total of 216 points were georeferenced and a file was created with the coordinates in the 

UTM of each point in the area, associated with the physical and chemical attributes under 

study. The soil morphology and classification of the studied area were determined according 

to the Brazilian System of Soil Classification (SBCS) (Santos et al., 2018), being a 

Plintossolo Háplico (Plinthosols). 

To evaluate and determine the correlation between the attributes, a particle size analysis was 

performed by the pipette method on the samples collected, according to Donagema et al. 

(2011). The pH (H2O), H+Al, soil organic matter (SOM), Ca, Mg, Al, P, K, CTC, V, Cu, Fe, 

Zn, and Mn attributes were chemically analyzed. 

The soil organic matter was extracted by oxidation with sodium dichromate and determined 

by colorimetry; P was extracted by Mehlich I and determined by colorimetry. The other 

nutrients were extracted by KCl and determined by atomic absorption spectrometry, except 

Al, which was determined by titration with sodium hydroxide (Donagema et al., 2011). 

Based on the results of the analysis, descriptive statistics were applied as mean, median, 

minimum, maximum, coefficient of variation (CV), asymmetry, kurtosis, standard deviation, 

and normality test – Kolmogorov-Smirnov (Silva & Azevedo, 2016). To evaluate the spatial 

variability and the mapping of the physical and chemical attributes of the studied soil, the 

spatial dependence of the data was evaluated using the GS+ 7.0 software (Robertson, 1998) 

using semivariance (Equation 1). 

2

12N

1
h)]+Z(xi[Z(xi)

(h)
=γ(h)

N(h)

=i

 −                         (1) 

where (h) is the estimated semivariance at distance h;N(h), the number of pairs of values [Z 

(xi), Z (xi + h)] separated by vector h;Xi, the spatial position of variable Z, and Z (xi), the 

value of property Z in location xi in space. 

For selecting the most adequate semivariogram, the highest coefficient of determination (R2) 

and the smallest square sum of the residuals (SQR) were used as criteria. After adjusting the 

semivariograms, the data were cross-validated using the GS+ 7.0 software (Robertson, 1998). 

For the attributes that exhibited spatial dependence, kriging interpolation was performed 

using the same software. 

The kriging results of the physical and chemical analysis data were used in the preparation of 

iso-occurrence maps, using the ArcGIS software (Esri, 2014), having the respective classes of 

interpretation of the nutrient level as the class interval criteria, according to Sousa & Lobato 

(2004). To evaluate the degree of spatial dependence, the criterion, suggested by Cambardella 

et al. (1994) and modified by Zimback (2001), called the spatial dependency index (SDI), 

was employed. 

3. Results and Discussion 
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3.1 Descriptive Statistics 

Analyzing the clay content (Table 1), the soil texture of the study area was classified as 

clay–sandy–loam and free for the layers of 0.0–0.1 m and 0.1–0.2 m, respectively, based on 

the textural triangle (Santos et al., 2015a). 

The values of the attributes, pH (H2O), SOM, Ca, Mg, P, and K in the depth range of 0.0–0.1 

m, and those of the attributes, SOM, Ca, Mg, CTC, V%, and Fe in the depth range of 0.1–0.2 

m were close or equal (mean and median), indicating a normal distribution, which can be 

confirmed by the Kolmogorov–Smirnov test (Table 1). Additionally, the median of most of 

the soil attributes under study was lower than the mean (Table 1), indicating that the 

magnitude of the abnormal data in the sample value was not as high. 

3.2 Observing the Variability of the Data for the Soil Properties Analyzed by the Coefficient 

of Variation (%CV) 

The results ranged from 3.3% (pH, 0.0–0.1 m) to 149.07% (Cu, 0.1–0.2 m) (Table 1). It was 

verified that in the depth range of 0.0–0.1 m, the attributes, pH (H2O), V%, and Fe, varied 

slightly and the other attributes exhibited average variation, according to Warrick & Nielsen 

(1980). This low variability, particularly for the pH (H2O) attribute, can occur, according to 

Reza et al. (2017), because the values of this attribute are presented in a log scale of the 

concentration of protons in the soil solution. Polo et al. (2010), Reza et al. (2016), and Shukla 

et al. (2016), in their studies, verified the low CV of the pH (H2O), when compared with 

those of other soil properties, thereby corroborating this work. 

