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Abstract
Sixty-four representative samples  of the 20 cm of shallow  soil were taken in an Oxic Dystrudept  of the Eas- tern Mountain  Ridge foothills (Casanare,  Colombia),  on a 58-hectare farm using a nested  sampling  of four levels. The measured properties  correspond to those  that determine crop  yields. The principal  components technique was used  for data  analysis.  Thus, we generated a variable  to classify soil with a comprehensive approach called  First Principal  Component (PC1), which  explained 78% of the variation  found in the data of the properties  that affect specifically crop production. PC1 proved to be a regionalized variable and interpola- ted via Kriging on the map of the farm. The positive and negative values of this new variable (PC1) determined the UMH for the establishment of commercial crops in the farm.
Key words: Variability, Soils, Principal Component Analysis, Site-Specific Management
Resumen
En un Oxic Dystrudept  del piedemonte de la Cordillera  Oriental  (Casanare,  Colombia),  en una finca de 58 hectáreas, se tomaron  64 muestras representativas de los 20 cm superficiales del suelo utilizando un muestreo anidado de cuatro  niveles. Las variables  medidas  corresponden a aquellas  que determinan los rendimientos de los cultivos.  La técnica  utilizada  para  el análisis de los datos  fue la de componentes principales; en ese sentido,  se generó una variable  para clasificar el suelo con un enfoque  integral, llamado  Primer Componente Principal  (PC1), la cual explicó  el 78% de la variación  encontrada en los datos de las variables  que inciden de manera  específica  sobre la producción de cultivos.  El PC1 demostró  ser una variable  regionalizada y se interpoló  vía Kriging sobre el mapa de la finca. Los valores positivos y negativos de esta nueva variable (PC1) determinaron las  UMH con miras al establecimiento de cultivos comerciales dentro de la explotación.
Palabras clave: Variabilidad, Suelos, Análisis de Componentes Principales,  Manejo por Sitio Específico

Resumo
Num Oxic Dystrudept  de piedemonte da cordilheira Oriental  (Casanare, Colômbia) numa fazenda  de 58 hec- tares, foram tomadas  64 amostras representativas dos 20 cm superficiais  do solo utilizando uma amostragem aninhada de quatro  níveis. As variáveis  medidas  correspondem a aquelas  que  determinam os rendimentos das culturas.  A técnica  utilizada  para a analise  dos dados  foi de dos componentes principais,  nesse sentido de gerou uma variável para classificar o solo com enfoque  integral, chamado Primeiro Componente Principal (PC1), a qual explicou  o 78%  da variação  encontrada nos dados  das variáveis que incidem  de maneira  es- pecifica  sobre a produção de cultivos. O PC1 demostrou ser uma variável regionalizada e foi interpolada via Kriging sobre o mapa da fazenda. Os valores positivos e negativos desta nova variável (PC1) determinaram as UMH para o estabelecimento de culturas  comerciais dentro da exploração.
Palavras chave: Variabilidade, Solos, Analise de Componentes Principais,  Manejo por Sitio Específico.
Introduction
There are  many  elements, components and  variables that need to be known for making decisions  in agricul- tural enterprise.  Good  decisions  can  only result from an appropriate analysis and interpretation of data, turn- ing it into information,  which is turn into action (Wino- grad et al., 1998).  Therefore,  the basis of information that can be turned into action  to increase  competitive- ness  and  sustainability  of farms is knowledge of soil resources  through  the analysis of spatial and temporal distribution  of physical and chemical characteristics.
Precision agriculture  allows the use of a wealth of infor- mation  to turn it into action.  It definies localized man- agement practices based on the spatial variability of soil, Variation affects the productivity  of crops is a followed premise  (Schepers  et al, 2004,  Cox et al, 2003).  This means  that it is necessary  to know  the variability  pat- terns and their magnitude, in order to implement  man- agement differentiated by specific sites, it is necessary to know the variability patterns and their magnitude, which can be studied through geostatistics that allow mapping and defining homogeneous areas. The area of the great- est  development in  precision   agriculture   site-specific nutrient  management, also  called  “variable  rate  tech- nology,” which  corresponds to the variable  application of fertilizers doses according to the fertility level of each sector within the field. This means  that the work is not necessarily  carried  out with a single dose  of fertilizer, but with as many doses as significantly homogenous ar- eas exist in the exploitation (Ortega & Flores, 1999).
This technology allows  having  a more  efficient man- agement   of  crops,  not  only  from  the  economic but also  from  environmental  point  of  view  (Brouder  et al., 2001).  This paper  evaluates  the spatial  variability of physical  and  chemical attributes  of soil as a basis for developing a SSM (Site Specific Management) pilot project in the Llanos Orientales (Tauramena, Casanare).

