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Abstract 
This work aimed to determine the appropriate size of a plot for evaluation of cassava production. We performed 
a uniformity trial with the Mastruço cassava variety, in Pacajús, Ceará, Brazil, under dry conditions. Forty plants 
were cultivated at a spacing of 1.00 m × 0.60 m, in 15 rows. We manipulated 23 different plot sizes. The 
optimum size of the experimental plot was estimated by the maximum curvature method and the linear-plateau 
segment regression. We found an optimal plot size of 5.59 m2 for cassava production, what is lower than the size 
generally used in cassava studies. 
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1. Introduction 
Cassava (Manihot esculenta Crantz) has high adaptability to the soil and climatic conditions and excellent starch 
production per unit of area, essential characteristics for the global socioeconomic situation. The Northeast region 
is the largest producer in Brazil. 

Cassava presents large genetic variability (Bellotti & Kawano, 1983). The genetic diversity and the differences in 
vigor and production in the same variety (Lozano et al., 1977) difficult the establishment of an optimal plot size 
for field experiments. At Brazil, the fourth world producer of cassava (FAO, 2016), experiments are done in 
different environments, and the heterogeneity of local conditions has led to experimental errors and the absence 
of differences between treatments. 

Experiments should be able to detect small variations in production, and the challenge is to increase the precision 
of the experiments allowing advances in the selection of varieties, high productivity and better quality of the 
crop. An efficient planning and a suitable plot size are critical for a high-precise experiment (Silva, 2009). 

Plot size increases with the progress of the selection of the plant variety. Advances in selection lead to the 
reduction in the variability of the population, requiring a larger number of plants to detect variations (Moraes, 
2013). When the increase in plot size no longer results in increased precision is needed a higher number of 
repetitions (Cargnelutti Filho et al., 2012). 

The soil heterogeneity is a crucial factor in determining the size and shape of the plot and is essential information 
for conducting experiments (Storck et al., 2006). Therefore, this work aimed to determine the size of the plot for 
cassava production for experiments, using the maximum curvature method and the linear-plateau segment 
regression, which determine the optimal size of the plot that stabilizes the coefficient of variation to a minimum. 

2. Material and Methods 
Data were obtained from a uniformity trial (blank test) with the ‘Mastruço’ cassava variety, traditionally 
cultivated by farmers in the Northeast Region of Brazil, conducted at the Unidade de Pesquisa do Litoral da 
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Empresa de Pesquisa Agropecuária do Ceará (EPACE), located at Pacajus, Ceará, Brazil (4°10′ S and 38°27′ W, 
and 60 m of altitude).  

The soil is Red-Yellow Podzolic Dystrophic with sandy texture (Jacomine et al., 1973). The region has two 
seasons (rain season from January to June, and a dry season from July to December) the average annual 
precipitation is 1027 mm and with a maximum averages temperature of 32 °C, minimum of 23 °C and an annual 
average of 26.5 °C. The average relative humidity of the air varies from 70% during the dry season to 90% in the 
rainy season (Frota et al. 1984).  

Fifteen rows of 24 m long with 40 plants each were planted at a spacing of 1.0 × 0.60 m, covering a total area of 
360 m2. Six hundred basic units (BUs) where cassava production was harvested, in g plant-1, each consisting of 
1.0 × 0.60 m (1 plant), with an area of 0.6 m2. 

Each plot size was constituted by X1 basic units of width (lines) and X2 basic units of length (columns), formed 
by the grouping of contiguous basic units. The product X1*X2 corresponded to the plot size X (in basic units). 

Only the basic units that use all the plot area were regarded. The total area of the experiment limited the number 
of repetitions of each size. Thirty-one basic units groups were used: 1 × 1, 1 × 2, 1 × 4, 1 × 5, 1 × 8, 1 × 10, 1 × 
20, 1 × 40, 3 × 1, 3 × 2, 3 × 4, 3 × 5, 3 × 8, 3 × 10, 3 × 20, 3 × 40, 5 × 1, 5 × 2, 5 × 4, 5 × 5, 5 × 8, 5 × 10, 5 × 20, 
5 × 40, 15 × 1, 15 × 2, 15 × 4, 15 × 5, 15 × 8, 15 × 10 and 15 × 20. The arithmetic mean of the coefficients of 
variation of the plots of different shapes, but with the same size, were calculated to obtain 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 basic units, 
corresponding, respectively to 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.  