Table 1. Descriptive statistics for the attributes analyzed in areas using surface irrigation and 

subirrigation methods at Luiz Alves - GO 

Attribute Mean Median Minimum  Maximum  SD CV Asymmetry Kurtose ND 

----------------------------------------------------0–0.1 m ---------------------------------------------------- 

Clay(1) 270.7 247.8 98.7 463.8 75.5 27.9 0.1 -1.1 0.1A 

Silt(1) 230.9 220.9 77.8 390.6 57.2 24.8 0.8 0.5 0.1A 

Sand(1) 498.4 451.1 365.2 785.4 95.4 19.1 0.6 -0.9 0.2A 

pH (H2O) 5.3 5.3 4.8 6.0 0.2 3.3 0.2 0.6 0.1N 

SOM(1) 20.2 20.2 14.0 29.2 2.5 12.4 0.3 0.4 0.0N 

Ca(2) 2.3 2.2 1.2 3.5 0.4 19.9 0.2 -0.4 2.5N 

Mg(2) 0.9 0.9 0.3 1.6 0.3 30.1 0.4 -0.1 0.1N 
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Al(2) 0.5 0.5 0.1 1.2 0.2 43.9 1.0 0.5 0.1A 

H+Al(2) 2.6 2.5 1.3 3.8 0.5 18.4 0.3 -0.3 0.1A 

P(3) 109.9 101.0 12.2 202.0 31.2 28.4 0.5 1.1 0.1A 

K(3) 195.3 193.8 85.5 292.3 42.5 21.8 0.0 -0.1 0.1N 

CTC(2) 6.3 6.3 4.3 8.7 0.9 13.7 -0.0 -0.1 0.1A 

V(4) 57.7 58.3 40.1 79.6 6.8 11.9 -0.1 -0.2 0.1A 

Cu(3) 1.6 1.7 0.8 2.9 0.4 25.4 -0.1 -0.6 0.1A 

Fe(3) 336.4 345.2 265.0 369.7 22.9 6.8 -0.8 -0.2 0.2A 

Zn(3) 2.7 2.5 0.8 10.5 1.3 47.0 2.2 9.3 0.1A 

Mn(3) 17.5 17.1 5.0 43.5 9.4 53.9 0.6 -0.5 0.1A 

-----------------------------------------------------0.1–0.2 m--------------------------------------------------- 

Clay 214.2 207.5 97.4 418.2 77.5 28.7 0.4 0.0 0.1A 

Silt 291.5 306.8 111.1 427.6 61.6 26.6 -0.6 -0.7 0.1A 

Sand 494.3 445.0 333.2 773.6 116.2 23.5 1.0 -0.5 0.2A 

pH (H2O) 5.4 5.1 4.4 7.1 0.7 12.2 0.7 -0.7 0.2A 

SOM 10.2 10.2 4.7 17.5 2.6 25.4 0.0 -0.6 0.1N 

Ca 1.6 1.6 0.6 2.6 0.4 25.9 0.2 -0.4 0.0N 

Mg 0.8 0.8 0.2 1.6 0.2 30.5 0.4 0.1 0.0N 

Al 0.9 0.8 0.1 2.7 0.7 79.4 0.5 -0.9 0.1A 

H+Al 4.3 4.2 1.3 8.8 1.9 44.7 0.2 -1.1 0.1A 

P 31.3 27.5 3.1 119.0 20.6 65.8 1.3 2.4 0.1A 
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K 33.8 28.2 4.2 242.5 25.8 76.4 3.7 22.0 0.2A 

CTC 6.7 7.0 3.5 11.2 1.8 26.8 0.0 -1.1 0.1N 

V 39.2 37.9 11.5 73.1 14.4 36.8 0.3 -0.9 0.1N 

Cu 0.2 0.0 0.0 1.3 0.3 149.1 1.6 2.6 0.3A 

Fe 461.4 462.6 233.5 630.3 82.4 17.9 -0.3 -0.3 0.0N 

Zn 1.3 1.0 0.0 11.4 1.3 106.5 4.4 25.7 0.2A 

Mn 7.0 6.6 1.3 22.0 3.7 53.0 1.4 2.8 0.1A 

SD - Standard deviation; CV - Coefficient of variation; ND - Normality of the data by the 

Kolmogorov-Smirnov test (p ≤ 0.05); A: Asymmetric distribution; N: Normal distribution; 
(1)g kg-1; (2)cmolc dm-3; (3)mg dm-3; (4)%; SOM - soil organic matter; Ca - calcium; 

Mg-magnesium; Al - aluminum; H+Al - potential acidity; P - phosphorus; K-potassium; CTC 

- cation exchange capacity; V - base saturation; Cu - copper; Fe - iron; Zn- zinc; Mn – 

manganese. 

