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SUMMARY

Currently, sugarcane plays an important global role, particularly with a view
to alternative energy sources. Thus, in a sugarcane field of the mill Vale do
Parana S/A Alcool e Acucar, Rubineia, Sdo Paulo State, managed under two
green cane harvest systems (cane trash left on and cane trash removed from
the soil), Pearson and spatial correlations between the sugarcane yield (variety
RB855035 in the third cut) and soil physical and chemical properties were
studied to identify the property best correlated with stalk yield and the best
harvest method. For this purpose, two geostatistical grids (121 sampling points
on 1.30 ha) were installed on a eutrophic Red Argisol (homogeneous slope of
0.065 m m!), in 2011, to determine the properties: stalk yield and sugarcane
plant population, and soil resistance to penetration, gravimetric moisture, bulk
density, and carbon stock, in the layers 0-0.20 and 0.20-0.40 m. The data were
analyzed by descriptive, linear correlation and geostatistical analysis. In both
treatments, the property stand density was best correlated with sugarcane yield
(r=0.725 in the trash mulching treatment - TM and r = 0.769 in the trash removal
treatment - TR). However, in relation to the soil properties, bulk density (0-0.20
m) was best correlated (r = 0.305 in TM, r = 0.211 in TR). Similarly, from the
spatial point of view, stand density was the property that best explained the
sugarcane yield. However, in the TM treatment the density (0.20-0.40 m) was
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the only soil property spatially correlated with stalk yield. The carbon stock in
the soil of the TM was 11.5 % higher than in the TR treatment. Results of the TM
treatment were best, also with regard to soil management and conservation.

Index terms: sugar and ethanol production, soil management and conservation,
environmental sustainability, kriging maps, Saccharum officinarum L.

RESUMO: MANE-JO DA PALHADA DE CANA-DE-ACUCAR AVALIADO PELA
INTERACAO DA PRODUTIVIDADE COM PROPRIEDADES DO
SOLO

Atualmente, a cultura da cana-de-agticar desempenha importante papel no cendrio
mundial, sobretudo ao aspecto relacionado as fontes energéticas alternativas. Assim, em um
talhdo de cana-de-acgticar na Usina Vale do Parana S/A Alcool e Acticar, Rubineia, SP,
manejado sob duas formas de colheita da cana crua, com palhada (COP) e sem palhada
(SEP) sobre o solo, foram estudadas as correlagées Pearson e espacial entre a produtividade da
cana-de-agticar (variedade RB855035, em seu terceiro corte) e as propriedades fisico-quimicas
do solo, objetivando verificar aquele que possui a melhor correlagdo com essa produtividade,
assim como o melhor método de colheita. Para tanto, foram instaladas duas malhas
geoestatisticas (1,30 ha e 121 pontos amostrais cada) em um Argissolo Vermelho eutréfico
(declive homogéneo de 0,065 m m1), no ano de 2011. Os atributos avaliados foram:
produtividade de colmos de cana-de-agticar, populagdo de plantas, resisténcia do solo a
penetragdo, umidade gravimétrica, densidade e estoque de carbono do solo, nas profundidades
de 0-0,20 e 0,20-0,40 m. Realizaram-se as andlises descritiva, correlagdes lineares e
geoestatistica dos dados. Em ambos os tratamentos, a populag¢do de plantas apresentou a
melhor correlag¢do de Pearson (r =0,725%* em COP; r =0,769** em SEP), com a produtividade
da cana-de-agticar. Entretanto, em relagdo ao solo, a densidade (0-0,20 m) teve a melhor
correlacao (r = 0,305%* em COP; r = 0,211% em SEP). Da mesma forma, do ponto de vista
espacial, a populacdo de plantas melhor explicou a produtividade da cana-de-agticar. Contudo,
a densidade (0,20-0,40 m) do tratamento com palhada foi a tinica propriedade do solo que
apresentou correlacdo espacial com a produtividade de colmos. O estoque de carbono do solo
para o tratamento com palhada foi 11,5 % superior ao sem palhada. O tratamento com
palhada foi o que possibilitou os melhores resultados, inclusive no que se refere ao manejo e a
conservagdo do solo.

Termos de indexagdo: produgdo sucroalcooleira, manejo e conservagdo do solo, sustentabilidade
ambiental, mapas de krigagem, Saccharum officinarum L.

