
Abstract

In sub-tropical Brazil, the wheat (Triticum aestivum L.) crop
requires identification of pending constraints as premise for grain
yield (GY) increases. In this light, spatial variation of soil properties
and their relationship with GY were investigated in a case study,
where the delineation of homogeneous zones could lead to site-specif-
ic management in view of crop improvement. In 2012, twelve chemical
and physical soil attributes, GY and the three yield components (spikes
per square meters, grains per spike, grain weight) were geo-referen-
tially assessed in a 50×50 m grid in a 4.7 ha wheat field. GY exhibited
a modest mean (2.61 Mg ha–1), associated with a noticeable variation
(CV, 17.4%). A multiple stepwise regression of soil carbon (C) and pH
explained a high share of GY variation (R², 0.83**). Maps of C, pH and
GY obtained through inverse distance weighting showed the spatial
trends of the three traits. C and pH clustering delineated three homo-
geneous zones at respective low, intermediate and high levels of C, pH,
and also GY, setting the premise for a differential management of crop
inputs. In particular, a significant part (21.8%) of field surface fea-
tured very low GY (2.05 Mg ha–1); thus substantial yield increase could
be envisaged through targeted supply of organic amendments (soil C,
14.1 g dm–3), and especially lime (soil pH, 4.92). A larger field portion
(54%) showed intermediate GY (2.65 Mg ha–1), C (15.3 g dm–3) and pH
(5.23), deserving a lesser degree of amelioration. The remaining

24.2% of field surface exhibited the highest GY (3.16 Mg ha–1), C (17.2
g dm–3) and pH (5.46). Based on the difference between GY registered
in the low vs. high zone, overcoming soil constraints could be credited
with a remarkable (>50%) yield increase, although further years of
wheat cropping would be needed to prove the consistency of the two
temporally stable soil traits, C and pH, as yield determinants.
Nevertheless, this case study addressing a world area that features
very different conditions from wheat grown in temperate regions
shows good prospects for variable application of crop inputs in the
frame of precision agriculture techniques.

Introduction

Wheat (Triticum aestivum L.) is one of the main cereals at world
level. It covers 27% of global cereal production (FAOSTAT, 2015), with
nearly half of its surface and production taking place in developing
countries (Singh and Trethowan, 2007). In Brazil, a wheat cultivation
surface of 1.895 million ha with an average yield of 2.31 Mg ha–1 was
recorded in the year 2013 (CONAB, 2014). This yield per hectare is
considered low, compared to a world average of 3.27 Mg ha–1 registered
in the same year (FAOSTAT, 2015). Thus, yield improvements are
actively sought to overcome inherent constraints reflecting on the
agricultural development of large areas. According to Zanon et al.
(2012), increasing the knowledge of crop response to environmental
factors and cultivation practices is a key point in the quest to improve
wheat production in Brazil.

The yield potential of a crop is defined as the highest yield attained
by a plant or plant community, depending on the constraints posed by
some characteristics of the cultivation environment (Evans and
Fischer, 1999). Based on this, increase in productivity involves a pre-
vious appraisal of the environmental factors influencing crop growth
and efficiency in the use of internal (e.g., naturally available water)
and external (e.g., nitrogen from fertiliser) resources of the system.
Therefore, understanding the relationships among plant and soil fac-
tors responsible for yield fluctuations is a key point in the manage-
ment of a wheat crop aimed for high productivity (Miranzadeh et al.,
2011). Among the numerous factors influencing crop growth, soil
chemical and physical attributes deserve special attention (Machraoui
et al., 2010; Rasouli et al., 2013),  and this is also the case of plant
attributes concerning yield components (Chen et al., 2010).

One of the major challenges in crop systems is assessing the spatial
homogeneity of the above-referred attributes. This should be coupled
with the development of more efficient cultivation practices, in view of
reducing environmental impact while concurrently enhancing crop
profit (Moreno et al., 2013). To this aim, the adoption of precision agri-
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culture (PA) techniques is seen a valuable approach to combine plant
and soil attributes in a joint analysis of their spatial variation in wheat
(Diacono et al., 2013). In this frame, Pearson’s correlation is one of the
simplest and most widely used tools to match soil characteristics with
plant traits (Miao et al., 2006). Multiple regressions represent a further
step, combining parameters to explain a higher share of a trait’s varia-
tion.

The application of PA techniques involves the delineation of homo-
geneous zones, as regards soil chemical and physical characteristics
influencing crop growth and yield. This is a pre-requisite for the imple-
mentation of a differential supply of crop inputs (e.g., fertilisers and
amendments), according to each zone’s potential and estimated
requirements. This approach is expected to enhance the efficiency in
cropping while restraining its costs and environmental impact (Pierce
and Nowak, 1999; Stafford et al., 1999). 