From the 0.1–0.2 m depth range analysis, all the attributes showed average variation, except 

for the attributes, Al, P, K, Cu, and Zn, which varied significantly. In most of the samples, the 

Cu and Zn nutrient levels were not detectable. This relatively high variation of the Cu level 

may be related, among other factors, to the soil granulometry. Marques Júnior et al. (2014), 

studying Planosols in a depth range of 0.0–0.2 m, found CV values close to those in the 

present study for Ca, Mg, H+Al, and clay. 

For nutrients P and K, soil fertility management (correction and fertilization) may have 

contributed to the variability of the data, considering the history of application in lines or the 

haul with sources and variable doses throughout the years of cultivation. In addition, the 

unevenness of the irrigation during the dry season, due to irregularities in the wetting of the 

area, can also influence the dynamics of these nutrients and, consequently, the results 

obtained. 

3.3 Analysis of the Adjusted Semivariograms 

The soil granulometric analysis indicated the spatial dependence for all attributes (clay, silt, 

and sand). For the attributes in clay and sandy soils, the Gaussian model was the best fit for 

the depth range of 0.0–0.1 m. The exponential and spherical models presented better 

adjustment for clay and sand in the 0.1–0.2 m layer and in silt depth ranges of 0.0–0.1 and 

0.1–0.2 m, respectively (Table 2). 

Bitencourt et al. (2016), studying lowland soils in a depth range of 0.0–0.2 m before soil 

leveling, observed that the Gaussian model presented the best fit for clay and sand, in 
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agreement with the present study. The achieved value for soil granulation ranged from 94.7 m 

for clay in depths of 0.0–0.1 m, to 243.6 m for silt in the 0.0–0.1 m layer. The highest range 

values for granulometry were always associated with a depth of 0.1–0.2 m, except for the silt 

attribute (Table 2). 

For the chemical attributes, spatial dependence was also observed, indicating that the study 

area was not homogeneous. Normally, for each crop the soil receives fertilizers (that can vary 

in types, dosages, times and forms of application), and this can be an additional cause of 

spatial variability in chemical attributes (Canton et al., 2021). The research data were mostly 

adjustable to the Gaussian model (47% of attributes), followed by exponential (29%) and 

spherical (23%) models, considering the two layers (0.0–0.2 m). Marques Júnior et al. (2014) 

studied Planosol at depths of 0.0–0.2 m and found that most of the soil properties were better 

fitted to the spherical model than to other models. 

Table 2. Adjustment parameters of experimental semivariograms for soil attributes in areas 

using surface irrigation and subirrigation methods at Luiz Alves - GO 

Attribute Depth (m) MDL C0 C0 + C A0 R2 SQR SDI GDE 

Clay 

0–0.1 GAU 2110.00 9013.00 94.70 0.97 5.02E+06 77 Strong  

0.1–0.2 EXP 1350.00 7168.00 158.90 0.89 4.33E+06 81 Strong  

Silt 

0–0.1 EXP 1870.00 6552.00 243.60 0.94 9.00E+05 71 Moderate 

0.1–0.2 ESF 70.00 9409.00 173.80 0.97 5.39E+06 99 Strong  

Sand 

0–0.1 GAU 460.00 23930.00 132.60 0.99 5.19E+06 98 Strong  

0.1–0.2 ESF 860.00 22760.00 201.40 0.95 5.20E+07 96 Strong  

pH (H2O) 

0–0.1 EXP 0.01 0.03 20.90 0.62 3.20E–04 86 Strong  

0.1–0.2 GAU 0.04 0.91 110.00 0.96 8.92E–02 96 Strong  

SOM 

0–0.1 GAU 2.87 25.73 246.70 0.99 6.39E+00 89 Strong  

0.1–0.2 GAU 2.45 14.72 140.10 0.99 3.96E+00 83 Strong  

Ca 

0–0.1 ESF 0.09 0.52 510.90 0.91 1.55E–02 83 Strong  

0.1–0.2 EXP 0.01 0.16 8.70 0.29 7.06E–03 91 Strong  

Mg 0–0.1 GAU 0.04 0.61 497.40 0.89 3.13E–03 93 Strong  
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0.1–0.2 EXP 0.03 0.06 27.90 0.75 3.86E–04 57 Moderate 

