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Abstract

It is important to determine optimal experimental plot size in order to ensure accurate results
and correct decision making. There are no studies of this nature for lima bean cultivation. As
such, the aim of this study was to determine the optimal plot size to estimate lima bean yield in
family farming and experimental areas, combining the number of treatments, repetitions, and
accuracy levels. Experiments were conducted in two 12 m × 16 m plots, each subdivided into 192
basic units (BUs) measuring 1 m2. Bean weight was assessed in each of the units (g). Smith’s
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index of soil heterogeneity and optimal plot size were estimated using the Modified Maximum
Curvature Method and Hatheway’s Method. The index of soil heterogeneity was higher than
0.7 for all the variables analyzed. Plot size between 10 m2 and 15 m2 is considered efficient in
estimating lima bean weight. These first estimated optimal plot sizes will allow researchers and
farmers who work with the crop to obtain more robust yield estimates.

Keywords: Family Farming; Yield Estimates; Experimental Accuracy; Hatheway.

1. INTRODUCTION

Lima bean is an important crop in Northeast-
ern Brazil, and a major food and income source
for many family farmers. This region accounts for
about 99.7% of the national yield, grown in an
area covering 33,374 hectares in 2021, with aver-
age production of 315 kg·ha−1.1 The lima bean yield
under experimental conditions in research institu-
tions exceeds 3500 kg·ha−1 in Brazil.2

This yield difference occurs because most family
farmers do not have fertilizers, irrigation, or plant-
ing technologies to produce uniform plant stands. In
addition, loss of lima bean yield has been attributed
to planting at temperatures above 30–35◦C, low soil
N availability, and weed competition.2–5

In order to attenuate these limiting factors, stud-
ies should be conducted in collaboration with farm-
ers to more easily identify demand and enable
proper transfer of the information produced. These
studies should be planned to reduce experimental
errors in order to ensure reliable results and correct
decision making.

Correct experimental planning involves adhering
to basic experimentation principles, correct study
design, and suitable plot size, number of repetitions
and number of samples.6,7

Experimental plot size is often determined as a
function of the experimental area available, num-
ber of treatments, and researcher experience. These
practices are not statistically suitable, but may be
complementary to methodologies described in the
literature. Among the most widely used methodolo-
gies are the Maximum Curvature Method,8 Mod-
ified Maximum Curvature Method,9 Hatheway’s
Method10,11 and the Pimentel Gomes Method.12

Research on optimal experimental plot size has
been conducted with different crops: black-eyed
peas,13 common bean,14 sunflower,15 cochineal cac-
tus,16 buckwheat,17 arabica coffee,18 and chick-
pea.19 However, no recent studies on this topic were
found for lima bean.

Thus, the aim of this study was to determine the
optimal plot size in order to estimate lima bean
yield in family farm and experimental areas, com-
bining the number of treatments, number of repeti-
tions, and accuracy levels.

The rest of the paper is organized as follows. In
Sec. 2, we present the experimental area, genetic
material, and statistics for estimated optimal plot
sizes. In Sec. 3, we describe the results found and
compare them with the literature. In Sec. 4, we con-
clude our findings in this paper.

2. MATERIAL AND METHODS

2.1. Location and Characterization
of the Experimental Area

This study was conducted on two properties in
the municipality of Tanque, Piaui state. The first
is located at 6◦36′44.05′′ S and 42◦16′ 32.28′′W,
and the second at 6◦34′1.05′′ S and 42◦19′5.26 W′′.
According to Köppen’s classification, climate in the
region is Awi — tropical rainy with a well-defined
dry season, temperatures between 22◦C and 34◦C
and an average of 29◦C with high rainfall, at times
over 1300 mm.20 The soil of the first property was
classified as Yellow Latosol and the second Litholic
Neosol.21

