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Abstract 
In agricultural experimentation, the right size and shape of experimental units increase the 
precision of the experiment. This study determines the optimum size and shape of the 
experimental unit for field experimentation with cassava. For this, we carried out a uniformity 
test in Pacajús, Ceará, under dry conditions, with the cultivar 'Mastruço' planted at a spacing 
of 1.00 m x 0.60 m. The root yields were collected in 15 rows with 40 plants each, comprising 
31 types of experimental units of 23 different pre-established sizes. The optimum size of the 
experimental unit was estimated by the Hatheway method, and the shape was determined by 
the relative information method. The Hatheway method indicated several optimum sizes of 
experimental units, many of which were applicable for evaluation experiments of cassava 
cultivars. The 15 x 1 rectangular experimental unit (15 rows with one plant and 9.00 m² of 
useful area) was considered the ideal shape for assessment of cassava production, which was 
smaller than the size suggested in surveys with of cassava cropping. There was a continuous 
nonlinear reduction of the coefficient of variation with the increase in plot size. 
Key words: Manihot esculenta Crantz, Hatheway's method, Method of relative information. 
 
1. INTRODUCTION 

The cassava (Manihot esculenta Crantz) stands out in the world socioeconomic context 

due to its high adaptability to soil and climatic conditions and large starch production per unit 

area. This plant is primarily produced in northeastern Brazilian region. 

Cassava shows wide genetic variability and is cultivated in small farms throughout 

tropical regions [1]. This variability, coupled with the differences in vigor between plants of 

the same variety and variations of production per plant [2], have made it difficult to establish 

an optimal size of experimental unit for field experiments with this crop. In Brazil, the fourth 

largest producer of cassava in the world [3], field research with this crop is done in quite 

different environments. Often, the heterogeneity of local conditions has led to experimental 

errors, which makes it difficult to prove the statistical differences between the evaluated 

treatments. 

 Generally, soil heterogeneity is due to pre-existing conditions or characteristics 

related to soil formation and its interactions with flora, fauna and crop management. Land use 

in agricultural crops introduces new sources of heterogeneity, such as the irregular 

distribution of crop residues, insects, diseases, weeds, applied fertilizers, cultivated species or 

genotypes and irrigation [4], and in the literature [5]. The experimental area, even if it appears 

to be homogeneous, presents variations both horizontally and vertically, which can hardly be 

controlled only with the use of an appropriate design [6]. The soil heterogeneity index, 



 

 

represented by the crop productivity, is the main characteristic that determines the optimal 

plot size in trials and consequently the experimental precision through the value of the 

coefficient of variation [4][7]. The calculation of soil heterogeneity index (b) was proposed by 

[8]. 

Because the differences between genotypes of improved species tend to decrease, the 

success of a breeding program demands accurate experiments. Therefore, the maintenance of 

genetic gains with selection depends on the increase in experimental precision. However, 

planning is necessary to carry out trials with high accuracy. Within this context, one of the 

fundamental questions in experimental design relates to the optimum size of the experimental 

plot or unit [9]. 

The smaller the difference between the studied materials, the greater the size of the 

experimental units should be so that these differences exceed the variation caused by 

sampling error. Therefore, in advanced cycles of selection, there is demand for larger 

experimental units [10]. However, the increase in experimental accuracy due to increasing the 

size of the experimental unit is asymptotic and therefore, the larger the size of the 

experimental unit the smaller the efficiency in improving accuracy. The implication is that, 

above a given size, the progress of accuracy does not compensate for the increase in size. 

From this point, additional increases in accuracy will be obtained by increasing the number of 

replicates [11]. 

Several factors are involved in choosing the size and shape of the experimental unit. 

Among these, soil heterogeneity is the most critical factor, and information about the 

experimental area is essential [12]. [13] mentioned that the size and shape of the experimental 

unit should not be generalized, as they vary with soil, climatic conditions, and crop under 

study. 

Several studies report the optimal size of the experimental unit for different situations 

and different crops, such as for tomato [14,15,], lettuce [16], candeia [17], bean [18], rice 

[11], coffee [5], and sunflower [14,15,16]. However, there is little information about the size 

and shape of the experimental unit for cassava. 

Due to the above, this work aimed to determine the optimum size and shape of 

experimental units or plots for field experimentation with the cassava crop. 