Al 

0–0.1 GAU 0.02 0.05 25.00 0.25 3.84E–03 62 Moderate 

0.1–0.2 GAU 0.10 0.75 83.20 0.86 1.92E–01 87 Strong  

H+Al 

0–0.1 ESF 0.02 0.28 111.20 0.47 1.34E–01 91 Strong  

0.1–0.2 GAU 0.24 6.55 89.50 0.90 1.32E+01 96 Strong  

P 

0–0.1 EXP 566.00 1133.00 56.80 0.81 9.73E+04 50 Moderate 

0.1–0.2 EXP 72.00 447.90 11.40 0.70 1.30E+04 84 Strong  

K 

0–0.1 EXP 1454.00 3325.00 438.10 0.82 2.53E+05 56 Moderate 

0.1–0.2 GAU 402.00 2914.00 292.80 0.83 6.91E+05 86 Strong  

CTC 

0–0.1 GAU 0.24 1.29 104.00 0.98 5.43E–02 81 Strong  

0.1–0.2 GAU 0.21 5.88 90.80 0.94 6.02E+00 96 Strong  

V 

0–0.1 EXP 8.90 53.35 31.50 0.56 1.65E+03 83 Strong  

0.1–0.2 GAU 50.00 380.10 103.40 0.94 1.95E+04 87 Strong  

Cu 

0–0.1 GAU 0.04 0.33 111.10 0.98 4.42E–03 89 Strong  

0.1–0.2 ESF 0.03 0.07 72.20 0.68 7.19E–04 54 Moderate 

Fe 

0–0.1 GAU 153.00 887.00 99.90 0.94 9.79E+04 83 Strong  

0.1–0.2 ESF 3570.00 9970.00 246.80 0.87 1.25E+07 64 Moderate 

Zn 

0–0.1 ESF 1.02 2.05 189.20 0.85 4.18E–01 50 Strong  

0.1–0.2 EXP 0.16 1.30 8.10 0.29 2.61E–01 88 Strong  

Mn 

0–0.1 GAU 5.80 137.10 75.50 0.79 1.30E+04 96 Strong  

0.1–0.2 ESF 8.92 18.25 224.40 0.95 1.05E+01 51 Moderate 

MDL - Theoretical model; C0 - nugget effect; C0 + C - landing; A0 - range (m); R² - 
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Coefficient of determination; SQR - Sum of squares of residues; SDI - Spatial dependency 

index; GDE - Degree of spatial dependence; GAU - Gaussian; EXP - Exponential; ESF - 

Spherical. 

In the present study, the spatial dependence interval for the soil properties under the study 

ranged from 20.9 (pH) to 510.9 (Ca) in the depth range of 0.0–0.1 m. This indicates that the 

grid (10 x 10 m) adopted for sampling was adequate to evaluate the spatial variability of the 

soil properties. 

Evaluating the depth range of 0.1–0.2 m, the spatial dependence for the evaluated attributes 

ranged from 8.7 m (Ca) to 292.8 m (K). In addition to Ca, Zn and P presented relatively low 

reach, being the first two inferior to the adopted grid. This shows that these elements are quite 

erratic in the area, probably due to the low mobility of P applied by fertilization and the low 

natural Zn content in the soil. 

The depth range of 0.0–0.1 m presented, in general, a higher contents of the attributes than 

those in 0.1–0.2 m, which may be related to the higher homogenization due to soil 

preparation (Marcolan et al., 2007) characterized by the successive applications of surface 

fertilizers and the rise of the water table, and by homogenizing the nutrients solubilized on 

the surface of the land. Large degrees of spatial dependence (range) imply that the soil 

collection distances can be further spaced, which can reduce the number of samples required, 

and consequently, the cost in the field with sampling. In general, the larger the spatial 

dependence interval, the higher the soil homogeneity. 

3.4 Cross-validation of the analyzed Attributes 

The regression coefficient (CR) of the silt attribute in the 0.1–0.2 m layer was furthest from 1 

(Table 3). For all the attributes, the standard errors (SE) were close to zero; this trend is 

associated with the other parameters. Bottega et al. (2013) found that the adjusted models had, 

in general, good precision in the estimation of values of these attributes in non-sampled 

places, thereby validating the obtained results. However, the values of the attributes, Ca 

(0.1–0.2 m), Mg, P, K, Cu (0.1-0.2 m), Fe (0.1-0.2 m) Zn and Mn (0.1–0.2 m) were furthest 

from zero. These results were related to the lowest coefficients of determination (R2) values 

of the models between the estimated and observed data (Table 3). This indicates that the 

models of these attributes were less accurate to estimates for non-sampled sites. For the 

attributes, pH, SOM, Ca, Mg, Al, H+Al, T, V, and Cu, intercept (Y) values close to zero were 

obtained, which, according to Lundgren et al. (2017), are the best because the closer to zero 

the value, the better the estimation. 