INTRODUCTION

In Brazil, the socioeconomic importance of
sugarcane (Saccharum officinarum L.) is
unquestioned. It represents the main raw material
for the production of ethanol motor fuel, apart from
the destination for sugar, one of the main export
commodities of the country. In the national harvest
2010/11, 623.9 million tons of cane (stalks) were
processed. Of this amount, the State of Sao Paulo
accounted for 57.8 %, produced on an area of 4.36
million ha, with an average yield of 83.0 t ha'!
(CONAB, 2011). In several cane-producing countries,
it is common to burn the cane fields before the harvest,
because burning off the dense leaf biomass (trash)
facilitates the manual cutting of the stalks (Luca et
al., 2008). This system eliminates practically all of
the trash produced in the area. On the other hand, in
the harvest system of green (unburnt) cane, the trash
is left on the soil surface as mulch. This modifies the
environment positively in several aspects, by
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protecting the soil against erosion, preserving the soil
moisture, increasing microbial activity and
accumulating organic matter.

In sugarcane-producing areas, soil compaction is
a major problem, for hampering root penetration by
increased soil density due to a reduction of its volume.
This leads to the expulsion of air from the soil pores,
affecting the equilibrium in the relationship between
soil gases and the water and nutrient availability to
plants, limiting crop yields (Montanari et al., 2012).
According to Bengough et al. (2001), resistance to
penetration, an indicator of the compaction degree, is
influenced, among other factors, by the organic carbon
content, bulk density and moisture of the soil.
Moreover, it can help determine the consequent effect
on the root development of sugarcane, which allows
the establishment of threshold values of restriction to
root growth and decreased yield.

The spatial dependence of georeferenced data is
analyzed by geostatistics, to which semivariograms
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are adjusted representing the distances between field
observations in a graph of semivariance. From this a
kriging map can be drawn for each soil or plant
property, representing the spatial variability of the
data. However, in the case of correlations between
spatial dependencies of any two properties, modeled
by the cross semivariogram, a cokriging map can be
constructed of the main property, difficult to measure
and of greater interest, by means of the secondary
property, which is usually easier to obtain (Molin et
al., 2007; Montanari et al., 2010; Dalchiavon et al.,
2011, 2012; Dalchiavon & Carvalho, 2012).

Thus, by the geostatistical analysis, the soil
variability may indicate management alternatives to
minimize its effects on sugarcane yield, as well as
enable estimates under certain management practices
(Dalchiavon et al., 2011). Technological advances in
agriculture have shown the importance of knowing
the spatial variation of properties that affect crop yield,
to optimize resource utilization and cost reduction.
Thus, in a sugarcane field of the mill Valley Parana
S/A Alcohol and Sugar Rubineia - SP (testing two green
cane harvest systems - with trash mulching and trash
removal from the soil), we studied the correlations
(Pearson and spatial) between the sugarcane yield
(variety RB855035 in the third cut) and physical and
chemical properties of the soil in order to verify that
it has the best correlation with yield so that as the
best method of harvesting.

MATERIAL AND METHODS

The study was carried out in Rubineia, Sdo Paulo
State, Brazil, in a sugarcane field of the sugar mill
Vale do Paran4 S/A Alcool e A¢ticar (20°17’53” S and
51°02’ 23” W, on average 348 m asl), with eutrophic
Red Argisol (Ultisol), according to the Brazilian system
of soil classification (Embrapa, 2006). In the beginning
the soil properties (August/2010) in the 0-0.20 and 0.20-
0.40 m layers, respectively, were the following: pH
(CaCly)=4.8and 5.3; MO =15and 11 g dm3; P (resin)
=5 and 3 mg dm3; K, Ca, Mg and H+Al = 1.2 and
0.7; 18 and 16; 8 and 6; and 18 and 16 mmol, dm3;
V =60 and 59 %; and clay, silt and sand contents of
89 and 141; 67 and 81; and 844 and 778 g kg'l,
respectively. The climate is humid and tropical
megathermal (Aw), with high temperatures, rainy
summers and dry winters. Climatic data in the
experimental period were: maximum, average and
minimum temperature of 26.0; 24.3 and 22.9 °C,
respectively, and rainfall 1,365 mm (Figure 1).