Given the pending problem of low agricultural production in many
world areas, and in light of the stimulating prospects for PA diffusion,
this case study addressed the spatial variation of soil chemical and
physical characteristics and their influence on wheat yield parameters.
The study was carried out in a 4.7 ha wheat field in an area of sub-trop-
ical Brazil where the problem is particularly severe. Specific objects
were to: i) discover yield-limiting factors among soil parameters; ii)
show the spatial variability of soil attributes associated with crop pro-
ductivity; iii) delineate differential management zones as exploratory
technique indicating which part of the field is potentially most respon-
sive to amelioration through site specific management of crop inputs.

Materials and methods

Experimental field
The study was conducted in 2012, in a 4.7 ha experimental field

located in Palmeira das Missões (27° 52’ 48 “ S, 53° 9’ 43” W; ca. 600
m a.s.l.), Rio Grande do Sul, Brazil. The land is gently undulating and
the soil is classified as Dystrofic Red Latisol (Santos et al., 2013). The
crop was managed through a consolidated no-tillage seeding system.
Climate is very wet sub-tropical, with 18.1°C mean temperature and
1919 mm total precipitation (Maluf, 2000). Daily temperatures and pre-
cipitation were registered during the experiment at a local meteorolog-
ical station.

Wheat (T. aestivum L.), cv. Quartzo (OR Sementes, Passo Fundo, RS,
Brazil), was sown on June 14, 2012, with 330 seeds m–2 at 0.2 m row
spacing. The field had previously been double cropped with wheat fol-
lowed by soybean. Prior to seeding, NPK fertiliser (15-20-30) was
applied at 250 kg ha–1; at the three leaf stage, urea (45% N) was applied
at 150 kg ha–1. Other crop practices were carried out following the
guidelines for the wheat crop in the area.

Soil sampling design
The boundaries of the experimental field were geo-localised through

a Garmin® Legend (Garmin International, Inc., Olathe, KS, USA) GPS.
A sampling grid was established with 50×50 m (0.25 ha) cell size
through the CR-Campeiro 7 software (Giotto and Robaina, 2007),
which interpolates for each pixel a central coordinate based on grid
size, producing a total of 18 sampling points. These points were detect-
ed and recorded via the GPS Garmin® Legend.

Soil and crop properties
Before sowing, soil sampling for chemical analysis was carried out

in the 18 geo-referenced points with a manual auger, taking 10 cores at
the 0-0.15 m depth in a 10 m radius around each point. The following

chemical traits were determined, based on established procedures
(Tedesco et al., 1995): pH (in H2O at 1:1); exchangeable acidity (H+Al)
and cation exchange capacity (CEC); exchangeable calcium (Ca), mag-
nesium (Mg) and potassium (K) and their ratios; organic carbon (C),
total Kjeldahl nitrogen (N) and their ratio (C/N); available phosphorus
(P). Concentrations were expressed per unit soil volume. Data inter-
pretation was based on the thresholds established at a local scale
(CQFS, 2004).

At the same time, soil sampling for physical attributes was carried
out in the 18 geo-referenced points taking three cores of undisturbed
soil (7.81 cm–3 cylinders) at three depths (0-0.05, 0.05-0.10 and 0.10-
0.15 m). Soil physical traits included bulk density (BD) and porosity,
based on the methods described by EMBRAPA (2006), and soil strength
(SS). BD was determined as the ratio between dry weight (105°C) and
volume of undisturbed soil. Total porosity was determined by compar-
ing water saturated (48 h hydration) with dry (105°C) soil weight.
Micro-porosity was assessed after water saturation by applying a suc-
tion force of 6 kPa for 48 h: data of soil weight at saturation, after equi-
librium at 6 kPa and after drying (105°C), were used to calculate micro-
porosity. Macro-porosity was calculated as the difference between total
and micro-porosity. SS, i.e., soil resistance to penetration, was meas-
ured in the same soil layers as the other physical traits  (0-0.5, 0.05-
0.10 and 0.10-0.15 m), using the portable digital penetrometer
PenetroLOG® PLG1020 (Falker Agricultural Automation, Porto Alegre,
RS, Brazil). Each measurement was the average of 15 readings in a 3
m radius around the sampling point.

Crop yield parameters were determined at plant maturity (October
29, 2012), harvesting by hand three 1 m² plots around each sampling
point. Yield parameters included grain yield (GY; Mg ha–1) and its three
components: spike density (S/m²; no. m–2), grains per spike (G/S; no.
spike–1), and mean grain weight (MGW; mg).