 

 
 
 



 

 

Material and Methods 
 

The data production from the 'Mastruço' cultivar were collected in a uniformity test at 

the Coastal Research Unit of the Agricultural Research Company of Ceará (Unidade de 

Pesquisa do Litoral da Empresa de Pesquisa Agropecuária do Ceará - EPACE), located in 

Pacajus (4°10'S-38º27'W; 60m of altitude), Ceará. The soil of the region is classified as 

Dystrophic Red-Yellow Podzolic with sandy texture [17]. The area has an average annual 

precipitation of 1027 mm and two seasons, the rainy season, from January to June, which 

concentrates 85% of the rainfall, and a dry season, from July to December. There are high 

temperatures throughout the year, with averages ranging from 23°C to 32°C. The average air 

humidity varies from 70% during the dry season to 90% in the rainy season [18]. 

We planted fifteen rows (24 m long) with 40 plants each at a spacing of 1.00 m x 0.60 

m, covering a total area of 360 m², where the 600 basic units (BUs) were collected, each 

consisting of 1.00 m x 0.60 m (1 plant), with an area of 0.6 m². 

Each plot size consisted of X1 BUs of width (lines) and X2 BUs of length (columns), 

comprised by the grouping of contiguous BUs, so that product X1.X2 corresponded to X (plot 

size in BUs). 

For the choice of different types of plots, we used only the groupings of BUs with 

parcel sizes that allowed the use of 100% of the area of uniformity test. In this way, the 

number of repetitions of each plot was limited by the respective total area, and the BUs were 

grouped in 31 different ways: : 1x1, 1x2, 1x4, 1x5, 1x8, 1x10, 1x20, 1x40, 3x1, 3x2, 3x4, 

3x5, 3x8, 3x10, 3x20, 3x40, 5x1, 5x2, 5x4, 5x5, 5x8, 5x10, 5x20, 5x40, 15x1, 15x2, 15x4, 

15x5, 15x8, 15x10, and 15x20, thus obtaining 23 different plot sizes (X): 1, 2, 3, 4, 5, 6, 8, 10, 

12, 15, 20, 24, 25, 30, 40, 50, 60, 75, 100, 120, 150, 200, and 300 UBs , which corresponded 

respectively to areas of 0.60, 1.20, 1.80, 2.40, 3.00, 3.60, 4.80, 6.00, 7.20, 9.00, 12.00, 14.40, 

15.00, 18.00, 24.00, 30.00, 36.00, 45.00, 60.00, 72.00, 90.00, 120.00, and 180.00 m². 

Remembering that not just one but several sizes of plots are suitable to each research 

condition [19], we determined the optimum size of plot by the formula proposed by [20]: 
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Where X is the optimum size of the plot in BUs; b is the coefficient of soil heterogeneity 

[21]; 1t  is the critical value of Student's t-distribution, at the 1  level of significance of 

probability of error, found in the table of bilateral significance; 2t is the critical value of t-



 

 

distribution, at  P122   probability level, where P is the probability of obtaining a 

significant result; CV is the coefficient of variation (%) of plots with 1 BU; r is the number of 

repetitions needed to detect true unit difference between two treatments; and d is the true 

difference between two treatments measured as a percentage of the mean. 

The coefficient of soil heterogeneity (b), which measures the degree of association 

between adjacent BUs, was estimated after the linearization of the equation [21]: 
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Where xV  is the variance per unit area of plots comprising X BUs of size; 1V  is the 

variance of the plots with 1 BU; and X is the number of BUs that compose the plot (plot size), 

using the weighted estimate of the degrees of freedom associated with each plot size Xi 

planned, i.e., 
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In which iW  is the number of degrees of freedom associated with the variance, i.e., it is 

the total size of all plots with iX  size minus 1 (one). The variance per unit area ( ixV ) was 

calculated by the formula: 

2
i

i
2
x

ix
X

S
V   (4) 

Where i
2
xS  is the variance between plots with iX  BUs. The value of 

^

1V  was obtained as 

follows: 

^
^

1

^^

1
V10VVVlog   (5) 

In which: 





 

Wi

logXW
b

Wi

logVW
V ii

^
xii

^

 (6) 

The significance level of 5% ( 05,01  ) and the probability of obtaining significant 

differences between averages of 80% (P = 0.80) were used for the calculation of the optimum 

size of the plot by the [21] formula. We tested the combinations among the following 

experimental conditions: numbers of cultivars (4, 8, 12, and 15); numbers of replicates (3, 5, 

and 7); coefficients of variation (6, 12, 17, 23, and 30% plus the CV of plots with 1 BU); and 



 

 

expected differences between averages of two cultivars (10, 15, and 20%); considering the 

randomized block design. 

