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Sample size for principal
component analysis in corn

Abstract — The objective of this work was to determine the number of plants
required to estimate the eigenvalues of the principal components analysis
in corn (Zea mays) traits. Twelve traits were measured in 361, 373, and 416
plants of single-, three-way, and double-cross hybrids, respectively, in the
2008/2009 crop year; and in 1,777, 1,693, and 1,720 plants of single-, three-
way, and double-cross hybrids, respectively, in the 2009/2010 crop year (six
cases), totaling 6,340 plants. Principal component analysis was performed for
the six cases. Sample size (number of plants) for the eigenvalue estimations
of the principal components was determined by resampling with replacement
and application of the model linear response and plateau model. The
measurement of 267 plants is sufficient to estimate the eigenvalues of the
principal components in corn traits.

Index terms: Zea mays, model linear response and plateau model, multivariate
analysis, resampling.

Tamanho de amostra para analise de
componentes principais em milho

Resumo — O objetivo deste trabalho foi determinar o nimero de plantas
necessario para estimar os autovalores dos componentes principais em
caracteres de milho (Zea mays). Doze caracteres foram mensurados em
361, 373 e 416 plantas de hibridos simples, triplo e duplo, respectivamente,
no ano agricola de 2008/2009; e em 1.777, 1.693 e 1.720 plantas de hibridos
simples, triplo e duplo, respectivamente, no ano agricola de 2009/2010 (seis
casos), no total de 6.340 plantas. As analises de componentes principais foram
realizadas para os seis casos. Determinou-se o tamanho de amostra (nimero
de plantas) para a estimagdo dos autovalores dos componentes principais,
por reamostragem com reposi¢do e com aplicagdo do modelo linear de
resposta com platd. A mensuragdo de 267 plantas ¢ suficiente para estimar os
autovalores dos componentes principais em caracteres de milho.

Termos para indexacio: Zea mays, modelo linear de resposta com plato,
analise multivariada, reamostragem.

Introduction

Corn crop researches have been intensively carried out with a
high number of variables for the evaluation and discrimination of
new genotypes, as well as the identification of optimal cultivation
conditions and limiting factors for productivity. Such researches are
conducted in laboratories, greenhouses, experimental areas and trial
network, and they are associated with experimental errors that — if not
properly controlled or circumvented — may affect the power available
to reject a null hypothesis (Dochtermann & Jenkins, 2011). In this
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sense, the knowledge of the appropriate sample size
and the corresponding precision are important to
define experimental protocols for the crop. Studies
using resampling techniques to define the appropriate
sample size for estimating the mean and coefficient of
variation (Toebe et al., 2014), correlations (Cargnelutti
Filho et al., 2010; Toebe et al., 2015; Olivoto et al.,
2017, 2018), path analysis (Toebe et al., 2017) and
multiple regression (Cargnelutti Filho & Toebe, 2020)
have been carried out on corn cultivation. Such studies
have shown variability between techniques, variables,
hybrids, scenarios, and precision levels.

The increase of data processing capacity and the
availability of softwares and statistical packages have
led researchers from multiple areas to apply more
complex data analysis techniques in the evaluation of
their experiments, especially when a high number of
variables are evaluated. To facilitate the interpretation
of these data, principal component analysis (PCA)
can be applied, whose main purpose is to reduce the
dimensionality of multivariate data and to facilitate
the interpretation of results by generating new
variables (components) (Lattin et al., 2011). In PCA,
the amount of information is maximized in the first
components, especially in the case of variables with a
high redundancy index (Lattin et al., 2011), allowing of
the inference on the phenomena under study (Ferreira,
2018).