Table 3. Parameters of the cross-validation for soil attributes in areas using surface and 

subgrade irrigation at Luiz Alves - GO 

Attribute Depth (m)  CR SE Y R2 

Clay 0–0.1  1.02 0.06 -5.95 0.61 
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0.1–0.2  1.01 0.03 -1.82 0.80 

Silt 

0–0.1  1.01 0.09 -3.00 0.39 

0.1–0.2  1.20 0.06 -42.54 0.64 

Sand 

0–0.1  1.01 0.03 -5.17 0.86 

0.1–0.2  1.07 0.03 38.82 0.84 

pH (H2O) 

0–0.1  0.89 0.08 0.59 0.36 

0.1–0.2  1.02 0.04 -0.10 0.78 

SOM 

0–0.1  0.93 0.07 0.18 0.48 

0.1–0.2  1.00 0.06 0.00 0.57 

Ca 

0–0.1  1.01 0.08 -0.03 0.46 

0.1–0.2  0.74 0.12 0.40 0.15 

Mg 

0–0.1  1.07 0.10 -0.05 0.37 

0.1–0.2  0.91 0.11 0.08 0.23 

Al 

0–0.1  0.96 0.07 0.02 0.47 

0.1–0.2  1.02 0.05 -0.01 0.70 

H+Al 

0–0.1  0.98 0.05 0.05 0.68 

0.1–0.2  1.01 0.04 -0.05 0.80 

P 

0–0.1  0.99 0.13 1.45 0.22 

0.1–0.2  0.69 0.13 9.91 0.12 

K 

0–0.1  0.76 0.16 47.77 0.10 

0.1–0.2  0.69 0.16 10.53 0.09 
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CTC 

0–0.1  1.02 0.05 -0.13 0.63 

0.1–0.2  1.02 0.03 -0.16 0.83 

V 

0–0.1  0.99 0.07 0.74 0.48 

0.1–0.2  1.00 0.05 -0.18 0.63 

Cu 

0–0.1  1.03 0.04 -0.04 0.73 

0.1–0.2  0.97 0.10 0.01 0.31 

Fe 

0–0.1  1.03 0.05 -8.43 0.66 

0.1–0.2  1.03 0.09 -12.60 0.41 

Zn 

0–0.1  0.88 0.10 0.33 0.25 

0.1–0.2  0.43 0.15 0.69 0.04 

Mn 

0–0.1  1.01 0.03 -0.28 0.81 

0.1–0.2  0.90 0.11 0.75 0.23 

CR - Regression coefficient; SE - Standard error; Y - Intercept; R² - coefficient of 

determination. 

3.5 Iso-occurrence Maps of the Attributes Analyzed 

3.5.1 Granulometry 

For the clay attributes, relatively low levels were recorded in the southern part of the area for 

the 0.0–0.1 m layer, indicating the sandy texture of the area (Figure 2). In the northern part of 

the area, the average texture was predominant according to Santos et al. (2015a). In general, 

the content of this attribute decreased as the depth increased, compared with the case of the 

two studied layers (Figure 2). 

The spatial variations in the clay content and grain size in the study area may be related to the 

parent material (Ranjbar & Jalali, 2016). The pedogenic processes that occur after alternate 

oxidation and reduction are known as ferrolysis (Brinkman, 1970) and are common in 

hydromorphic soils. The systematization process of the area usually exposes different soil 

horizons and may have contributed to the granulometric variability. 
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Figure 2. Maps using kriging interpolation to characterize soil, clay (A and B), silt (C and D), 

and sand (E and F) attributes at depth ranges of 0–0.1 m and 0.1–0.2 m for each fraction, in 

areas of Luiz Alves - GO using surface irrigation and subirrigation methods 

For silt, (Figures 2C and 2D) low levels were observed in the southern part of the area for the 

two depth ranges evaluated. For the northern part of the area, in the 0.1–0.2 m layer, there 

was a significant increase in one class (> 330 g kg-1). These results are consistent with those 

obtained by Santos et al. (2015b), who studied Plinthosols in the southwest region of the 

State of Mato Grosso and found that the silt content increased with depth. 

For sand, as expected, the results were the opposite of those for clay. The systematization 

process of the land with cuts and embankments exposed diverse texture horizons, which may 

be one of the reasons for the differences in granulometry, as discussed previously. 

 

3.5.2 Chemical Attributes: Macronutrients 

By analyzing the pH (H2O) map, the homogeneity of this attribute in the area could be 

observed (Figures 3A and 3B), with pH values ranging from 5.2 to 5.5 in the depth range of 

0.0–0.1 m, which was characterized as average by Sousa & Lobato (2004). For the 0.1-0.2 m 

layer, low pH (H2O) (≤5.1) values were observed in the northern part of the area. Regarding 

the southern part, the pH varied from medium to high (5.2–6.6), with a predominance of 

adequate pH (5.6-6.3), as reported by the above-mentioned authors. Increasing the pH in 

acidic soils increases the K+ levels, which is essential for overcoming the productivity issue 

of agricultural crops, owing to the toxicity generated by Al+3 and reduced Fe+2 
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(Ponnamperuma, 1972). 