Methodology
Characteristics of the study area
This research  was conducted in the Orinoco region in eastern  Colombia,  on a farm of 58 ha, located  in the village Jagüito, Tauramena municipality, south west of Casanare  department, about  5° 01’ north latitude   and
72° 45’ west longitude  (Figure 1).
The study area  is located  on a relief zone  slightly flat with dominant slope (1-3%), it corresponds, according to Holdridge, to a Tropical  Rain Forest (TRF) with an annual  average rainfall of 3000 mm (IGAC, 2002). The landscape corresponds to the foothills, the type of relief to a terrace range and the land form to the plane of the terrace range. The soils of this area were characterized according to USDA (2006),  as Oxic  Dystrudept,  fine Loamy, kaolinite, underactive and isohyperthermic; moderately deep phase with 30% in the unit and deep phase  with  the  other  70%  approximately. They  are characterized by having  from a sandy  loam  to a clay loam texture, from very shallow  to very deep  effective depth limited in some areas by stoniness. They are well drained,  with low base saturation  and low capacity  of cationic  exchange. Stranglehold  of quartz and kaolini- te was found  in the sand  and clay fraction,  indicating a very low potential  and current  fertility (Peña, 2006).
Sampling and soil analysis
A nested  sampling  was  used  with  the  same  mapping unit  with  four  levels  corresponding to  the  distances among  samples,  ie, 270,  80, 20 and  4 m for the spa- tial study of some physical  and chemical properties  of soil. The distances  were arbitrary,  selected  on the cri- teria described by Jaramillo (2002). The results of pre- vious studies were developed by Ovalles & Rey (1995), Madero  (2002),  Lozano  (2004)  and  Rubiano  (2005), with  some  adjustments, due  to  the  particular   shape

Figure 1. Location of the study area
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of the  area.  The experimental design  corresponds to a factorial  model  8x2x2x2  = 64  sites, where  the  first level (270 m) has eight repetitions, while  others  only had two levels (Figure 2).
Figure 2. Design of nested sampling system
It was  made  based  on  the  procedures established by the IGAC (1979), in each  of the selected  points deter- minations  of soil parameters that affect crop yields, ac- cording to literature (Table 1).

Statistical methods
Using  the  program   JMP v  5.1  (SAS Institute  Inc.,
2001)  descriptive   statistics  were  determined,  i.e., mean, standard deviation, variance, coefficient of variation,   median,    skewness,   kurtosis,   minimum and  maximum  values  of the  variables  under  study. Subsequently, we  analyzed the  spatial  behavior  of each  of them  through  geostatistical  analyses  using the  program  GS+  v 7.0  (Gamma  Design  Software,
2005),  which  found  half of the  maximum  distance between two sampling  points as a range to calculate semivariance.
In order to calculate the multivariate  index used to de- termine  homogeneous management units we used the PRINCOMP procedure of SAS v 8.1 (SAS Institute Inc.,
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2001). The first principal  component has the quality to be a variable  that is the best linear combination of the original variables  (Table 1) and summarizes the maxi- mum  variability  of the  population under  study.  After generating   the  multivariate   index,  we  proceeded  to make  the  geostatistical  analysis  of the  First Principal Component, including  the interpolation (Kriging Spot) for the  subsequent localization of the  homogeneous zones with ArcGIS 9.1 (ESRI, 2004).
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Table 1. Variable measured and used methods
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Results and discussion
Descriptive statistics and geostatistical analysis
Table  2 shows  the  mean  content  of K in soil is low

to Lal (1994). Therefore, the management of these soi- ls must be differentiated  from soil management with low  DA (1.16  g.cm-3) found  in some  sectors.  Those sectors  are  related  to  high  gravel  content.   The  CO is the  chemical attribute  that  has  the  highest  coeffi-

(0.11 cmol(+).Kg

), compared with the amounts  needed

cient  of variation  (45.40),  with  values  ranging  from

-1
for good crop growth reported  in the paper  published by the ICA (1992). That is why the availability  of this element  could  become a major  constraint  to agricul- tural production in this soil. However,  this is the nor- mal behavior  of K and other cations  in soils with high contents  of quartz  and  kaolinite,  which  is associated
-1