To plant sugarcane (variety RB855035) on a
pasture area (Brachiaria), the grass had to be
desiccated with 1,800 g ha'! Glyphosate. Soil tilling
consisted of heavy disk harrowing (once) and
intermediate disk harrowing (twice), in May 2008,
after liming with 1.0 t ha'! limestone and (REL 85 %)
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plowing with a moldboard plow, to a depth of 0.35 m,
and a final level harrowing. At furrowing, the area
was fertilized with 500 kg ha'! of 06-30-24 NPK
fertilizer and in the planting furrows, besides the
plantlets, 250 g ha'! active ingredient of Fipronil was
applied to control soil pests.

As of planting in June 2008, in a row spacing of
1.50 m, sugarcane was harvested mechanically, green
and in stalks. The sugarcane management in the field
was based on the management used by the sugar mill
Vale do Parana S/A Alcool e Aguicar. Thus, the ratoon
crop was broadcast fertilized with 500 kg ha! 23-00-
15 NPK fertilizer (2009 and 2010). After the second
cutting, two treatments were tested (T): T1 = all
sugarcane residue (trash) produced in the previous
phenological cycle - 2009/2010 left on the ground (trash
mulching - TM) and T2 = removal of the trash (TR),
to determine the influence of each treatment on the
subsequent crop (2010/2011). The x and y axes of the
Cartesian coordinate system were defined for the
establishment of the experimental grid, using a
common optical level. On the y axis, 11 transects were
allocated, spaced 13 m apart, each with 11 sampling
points spaced 10 m apart, totaling 121 sampling points,
with one sample per point in each 13 000 m2 mesh
(100 x 130 m), representing one treatment.

Soil and plant properties of individually collected
material from each sample point were evaluated. The
soil physical properties were: soil resistance to
penetration (PR), assessed by impact penetrometer
(Stolf); gravimetric moisture (GM), to support the PR
data; and bulk density (BD), determined from
undisturbed samples collected with a volumetric ring
(height 4.05 cm, diameter 5.55 cm). The chemical
property soil carbon pool (CP) was assessed; organic
C was determined by wet combustion and colorimetry.
Soil samples were collected between the plant rows in
two layers: 0-0.20 and 0.20-0.40 m. The properties
PR (MPa) and GM (kg kg!) were obtained by the
same procedure adopted by Dalchiavon et al. (2011),
BD (kg dm?) as proposed by Montanari et al. (2012)
and CP (t ha'l), as described by Novais Filho et al.
(2007).

Regarding the plant properties was evaluated for
sugarcane stalk yield (YLD) and stand density (STD)
in the third cut. The YLD (t hal) was obtained by
weighing the stalks harvested manually (07/15/2011)
in an area of 9 m2 (3 x 3 m), from two 3-m rows, on
electronic-digital analytical balance (+/-0.05 kg). The
STD, expressed in number of plants per meter, was
obtained by counting the stalks harvested in 6 m and
computing their average.

For each treatment a descriptive data analysis was
performed using SAS Software (Schlotzhaver & Littell,
1997). The hypothesis of data normality was tested
with the Shapiro & Wilk (1965) test at 5 %. For
comparison between treatments (TM and TR), a F
test was performed with the statistical program
SISVAR (Ferreira, 2007). Then the Pearson correlation
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matrix and modeled regressions with Excel®
spreadsheet calculations were established. The spatial
dependence by the semivariogram, and the maps were
calculated using Gamma Design Software 7.0 (GS*,
2004). By the stationary blurring for the property,
the data trend was withdrawn by the technique of
multiple polynomial regression, presented by
Dalchiavon (2010), as well as its fitting criteria. The
spatial dependence criteria (SDC) were as proposed
by Dalchiavon et al. (2012): SDC < 20 % = spatial
variable with very low dependence (VL); 20 % < SDC
<40 % =low dependence (LO); 40 % < SDC <60 % =
average dependence (ME); 60 % < SDC <80 % = high
dependence (HG), and 80 % < SDC < 100 % = very
high dependence (VH).

By stationary blurring for any property (PRO),
the data trend is extracted by the polynomial
regression method, working therefore, with the
residual data. These were labeled by # in the tables
of semivariogram analysis and cross-validation
(#PRO). However, when referred to in the kriging
and/or cokriging maps, they were preceded by £
(£PRO). Spatial correlations were established by the
technique of cokriging between the properties of
interest and with spatial dependence.