For SOM, relatively high concentrations (21–30 g kg-1) were detected in the northern part of 

the area for the 0.0–0.1 m layer, which was considered adequate. In the southern part, 

medium levels (16–20 g kg-1) (Sousa & Lobato, 2004) were detected (Figure 3C). According 

to Sousa & Lobato (2004), the 0.1–0.2 m layer presented low SOM levels (<16 g kg-1) in 

only one class in the whole area (Figure 3D). 

 

Figure 3. Maps using kriging interpolation to characterize the micronutrients, pH (A and B), 

SOM (C and D), Ca (E and F), Mg (G and H), and Al (I and J) at depth ranges of 0–0.1 m and 

0.1–0.2 m for each fraction, in surface irrigated and subirrigated areas of Luiz Alves - GO 

Normally, the SOM content is related to the deposition of vegetal residues on the soil surface 

(Acqua et al., 2013). It may also be related to the significant amount of clay detected, whose 

decomposition rate is significantly reduced by SOM, when compared to that of sandy soils, 

leading to its maintenance (Chapin et al., 2002). According to Xu et al. (2000), the conditions 
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of reduction before and after the flood can increase the organic matter of the soil. However, 

the practice of burning crop residues by the farmers of Luiz Alves on the grounds that straw 

impairs the germination of planted crop seeds, contributes to the low input of crop residues, 

and may compromise this attribute in the medium or long term. 

In general, the Ca contents in the two layers of soil analyzed varied slightly (Figures 3E and 

3F). This may be due to the good incorporation of limestone with plowshares up to 0.15 m, 

and the effect of flooding. At the depth range of 0.0–0.1 m, the Ca contents were in the 

appropriate range (1.5–7.0 cmolc dm-3), based on Sousa & Lobato (2004). At the depth range 

of 0.1–0.2 m, the heterogeneity of the contents was observed; moreover, the detected content 

was considered adequate for this element (>1.5 cmolc dm-3), except in the large spots located 

along the central axis of the area, where it was considered low (Figure 3F). To correct these 

low Ca levels and not compromise crop productivity, liming should be avoided. In floodplain 

areas under flood conditions, the changes in the Ca and Mg concentrations were considered 

small according to Fageria et al. (2011), which corroborates the present study. 

For Mg, (Figures 3G and 3H), there was practically no formation of content classes for each 

soil layer evaluated, although the levels were distinct in each one. For both depths, the 

contents for this nutrient were adequate (0.5–2.0 cmolc dm-3) throughout the area (Sousa & 

Lobato, 2004), except for a small spot in the deeper layer. Relatively low clay contents may 

influence this result due to the low adsorption of this nutrient. 

For Al+3, the lowest concentrations were detected in the southern region of the area for both 

strata evaluated (Figures 3I and 3J). At the depth range of 0.0–0.1 m, a significant part of the 

area presented Al+3 levels in the range of 0.5 to 0.8 cmolc dm-3. In the northern part of the 

area, in the 0.1–0.2 m layer, the concentrations of Al were predominantly in the range of 0.9 

to 1.6 cmolc dm-3, due to the correction of this element by liming. This may be related to the 

relatively high clay content, which has a high cation retention capacity. This information is 

useful for Al+3 correction at variable rates using limestone. 

Bitencourt et al. (2016) investigated lowland soils and recorded relatively high Al+3 levels 

after levelling the terrain. Additionally, Santos et al. (2015b) studied Plinthosols in the 

southwest region of the state of Mato Grosso and recorded relatively high levels of Al+3 as the 

depth increased. 

Low potential acidity (H+Al) levels were detected in the depth range of 0.0–0.1 m compared 

to that in the 0.1–0.2 m layer (Figure 4A and 4B). In the 0.1–0.2 m layer, the northern part 

presented low potential acidity levels, whereas in the south, the levels increased gradually. 

High potential acidity levels imply that high amounts of limestone would be required to 

correct the acidity by the high soil buffering effect. Similar results were found by Anjos et al. 

(2007) and Coringa et al. (2012) in Plintossolo Argilúvico (Plinthosols). 
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Figure 4. Maps using kriging interpolation to characterize the micronutrients, H+Al (A and 

B), P (C and D), K (E and F), CTC (G and H), and V (I and J) at depth ranges of 0–0.1 m and 

0.1–0.2 m for each fraction, in surface irrigated and subirrigated areas of Luiz Alves - GO 

For P (Figures 4C and 4D), in the most superficial layer, throughout the area, the obtained 

values were above 70 mg dm-3, which is considered high (> 30 mg dm-3). In the depth range 

of 0.1–0.2 m, the P content was lower than that in the most superficial layer (Figure 4D). 