Data analysis

Exploratory statistical analysis
Descriptive statistics of soil and crop parameters in the 18 geo-refer-

enced points included mean, median, minimum, maximum, standard
deviation, coefficient of variation (CV), skewness and kurtosis. Normal
distribution of data was ascertained through the Kolmogorov-Smirnov
test. Pearson’s correlation (r) between soil and plant traits was
assessed in order to evaluate the degree of inter-relationship, and mul-
tiple linear regressions (stepwise forward procedure) was used to eval-
uate the ability of soil traits to explain GY variation. Analyses were per-
formed with the Statistica 10 software (StatSoft Corp., Tulsa, OK, USA).

Geostatistics, spatial structure and map creation
Thematic maps of yield and soil characteristics were produced using

the inverse distance weighting (IDW) interpolation method. IDW
assumes that each point value has a local influence that decreases with
distance (Bonham-Carter, 1994). Despite a limited number of data
points (18), the ordinary kriging (OK) procedure was also carried out
as an attempt to describe the spatial variability of traits, via the mod-
elisation of semivariance and semivariograms characterising the spa-
tial variation set against the distance (lag distance) (Cambardella and
Karlen, 1999). QuantumGIS (OSGeo), an open source GIS software,
was used to produce maps, while an ArcView GIS (ESRI, Redlands, CA,
USA) script (Kriging interpolator 3.2), representing a full implementa-
tion of the kriging commands in avenue language, was used to model
semivariograms.

Management zones
Sub-division of the experimental field into homogeneous manage-
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ment zones, i.e., featuring low intra-zonal vs. high inter-zonal varia-
tion, was carried out to delineate areas suited for a differential inten-
sity of ameliorating practices. Soil parameters shown by the stepwise
regression to significantly explain GY variation were subjected to clus-
tering through the generalised k-means clustering algorithm (Hartigan
and Wong, 1978) of the Statistica 10 software (StatSoft Corp.), using
Euclidean distances of data points from cluster centres. The optimal
number of clusters for creating management zones was based on min-
imisation of normalised classification entropy, as described by Fridgen
et al. (2004). Data of soil traits and yield parameters observed in the
delineated clusters were submitted to a one-way analysis of variance.
The least significant difference at P≤0.05 was used to separate means
of significant traits. Thereafter, a map of clustered points was produced
through ordinary kriging, as in the case of single soil traits.

Results and discussion

Weather conditions during the experiment
Weather conditions during wheat growth (Figure 1) reflected the

very wet sub-tropical climate of the area (Maluf, 2000): a total of 877
mm was received in the five months June-October 2012 vs a long term
average of 871 mm. Despite some difference in rainfall distribution
between 2012 and the mean pattern, moisture could hardly be consid-
ered a limiting factor to wheat growth in 2012.

Descriptive statistics of soil and crop traits
Soil properties exhibited a remarkable variation in physical and

chemical traits within the 4.7 ha field. In physical traits (Table 1),

macro-porosity was always below the critical threshold of 0.1 m3 m–3

(Taylor et al., 1966), and represented a modest share of total porosity
(average, 12%). The low macro-porosity and its decrease with depth
was consistent with abundance of caolin and Fe+Al oxides that are typ-
ical of Latisols, leading to a dense plasma especially in deep layers
(Suzuki et al., 2008). Macro-porosity was associated with a strong spa-
tial variation in all layers and their average (CV’s between 28 and 50%).
Compared to macro-porosity, micro-porosity showed much higher
mean data (always above 0.35 m3 m–3), associated with a low variation
(CV’s<5%). BD was consistently around 1.3 kg dm–3 at all depths in the
whole field (CV’s<10%). Lastly, SS displayed a two-fold increase in
mean data from shallow (0-0.05 m) to intermediate layer (0.05-0.10 m),
and a further 25% increase from intermediate to deep layer (0.10-0.15
m). In SS, spatial variation declined with depth (CV from 34 to 9%), i.e.
soil firmness in the deep layer was more consistent than soil softness
in the shallow layer. The inconsistency of SS data at the 0-0.05 m depth
could be associated with no tillage practices enhancing the hetero-
geneity in this layer determined by field traffic, seeding organs, etc.

The complexity of physical traits outlined a soil with good physical
properties, with the partial exception of a low macro-porosity that could
limit soil roominess for plant roots and other biota. However, the steep
increase of SS in depth was not accompanied by a similar trend of BD,
in contrast to other sources (Ehlers et al., 1983; Taylor et al., 1966).
This could be due to no-till management leading to stronger soil aggre-
gates, but exerting a modest effect on porosity and BD.