The influence of the shape of experimental plot, which is the relationship between 

length and width, on the experimental precision was assessed through the method of relative 

information proposed by [22] and the observation of the behavior of the coefficients of 

variation of the different shapes of plots with the same size. 

First, we calculated the variance of cassava production between plots of size X BUs for 

each type of plot: 
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Where xi is the cassava production of the i-th plot, 

N

x
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the average cassava production of the plots with X BUs of size, and 

X

12
N   (9) 

is the number of plots with X BUs. Subsequently, this variance was divided by its 

corresponding number of BUs, which refers to the variance per BU, thus obtaining, according 

to [22], a comparable variance (Vc) with the variance of the plot consisting of 1 BU ( 1V ), that 

is, the relative information (IR (%) was calculated by: 
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Considering that, according to [22], the variance of the plot with 1 BU provides 100% 

of relative information, dividing this variance by the comparable variance of each plot shape, 

we obtained the percentage of relative information corresponding to each plot shape, from this 

relative information, the best shape of plot to evaluate cassava production was determined. 

 Results 
Table 1 shows the coefficients of variation (CV) for the plot of different sizes. The 

smallest parcel size (1 UB) resulted in the highest CV value. The CVs decreased with the 

increase in parcel sizes but with a non-linear rate. This reduction of the CV (precision gain) 

by adding more area was significant when the plot size was small.  



 

 

 
 
Table 1. Size, number of plots, degrees of freedom, and coefficient of variation among plots.1 
 

Plot size 
(Number of BUs) 

Number of plots 
Degrees of 

freedom 
Coefficient of 
variation (%) 

1 600 599 41.28 

2 300 299 30.50 

3 200 199 24.35 

4 150 149 22.72 

5 120 119  19.86 * 

6 100 99 17.49 

8 75 74 14.27 

10 60 59  13.22 * 

12 50 49 13.53 

15 40 39  12.14 * 

20 30 29  10.38 * 

24 25 24 6.19 

25 24 23 9.64 

30 20 19   7.32 * 

40 15 14   5.76 * 

50 12 11 6.23 

60 10 9   5.92 * 

75 8 7 5.96 

100 6 5 5.69 

120 5 4   2.82 * 

150 4 3 4.56 

200 3 2 4.01 

300 2 1 4.97 
1BU = 0.60 m² (1.00 m x 0.60 m); * Arithmetic mean of the coefficients of variation of plots with different 
shapes but with the same size. 

 
Table 2 shows the different optimum plot sizes for evaluating of cassava production, 

using a significance level of 5% of probability. It was used various combinations of cultivar 

numbers (I = 4, 8, 12 and 16), number of replicates (r = 3, 5 and 7), coefficients of variation 

(CV = 6, 12, 18, 24 and 30% plus the CV of plots constituted of 1 UB), and differences 

between means of two cultivars that are expected to detect (d) equal to 10, 15 and 20%. The 

experiment was done in randomized block design and the coefficient b estimated in the 

uniformity test. 

 
 
 
 



 

 

Table 2. Optimum size of plots in BUs for evaluation of cassava production estimated in 
different combinations of cultivar (I), repetition (r), coefficients of variation (CV), and 
differences between averages of two cultivars, in % of the mean (d).1 

 

d (%)   
CV 
(%) 

I = 4 I = 8 I = 12 I = 16 
r = 3 r = 5 r = 7 r = 3 r = 5 r = 7 r = 3 r = 5 r = 7 r = 3 r = 5 r = 7 

 
 
 

10 

6 2.79 1.35 0.91 2.24 1.22 0.84 2.11 1.19 0.83 2.06 1.17 0.82 
12 11.69 5.68 3.83 9.37 5.12 3.53 8.86 4.98 3.47 8.63 4.92 3.45 
18 27.03 13.12 8.85 21.67 11.83 8.16 20.48 11.52 8.02 19.96 11.38 7.97 
24 48.98 23.79 16.05 39.27 21.45 14.79 37.12 20.89 14.54 36.18 20.62 14.44 
30 77.69 37.73 25.45 62.29 34.02 23.47 58.87 33.13 23.06 57.39 32.70 22.91 

41.86 154.66 75.10 50.66 123.99 67.72 46.71 117.20 65.95 45.91 114.24 65.09 45.61 
 
 
 