Soil samples were collected (0–20 cm) for chemi-
cal and physical characterization of the experimen-
tal area before experiment setup. On property I,
the results of soil granulometric composition were
462 g kg−1, silt: 200 g kg−1 and clay: 338 g kg−1. For
chemical attributes, the results were organic matter
(OM): 29.8.3 g kg−1, pH (H 0): 6.63, P (Mehlich-
1): 13.9 mg dm−3, K (Mehlich-1): 0.2 mg dm−3, Ca:
7.52 cmolcdm−3, Mg: 2.03 cmolcdm−3, Al (KCl):
0.00 cmolcdm−3, H + Al: 2.84 cmolcdm−3, SB:
9.74 cmolcdm−3, and T: 12.59 cmolcdm−3, base sat-
uration (V%): 77.4.

On property II, soil granulometric composition
was 637 g kg−1, silt: 138 g kg−1, and clay: 225 g kg−1
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and chemical attribute results were organic mat-
ter (OM): 28.2 g kg−1, pH (H 0): 6.6, P (Mehlich-
1): 10.4 mg dm−3, K (Mehlich-1): 0.24 mg dm−3,
Ca: 7.03 cmolcdm−3, Mg: 1.2 cmolcdm−3, Al (KCl):
0.00 cmolcdm−3, H + Al: 3.00 cmolcdm−3, SB:
8.47 cmolcdm−3, T: 11.47 cmolcdm−3, and base sat-
uration (V%): 73.9.

2.2. Genetic Material and
Experiment Setup

The Lamb’s Ear heirloom variety, traditionally
grown by farmers in the region, was used. The
areas were planted in December by family farmers
with 2 ha each. Planting was manual, sowing two
lima bean and two maize seeds per hole. The maize
plants served as support for the lima bean plants.
Planting was conducted in a rainfed regime, with
no fertilizer or agricultural pesticides. Weeds were
controlled manually, when necessary.

In August 2022, an area in each of the properties
was randomly selected before the harvest, to assess
optimal plot size. The assessment area on each of
the properties was 192 m2 (12 m × 16 m). This was
subdivided into 192 basic units (BUs) measuring
1 m2. Bean weight (g) was determined in each of the
BUs.

2.3. Statistical Analysis

The modified maximum curvature method,8

adapted by Meier and Lessman,9 was used to alge-
braically estimate the maximum point on the cur-
vature, which corresponds to the optimal plot size,
according to the exponential regression equation:

y =
A

XB
, (1)

where y = indicates the coefficient of variation; X =
represents plot size in basic units; and, A and B —
constants suitable for the model.

The maximum curvature point was given by

XMC =

[
Â2B̂2(2B̂ + 1)

B̂ + 2

] 1
(2+2B)

, (2)

where: XMC — X-axis value corresponding to the
maximum curvature point, that is, the estimator of
optimal size; and, Â and B̂ — respective estimates
of A and B, constants suitable for the equation.

Given that the maximum curvature point XMC is
defined as the critical point of the plot, Lúcio et al.22

reported that decimal transformation of this value

must meet the criteria of the discrete variables with
approximation to the immediately superior integer.

Statistical determinations to estimate plot size
using the modified maximum curvature method
were conducted in R statistical software.23

The experimental trials were simulated for an
experiment in randomized blocks, comprising a
combination of I treatments (i = 4, 8, 12, and 16),
rreplications (r = 3, 4, 5, 6, 7, and 8) and the least
significant difference between the mean values of
these treatments, which were detected at 5% prob-
ability and expressed as a percentage (LSD = 30%,
40%, and 50%).

To determine optimal plot size, the formula pro-
posed by Hatheway10,11 was used, given by

X0 =
b

√
2(t1 + t2)

2

rLSD2 , (3)

where X0 is the optimal plot size in BUs; b is the
Smith index of soil heterogeneity (1938); t1 is the
critical value of Student’s t-distribution for tests
of significance (bilateral at 5%); t2 is the critical
value of Student’s t-distribution, corresponding to
2(1 − p), where p is the probability of obtaining
a significant result, (p = 0.80 in this study), and
t1 and t2 with degrees of freedom (DF). The DF
values were obtained from the expression DF =
(i−1)×(r−1) for a randomized block design, where
i is the number of treatments and r is the number
of replications.

