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Abstract 

With the aim to estimate the coefficient of soil heterogeneity (b) without performing tests of uniformity, we 
proposed a methodology to use data from yield experiments isolating the treatment effect of the response 
variable. To identify methodological issues and illustrate the statistical proceeding management, data from 
one of the yield trials conducted in common bean by the Andean Breeding Program of CIAT were used. The 
coefficient of soil heterogeneity was estimated using the law of variance of Smith (1938) and the equation 
proposed by Federer (1963). Values of 0.59 and 0.66 respectively were obtained. Finally, we used the 
methodology of Hatheway (1961) and the "b" value estimated based on Federer (1963) to find the best 
combination of plot size, number of repetitions and difference to be detected as a mean percentage. 
 
Keys words: Experimentation, field research, law of variance, Phaseolus vulgaris, soil heterogeneity, 

statistical analysis, yield. 
 

Resumen 

Con el objeto de estimar el coeficiente de heterogeneidad del suelo (b), sin realizar ensayos de uniformidad, 
se propuso una metodología en la cual se usan datos provenientes de ensayos de rendimiento, aislando el 
efecto de tratamiento de la variable de respuesta.  Para definir aspectos metodológicos y mostrar algunos 
resultados obtenidos en el manejo estadístico de la información, se utilizaron los datos de un ensayo de 
rendimiento de frijol común realizado en el Centro Internacional de Agricultura Tropical (CIAT) por el 
Programa de Mejoramiento de Frijol Andino.  El coeficiente de heterogeneidad del suelo se estimó a partir 
de la ley de varianza de Smith (1938) y la ecuación propuesta por Federer (1963) encontrando valores de 
0.59 y 0.66, respectivamente.  Teniendo como referencia el valor de b estimado a partir de la metodología 
de Federer (1963) se recurrió a la metodología de Hatheway (1961) para encontrar la mejor combinación de 
tamaño de parcela, número de repeticiones y diferencia a detectar como porcentaje de la media. 
 
Palabras clave:   Análisis estadísticos, experimentación, heterogeneidad del suelo, investigación de campo, 

ley de varianza, Phaseolus vulgaris, rendimiento. 
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Introduction 

Soil variability due to changes in physical, 
chemical and biological characteristics does 
not allow homogeneity with experimental aims 
(Escobar, 1982).  This variability is the most 
influential factor on the experimental error 
since it has a big impact on crop production.  
The absence of suitable controls for experi-
mental error affects results precision on the 
research (Rosello and Gorostiza, 1993).  To 
characterize the tendency on experimental 
plots, blank assays are used.  These assays 
consist of sowing a pure line or a cultivar that 
is managed with similar practices to find yield 
differences in each plot that are due mainly to 
the soil variability, using plants as biological 
indicator. (Baena et al., 1977; Escobar, 1982).  
Knowing soil heterogeneity plot sizes, repeti-
tion number and difference in yield between 
different treatments can be selected; this re-
duces the experimental error and increases 
the trust on the results (Escobar, 1982).  The 
main aim of this research was to develop a 
methodology to estimate the heterogeneity 
coefficient of soil, in order to ensure the ex-
perimental conditions and create a yield map 
with results coming from yield experiments on 
common bean (Phaseolus vulgaris L.). 
 

Materials and methods 

Location and soils 

Methodological and statistical management of 
the results were taken from a yield experi-

ment on common bean that was done in the 
International Center for Tropical Agriculture 
(CIAT) in Palmira (03° 31’ N, 76° 18’ O; 1001 
MASL) during the first semester of 2009 (Ja-
nuary-April). Weather was characterized by a 
variable maximum temperature between 23.8 
and 33 °C and minimum between 17.4 and 
21.3 °C.  Total precipitation was 270.2 mm 
irregularly distributed.  Total evapotranspira-
tion was 408.6 mm which corresponds to in-
termittent drought (Figure 1).  Two supple-
mentary irrigations by gravity were done the 
first day and 15 days after sowing. 