Modest correlations were observed in the four traits between shallow
and deep layer (r between 0.26 and 0.34; data not shown). Based on
this, only the average data, i.e. those representing the 0-0.15 m layer,
were retained in subsequent analysis.

Chemical traits assessed in the 0-0.15 m layer trace a multi-faceted
picture of soil characteristics (Table 2). The soil was definitely acid
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Table 1. Descriptive statistics of soil physical properties in three soil layers and their average.

Trait                                          Mean         Median           Min           Max               SD              CV          Skewness      Kurtosis           K-S
0.00-0.05 m depth

MaP (m3 m–3)                                        0.064                 0.063                 0.015              0.137                  0.032                50.0                   0.36                     0.30                     ns
MiP (m3 m–3)                                        0.380                 0.386                 0.328              0.408                  0.018                 4.7                   –1.69                   4.53                     ns
BD (kg dm–3)                                         1.28                   1.27                   0.97                1.41                     0.11                  8.7                   –1.19                   2.40                     ns
SS (kPa)                                                   726                    683                    292                1107                    246                  33.9                  –0.04                  –0.77                    ns

0.05-0.10 m depth

MaP (m3 m–3)                                        0.054                 0.053                 0.030              0.094                  0.018                33.5                   0.83                     0.32                     ns
MiP (m3 m–3)                                        0.390                 0.392                 0.375              0.410                  0.010                 2.7                    0.21                   –1.06                    ns
BD (kg dm–3)                                         1.33                   1.34                   1.26                1.38                     0.04                  2.7                   –0.56                  –0.78                    ns
SS (kPa)                                                  2125                  2102                  1645               2777                    314                  14.8                   0.57                   –0.23                    ns

0.10-0.15 m depth

MaP (m3 m–3)                                        0.046                 0.045                 0.024              0.079                  0.014                31.3                   1.07                     1.32                     ns
MiP (m3 m–3)                                        0.388                 0.392                 0.356              0.401                  0.011                 2.8                   –1.61                   3.15                     ns
BD (kg dm–3)                                         1.32                   1.32                   1.24                1.43                     0.05                  3.6                    0.61                     0.54                     ns
SS (kPa)                                                  2636                  2613                  2276               3047                    228                   8.6                    0.19                   –0.95                    ns

Average

MaP (m3 m–3)                                        0.055                 0.056                 0.024              0.088                  0.015                27.8                  –0.01                   0.70                     ns
MiP (m3 m–3)                                        0.387                 0.389                 0.366              0.399                  0.009                 2.4                   –0.69                  –0.12                    ns
BD (kg dm–3)                                         1.31                   1.32                   1.18                1.37                     0.05                  3.6                   –1.05                   1.50                     ns
SS (kPa)                                                  1829                  1805                  1436               2276                    231                  12.6                   0.40                   –0.40                    ns
SD, standard deviation; CV, coefficient of variation; K-S, significance at the Kolmogorov-Smirnov test for normal distribution; ns, not significant; MaP, macro-porosity; MiP, micro-porosity;  BD, bulk density; SS, soil
strength.
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with maximum pH 5.6. Mean organic carbon was 15.5 g dm–3, corre-
sponding to 26.7 g dm–3 organic matter, i.e., ~20 g kg–1 at a 1.3 kg dm–

3 of BD: this is a relatively low level of organic matter for many crops
(Jones, 2003), although it is quite normal for soils under warm, moist
climate (Brady and Weil, 2008). Total Kjeldahl nitrogen was well bal-
anced with organic carbon, as shown by a C/N ratio close to 10. Mean P
was below the critical level of 12 mg m–3, based on the thresholds adopt-
ed for the specific extraction method (Mehlich-1) (CQFS, 2004).
However, only a small portion of the field (<20%) was actually deficient
in this nutrient (<8 mg m–3). Compared to this, exchangeable K was
always at a good level (CQFS, 2004). CEC was quite normal, although
exchangeable bases barely constituted 50% of CEC (data not shown),
given the weight of H+Al that are responsible for strong acidity in many
sub-tropical soils. Ca/Mg and Mg/K ratios showed a relatively high Mg
content, reflecting in low Ca/Mg and high Mg/K, in the average (CQFS,
2004). Santi et al. (2012) found that especially the Ca/Mg ratio may be
a limiting factor, a circumstance that should be considered when plan-
ning fertiliser practices for high wheat yield. The descriptive statistics
of crop yield parameters (Table 3) showed that the average grain yield
per hectare passed the State’s (1.94 Mg ha–1) and Country’s average for
the same year (2.31 Mg ha–1), indicating favourable growth conditions
(CONAB, 2014), while remaining at low level on a world scale (FAO-
STAT, 2015). GY exhibited a higher variation (CV, 17.4%) than the three
yield components (CV’s from 4.1 to 10.4%). This means that their vari-
ations were not counterbalanced in the comprehensive trait (GY). The
noticeable variation associated with GY represents a potential for vary-
ing crop management within the field, in view of improving low yield-
ing areas.