15 

6 1.21 0.59 0.40 0.97 0.53 0.36 0.91 0.51 0.36 0.89 0.51 0.36 
12 5.06 2.46 1.66 4.05 2.21 1.53 3.83 2.16 1.50 3.73 2.13 1.49 
18 11.69 5.68 3.83 9.37 5.12 3.53 8.86 4.98 3.47 8.63 4.92 3.45 
24 21.19 10.29 6.94 16.99 9.28 6.40 16.05 9.03 6.29 15.65 8.92 6.25 
30 33.60 16.32 11.01 26.94 14.71 10.15 25.46 14.33 9.97 24.82 14.14 9.91 

41.86 66.89 32.48 21.91 53.63 29.29 20.20 50.69 28.52 19.86 49.41 28.15 19.73 
 
 

20 

6 0.67 0.32 0.22 0.53 0.29 0.20 0.50 0.28 0.20 0.49 0.28 0.20 
12 2.79 1.35 0.91 2.24 1.22 0.84 2.11 1.19 0.83 2.06 1.17 0.82 
18 6.45 3.13 2.11 5.17 2.82 1.95 4.89 2.75 1.91 4.76 2.71 1.90 
24 11.69 5.68 3.83 9.37 5.12 3.53 8.86 4.98 3.47 8.63 4.92 3.45 
30 18.54 9.00 6.07 14.86 8.12 5.60 14.05 7.91 5.50 13.70 7.80 5.47 

41.86 36.91 17.92 12.09 29.59 16.16 11.15 27.97 15.74 10.96 27.26 15.53 10.88 
¹BU = 0.60 m² (1.00 m x 0.60 m); b (coefficient of soil heterogeneity) = 0.9675; CV of plots consisting of 1 UB 
= 41.86%. 

 

Table 3 shows the results concerning the influence of plot shape on the variability of 

cassava production evaluated through the comparable variance (Vc), relative information 

(IR), and coefficient of variation (CVLxC).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table 3. Comparable Variance (Vc), relative information (IR), and coefficient of variation 
(CV) of cassava production for different shapes and sizes of plot.¹ 
 

Plot size 
(LxC) 

Number 
of BUs 

Number 
of plots 

Area 
(m2) DF Vc IR (%) CVLxC  ( ) 

1x1 1 600 0.60 599 542314 100.00 41.28
1x2 2 300 1.20 299 591948 91.62 30.50 
3x1 3 200 1.80 199 566145 95.79 24.35 
1x4 4 150 2.40 149 657211 82.52 22.72 
1x5 5 120 3.00 119 678654 79.91 20.65 
5x1 5 120 3.00 119 577910 93.84 19.06
3x2 6 100 3.60 99 583869 92.88 17.49 
1x8 8 75 4.80 74 518296 104.63 14.27 
1x10 10 60 6.00 59 590759 91.80 13.63 
5x2 10 60 6.00 59 522698 103.75 12.82 
3x4 12 50 7.20 49 699371 77.54 13.53 
3x5 15 40 9.00 39 714921 75.86 12.24 
15x1 15 40 9.00 39 690945 78.49 12.03 
1x20 20 30 12.00 29 769387 70.49 11.00 
5x4 20 30 12.00 29 606280 89.45 9.76 
3x8 24 25 14.40 24 292418 185.46 6.19
5x5 25 24 15.00 23 738598 73.42 9.64 
3x10 30 20 18.00 19 418581 129.56 6.62 
15x2 30 20 18.00 19 614730 88.22 8.02 
1x40 40 15 24.00 14 386349 140.37 5.51 
5x8 40 15 24.00 14 460035 117.89 6.01 
5x10 50 12 30.00 11 618373 87.70 6.23 
3x20 60 10 36.00 9 452905 119.74 4.87 
15x4 60 10 36.00 9 924877 58.64 6.96 
15x5 75 8 45.00 7 848917 63.88 5.96 
5x20 100 6 60.00 5 1031162 52.59 5.69 
3x40 120 5 72.00 4 178582 303.68 2.16 
15x8 120 5 72.00 4 459238 118.09 3.47 
15x10 150 4 90.00 3 990480 54.75 4.56 
5x40 200 3 120.00 2 1021273 53.10 4.01
15x20 300 2 180.00 1 2357520 23.00 4.97 

1BU=0,60 m2 (1,00 m x 0,60 m) 

 
Discussion 
 

 However, as it approaches the optimum size, there is little gain in precision with further 

increases in the area. The authors [23,19,12,24,25,16] evaluated different plot sizes also 

reported CV reduction with increasing plot size, but when reaching the optimum size, the gain 

in precision decreased rapidly with the addition of more area. 