Soil of the experimental site is a Mollisol 
Aquic Haplustoll silty clay with pH 7.0, M.O. 
13.2% , P 70.5 mg/kg, 0.7, 11.5, 7.2 cmol/kg 
of K, Ca, Mg, respectively, and 22.4 mg/kg  S,  
C.I.C. of 28.4. 
 
Genotypes used 

64 common bean lines were evaluated in this 
experiment. They are bush type and of agri-
cultural interest for their drought tolerance.  
Experimental design was complete randomi-
zed blocks with three replicates and plot size 
of 3.09 m x 0.6 m with 2 plots per genotype, 
for a total of 192 units in 3708 m2.  Sowing 
distance between plants was 7 cm for an 
approximate density of 200,000 plants/ha.  
 
Statistical analysis of results 

Having into account that the evaluated geno-
types were different, it was necessary to re-
move the effect of each one of them and, ho-

Figure 1. Weather conditions in the experimental location during January – April 2009. 
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mogenized the data obtained for further ana-
lysis as a uniformity assay. Next, it is pre-
sented an example used to analyze the ex-
perimental data based on a complete rando-
mized block experimental design.  Starting 
with the next relation: 
 

 Yij = μ + Gi +  Bj + εij  [1] 
 

where, 
𝑌ij  = variable of response in the jth 
replication of the ith treatment 
μ   = general mean. 
Gi   = effect of genotype i. 
Bj  = effect of block j. 
εij = random error. 
 
genotype effect should be estimated which is 
the difference between genotype average and 
general mean:  
 

 Gi = Yi. −  Y..  [2] 
 

Afterwards, the variable of response for 
each experimental unit is obtained, it is geno-
type effect free.  With this value the production 
of ach plot is estimated like it has a uniform 
cultivar:  

 
  Yij  – Gi = μ +  Bj  +εij  [3] 

 
To construct the productivity map, the re-

ference value taken was the standard devia-
tion of yield for each plot as clustering crite-
rion for homogeneous plots, meaning that, 
each one of the classes had an interval equal 
to the standard deviation of the unitary plots, 
in a range from 4.20 and 10.08 kg/plot (Figu-
re 2). 

Aiming to estimate the soil heterogeneity 
index (b) different arrays in size and shape 
were designed by summing up the yield of 

 

  
1 2 3 4 5 6 7 8 
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9                 
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13                 
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17                 
18                 
19                 
20                 
21                 
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Yield range: 

      4.21- 5.29 5.30 - 6.37   6.37 - 7.45 7.45 - 8.52  8.52 - 9.60  9.60 - 10.68  

 

Figure 2.  Productivity contour plot for yield (kg/plot) in 192 plots of 3.708 m2 in the O2 area 

of CIAT.. 
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adjacent unitary plots.  For each array the 
arithmetical mean, standard deviation, coeffi-
cient of variation and variance per unitary 
area were calculated and expressed in the 
following equation:  
 

 𝑉𝑥𝑖 = 𝑆2𝑥
𝑋2

  [4] 
 

where, 𝑆2𝑥  = variance between plots of X 
basic units, and X = number of basic units 
composing the plot.  

When the plot size (Xi) is placed on the 
abscissa axis and variances per unitary area 
are plotted in the ordinate axis, the relation 
between the two variables is observed, that is 
the smith´s variance law  (Smith, 1938). 
 

 𝑉𝑥𝑖 = 𝑉1
𝑋𝑏

  [5] 
 

where,  
V1  = yield variance between unitary plots. 
Vxi = yield variance between secondary units, 

expressed per unit of area. 
Xi = area of the secondary plots in the diffe-

rent arrays. 
b =   soil heterogeneity coefficient. 

This expression can be linearized in loga-
rithmic terms.  Slope was proposed by Smith 
in 1938 as a measurement or index of soil 
heterogeneity.  
 

 log𝑉𝑥𝑖 =  𝑙𝑜𝑔𝑉1 −  𝑏 𝑙𝑜𝑔𝑋𝑖 [6] 
 

In some cases, heterogeneity coefficient (b) 
calculated by Smith´s equation can be higher 
than 1, which prevent a correct results inter-
pretation because since b is an index of co-
rrelation between plot variability and soil he-
terogeneity coefficient, it is desired that it os-
cillates between 0 and 1.  For this reason, 
Federer (1963) recommends that the soil hete-
rogeneity index is estimated taking into 
account the variance logarithm and degrees of 
freedom associated with each array.  Values 
of 0 correspond to totally homogeneous soils 
and when closer to 1, means a higher hetero-
geneity degree.  
 