For PCA and other -correlate multivariate
methods, some studies on sample size and general
recommendations have been carried out (Stauffer et
al., 1985; Osborne & Costello, 2004; Ramachandran &
Aschheim, 2005; Kocovsky et al., 2009; Dochtermann
& Jenkins, 2011; Shaukat et al., 2016; Bjorklund, 2019;
Gafian-Cardenas & Correa-Morales, 2021). Starting
from a small sample (n = 55 observations) and a high
number of variables (p = 22), Shaukat et al. (2016)
simulated four sample sizes (n = 20, 30, 40, and 50) and
justified the use of the database by cost of water quality
analysis. The authors concluded that a sample size of
40 or 50 is sufficient for ecological and environmental
studies to recover the first few components. According
to Bjorklund (2019), the robustness of the principal
components increases with increasing sample size,
but not with the number of traits. Still, in a study
on the inferential process, Gafan-Cardenas &
Correa-Morales (2021) empirically indicated the
use of a subject to item ratio of 10:1 and 20:1, for
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PCA estimate from the covariance and correlation
matrix, respectively. According to Kocovsky et al.
(2009), minimum sample size recommendations are
rarely accompanied by empirical support. In several
studies on corn cultivation, PCA was applied with
the following aims: to characterize hybrids for water
shortage (Guimaraes et al., 2014); to characterize grain
yield, and other variables, in different corn hybrids
grown under heat and drought stress (Ali et al., 2015);
to predict flowering time, yield, and kernel dimensions
by analyzing aerial images (Wu et al., 2019); and to
characterize corn populations (Belalia et al., 2019).
However, we could not find in the literature any study
indicating the optimal sample size for the application
of PCA in real data for corn crop.

The objective of this work was to determine the
sample size required to estimate the eigenvalues of the
principal components analysis of corn traits.

Materials and Methods

Two experiments were carried out with corn, in an
experimental area located at 29° 42' S, 53° 49' W, 95
m altitude, in Santa Maria, Rio Grande do Sul state,
Brazil. The first experiment was conducted in the
2008/2009 crop year. The second experiment was
conducted in the 2009/2010 crop year. According to
the Koppen-Geiger classification, the climate of the
region is Cfa, subtropical humid (Alvares et al., 2013).
The soil is classified as Argissolo Vermelho distrofico,
according to the Brazilian soil classification system
(Santos et al.,, 2018), that corresponds to Ultisol
classification (Soil Survey Staff, 1999).

In the first experiment, sowing was performed on
December 26, 2008. Four plots were sown with the
single-cross hybrid P32R21, four with the three-way
cross hybrid DKB566, and four with the double-cross
hybrid DKB747. In the second experiment, sowing
was performed on October 26, 2009. Sixteen plots
were sown with the single-cross hybrid 30F53, sixteen
with the three-way cross hybrid DKB566, and sixteen
with the double-cross hybrid DKB747.

Each plot consisted of four 6.0 m rows, 0.8 m apart,
with density adjusted to five plants per row meter,
representing the density of 62,500 plants per hectare.
Thus, each plot consisted of 120 plants, totaling 1,440
plants in the first experiment (3 hybrids x 4 plots/
hybrid x 120 plants/plot), and 5,760 plants in the
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second experiment (3 hybrids % 16 plots/hybrid x 120
plants/plot). In each crop year, plots of the single-,
three-way, and double-cross hybrids were randomized
in the experimental area. In the two experiments, base
fertilization was performed with 22.5 kg ha' N, 180
kg ha' P,0s, and 135 kg ha' K,O, and the topdressing
was 135 kg ha! N. The other cultural practices were
performed according to the recommendations for corn
cultivation (Fancelli & Dourado Neto, 2009).

In the first experiment, 361, 373, and 416 plants
were assessed, for single-, three-way, and double-cross
hybrids respectively. In the second experiment, 1,777,
1,693, and 1,720 plants were evaluated, for single-,
three-way, and double-cross hybrids respectively.
Only plants showing the twelve traits were evaluated,
therefore, the final number of plants oscillated between
plots and hybrids. Thus, the following traits were
measured for 6,340 plants, as follows: plant height
at harvest (PH, in cm); ear insertion height (EIH, in
cm); ear weight (EW, in g); number of grain rows per
ear (NR); ear length (EL, in cm); ear diameter (ED, in
mm); cob weight (CW, in g); cob diameter (CD, in mm);
hundred-grain weight (HGW, g); number of grains per
ear (NGE); grain length (GL, in mm) calculated as
the difference between the diameters of ear and cob
divided by two; and grain yield (GY, in g per plant).