0.49%  to 3.73%  on the lot. It is explained by the di- fferent  management that  the  study  area  has  had.  It has grown  peanuts,  but there  are also natural  pastu- res. The coefficient of variation for Al, K and the CICE is similar,  largely  explained by  the  soil  mineralogy and the differential uses of land surface.

to low values  of CICE (2.58 cmol(+).Kg

). This can  be

explained by the predominance of the sand fraction (A)
that in these  soils is greater  than  60%  (60.84%).  Alu-

Table  3  shows  the  experimental  semivariogram   at-
tributes  for each  of the  properties   analyzed in  this

minum has high values (2.17 cmol(+).Kg

) compared to

work.  This table  also shows,  out of all attributes  an-

-1
the value of the CICE. Therefore, it is possible  to state that the exchange complex  is dominated by the dyna- mics of this element. The bulk density, with an average value of 1.51 g.cm-3, can be considered limiting for the normal  root  development in accordance with  the  re- ports of Hoyos  et al. (2004), for light textured  soils of the Eastern Plains of Colombia.  The CO values (1.30%) are similar to that reported  for soils in the high plains (Rubiano,  2005),  alluvial  soils  and  even  the  foothill soils of the Meta department (IGAC, 2000).  It can  be considered as an average value in this region.
The physical properties  (A and DA) showed  the lowest coefficients  of variation  (13.29  and  6.29).  However, these  variations  may  represent  significant  effects on crops, such as the high values of DA found (up to 1.66 g.cm-3) are strongly limiting for agriculture  according


alyzed,  the  spherical  model  was  the  best  fit to  the experimental models  (physical and  chemical).  It was also  reported   by  Oliveira  et  al.  (1999)  and  Verges (2004)  in another  type  of soils.  K, Al and  A have  a ratio nugget/sill (Prop) that, according to Cambardella et al. (1994), represents  a strong spatial dependence. DA, CICE and  CO  have  a  moderate spatial  depen- dence. The relationship between semivariance of the attributes and sampling distance  best fits the spherical model  (higher r2) on those  variables  that have  great- er spatial  dependence. In turn,  these  variables  have high determination coefficients in cross validation (r2cv), unlike  the  variables  that  have  moderate spa- tial dependence. This means  that the maps generated for properties  with high spatial dependence are more accurate than those generated for variables with mod- erate spatial dependence.

Table 2. Descriptive statistics
	Variable
	Mean
	Standard deviation
	Coefficient of variation
	Median
	Skewness
	Kurtosis
	Min.
	Max.

	A
	60.84
	8.08
	13.29
	60.52
	0.34
	0.04
	44.43
	77.97

	DA
	1.51
	0.09
	6.29
	1.52
	-1.02
	2.06
	1.16
	1.66

	Al
	2.17
	0.80
	37.04
	2.11
	0.76
	1.12
	0.91
	4.83

	CO
	1.30
	0.59
	45.40
	1.19
	2.07
	6.11
	0.49
	3.73

	K
	0.11
	0.03
	31.61
	0.11
	0.01
	-0.02
	0.04
	0.19

	CICE
	2.58
	0.91
	35.38
	2.54
	0.62
	0.87
	1.07
	5.41


Table 3. Theoretical models fitted to the experimental semivariograms
	Variable
	Model
	Nugget
	Sill
	Range
	r2*                                        Prop†                                 r2vc††

	A
	Esférico
	3.00
	86.9
	402.0
	0.585
	0.965
	0.930

	Al
	Esférico
	0.063
	0.919
	470.0
	0.569
	0.931
	0.849

	CO
	Esférico
	0.18
	0.418
	241.0
	0.147
	0.569
	0.321

	K
	Esférico
	0.00
	0.002
	537.0
	0.694
	0.864
	0.600

	CICE
	Esférico
	0.001
	1878.0
	945.0
	0.375
	0.628
	0.206

	DA
	Esférico
	0.004
	0.011
	310.0
	0.306
	0.664
	0.412


*Coefficient of determination
†Proportion nugget/sill
†† Coefficient of determination for cross validation

Figure  3  shows   the   interpolation  of  the   variables analyzed via point kriging. There are sites on the farm where high values of an attribute match the highest (or lowest) values  of other  variables,  as seen  in the  area marked with the circle. It shows the variables are stron- gly related.