Thus, considering the clay content as having medium texture, the interpretation of the P 

content was high for most of the area. These determined high P content may be associated 

with low P fixation in the studied environment and successive crop fertilization, often without 

regard for interpretation and recommendation of soil analysis. Parfitt et al. (2009) studied 

lowland soils in Capão do Leão, state of Rio Grande do Sul, Brazil, and recorded levels of P 

from 4.5 to 26.1 mg dm-3, which were very high for rice farming on irrigated lands. 

For K, in the 0.0–0.1 m layer, it can be observed that the content of this element presents a 

single interpretation class on the map (Figure 4E), with high levels (≥80 mg dm-3) (Sousa & 
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Lobato, 2004), with concentrations above 151 mg dm-3. The spatial differences of this 

nutrient can be related to the heterogeneity of the wetting of the area, due to the elevation of 

the water table, which influences the vertical movement of the same. At the depth range of 

0.1–0.2 m, in the southern part of the area, there was a large spot with low K levels (<25 mg 

dm-3), whereas the rest of the area contained medium levels (26–50 mg dm-3) (Sousa & 

Lobato, 2004) (Figure 4F). 

As for CTC (Figures 4G and 4H), high concentrations were observed in the northern portion 

of the study area for both depths with adequate values (6.1–9.0 cmolc dm-3). For the southern 

region in the 0.0-0.1 m layer, the CTC levels were medium (4.8–6.0 cmolc dm-3), and for the 

relatively deep layer, values between low and medium were detected according to Sousa & 

Lobato (2004). These results indicate that, in the southern part, soil fertility is lower than in 

the northern part, as confirmed by higher sand content (Figures 2E and 2F), lower organic 

matter content (Figures 3C and 3D), lower Ca content (Figures 3E and 3F), and lower K 

content (Figures 4E and 4F). Increasing the soil organic matter is one of the best alternatives 

for increasing CTC and, consequently, the fertility of the area. 

For the base saturation attribute (V%), in the depth of 0.0–0.1 m, much of the study area 

presented adequate values (36–60%) and the rest, high values (61–70%) (Figures 4I and 4J). 

In the 0.1–0.2 m layer, it is observed that the northern region has mean values (21–35%) and 

the southern region (Figure 4J), higher values, which are adequate, according to Sousa & 

Lobato (2004). Based on the results, the eutrophic character (V>50%) of the soil in the study 

area or around it, mainly in the 0.0–0.1 m layer, prevails, indicating good fertility. Attention 

should be given to fertility management to increase base saturation, particularly in the 

northern part of the area. 

3.5.3 Chemical Attributes: Micronutrients 

In relation to the Cu attribute, in the 0–0.1 m layer, a single Cu content class was found, 

which was higher than 1.0 mg dm-3 (Figures 5A and 5B), and considered high (>0,8 mg dm-3). 

However, for the relatively deep layer, low Cu levels were detected (<0.4 mg dm-3). 

Emphatically, in most of the points sampled, this nutrient was undetectable. The low content 

of this nutrient may be related to the unavailability of the source material (sediments), the 

higher sandy soil content, and the increase in pH (Novais et al., 2007). 

For Fe, in the layer of 0.0–0.1 m, significant homogeneity is observed, with Fe predominating 

in almost all parts of the area (except a spot in the southern part), in the range of 315 to 365 

mg kg-1 (Figure 5C). In the 0.1–0.2 m layer, the content decreased from north to south; 

however, values in excess of 416 mg kg-1 predominated in almost all parts of the area. This 

may be due to the effect of the reducing conditions, which increased the availability of this 

element in the soil (Verma et al., 2013). 
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Figure 5. Maps using kriging interpolation to characterize the micronutrients, Cu (A and B), 

Fe (C and D), Zn (E and F), and Mn (G and H) at depth ranges of 0–0.1 m and 0.1–0.2 m for 

each fraction, in surface irrigated and subirrigated areas of Luiz Alves - GO 

For Zn (Figures 5E and 5F), in the layer of 0.0–0.1 m, significant homogeneity of this 

nutrient was observed, with contents above 1.6 mg dm-3 in almost all parts of the area, which 

was considered high (Sousa & Lobato, 2004). In the 0.1–0.2 m layer, the spatial distribution 

of the Zn content was considerably uneven, with levels below 1.0 mg dm-3 predominating in 

almost all parts of the area, which was considered low, except for the portion of the area with 

medium (1.1) to high (>1.6 mg dm-3) levels. This may be related to the fact that the 

availability of Zn decreases in soils with high levels of sand and P. In addition, Fageria et al. 