 𝑏 =
∑(𝑊𝑖𝑄𝑖𝑃𝑖)− ∑(𝑊𝑖𝑄𝑖)  ∑(𝑊𝑖𝑃𝑖)

∑𝑊𝑖

∑𝑊𝑖𝑃𝑖²− ∑(𝑊𝑖𝑃𝑖)²
∑𝑊𝑖

 [7] 

 

where, 
Qi  =   logarithm of yield variance per unit of 

area. 
Pi  = logarithm of the number of basic units 

in each plot size.   
Wi =  degrees of freedom associated with a 

given variance (number of plots with size 
Xi - 1). 

From the soil heterogeneity coefficient it 
was estimated the optimal plot size; after-
wards, a graph was built to determine the 
number of repetitions and values of difference 
between treatments means to be detected, 
this by using the Hatheway methodology 
(1961) expressed in the following equation: 
 

 𝑋𝑏 = 2(𝑡1+ 𝑡2)² ∗  𝐶𝑉² 
𝑟∗ 𝑑²

  [8] 
 

where, 
X = optimal size of useful plot.  
b = soil heterogeneity coefficient (weighted). 
r  = number of replicates.  
d = difference needed to be detected between 

two treatments, expressed a mean per-
centage (+). 

t1 = ‘t’ value on the Table for a given α level 
and (r-1) (t-1) degrees of freedom, being t 
= number of treatments.  

t2 = ‘t’ value on the Table for (r-1) (t-1) degrees 
of freedom on one level.  
α = 2(1 - p), where p is the probability esti-

mated by the researcher to get a signifi-
cant result.  

CV = variation coefficient between unitary 
plots. 
t1 and t2  values depend on the probability 

levels and degrees of freedom of the experi-
mental error, which are chosen by the resear-
cher according to the experiment.  To calcu-
late, researchers normally assume a signifi-
cant level of 5%, the hope of getting signifi-
cant differences in eight of ten experiments (P 
= 0.8) and assays with more than 14 degrees 
of freedom to estimate the experimental error.  
Under this concepts the (t1 + t2)2 value is close 
to 9, which transforms the expression in:  
 

 𝑋𝑏 = 18 ∗𝐶𝑉² 
𝑟∗ 𝑑²

  [9] 
 

In the analysis done to define the optimal 
plot size and number of replicates, the expe-
rimental units were takes as Xi value.  Each 
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experimental unit corresponded to 3708 m2.  
To develop the Hatheway’s methodology 
(1961) the following variables were used (Ec. 
9): r  = varied from 3 till 8; d = 5, 10, 15, 20, 
25, 30, 35 and 40; b  = estimated with 
Federer’s methodology (1963);  2(𝑡1 + 𝑡2)²  = 
18; CV  = variation coefficient between unitary 
plots; X = plot size in unities. 

Gómez and Gómez (1984) proposed to es-
timate the soil heterogeneity coefficient using 
complete randomized blocks designs, divided 
plot or subdivided plots.  For the complete 
randomized blocks design variance is estima-
ted in the size plot –from the y block and d 
experimental unit- and for the subdivided 
plots design variance is estimated in the 
block, the main plot, the subplot and sub-
subplot.  Therefore, there is only two (com-
plete randomized blocks) and four (subdivided 
plots) points to estimate the soil heterogeneity 
coefficient.  In the methodology proposed by 
this study 30 points are used to estimate this 
coefficient, although they can be more if other 
plot arrays are considered in order to get a 
higher exactitude in the soil heterogeneity 
coefficient estimation. 
 