The principal component analysis was performed
for each hybrid in each experiment (six cases), from
the Pearson’s linear correlation matrix between twelve
traits (PH, EIH, EW, NR, EL, ED, CW, CD, HGW,
NGE, GL, and GY). The correlation matrix was chosen
because of the different trait measurement scales.

The sample size (n,, number of plants) required
to estimate the eigenvalues of principal component
analysis was determined through resampling with
replacement (Ferreira, 2009). For resampling, 986
sample sizes were planned, with an initial sample size
of 15 plants (in this study considered as a reference,
that is, minimum size required for principal component
analysis). The other sizes were obtained in increments
of one unit, until reaching 1,000 plants. Thus, sample
sizes from 15 to 1,000 plants were planned.

For each planned sample size, 3,000 resamples with
replacement were obtained. In each resample, the
estimates of the eigenvalues of the twelve principal
components (PC1, PC2, PC3, PC4, PC5, PC6, PC7,
PCS8, PC9, PC10, PCI11, and PC12) were obtained.
Therefore, for each sample size, 3,000 estimates

of eigenvalues of the PC1, PC2, PC3, PC4, PCS,
PC6, PC7, PCS8, PC9, PCI10, PCl11, and PC12 were
obtained, and the maximum, percentile 97.5% (Py;+,),
mean, percentile 2.5% (P,s,), and minimum were
determined. The amplitude of 95% confidence interval
was calculated by the expression: ACI = Py;50, - Py 50,
It should be interpreted that smaller is the ACI, the
more accurate are the estimates of eigenvalues of the
PC1, PC2, PC3, PC4, PCS5, PC6, PC7, PCS, PC9, PCI10,
PC11, and PC12.

The sample size (n,, number of plants) required to
estimate the eigenvalues of the first four principal
components (PCl, PC2, PC3, and PC4) was
dimensioned because they explained at least 80% of
the total data variation. Thus, for each hybrid in each
experiment (six cases), the sample size (n,, number of
plants) was determined by adjusting the dependent
variable [ACl] as a function of the independent
variable (n, number of plants), by the model linear
response with plateau (LRP) (Paranaiba et al., 2009).

For the LRP (Paranaiba et al., 2009), two segmented
lines were adjusted, and the estimates of a, b and p
parameters and the determination coefficient (r*) were
obtained. The first straight [ACl,, = a + bn + ¢] was
adjusted to the point corresponding to the optimal
sample size (n,), with nonnull slope (b). The second
straight [ACl,, = p + €] starts from n, and has a zero
slope, that is, it is a line parallel to the abscissa, in
which p = plateau, that is, p corresponds to AClIn,. The
LRP model was

atbn+eg ifn<n,
ACL,= {p +g if n>n,

In the LRP model, the optimal sample size was
determined by n, = (p - a) / b and the amplitude of
the confidence interval in the optimal sample size by
ACIn, = a + bn,; in which: the LRP model ACI is a
dependent variable (amplitude of confidence interval
of 95%); a is the intercept of the simple linear model of
the segment previous to the plateau; b is the slope in this
same segment; € is the random error; p is the plateau;
and n, is the junction point of the two segments.

The percentile 97.5% (Py75,,), as well as the mean,
percentile 2.5% (P,s,;), and amplitude of confidence
interval of 95% (ACI) were plotted in graphs for better
visual representation. The statistical analysis was
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performed using Microsoft Office Excel and the R
software (R Core Team, 2021).