RESULTS AND DISCUSSION

The frequency distribution of the plant property
data in both treatments was normal (Table 1), tested
as significant by the normality test of Shapiro &
Wilk (1965), since their values were between 0.174
and 0.449, in agreement with Souza et al. (2008) and
Braga (2011). The soil properties with normal
frequency distribution were PR2, GM1, GM2, and
BD2 (TM) and Pr, Gm and Bd (TR) in both soil layers,
similar to the findings Souza et al. (2004), who also
observed this frequency distribution for GM, PR and
BD (all-capital abbreviations are related to the TM
treatment and capital-lowercase abbreviations to TR).
For the other soil properties, the undetermined
frequency distribution, suggesting data
heterogeneity, may be an “inheritance” of the initial
tillage, which typically induces heterogeneous
conditions.

According to the table 1, the sugarcane yield in
TM (YLD) was 94.6 t ha'l, and the yield in TR (YLD)
84.9t ha'l, both higher than the average in the State
of Sao Pauloin 2011 (83.0 t ha'!) (CONAB, 2011), as
well as above the regional averages for third-cut
sugarcane (89.2 t ha'!) (Braga, 2011) and 89.5t ha'!
(Gioia, 2011). This YLD can be the result of the
conditions given by the weather during the growing
season in the field (Figure 1) and soil fertility (liming
and maintenance fertilization), in addition to the final
STD - 11.5 plant m'! (TM) and Std - 10.6 plant m'!
(TR) - considered adequate for the variety under study,
with average tillering capacity (Ridesa, 2010).
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When any statistical variable has a normal
frequency distribution, the most appropriate measure
of central tendency to represent is the average. In
contrast, if the frequency distribution were
undetermined, it would be the median (Montanari et
al., 2012). Thus, according to table 1 for the observed
values of GM (0.104 - 0.146 kg kg'1), the values of PR
(0.925 - 1.904 MPa) are considered low to moderate,
respectively, representing no limitation to the crop
root development, for which only values above 2 MPa
are considered critical (Arshad et al., 1996).
Increasing values of PR in the deeper layer (TM and
TR) are effects of the subsoil compaction by
agricultural machinery for harvesting, fertilization
and other crop management practices. However, the
BD values (1.551-1.610 kg dm™3) were below the
critical limit (Reichert et al., 2007) for the studied
soil, i.e., 1.70 kg dm3. However CP (13.9-19.7 t hal)
was greater in the upper layer, in both grids, as
expected, since the main feature of mechanical green
harvesting is the gradual increase in organic matter
in the surface layer, reflecting the amount and quality
of plant residue accumulated over the years. However,
these values were lower than those cited by Gioia
(2011).

For the plant properties, the F values of analysis
of variance indicated no treatment effect (Table 2). It
was observed that YLD (TM) was 11.4 % higher than
in TR, and STD was 9.5 % higher. This behavior was
due to the residues of the previous crop left in the
area, increasing the levels of soil organic matter,
compared with the initial analysis (August/2010),
which is extremely relevant for the soil physical,
chemical and biological properties as well as for
sugarcane (Mendonza et al., 2000).

In relation to the soil properties, only BD1 was not
significantly different between treatments (Table 2).
In contrast, other properties (88 %) differed between
treatments, indicating that at a higher organic carbon
content, the soil will be better structured, retain more
moisture, with consequent reduction in PR (as in the
case of TM) and develop the sugarcane root system
better. This result is extremely important, since it
confirms the relevance of leaving the sugarcane trash
on the soil, as also reported by Mendonza et al. (2000),
who described the benefits of this practice. When
comparing data, it was observed that 90 % of the
properties were statistically significant by the F test,
proving that treatment TM performed best from the
point of view of soil conservation for the studied soil
properties, the treatment had a direct impact on
sugarcane performance, 1.e., higher yields resulting
in higher profit for the sugarcane growers.