Relationships in soil and crop data
Several significant correlations were found between soil and crop

parameters (Table 4). In soil traits, the negative correlation between
macro- and micro-porosity (r=–0.58**), and especially between macro-
porosity and BD (r=–0.82**), highlight the reciprocal relationships
among physical properties (Brady and Weil, 2008). Conversely, SS that
exhibited the largest variation in depth was not correlated with the rest
of physical traits. In crop parameters, good correlations were obviously
found between GY and the three yield components (r between 0.62**
and 0.79**). GY was substantially unrelated to physical traits, whereas
it was found to be positively related to C, pH and C/N (r=0.73**, 0.71**
and 0.69** in the three respective cases). The three yield components,
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Table 2. Descriptive statistics of soil chemical properties in the 0-0.15 m layer.

Trait                                          Mean        Median           Min           Max               SD              CV          Skewness      Kurtosis           K-S
pH                                                              5.21                  5.30                   4.60                5.60                     0.28                  5.5                   –0.48                  –0.60                    ns
C (g dm–3)                                               15.5                  15.2                   13.1                20.2                      1.9                  12.2                   1.04                     1.09                     ns
N (g dm–3)                                               1.73                  1.75                   1.40                2.00                    0.18                 10.5                  –0.16                  –1.08                    ns
C/N                                                             9.0                    9.0                     7.0                 11.4                      1.1                  11.9                   0.23                     0.59                     ns
P (mg dm–3)                                            11.3                  10.9                    5.8                 15.4                      2.9                  25.8                  –0.52                  –0.32                    ns
K (mg dm–3)                                            156                   153                    105                 215                       37                   23.4                   0.39                   –1.00                    ns
H+Al (cmolc+ dm–3)                              6.9                    6.2                     4.4                 13.8                      2.4                  34.4                   1.70                     3.15                     ns
Ca (cmolc

+ dm–3)                                   4.6                    4.6                     2.5                  6.0                       0.9                  19.7                  –0.74                   0.70                     ns
Mg (cmolc

+ dm–3)                                   2.2                    2.1                     1.0                  2.9                       0.5                  24.3                  –0.58                   0.03                     ns
CEC (cmolc

+ dm–3)                               14.0                  13.8                    9.5                 22.4                      3.3                  23.4                   1.06                     1.49                     ns
Ca/Mg                                                         2.1                    2.0                     1.8                  2.5                       0.2                    9.5                    0.53                    0.34                     ns
Mg/K                                                           5.6                    5.9                     3.1                  8.1                       1.6                  29.1                  –0.19                  –1.31                    ns
SD, standard deviation; CV, coefficient of variation; K-S, significance at the Kolmogorov-Smirnov test for normal distribution; ns, not significant; C, carbon; N, nitrogen; P, phosphorus; K, potassium; H+Al, exchangeable
acidity; Ca, calcium; Mg, magnesium; CEC, cation exchange capacity. 

Table 3. Descriptive statistics of crop yield parameters. 

Trait                                          Mean         Median           Min           Max               SD              CV          Skewness      Kurtosis           K-S
S/m² (no. m–2)                                        332                   332                    260                 378                       35                   10.4                  –0.44                  –0.64                    ns
G/S (no. spike–1)                                   30.2                  30.6                   24.8                34.6                      2.7                    8.8                   –0.28                  –0.61                    ns
MGW (mg)                                              25.9                  26.0                   23.6                27.9                      1.1                    4.1                   –0.45                   0.14                     ns
GY (Mg ha–1)                                          2.61                  2.61                   1.88                3.44                     0.45                 17.4                  –0.09                  –0.63                    ns
SD, standard deviation; CV, coefficient of variation; K-S, significance at the Kolmogorov-Smirnov test for normal distribution; S/m², no. of spikes per square meter; ns, not significant; G/S, no. of grains per spike; MGW,
mean grain weight; GY, grain yield per hectare.  

Figure 1. Pattern of precipitation and temperature during the
experiment (June-October 2012) and long term average for the
same months.
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with the partial exception of MGM, were also quite well correlated with
C, pH and C/N (Table 4).

The stepwise regression of soil physical and chemical traits on GY
produced the following equation:

GY = –4.257 + 0.140*C + 0.904*pH; R² = 0.83**                              (1)

Hence, the two traits showing the best simple relations with GY also
exerted a combined effect in a multiple equation explaining 83% of
grain yields variation.