(2003) highlighted the pH increase and lack of soil aeration due to flooding, removal of the 

soil layer in the systematization process, and low organic matter content. 

For Mn, (Figures 5G and 5H), for the most superficial layer, high levels (>5.0 mg dm-3) were 

detected throughout the area, with only one class. In relation to the 0.1–0.2 m layer, in most 

parts of the area, the detected contents were high, except for the southern part, where the 

contents were medium (2.0–5.0 mg dm-3). 
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Reduction environments favor the availability of Mn, where it remains in the form of Mn+2 

(Novais et al., 2007; Souza, 2017). In this case, it is suggested that the sites in the study area 

that presented variations in the values of this element may be associated with differences in 

the degree of hydromorphism. These differences are due to the uneven height of the water 

table during the dry season when the area is irrigated by the elevation of the water table in the 

network of channels. According to Albuquerque et al. (2001) values above 20 ppm are 

considered to be toxic, and Mn-levels correction by liming is necessary. 

3.6 Ideal Number of Samples 

For the depth range of 0.0–0.1 m, there is a tendency for smaller amounts of simple samples 

to form composites, considering the error in the mean (10, 15, and 20%) estimation (Table 4). 

It can be observed that in the 0.1–0.2 m layer, considering the largest error (20%), Al, P, K, 

Cu, and Zn presented very high numbers of simple samples for each sample, making it 

unfeasible to meet the required quantity. This high value is related to the high CV of the 

nutrients under study (Table 1). 

Table 4. Number of subsamples per compost as a function of the error allowed around the 

mean to evaluate soil attributes in the depth ranges of 0–0.1 m and 0.1–0.2 m, in flooded and 

subsurface irrigated areas of Luiz Alves - GO. 

Attribute 

Error in relation to average (%) 

10   15   20 

0–0.1 m 0.1–0.2 m   0–0.1 m 0.1–0.2 m   0–0.1 m 0.1–0.2 m 

Clay 30 32   13 14   7 7 

Silt 24 27   11 12   6 8 

Sand 14 21   6 9   4 5 

pH (H2O) 1 6   1 3   1 1 

SOM 6 25   3 11   1 6 

Ca 15 26   7 11   4 6 

Mg 35 36   15 16   9 9 

Al 74 242   33 108   19 61 

H+Al 13 77   6 34   3 19 
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P 31 167   14 74   8 42 

K 18 225   8 100   5 56 

CTC 7 28  3 12  2 7 

V 5 52  2 23  1 13 

Cu 25 855   11 380   6 214 

Fe 2 12   1 5   1 3 

Zn 85 343   38 153   21 86 

Mn 112 108   50 48   28 27 

(1) n = (t2 s2/d2 m2) according Thompson (1992). 

Based on the clay content, the number of subsamples required to form composites ranged 

from 7 to 32 simple samples in the 0.0–0.1 m layer considering a 10% to 20% error in 

relation to the mean. For a 20% error in the 0.0–0.1 m layer, the quantity was 19 simple 

samples per composite for granulometry and macronutrients and 28 subsamples for 

micronutrients. Considering the 0.1–0.2 m layer, 19 samples are needed for macronutrients, 

except Al, P, and K, and 27 subsamples for micronutrients, except Cu and Zn. The number of 

samples collected in a homogeneous plot to represent the area depends on the precision of the 

objective sampling (Rozane et al., 2011). 

4. Conclusion 

All the properties of the studied soil exhibited spatial dependence. New studies in the area 

can be performed using a sample grid with a sampling interval of 20 m, based on the results 

of the 0.0–0.1 m layer. 

The 0.0–0.1 m layer has a more homogeneous spatial distribution of nutrients compared to 

that of the 0.1–0.2 m layer. High levels of nutrients P, K, Fe, and Mn were detected in the 

0.0–0.1 m layer; low SOM levels were detected in the 0.1–0.2 m layer, and attention must be 

paid to adequate management. 

The northern region differs from the southern region of the area in terms of soil granulation, 

pH (H2O), Al, H+Al, CTC, and Fe attributes, which can be used in decision making in soil 

fertility management and in carrying out experiments. The ideal number of subsamples for 

each composite sample is 19 for granulometry and macronutrients in the layers of 0.0–0.1 m 

and 0.1–0.2 m, with the exception of Al, P, and K for this last layer, and 28 subsamples for 

the micronutrients studied for the two layers except Cu and Zn in the 0.1–0.2 m layer. 
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