Among the significant correlations (Pearson) of
interest in TM were the pairs YLD x STD (r =0.725%¥),
YLD x GM1 (r=0.231%*) and YLD x BD1 (r = 0.305%%),
and in TR, YLD x STD (r =0.769**) and BD1 x YLD
(r=0.211%), demonstrating that the property STD,
regardless of the treatment, contributed most to
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Table 1. Descriptive analysis of properties of sugarcane and physico-chemical properties of an Ultisol, in the

trash mulching treatment

Descriptive statistic

Property® Mean Median Value SD® Coefficient Test probability®
Minimum Maximum Variation Kurtosis Assimetry Pr<w FD
%

Trash mulching
YLD (t ha't) 94.6 94.9 69.3 119.7 11.4 12.0 -0.497 0.072 0.289 NO
STD (plant m) 11.5 11.6 7.9 15.8 1.68 14.6 -0.485 -0.067 0.439 NO

Soil physico-chemical property

PR1 (MPa) 0.962 0.925 0.375 1.744 0.315 32.7 -0.852 0.234 0.015 IN
PR2 (MPa) 1.558 1.557 0.710 2.601 0.355 22.8 0.197 0.424 0.088 NO
GM1 (kg kg!) 0.146 0.145 0.106 0.194 0.015 10.2 0.575 0.414 0.253 NO
GM2 (kg kg'l) 0.146 0.146 0.116 0.179 0.012 8.2 0.173 0.136 0.779 NO
BD1 (kg dm™) 1.535 1.551 1.256 1.738 0.098 6.4 0.545 -0.678 0.003 IN
BD2 (kg dm™) 1.589 1.544 1.326 1.783 0.075 4.7 1.097 -0.130 0.133 NO
CP1 (t hal) 19.9 19.7 11.6 27.8 2.98 15.0 0.042 0.016 0.003 IN
CP2 (t ha'l) 16.1 16.2 11.6 22.0 2.41 15.0 -0.446 0.088 3.10-4 IN

Trash was removed

Sugarcane property
Y1d (t ha'') 84.9 84.3 59.3 112.0 10.6 12.5 -0.507 0.090 0.449 NO
Std (plant m'l) 10.6 10.4 7.2 15.0 1.73 16.4 -0.348 0.309 0.174 NO

Soil physico-chemical property

Pr1 (MPa) 1.104 1.076 0.425 2.307 0.367 33.3 0.026 0.475 0.071 NO
Pr2 (MPa) 1.904 1.839 0.515 3.433 0.606 31.8 0.024 0.401 0.066 NO
Gm1 (kg kgl 0.104 0.104 0.081 0.137 0.011 10.8 0.209 0.373 0.112 NO
Gm2 (kg kg'l) 0.121 0.121 0.092 0.154 0.011 9.5 0.162 0.081 0.958 NO
Bdl (kg dm™) 1.554 1.563 1.357 1.743 0.081 5.2 -0.123 -0.217 0.336 NO
Bd2 (kg dm™®) 1.610 1.615 1.386 1.831 0.079 4.9 0.276 -0.025 0.845 NO
Cpl (¢ ha'l) 17.7 17.4 12.8 23.2 2.08 11.7 -0.031 0.291 0.002 IN
Cp2 (t ha!) 14.6 13.9 9.3 19.7 1.94 13.3 0.291 0.150 710" IN

MYLD, Yld; STD, Std; PR, Pr; GM, Gm; BD, Bd; CP and Cp are, respectively, the stalk yield per hectare, stand density,
penetration resistance, gravimetric moisture, bulk density, and carbon pool in the soil in the layers 0.0-0.20 (1) and 0.20-
0.40 m (2); PSD: standard deviation; ®FD: frequency distribution, and NO and IN, respectively, normal and indefinite

data distribution.

increase YLD, corroborating Braga (2011) and Gioia
(2011). These correlations presented direct behavior,
indicating that an increase in the values of these
properties (cause) results in an increase in YLD (effect),
while the opposite is also true. Souza et al. (2008)
reported a significant positive linear correlation
between YLD and GM1 in an Oxisol.

The equation modeled for YLD x STD was represented
by the direct polynomial model (Equation 1), in
disagreement with Gioia (2011), who applied an
exponential model. The coefficient of correlation
showed a high value, considering the high number of
observations (r =0.740 **; n=121). If the STD varies
between 7.9 and 15.8 plant m! (Table 1), the YLD
estimate would increase from 76.0 to 114.2 t ha'l,
respectively. Similarly, when considering the average

STD (11.5 plant m1), the YLD estimate would be
94.8 t ha'l, a value close to the YLD obtained in this
study. The equation of YLD x GM1 was explained by
the direct exponential model (Equation 2). Thus, the
YLD increased from 87.1 to 103.0 t ha'!, when the
soil GM1 increased from 0.106 to 0.194 kg kg'l, as an
YLD value of 94.0 t ha'! corresponded to GM1 of
0.146 kg kgL