In the literature, studies on wheat GY as dependent on soil physical
traits addressed hydraulic properties of soils featuring high clay
(Hakojärvi et al., 2013) or sodium content (Rasouli et al., 2013).
However, also in those cases correlations of GY with physical traits
were not consistent. Conversely, inverse correlation of GY with sodium
content, in turn associated with very high pH, was good in the work of
Rasouli et al. (2013). Thereby, it is evinced that very anomalous pH val-
ues as in the cited source (up to 9.1) and the present study (down to
4.6), represent a constraint the wheat crop is very sensitive to. Hence,
benefits from pH correction by means of appropriate amendments are
most likely incurred. Compared to this, the beneficial role of C, despite

a non-negligible soil status (C min., 13.1 g dm–3), may be explained
with the positive role played by organic matter in alleviating the effects
of soil acidity (pH) and toxicity (Al). Nevertheless, soil pH and C were
reciprocally independent in our experiment, as shown by their low cor-
relation (Table 4).

Spatial distribution of soil and crop data
Continuous maps of the two soil traits and the four yield parameters

produced through IDW interpolation are shows in Figure 2 and 3,
respectively. Soil C (Figure 2A) showed an eastward trend of increasing
values. Compared to this, pH (Figure 2B) outlined a modest range of
variation, with highest values in the central – south position. In grain
yield parameters (Figure 3), general eastward trends of data increase
can be observed.

Despite a limited number of data points (18), maps produced with
OK (not shown) were consistent with those obtained through IDW. OK
involves the assessment of indicators from semivariograms, i.e.,
nugget, sill, range and random variation (Table 5), allowing the spatial
structure to be properly described. 

Lag distance ranged from 15 to 50 m. Best fitting models for actual
semivariograms (not shown) were Gaussian for C and pH, circular for
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Table 4. Pearson’s correlations between soil and crop yield parameters. 

               MaP ave. MiP ave.  BD ave.   SS ave.     pH         C         N       C/N      P         K     H+Al     Ca      Mg      CECCa/Mg Mg/KS/m²    G/S   MGW

MiP ave.       –0.58**             -                  -                   -                 -               -              -             -            -              -            -             -             -              -          -            -          -             -            -
BD ave.        –0.82**         0.53*              -                   -                 -               -              -             -            -              -            -             -             -              -          -            -          -             -            -
SS ave.            –0.01            0.15           –0.24               -                 -               -              -             -            -              -            -             -             -              -          -            -          -             -            -
pH                    0.05              0.13             0.09              0.35              -               -              -             -            -              -            -             -             -              -          -            -          -             -            -
C                      0.52*           –0.16        –0.65**          0.28           0.26            -              -             -            -              -            -             -             -              -          -            -          -             -            -
N                    0.63**          –0.09        –0.72**          0.20          –0.13       0.51*          -             -            -              -            -             -             -              -          -            -          -             -            -
C/N                  –0.14           –0.03           0.02              0.20           0.37        0.56*     –0.40         -            -              -            -             -             -              -          -            -          -             -            -
P                      –0.09           –0.02          –0.01            0.18          –0.07        0.23        0.14       0.12         -              -            -             -             -              -          -            -          -             -            -
K                       0.04            –0.25          –0.06           –0.05        –0.01        0.12       –0.17      0.28      0.36           -            -             -             -              -          -            -          -             -            -
H+Al               –0.39            0.29           0.52*           –0.09         0.35        –0.24     –0.35      0.07      0.18       –0.01        -             -             -              -          -            -          -             -            -
Ca                    –0.10            0.18             0.35              0.05        0.66**     –0.17     –0.25      0.04     –0.06       0.39      0.42          -             -              -          -            -          -             -            -
Mg                   –0.16            0.22             0.37              0.08        0.76**     –0.17     –0.25      0.05     –0.14       0.19     0.48*    0.95**        -              -          -            -          -             -            -
CEC                –0.33            0.29           0.53*           –0.04        0.56*       –0.25     –0.37      0.08      0.10        0.16    0.92**  0.74**  0.78**        -          -            -          -             -            -
Ca/Mg              0.11            –0.10          –0.17           –0.21      –0.72**     0.05        0.13      –0.12     0.26        0.25     –0.31   –0.51* –0.74**  –0.48*    -            -          -             -            -
Mg/K               –0.11            0.31             0.32              0.09        0.62**     –0.20     –0.06    –0.15    –0.35    –0.56*    0.34      0.50*    0.69**    0.48*–0.80**     -          -             -            -
S/m²                  0.29              0.05           –0.28            0.10          0.51*     0.70**      0.21      0.51*     0.02       –0.03     0.21       0.14       0.19        0.22   –0.21     0.20       -             -            -
G/S                  0.00             0.12          –0.08           0.28        0.65**     0.49*     –0.08   0.59**   0.14      –0.05   –0.01     0.09       0.20       0.05  –0.39     0.18   0.29         -            -
MGW              0.11          –0.47*        –0.08          –0.04         0.43        0.27      –0.28    0.50*    0.16       0.00      0.15       0.02       0.14       0.14  –0.37     0.15   0.30     0.46*        -
GY                   0.22           –0.04         –0.25           0.21        0.71**   0.73**     0.05    0.69**   0.10      –0.06    0.12       0.10       0.22       0.15  –0.42     0.24 0.79** 0.78**  0.62**
MaP, macro-porosity; ave., averge; MiP, micro-porosity; BD, bulk density; SS, soil strength; C, carbon; N, nitrogen; P, phosphorus; K, potassium; H+Al, exchangeable acidity; Ca, calcium; Mg, magnesium; CEC, cation
exchange capacity; S/m², no. of spikes per square meter; G/S, no. of grains per spike; MGW, mean grain weight (mg); GY, grain yield per hectare (Mg ha–1). r values significant at *P≤0.05 and **P≤0.01, respectively
(n=18).