Analysis of Principal Components
Figure 4 shows  every variable  has a great weight  wi- thin the first principal  component (PC1). That is why it collects  about  80%  of the variance  contributed by all the  variables  (Table 4). The same  figure shows  there

Figure 3. Maps of isolines for the analyzed variables

Table 5. Coefficients of determination (r2) of PC1 vs variables used to generate it
	Component
	A
	DA
	CO       CICE
	K
	Al

	PC1
	0.81
	0.64
	0.72       0.95
	0.58
	0.94


Generation of Management Units
The geostatistical  analysis  of PC1 shows  it has spatial dependence. It can be “mapped” reliably through Krig- ing (Figures 5 and 6). The estimate obteined by geosta- tistical  analysis  allows  to propose  management units identified  in the initial purposes  of this research.
Figure 4.   Focus   Factor  or  Association  BetweenVariables
Analyzed
Table 4.  Eigenvalues,  variation percentage and  cumulative percentage by components chosen, provided by PCA
	Component
	Eigenvalue
	%                         % Variation         cummulated

	1
	4.66
	0.78
	0.78

	2
	0.63
	0.10
	0.88

	3
	0.31
	0.05
	0.93

	4
	0.25
	0.04
	0.97

	5
	0.12
	0.02
	0.99

	6
	0.00
	0.00
	1.00


is a strong positive  relationship between variables  Al and CICE. It is evidenced by the closeness  of the vec- tors that identify each one. A similar behavior  happens between Al and  CO, but with a greater  distance.  The vectors  for the  variables  A and  Al are  located  in the opposite  way. A and CICE indicates  a strong negative relationship between these variables.
According  to principal  components analysis,  PC1 was constructed taking into account weights of each variable in the global  variance,  so that PC1 is given by the fo- llowing equation, where each variable is standardized:
[A (-0.42)] + [DA (-0.37)] + [CO (0.39)] PC1  =   + [CICE(0.45)] + [K (0.35)] + [Al (0.45)]
Low values of PC1 indicate  a high percentage of A and DA and  low values for CICE, CO, Al and  K. High va- lues of PC1 are related  to the opposite  behavior  (low values  of A and  DA and  high values  of CICE, CO, Al and K). Table 5 shows the proportion in which  PC1 is explaining  the behavior  of each  variable  in the field, through  the coefficient  of determination. It indicates  a very good estimate of r2  values between 0.58 and 0.95.



Figure 5. PC1 semivariogram
Figure 6. Cross-validation of PC1

Figures 7 and 8 show two proposed management units (MU-1 and MU-2) based on the values of PC1.  MU-1, characterized by having  PC1 values greater  than zero (0), has an approximate area of 25 ha. It has soils with minor  sand  content  (44 to 60%), lower  bulk densities with values between 1.2 and 1.5 g.cm-3. They are con- sidered  as non-limiting  or moderately limiting accord- ing to the criteria  set out by Lal (1994). The contents of CO,  CICE, K and  Al are  the  highest  in  the  study area. The opposite behavior is observed in the variables of MU-2, characterized by PC1 values below  zero (0), resulting in high values of A and DA and lower for CO, CICE, K and Al. Percentage of A oscillates  between 60 and 74. DA’s is between 1.5 and 1.65 g.cm-3, the latter considered by Lal (1994) as a strong to a very strong constraint.  This unit has an approximate area of 33 ha.
Conclusions
The general  idea  of considering lots, plots, farms and regions  as places  where  the soil is homogeneous has often led to wasted  efforts in pursuit of information.  It happens because the soil attributes  characteristics are averaged  and this datum is used as a basis for decision

making.  The present  study showed  that the soil varies considerably in a single mapping  unit, in the same re- gion and  in the same  premises  (smaller than  60 hect- ares). It is possible to distinguish two different manage- ment areas with a agricultural  production view.
With  DA as indicator, this unit  does  not  have  limits for the  rooting  of more  crops.  That is why  mechani- zation  should  be done  with minimum  tillage in order to  preserve   soil  structure.   The  CO  levels  indicates that the application of organic  matter  before  planting should be in smaller amounts  than in MU-2. However, its application is critical  in both  due  to low values  of CICE. MU-1,  due  to high  Al values.  To reduce  satu- ration  of this element  will require  greater  amounts  of chemical amendments, compared to MU-2.
MU-2 DA values show a strong constraint  on pineap- ple rooting. Thus, a rigid tooth chisel should preferably be used to break the surface layer, taking care of over mechanization due  to  these  soils  susceptibility   ero- sion.  Irrigation  is another  aspect  affected,  compared with MU-1, as it surely must have greater frequency,  in smaller amounts,  due to the higher content  of sand in this management unit.

Figure 7. Isolines map of PC1 and proposed management units       Figure 8. Management units map
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