With regard to bulk density, YLD responded
linearly to increments in BD1 (Equation 3), from the
minimum value of 84.6 (1.256 kg dm3) to 101.7 t ha'!
(1.738 kg dm3). The increase in BD1 may have
benefited the root-soil contact, explaining the positive
correlation. Furthermore, the correlation of YLD with
GM1 was significant and positive, suggesting that
to a certain level there was a benefit, increasing the

R. Bras. Ci. Solo, 37:1709-1719, 2013
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Figure 1. Rainfall and thermal means, obtained in the experimental area from July 2010 to July 2011.

Table 2. F test applied to the properties of sugarcane
and sugarcane and physico-chemical properties
of an Ultisol, in treatments with trash mulching
and trash removal from the soil surface

Mean value®

Property?  F value®
Trash mulching Trash removal

YLD (t ha') 45.9%* 94.6 + 1.03 84.9 + 0.97
STD (plant m™!) 16.0%* 11.5+0.15 10.5 + 0.16
PR1 (MPa) 10.5%*  0.962 = 0.029 1.104 + 0.033
PR2 (MPa) 29.7%% 1.558 + 0.032 1.904 + 0.055
GM1 (kg kg!) 454.1%*  0.146 + 0.001 0.104 + 0.001
GM2 (kg kg'l) 213.2*%  0.146 + 0.001 0.121 + 0.001
BD1 (kg dm™) 2.5 1.535 + 0.009 1.554 + 0.007
BD2 (kg dm™®)  4.0* 1.589 + 0.007 1.610 = 0.007
CP1 (t ha') 44.0%* 19.9 = 0.27 17.7 £ 0.19
CP2 (t ha') 29.0%* 16.1 + 0.22 14.6 +0.18

M YLD, STD, PR, GM, BD, and CP are, respectively, the stalk
yield per hectare, stand density, penetration resistance,
gravimetric moisture, bulk density, and carbon pool in the soil in
the layers 0.0-0.20 (1) and 0.20-0.40 m (2); @ * and **: significant
at 5 and 1 %, respectively; ® Mean values + mean standard error.

BD1 at water saturation, and therefore the plant
nutrient uptake from the soil solution was probably
improved, as also mentioned by Hill et al. (1985) and
Pacheco & Cantalice (2011). These authors stated
that one of the beneficial effects of soil compaction
can be attributed to increased water availability to
the crop in drier periods, due to a higher soil contact
with the roots, resulting from the lower macropore/
micropore ratio.

YLD = 22.6 STDO587 (r = 0.740%*; n = 121) (1)
YLD = 71.1 eGMI191%) (; = 0. 2835%%: n = 121)  (2)
YLD = 40.0 + 35.5** BD1 (r = 0.305**; n = 121) (3)

R. Bras. Ci. Solo, 37:1709-1719, 2013

On the other hand, Std x Yld was represented by a
quadratic polynomial model (Equation 4), in agreement
with Braga (2011). The maximum was established at
15.2 plant ml. Determining the ideal Std is an
extremely important agricultural aspect, in view of
the close relationship with increases in stalk yield.
To Bd1, Yld responded linearly (Equation 5). Thus,
the Yld values ranged from 79.6 (Bd1 =1.357 kg dm)
t090.2 t ha'l (Bd1 =1.743 kg dm™3).

Y1d=-25.4+16.2 Std - 0.533 Std? (1= 0.626**; n = 121)(4)
Yld =42.1 +27.6* Bdl (r=0.211%; n=121)  (5)

The parameters of the single and cross-
semivariograms and cross-validation of the properties
with spatial dependence are shown in table 3. The
single semivariograms, analyzed by the respective
spatial correlation coefficients (r2), were between 0.979
(#Y1d) and 0.680 #CP2) and the geostatistical range
was between 59.0 (#Y1d) and 22.0 m (PR1 and BD2)
and the angular coefficients (b) of the cross-validation
between 1.000 #Y1d) and 0.384 (BD2). The property
with best semivariogram fitting, #Y1d (spherical
model), had a range 59.0 m and SDC (60.5 %) higher
(Table 3, Figure 3a), while YLD fitted to an exponential
model (Table 3, Figure 2a), a range of 30.9 m and
very high SDC (88.2 %), similarly to Gioia (2011).
The Gaussian model was adjusted for BD2 (Table 3,
Figure 2e), with a range of 22.0 m and average SDC
(40.3 %), in contrast to the exponential model adjusted
by Souza et al. (2010). In both treatments, STD
adjusted to the exponential model, in agreement with
Braga (2011).