Results and discussion 

This study presented six classes or categories 
of homogeneous plots ranging from 4.20 to 
10.08 kg/plot (Figure 2), with an interval 
length corresponding to the standard devia-
tion of the unitary plots (1.08).  In the Figure 

is appreciated the contour plot for yield 
showing clearly a high variation in terms of 
productivity in the different locations of the 
experimental area.  A defined gradient in the 
area is not appreciated, showing the high he-
terogeneity degree on the soil.  There is a 
slight trend in neighboring plots since they 
normally show a similar production.  

From the practical point of view, knowing 
the productivity maps helps to prevent errors 
in future experiments where low or high pro-
duction of a certain genotype could be the 
result of its location in the area of study.  A 
productivity map allows the exclusion of cer-
tain areas and takes into account the fertility 
to determine experimental blocks to improve 
precision (Escobar et al., 2006).   

The soil heterogeneity coefficient was es-
timated by Smith´s variance law (1938) (Fi-
gure 3) and the equation proposed by Federer 
(1963) (Ec. 7), the values were 0.59 and 0.66, 
respectively, which are high (Escobar, 1982).  
These values are similar, however, Federer´s 
method is more reliable due to its weighted 
coefficient, as such, it was selected as refe-
rence value to find the optimal plot size, 
number of replicates and the difference to 
detect compared to the mean. 

In previous studies, Davis et al. (1981), 
Escobar (1982) and Escobar et al. (2006) 
found soil heterogeneity coefficients, in bra-
ckets, in CIAT plots cultivated with rice (0.64), 
cassava (0.87), climbing bean (0.87) and bush 
bean (0.75), indicating a high soil heteroge-
neity.  The value obtained in this study (0.66) 

Figure 3. Lineal regression of the yield variance logarithm (Vx) in function of the size plot 

logarithm (x). 
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is similar to the previous ones, which indica-
tes the effectiveness of the proposed method 
in this research.  

The variation coefficient fluctuated bet-

ween 6.38 and 15.78, with the highest value 
corresponding to the unitary plots (1 x 1) and 
the lowest to the 5 x 4 arrangement (Table 1).  
The fact that the lowest arrangement did not 

 
Table 1. Statistical data from a common bean yield assay done in the O2 plot of CIAT.  

Arrangement (no.) Arrangement H V Xi G.L. Aver. (kg) S2 S C.V Vx (Ec. 4) 