Table 5. Semivariogram models and spatial distribution parameters of selected soil properties and the four yield traits.

Parameters                    Semivariogram model       co              co + c               Range (m)          r                Spatial class              RMSE

C (g dm–3)                                               Gaussian                       1.16                   4.23                              >160                  27.4                             S/M                               1.62
pH                                                              Gaussian                       0.06                   0.09                              >285                  66.7                               M                                 0.02
S/m² (no. m–2)                                      Exponential                     956                   1436                               165                   66.6                               M                                 273
G/S (no. spike–1)                                    Spherical                      5.85                   7.80                               210                   75.0                            M/W                              1.55
MGW (mg)                                            Exponential                    0.14                   1.55                               220                    9.0                                S                                 0.46
GY (Mg ha–1)                                            Circular                        0.01                   0.22                               100                    4.6                                S                                 0.03
co, nugget variance; co + c, sill; r, random variation = nugget/sill(%); spatial class, class of spatial dependence; RMSE, root mean square error; C, carbon; S, strong; M, moderate; W, weak; S/m², no. of spikes per
square meter; G/S, no. of grains per spike; MGW, mean grain weight (mg); GY, grain yield per hectare (Mg ha–1).
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Figure 2. Spatial distribution maps of selected soil traits, obtained by interpolation through inverse distance weighting: A) organic car-
bon (C); B) pH.

Figure 3. Spatial distribution maps of grain yield parameters, obtained by interpolation through inverse distance weighting: A) spikes
per square meter (S/m2); B) grains per spike (G/S); C) mean grain weight (MGW); D) grain yield (GY).
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GY, spherical for G/S, exponential for S/m² and MGW. Root mean square
error (RMSE) that was used to describe the goodness of fit of these
models, showed a high level only in S/m². However, the gap with the
other traits could be greatly reduced calculating RMSE as percentage
mean value (relative RMSE).

Semivariogram slopes were always positive (data not shown), imply-
ing a spatial dependence for all variables. Semivariance increased to a
constant value (sill) in GY, G/S and MGW. In the other three variables
(C, pH and S/m²), semivariance increased without reaching a maxi-
mum at low lag distance. This means, either that a strict range value
might be identified outside the field size, or that the number of sam-
ples was insufficient to extrapolate spatial dependence (Cambardella
and Karlen, 1999). The spatial dependence for these variables can be
evaluated using the sill value at which the semivariogram starts to flat-
ten, or by visual interpretation of nugget significance (Di Virgilio et al.,
2007). Based on the thresholds proposed by Cambardella and Karlen
(1999), a strong spatial dependence (r<25%) was observed for GY and
MGW; spatial dependence progressively loosened in C, pH and S/m²
(r=25-75%); at last, G/S was at the border line for spatial independence
(r>75%) (Table 5). The smallest range with a rapidly flattening semi-
variogram was evidenced in GY, suggesting a patchy distribution for
this trait. A non-negligible nugget variance was shown in all variables,
as the likely consequence of low trait variability or unaccountable
errors in measuring.

Despite useful information from the above-discussed OK parame-

ters, IDW was retained as sounder procedure for interpolating the 18
data points into maps of spatial distribution.