For each plot (X) we calculated: 

                      (1) 

(Number of plots with X basic unit sizes); 

                              (2) 

(Variance between plots of X basic units of sizes, where xi is the cassava production of the i-th plot), and 

                           (3) 

(M, the average cassava production of plots of X basic unit sizes), and 

                      (4) 

(Coefficient of variation between plots of X basic unit sizes). The parameters A and B were estimated to relate 
the coefficient of variation and plot size: 

                 (5) 

A, and B were estimated using the least squares method weighted by the degree of freedom. 

With A and B we estimated the optimal plot size using the modified maximum curvature method (Meier & 
Lessman, 1971): 

                        (6) 

XMC is the value of the abscissa corresponding to the point of maximum curvature (i.e. optimal plot size) and, Â 
and B the model estimates for A and B (Equation 5). 

We also used the linear-plateau segment regression to determine the optimum plot size (Ferreira, 2007; Paranaíba 
et al., 2009a; 2009b): 

                             (7) 
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CV(X) is the coefficient of variation of each plot size X. X is the size of the plot in number of basic units, using 
the 600 basic units of total area. X0 is the optimal plot size where the linear model reaches a plateau. CVP is the 
coefficient of variation at the point corresponding to the plateau. β0, and β1 are the intercept and the slope, 
respectively. εx, the error associated with CV(X) supposedly independent and with a normal distribution (zero 
mean and constant variance σ2

ε). 

Both segments, the linear and plateau, shall be equalized at the point X0. Thus, for           = CVP, the 
optimal plot size is estimated by the expression: 

                                    (8) 

CVP′, β0′, and β1′are estimates of CVP, β0 and β1. 

The model was adjusted by the least squares method for non-linear regression. All statistical analyzes were 
performed using the software R (R Development Core Team, 2018). 

3. Results and Discussion 
We found the highest value of CV at the smallest plot size, i.e., 1 basic unit (Table 1). The CV reduced 
non-linearly with the increase in plot size (Table 1). The non-linear relation means that any area increment at 
small plot sizes leads to a higher gain in precision than increments in large plot sizes, i.e. there is little gain in 
precision by increasing the size of large plots after reaching the optimum size (Henrique Neto et al., 2004; 
Donato et al., 2008; Oliveira et al., 2011; Humada-González et al., 2013; Brum et al. 2016; Sousa et al., 2016). 

 

Table 1. Size and number of plots, degree of freedom and coefficient of variation among plots to estimate the 
optimum plot size1 

Plot Size (number of basic units) Number of Plots Degree 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 

Note. 1Basic unit = 0.60 m2 (1.00 m × 0.60 m); *Arithmetic mean of the coefficients of variation of plots of 
different shapes, but with the same size.  
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Optimum plot size, coefficient of variation at the point of maximum curvature and determination coefficient 
estimated by the modified maximum curvature method were, respectively, 7.02 basic units (4.21 m2), 16.29% 
and 98.50% (Table 2). 

 

Table 2. Parameters estimated by the maximum curvature method,  ,  , optimal plot size (XMC) and coefficient 
of variation at the point of maximum curvature (CVMC), and the coefficient of determination (R2) for cassava 
production1 

  

XMC (UBs) CVMC (%) R² (%) 

41.86 0.4843 7.02 16.29 98.50 

Note. ¹Basic unit = 0.60 m2 (1.00 m × 0.60 m).  

 

The coefficient of determination indicated an optimal adjustment of the equation to the data, i.e., a large part of 
the variation of the data was explained by the regression equation and, consequently, showed high reliability in 
the plot size estimation. Viana et al. (2002) obtained a much larger plot size (24.00 m2) using the same method. 
The discrepancy was probably due to the higher size of the basic unit adopted (4.80 m2) than the one used in this 
study (0.60 m2). According to Federer (1955), Cargnelutti Filho et al. (2016a), Cargnelutti Filho et al. (2016b), 
Facco et al. (2017) and Giovani et al. (2018) the size adopted for the basic unit influences the size of the 
estimated plot. 