1 1 x 1 1 1 1 191 6.84 1.16 1.08 15.78 1.16 

2 1 x 2 1 2 2 95 13.69 2.49 1.58 11.52 0.62 

3 1 x 3 1 3 3 47 20.35 3.78 1.94 9.55 0.42 

4 1 x 4 1 4 4 47 27.37 6.69 2.59 9.45 0.42 

5 1 x 5 1 5 5 23 33.89 7.57 2.75 8.12 0.30 

6 1 x 6 1 6 6 23 40.70 11.37 3.37 8.29 0.32 

7 1 x 7 1 7 7 23 47.43 17.63 4.20 8.85 0.36 

8 1 x 8 1 8 8 23 54.74 18.69 4.32 7.90 0.29 

9 2 x 1 2 1 2 95 13.69 2.72 1.65 12.05 0.68 

10 2 x 2 2 2 4 47 27.37 6.55 2.56 9.35 0.41 

11 2 x 3 2 3 6 23 40.41 11.84 3.44 8.52 0.33 

12 2 x 4 2 4 8 23 40.70 10.78 3.28 8.07 0.17 

13 2 x 5 2 5 10 11 67.78 25.22 5.02 7.41 0.25 

14 2 x 6 2 6 12 11 81.41 33.40 5.78 7.10 0.23 

15 2 x 7 2 7 14 11 94.86 47.79 6.91 7.29 0.24 

16 2 x 8 2 8 16 11 109.49 56.94 7.55 6.89 0.22 

17 3 x 1 3 1 3 63 20.53 4.60 2.14 10.44 0.51 

18 3 x 2 3 2 6 31 41.06 12.93 3.60 8.76 0.36 

19 3 x 3 3 3 9 15 61.06 23.93 4.89 8.01 0.30 

20 3 x 4 3 4 12 15 82.12 34.79 5.90 7.18 0.24 

21 4 x 1 4 1 4 47 27.37 7.05 2.66 9.70 0.44 

22 4 x 2 4 2 8 23 54.74 19.14 4.37 7.99 0.30 

23 4 x 3 4 3 12 11 81.41 39.92 6.32 7.76 0.28 

24 4 x 4 4 4 16 11 109.49 51.54 7.18 6.56 0.20 

25 5 x 1 5 1 5 31 34.92 7.54 2.75 7.86 0.30 

26 5 x 2 5 2 10 15 69.83 18.69 4.32 6.19 0.19 

27 5 x 3 5 3 15 7 103.79 38.49 6.20 5.98 0.17 

28 5 x 4 5 4 20 7 139.66 40.53 6.37 4.56 0.10 

29 8 x 1 8 1 8 23 54.74 18.31 4.28 7.82 0.29 

30 8 x 8 8 8 64 2 437.96 779.59 27.92 6.38 0.19 

H = Number of Rows, V = Number of Columns, Xi = Plot size (experimental units), G.L = Degrees of Freedom, S2 = 

Variance between plots of X size, CV = Variation coefficient, Vx = Variance of production per unitary area (S2/X2). 
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have the highest number of plots involved (8 x 
8), indicates that the analysis where up to 
some point effective, since a lot of variation 
was found in the arrangements evaluated.  

Data in Table 2 and Figure 4 were obtai-
ned with the equation 9.  The yield assay had 
a plot size of 3.708 m2 and three replicates.  
According to Figure 5 with these characteris-
tics is possible to detect 38% of difference re-
lated to the mean.  After the mean compari-

son test, the general mean was 1848.5 kg/ha 
and the DMS value = 546.3 that corresponds 
to 30% of difference with the average.  The 
value obtained by the Hatheway´s methodo-
logy (1961) is similar to the ones of the yield 
assay, corroborating again the effectiveness of 
the proposed method to estimate the soil he-
terogeneity coefficient, number of repetitions 
and the difference to detect compared to the 
mean. 

Table 2. Plot size (m2) calculated for different number of treatments and replicates to be 

detected (expressed as percentage of the mean) b = 0.66, C1= 15.78, α = 5%, P = 

80%. 

Difference to 

be detected 

(%) 

Repetitions 

3 4 5 6 7 8 

5 1838.44 1188.12 846.84 642.17 508.23 415.01 

10 224.31 144.97 103.33 78.35 62.01 50.64 

12 128.99 83.36 59.42 45.06 35.66 29.12 

14 80.79 52.21 37.22 28.22 22.33 18.24 

16 53.87 34.82 24.82 18.82 14.89 12.16 

18 37.68 24.35 17.36 13.16 10.42 8.51 

20 27.37 17.69 12.61 9.56 7.57 6.18 

25 13.90 8.99 6.40 4.86 3.84 3.14 

30 8.00 5.17 3.68 2.79 2.21 1.80 

35 5.01 3.24 2.31 1.75 1.38 1.13 

40 3.34 2.16 1.54 1.17 0.92 0.75 

 
 
 

Figure 4. Relation between the yield variation coefficient (CV) and the plot unit. 
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Conclusions 

• The area for the yield assay showed nei-
ther a gradient nor a defined trend, but it 
does have a heterogeneity degree. 

• To estimate the soil heterogeneity coeffi-
cient the Federer´s method (1963) is more 
reliable because it is a weighted regression 
coefficient.  The area studied had a soil 
heterogeneity coefficient of 0.66. 

• Important information for future experi-
ments in the experimental area can be 
obtained with the Hatheway´s methodolo-
gy (1961) since the effects of soil heteroge-
neity can be reduced by selecting the plot 
size, number of repetition and adequate 
experimental designs. 

• The methodology proposed in this study is 
effective, therefore is useful for research 
center aiming to know their plots condi-
tions without having to perform a unifor-
mity test. 

• It is important to state that the data obtai-
ned from this research had a huge im-
portance in the breeding of Andean co-
mmon bean for drought.  
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