Figure 2b (TM) shows the highest values of YLD
(94.2 t0 109.3 t ha'!) in the North-South, East-West
(along the central transverse lines) and in the
Southeast and Northeast directions. In the other
regions, the values were lower (73.9 to 89.1 t ha'l),
indicating patches with extremely varied yield,
associated with the spatial variability of soil,
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Table 3. Parameters of semivariogram and cross-validations for the properties of sugarcane and physico-
chemical properties of an Ultisol, in the treatment in which the trash was left on the ground (mulching)
and was removed from the soil

Fitting parameter

Property” SDC® Cross-validation
Model® C, C,+C Al r? SQR®
% Classe a b r
m
Trash mulching
v(h) single - plant property
YLD exp (168) 1.25.10 1.06.10% 30.9 0.875 1.26.10 88.2 VH 6.75 0.926  0.377
STD exp (179)  2.70.10! 2.27 25.5 0.951 1.23.102 88.1 VH 7.40.100 0931 0.351
v(h) single - soil property
PR1 gau (195)  5.00.102  8.98.10 22.0 0.728 8.83.10°  44.3 ME 2.10.101  0.776  0.261
PR2 gau (101) 7.00.102 1.10.101 26.0 0.925 6.08.10° 36.4 LO  5.00.102 0.966 0.363
BD2 gau (93) 2.10.10°  3.50.10°  22.0 0.717 1.73.107  40.3 ME 9.80.101  0.384  0.122
#CP1 sph (99) 1.00.10! 6.66 27.2 0.724 3.42 98.5 VH 0 0.556 0.383
#CP2 gau (97) 2.50 4.82 29.4 0.680 1.17 48.2 ME -1.00.101  0.665  0.288
v(h) cross (plant and soil)
YLD={(STD) exp (73) 2.97 8.99 56.4 0.845 2.20 67.0 HG 3.95.10 0.581  0.381
YLD=f(BD2) gau (73) -2.13.10% -9.16.102 122.8  0.327 1.28.102 76.7 HG 4.05.10 0.571  0.355
Trash removed
v(h) single - plant property
#Y1d sph (97) 2.71.10 6.87.10 59.0 0.979 2.76.10 60.5 HG 1.10.10" 1.000 0.530
#Std exp (98)  2.70.10! 2.25 27.3 0.947 2.28.102 88.0 VH -1.06.102  0.536  0.190
v(h) single - soil property
Cpl sph (91) 1.37 3.52 52.7 0.881 3.63.101 61.2 HG 2.06 0.884  0.506
v(h) cross (plant x soil)
#Y1d=F#Std)  sph (90) 3.67 8.68 45.5 0.871 1.79 57.7 ME 3.50.101  0.665  0.443

@ YLD (Y1d), STD (Std), PR, GM, BD, and CP (Cp) are, respectively, the stalk yield per hectare, stand density, penetration resistance,
gravimetric moisture, bulk density, and carbon pool in the soil in the layers 0.0-0.20 (1) and 0.20-0.40 m (2); ® parentheses after the
model indicate the number of pairs in the first lag: exp=exponential, gau=CGaussian and sph=spherical, ® SQR: sum of squared
residuals;  SDC: spatial dependence criterion where VH=very high, ME=medium, LO=low and HG=High. # computed with the

residue of the property.

corroborating observations of Molin & Mascarin
(2007), Molin et al. (2007), Oliveira et al. (2009),
Dalchiavon et al. (2011), and Dalchiavon & Carvalho
(2012), who mapped crop yield and concluded that the
spatial variability in the maps was high.