The plot size estimated by the maximum curvature method for cassava cultivation may be adequate. Although, 
according to Henriques Neto et al. (2004) and Brito et al. (2012), the region immediately above the point of 
maximum curvature (XMC) still shows a considerable reduction in the values of the coefficient of variation with 
the increase of the plot size. The value of the abscissa at the point of maximum curvature should be interpreted 
as the minimum limit of the plot size, and not as the optimal size since the value tends to occur in the region of 
small plots (Chaves, 1985). Therefore, Lessman and Atkins (1963) proposed the notation of critical point instead 
of optimal point. 

Low estimates for the sample size or size of plots by the maximum curvature method are common in the 
literature (Viana et al., 2002; Henriques Neto et al., 2004; Leite et al., 2006; Donato et al., 2008; Silva, 2009; 
Brito et al., 2012; Humada-González et al., 2013). However, the maximum curvature method is indicated as the 
most suitable method for plot size estimation (Zanon & Stork, 2000; Viana et al., 2002; Lopes et al., 2005; 
Donato et al., 2008). 

According to Lima et al. (2007), the modified maximum curvature method establishes a regression equation with 
a high coefficient of determination, as found here, thus increasing the reliability of the estimates. Nevertheless, 
the method does not consider the experimental costs, but if costs are not high they can be neglected (Lima et al., 
2007). 

The behavior between CV and plot size was the same as that described in the modified maximum curvature 
method. 

The plot size, the coefficient of variation at the plateau point and the determination coefficient, obtained by the 
linear-plateau segment regression were, respectively, 8.90 UBs (5.34 m2), 5.55% and 88.43% (Table 3). The 
magnitude of the coefficient of determination indicated a good fit of the model to the data, which also revealed a 
high reliability in the plot size estimation. The behavior between CV and plot size was the same as that described 
using the modified maximum curvature method. 

 

Table 3. Estimated parameters by the linear-plateau segment regression: β0 and β1, the coefficient of variation of 
a plot (CVP), the abscissa or plot size at the plateau point, and the coefficient of determination for cassava 
production1 

Estimated parameters 
CV1 (%) Plot size (Basic units) R2 (%) 

β0′ β1′ CVP′ (%) 
39.39 -3.49 6.88 35.89 9.32 88.38 

Note.¹ Basic unit = 0.60 m2 (1.00 m × 0.60 m). 

 

Â B̂
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The linear-plateau segment regression estimated a plot size (5.59 m2) slightly larger than the modified maximum 
curvature method (4.21 m2), presenting a good precision (CVP′ = 6.88%) and fit to the data (R2 = 88.38%). 
Several studies also found a larger estimation of plot size by the linear-plateau model than the maximum 
curvature method (Paranaíba et al., 2009b; Silva, 2009; Oliveira et al., 2011; Brito et al., 2012). According to 
Brito et al. (2012), the abscissa value of the maximum curvature point tends to occur in the region of smaller plot 
sizes leading to smaller estimations. 

Our results show that the size of a plot can be significantly reduced (between 4.21 and 5.59 m2) concerning other 
studies (Alves et al., 2011) without compromising the outcome. 

Using more than one method to measure the optimum size of a plot reinforce the results since each method has 
its peculiarity (Silva, 2009; Lorentz et al., 2012; Lúcio et al., 2012; Moraes, 2013; Sousa et al., 2015). Adopting 
the law of minimum (Moraes, 2013), the optimal size of plots for evaluation of cassava production is 9.32 basic 
units of useful area (5.59 m2).  

4. Conclusions 
The modified maximum curvature method and linear-plateau segment regression model estimated optimum plot 
sizes of 4.21 and 5.59 m2, respectively, for experiments of cassava production. 

The linear-plateau segment model presented a better estimation of optimal plot size to evaluate cassava 
production. 
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