The coefficient of soil heterogeneity (b = 0.9675) indicated a high heterogeneity, which 

suggests an absence of correlation between adjacent BUs. The Hatheway method estimated 

several optimum plot sizes from which the researcher can choose the one that suits him best, 

from pre-defined experimental conditions. 

According to [26], experimental units with up to 20 BUs (12.00 m²) can be used as 

basic units of practical size and therefore used for discussion purposes. We verified that to 

detect a 10% difference between averages of cultivars, it is possible obtaining plots of 

practical size with CV up to 18%, except for 4, 8, and 12 cultivars combined with three for 



 

 

the CV of 24%, using 4, 8, 12, and 16 treatments with seven replicates and for the CVs of 30 

and 41.86% (CV of one BU) none combinations should be recommended. The practical size 

of the plot to detect a difference of 15% is possible for CV up to 24%, except for 4 cultivars 

with three replicates, for the CV of 30%, using 4, 8, 12, and 16 cultivars with five and seven 

replicates and for the CV of 41.46%, using 12 and 16 cultivars with seven replicates. Finally, 

to detect a difference of 20%, except for the CV of 41.86%, with 4, 8, 12, and 16 cultivars 

with three replicates, any values of CVs, numbers of replicates, and cultivars allow obtaining 

plots of practical size. 

In general, a careful evaluation of the values obtained from optimum plot sizes indicates 

that some sizes are not practically feasible because values are very small or very large, 

especially when the ratio (CV/d)² is too small or too large, respectively. 

The results in table 2 show the influence of the coefficient of variation, number of 

repetitions, experimental precision desired, and number of cultivars on the optimum size of 

plots, which proves the importance of considering these factors in experimental planning. 

The CV was the most influential factor affecting the optimum size since large increases 

were observed in the optimum size with the increase in CV in any combination of d, I, and r. 

These results resemble those obtained by [26,27,12,16], with melon, eucalyptus, candeia, and 

sunflower, respectively. 

The number of replicates also strongly influenced the optimal plot size. When kept 

fixed the values of d, I, and CV, significant reductions in optimum sizes were observed with 

increasing number of replicates. This confirms the effect of the increase in the number of 

repetitions in the improvement of the experimental precision [29,27,17], which enhances the 

efficiency of small plots with many replications to detect small percentage differences 

between cultivars than the use of large plots with few replications [27,16]. 

The optimum sizes decreased considerably when the values of d (the lowest 

experimental precision) were increased when maintaining values of CV, I, and r constant 

[12,27,16]. On the other hand, there were little changes in the size of plots with the variation 

of number of cultivars, which indicates a low influence of this factor [12,27,16]. 

In general, combining the values of CV, d, I, and r, we estimated 216 different optimum 

plot sizes, most of which were of practical sizes, which can be useful in the experimental 

planning for evaluation of cassava cultivars. 

The relative information decreased and the comparable variance increased with the 

increase in plot size, a fact also observed by [22], [9], and [16]). 



 

 

The method of relative information is based on the principle that comparable variance 

and relative information result in the same best shape of plot (Keller, 1949). In this way, the 

choice of the optimum shape can be made considering only the relative information. 

Comparing the variability indices used in this study (Vc, IR, and CVLxC) among plots 

of the same size, we verified the influence of plot shape on experimental precision (Table 3). 

Most plots with rectangular shape showed the highest IR and lowest CVLxC. The best shapes 

comprised plots with 15 BUs (9.00 m²) and shape 15 x 1 (15 rows with 1 plant), with high CV 

(12.03%), which had greater precision than the shape 3 x 5 (3 rows with 5 plants), also with 

high CV (12.24%), being more efficient in the control of variability to assess cassava 

production. Also, a high value of relative information was verified in the 15 x 1 shape when 

compared to the 3 x 5 shape. The experimental plot shape indicated in this work (rectangular) 

is in agreement with the results found by [28] and [16]. 

The production of cassava cultivars was evaluated by [26] in plots with an area of 

12.00m². However, according to our results, this plot size could be reduced significantly 

without compromising the information obtained, since the experimental unit size of 9.00 m² 

of useful area proved to be suitable for evaluation of cassava cultivars. 

In conclusion, the Hatheway method allows to estimate several optimum sizes of 

experimental units considering the conditions, characteristics, and limitations of the 

experiment.  Experimental unit in the rectangular shape 15 x 1 (15 rows with 1 plant and 9.00 

m² of useful area) was indicated as most adequate to evaluate the production of cassava. There 

was a continuous nonlinear reduction of the coefficient of variation with the increase in plot 

size. 
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