For the regions with highest YLD (Figure 2b),
direct similarities with the STD map were observed
(Figure 2d), with values between 11.2 and 13.1 plant
m'!, whereas in the Northwest region, as well as at
some isolated points darker patches of the map, STD
values were the lowest (8.6 - 10.5 plant m'!) and YLD
smallest. Regarding BD2 (Figure 2f), the opposite trend
was observed in the YLD map (Figure 2b), where
regions with lower BD2 (1.530 - 1.579 kg dm?) were
related to higher YLD values. In contrast, regions
with high BD2 (1.595 - 1.644 kg dm3) were related to
lower YLD. This comparison indicated the presence
of compaction of the subsurface soil (0.20-0.40 m),
suggesting that the soil should be decompacted to raise
the sugarcane yield.

In the TR treatment, the highest £Y1d (87.5
- 100.2 thal)occurred in the directions North-West
and South-Southeast (Figure 3b). In the other regions
the £Y1d was lower (71.0 - 83.5 t ha'!). For the larger
regions Y1d (Figure 3b) direct relationships with the
£Std map were also observed (Figure 3d), which, in
turn, was between 10.7 and 12.9 plant m'!, whereas
in the other areas, £5td was lowest (7.9 - 10.0 plant
m!) and consequently £Y1d as well.

In the cokriging for YLD = f(STD), YLD = f(BD2)
and #Y1d =f (# Std), the R2valuesranged from 0.871
t0 0.327, and b of the cross-validations from 0.665 to
0.571 (Table 3, Figures 2 and 3). Therefore, the best
fitting (TM), was the cokriging YLD = f(STD), with
results comparable to Braga (2011). This cokriging
fit a direct exponential semivariogram model (Table 3,
Figure 2¢g), whose range of spatial dependence was
56.4 m and SDC high (67.0 %). Thus, it was found
that the 84.5 % spatial variability of YLD was
explained by the spatial variability of STD. Therefore,
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Figure 2. Single and cross semivariogram and maps cokriging properties of sugarcane and BD2 of an Ultisol,
in the treatment in which the trash was left on the ground (mulching).
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Figure 3. Single and cross-semivariogram, and maps cokriging of sugarcane properties in an eutrophic
Ultisol, in the treatment in which the trash was removed from the soil.

at locations where STDis 11.2 - 13.1 plant m'1, YLD
will be expected to be 95.0 - 112.1 t ha! (Figure 2d,h).
On the other hand, at sites where STD 1s 8.6 - 10.5
plant m1, YLD will be 72.2 - 89.3 t ha'l.

For cokriging YLD = f(BD2), the inverse Gaussian
semivariogram was adjusted (Table 3, Figure 2i),
differing from the spherical model inverse observed
by Montanari et al. (2012) who studied the dry matter
yield of forage intercropping in relation to BD of an
Oxisol (0.20-0.30 m layer). The cokriging mentioned
indicated that in regions where BD2 increases, YLD
will be reduced, the opposite also being true. The
geostatistical range was 122.8 m with high SDC
(76.7 %). Thus, in regions where BD21s 1.595 - 1.644
kg dm, YLD will be 70.2 - 88.1 t ha'! (Figure 2f)j).
However, where BD2 is 1.530 - 1.579 kg dm™3, YLD
will be 94.0 - 111.9 t ha'l.

To the TR treatment, the cokriging #Y1d = f(#Std)
with a direct spherical adjustment (Table 3,
Figure 3e) had a range of 45.5 m and an average

SDC (57.5 %), where 87.1 % of the spatial variability
of #Y1d was explained by spatial variability of #Std.
Thus, in regions where #Std is 10.7 - 12.9 plant m1,
Yld will be 87.9 - 103.6 t ha'! (Figure 3d,f), and where
#Stdis 7.9 - 10.0 plant m'%, Yld will be 67.0 - 82.7 t ha'l.
Given the above, in order to increase the sugarcane
yield (variety RB855035), Std should be more than 11
plant m'! while BD (0.20-0.40 m) should be less than
1.579 kg dm™.

CONCLUSIONS

1. In both treatments, stand density was the
property with the best positive correlation with
sugarcane yield. Of the soil properties, bulk density (0-
0.20 m) had the highest positive correlation with yield;

2. Form the spatial point of view, stand density
was the property that best explained the sugarcane

R. Bras. Ci. Solo, 37:1709-1719, 2013
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yield. However, bulk density (0.20-0.40 m) in the trash
mulching treatment was the only soil property
spatially correlated with cane yield;

3. The maintenance of sugarcane trash on the soil
surface increased the sugarcane yield and soil organic
carbon, representing an important practice from the point
of view of sustainable management and soil conservation.
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