Management zones
Clustering the 18 data points for the combined C and pH led to three

clusters of variable size, associated with low (L), intermediate (I) and
high (H) level of the two traits (Table 6). The three clusters also fea-
tured low, intermediate and high values of crop yield parameters.
Especially in the case of GY that epitomises the three yield compo-
nents, each cluster mean was statistically different, resulting in a 54%
GY difference between the L and H level. It is, nevertheless, clear that
further years of wheat cropping would be needed to better establish
management zones with respect to this one year case study.

Cluster analysis has already been used to sub-divide a field into
zones suited for different management, by minimising within-group
variation while maximising among-group variation (Stafford et al.,
1999; Chang et al., 2014). However, the variable management of crop
inputs as N fertiliser has prevailed in wheat studies (Diacono et al.,
2013), over the identification of inherent constraints to wheat produc-
tion. Moreover, limiting conditions to wheat production have been
identified with soils featuring an unfavourable structure (Hakojärvi et
al., 2013), also in association with high sodium and pH (Rasouli et al.,
2013). To our knowledge, no study before ours has addressed wheat
growing on acid lateritic soils under wet, sub-tropical climate. Thus, a
vast area of the globe has not received sufficient scientific attention,
despite the large deficit in wheat production affecting large countries
as Brazil (CONAB, 2014).

The map resulting from C and pH clustering depicts three manage-
ment zones (Figure 4), which are consistent with previous maps of C
and pH, and the four yield parameters (Figures 2 and 3, respectively).
The area under management zone 1 (low level) is evidenced in the
south-western corner of the field, and in two separate spots.
Conversely, the area under management zone 3 (high level) is located
along the eastern border, in the north-eastern tip, and a separate spot.
The residual area belongs to management zone 2 (intermediate level).
The three management zones make up 21.8, 54.0 and 24.2% of field sur-
face for L, I and H, respectively.

Delineating homogeneous zones based on soil attributes subjected
to limited temporal variation, as C and pH, represents a substantial
advantage over a delineation based on fluctuating parameters. The for-
mer system allows more reliable and effective measures to be deployed
for the amelioration of low performing areas. This fosters a strategic
approach to crop problems, whereas only tactical decisions may be
based on temporally unstable attributes. The identification of soil traits
featuring high temporal stability has already been indicated a top pri-
ority in homogeneous zone delineation (Casa and Castrignanò, 2008),
as premise for successful site-specific management across growing
seasons. 

Figure 4. Management zones map in the 4.7 ha wheat field. No. 1,
2 and 3 correspond to low, intermediate and high level, respective-
ly, of the two soil traits and the four yield parameters, in accor-
dance with Table 6.

Table 6. Average soil carbon, pH and crop yield parameters in three clusters obtained from the 18 data.

Cluster                                          Level                     C                   pH                      S/m²              G/S                   MGW                      GY

1                                                                         L                            14.1 b                  4.92 b                          294 b                 27.9 b                        24.9 b                           2.05 c
2                                                                         I                             15.3 b                  5.23 a                          336 a                 30.0 b                        26.2 a                           2.62 b
3                                                                         H                            17.2 a                   5.46 a                          363 a                  32.9 a                        26.5 a                           3.16 a
L, I and H mean low, intermediate and high level, respectively; S/m², no. of spikes per square meter; G/S, no. of grains per spike; MGW, mean grain weight (mg); GY, grain yield per hectare (Mg ha–1). In all traits
analysis of variance was statistically significant; different letters indicate significantly different means according to the least significant difference test (P≤0.05).
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Conclusions

In this case study, the delineation of management zones was shown
a valuable means to identify field areas suffering inherent soil con-
straints as low C and pH, although further years would be needed to
prove their consistency in influencing the wheat crop. Owing to their
relationship with yield, these two traits were largely responsible for the
wide gap between low and high yielding zone. Only the high yielding
zone attained a grain yield comparable with the world average, on
about 25% of field surface. Thus, the remaining 75% is suited for ame-
lioration of low soil C and pH.

The establishment of management zones leads to a concentration of
improving efforts in areas potentially most responsive, which is the
premise for efficient use of limited and costly resources using preci-
sion agriculture techniques. Therefore, delineating management
zones was shown an appropriate method to define sub-field areas for a
variable application of soil amendments. The geo-statistical approach
allowed management zones to be traced while saving in the amount of
analysis for soil physical and chemical properties, compared to tradi-
tional approaches. This saving is an important premise for diffusing
these practices in world areas where limited financial resources ham-
per investment plans.

Despite only one year of wheat cropping, hindrance to grain yield
was associated with consistent soil traits as C and pH. Thus, their con-
straint is much likely to repeat in time, avoiding the drawback of low
temporal stability that affects all plant, and many soil, parameters.
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