For this study, t1 and t2 values were obtained
using Microsoft Office Excel software, employing
the following functions: t1 = INVT(0.05; DF) and
t2 = INVT(0.4; DF), respectively. CV is the coef-
ficient of variation expressed as a percentage (%)
for plots one BU in size; r is the number of repli-
cations and LSD the least significant difference to
be detected between the mean values of the treat-
ments, expressed as a percentage (%).

The index of soil heterogeneity (b) was estimated
after logarithmic transformation and linearization
of the Smith equation24:

V Ux =
V1

V b
, (4)

i.e. by logarithmic transformation, log(VU x) =
log(Vt)− b · log(X), where VU(x) is the variance in
BUs of plots comprising X BUs, V1 is the variance
of plots comprising one BU, and X is the number
of BUs that make up the plot (plot size).

The statistical analysis was conducted using the
R software. The heat map and regression plots were
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created using the ggplot2 package.25 Meanwhile,
the response surface plot, to determine the optimal
number of repetitions as a function of the number
of treatments, was done using the directlabels pack-
age.26

3. RESULTS AND DISCUSSION

The heat maps indicated no variability pattern
between and within the properties for bean weight
per BU, thus obtaining results with random varia-
tion (Fig. 1). This large variability provides cred-
ibility to plot size determination, since it consid-
ers real situations that occur in field experiments.17

Magalhões et al.19 also observed random variation
in optimal plot size for chickpea experiments.

The coefficients of variation (CV) for the bean
weight of 1 m2 basic experimental units were
103.36% and 77.71%, respectively, for areas I and II
(Fig. 2). No CV classification ranges were found in
the literature specific to lima bean. Thus, taking the
CV classification ranges established by Pimentel-
Gomes27 for agricultural field tests as reference,
these values are considered very high (CV above
30%). This variation in CV values (%) may be due
to the wide variation in bean weight between the
BUs because lima bean is an autogamous species
with frequent allogamy.28 In experiment I, it var-
ied between 0 and 1120 g per BU and in experiment
II between 0 and 710 g per BU. This demonstrates
the need to use plots larger than 1 m2 to improve
experimental accuracy.

In the two areas, the Maximum Curvature
Method found a reduction in variance — VU(x) per

BU with an increase in plot size (Fig. 2). There was
a significant decline of approximately 15 BUs for
area I and 10 for area II, after which VU(x) tended
to stabilize (Fig. 2). The coefficient of determina-
tion (R2) of 78.22% for area I and 97.23% for area II
indicated high explanation of VU(x) per BU accord-
ing to the function selected (Fig. 3). This behavior
was also observed by Cargnelutti Filho et al.17 and
Magalhães et al.,19 in studies with buckwheat and
chickpea, respectively. Thus, 20 m2 plots should be
used to assess lima bean weight.

These optimal plot sizes, varying between 10 m2

and 15 m2, could be useful for institutions and aca-
demics/researchers, in estimating yields. It could
help the Ministry of Agriculture, Livestock, and
Supply to create forms for determining the value for
cultivation and use (VCU) of new lima bean vari-
eties. This form could also be used by farmers to
estimate yield in their areas in order to determine
crop viability.

The index of soil heterogeneity b was 1.061 for the
first experiment and 0.701 for the second (Fig. 3).
Values near zero indicate that the soil is more homo-
geneous, with a greater correlation between plots,
thereby allowing smaller plots with the same accu-
racy, while b values near one indicate greater soil
heterogeneity and lower correlation between plots.29

According to Lin and Binns,30 for b higher than 0.7,
an increase in plot size is the most efficient method
to improve accuracy in terms of the increase in repe-
titions. In this respect, for the results obtained here,
the best strategy is to increase the plot size.

In Hatheway’s methodology,10,11 based on the
fixed value of Smith’s index of heterogeneity of the

Fig. 1 Heat maps for lima bean weight in two experimental areas.
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Fig. 2 Graphical representation of the relationship between the experimental coefficient of variation (CV %) and plot size
in basic experimental units (BUs) for the estimate of maximum curvature (PMC) of the variable lima bean weight in two
experimental areas.

Fig. 3 Graphical representation of the relationship between variance per basic unit (BU), between X BU plots in size and
planned plot size, and estimates for the parameters of the Smith (1938) function VUX = V1/X

b. Data for the variable lima
bean weight in two experimental areas.

soil b24 and CV, Xo depends on the number of treat-
ments, repetitions, and least significant difference.
Thus, based on the b and CV values (%) obtained
for each of the areas (Fig. 4), plot sizes were esti-
mated by simulating different experiments, consid-
ering treatments (i = 4, 8, 12, and 16), rreplications
(r = 3, 4, 5, 6, 7, and 8) and the LSD between the
mean values of these treatments, which were sig-
nificant at 5% probability and expressed as a per-
centage (LSD = 30%, 40%, and 50%). There are no

previous optimal plot size simulation values for the
lima bean in the literature. As such, a variation was
adopted to consider the number of treatments and
repetitions most widely used in lima bean experi-
ments reported in the literature (Fig. 4).

Fixing the number of treatments resulted in a
decline in plot size as the number of repetitions
increased. In addition, with fixed values for the
number of repetitions and the same LSD, plot
size decreased as the number of treatments rose

2450095-5
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Fig. 4 Optimum plot size in basic units (BUs), for combinations of (i) treatments, (r) replications, and (LSD) least significant
difference, for lima bean weight in two experiments.

(Fig. 3). These results are expected, since with a
larger number of treatments and repetitions, esti-
mated residual variance (root mean square) will be
lower (greater accuracy) due to the higher number

of degrees of freedom for error.31 However, the type
of variable response that will be analyzed should
be considered, because if the characteristic is dif-
ficult to measure, using a larger plot size may be
more advantageous, provided there is enough exper-
imental area. In addition, it would make it possi-
ble to assess the plants in the experimental area
and disregard those on the borders, thereby reduc-
ing interference from plants in adjacent areas and
consequently the experimental error.7

The optimal plot size (X0), estimated by the
fixed number of treatments (i) and repetitions (r),

declines with a decrease in desired accuracy (LSD).
For example, if the researcher wants to accurately
assess yield in an experiment with eight treatments

and four repetitions (LSD = 30%), the plot will con-

sist of 38 plants in experiment I and 149 in exper-
iment II. If less accuracy is desired in treatment

comparison (LSD = 50%), 12 plants in experiment

I, and 28 in experiment II would be enough.

A comparison between the results of the two
experiments revealed a lower CV for experiment II
and an increase in the plot size proposed. Consider-
ing the CV separately, this result was not expected
but may be explained by the fact that Hatheway’s
formula10,11 considers several other factors beyond
the CV (%). Magalhães et al.18 also obtained higher
estimates of plot sizes even for experiments with
higher CVs (%), working with chickpea.

These studies also reinforce the fact that high-
accuracy experiments (values below the LSD) are
difficult to achieve in practice, as a function of the
large plot size required. Given an LSD of 30%, plots
should contain 23–61 plants, considering experi-
ment I and II for 60 and 238 plants, respectively.
Since the plant spacing of lima bean is gener-
ally 1 m× 1 m, the plots would be between 21 and
238 m2.

4. CONCLUSION

Plot sizes between 10 and 15 m2 are considered
efficient in estimating lima bean weight. These
estimates of optimal plot sizes for different com-
binations of number of treatments, number of
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replications, and LSDs will allow farmers and
researchers to plan studies and obtain more accu-
rate yields.

Future work should involve erect lima beans
without intercropping with corn.
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43(1) (2012) 119–128.

30. C. S. Lin and M. R. Binns, Eficiência relativa de
dois delineamentos de blocos aleatórios com difer-
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