Results and Discussion

The eigenvalue estimates of the principal
components (PC1, PC2, PC3, PC4, PCS5, PCo6, PC7,
PC8, PC9, PC10, PCl11, and PC12) were similar
among hybrids and experiments (six cases) (Table 1).
The eigenvalues ranged for the first four principal
components, as follows: 6.55 to 7.30 (PCl); 1.46 to
1.69 (PC2); 1.11 to 1.41 (PC3); and 0.70 to 1.06 (PC4).
In the mean of the six cases, these first four principal
components respectively showed the eigenvalues 6.75,
1.58, 1.24, and 0.88, which explained the variances of
56.24%, 13.15%, 10.36%, and 7.33% and accumulated
explained variances of 56.24%, 69.40%, 79.76%, and
87.09%. These results show the possibility of reducing

the dimensionality of the set of 12 traits in four
principal components that explain 87.09% of the total
variation of the data.

Although there are different recommendations on
the number of components to be maintained in the
studies, Ferreira (2018) highlights the percentage of
explained variance accumulated between 70% to
90% as sufficient. Therefore, the four most important
components in the PCA were considered for the study
of the sample size. The remaining eight components
added together account for only 12.91% of the total
variability and were disregarded (Table 1). For similar
studies, Guimaraes et al. (2014) used five variables
to characterize corn hybrids for water shortage, and
they found that in the vegetative stage, the first two
components explained 99.52% of the total variance. In
the flowering stage, the first two components explained
85.08% of the total variance, and in the grain swelling

Table 1. Estimates of the variance (eigenvalues) of twelve principal components (PC1, PC2, ..., PC12), from twelve traits in

corn hybrids (Zea mays) grown in two crop years.

Estimate PCl PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PCIO PC11 PC12
Single-cross hybrid P32R21 (n=361 plants) in the 2008/2009 crop year
Variance (eigenvalues) 658 146 111 095 085 038 030 022 0.14 0.01 0.00 0.00
Percentage of variance 5486 1216 926 788 7.05 319 247 185 118 0.10 0.00 0.00
Cumulative percentage of variance 5486 67.02 7629 84.17 9122 9441 96.87 9872 9990 100.00 100.00  100.00
Three-way cross hybrid DKB566 (n=373 plants) in the 2008/2009 crop year
Variance (eigenvalues) 663 159 141 090 066 025 021 019 0.6 0.01 0.00 0.00
Percentage of variance 5523 1324 1173 746 550 207 172 159 135 0.10 0.00 0.00
Cumulative percentage of variance 5523 6847 8020 87.66 93.16 9523 9695 9855 9990 100.00 100.00  100.00
Double-cross hybrid DKB747 (n=416 plants) in the 2008/2009 crop year
Variance (eigenvalues) 673 148 122 106 069 029 022 016 0.14 0.01 0.00 0.00
Percentage of variance 56.11 1233 1020 884 574 238 184 133 117 0.07 0.00 0.00
Cumulative percentage of variance 56.11 6844 7864 8747 9321 9559 9743 9876 99.93 100.00 100.00  100.00
Single-cross hybrid 30F53 (n=1,777 plants) in the 2009/2010 crop year
Variance (eigenvalues) 730 159 117 070 050 033 020 011  0.09 0.01 0.00 0.00
Percentage of variance 6086 1326 978 580 416 275 165 091 075 0.08 0.00 0.00
Cumulative percentage of variance 60.86 7412 8390 89.70 9386 96.61 9826 99.17 9992 100.00  100.00  100.00
Three-way cross hybrid DKB566 (n=1,693 plants) in the 2009/2010 crop year
Variance (eigenvalues) 670 166 126 079 060 039 024 021 0.14 0.01 0.00 0.00
Percentage of variance 5579 1385 1048 657 496 321 203 177 121 0.12 0.00 0.00
Cumulative percentage of variance 5579  69.64 80.12 86.70 91.66 9487 9690 98.67 99.88 100.00  100.00  100.00
Double-cross hybrid DKB747 (n=1,720 plants) in the 2009/2010 crop year
Variance (eigenvalues) 655 169 129 08 065 036 022 020 0.3 0.01 0.00 0.00
Percentage of variance 5460 1408 1072 742 544 302 187 167 107 0.11 0.00 0.00
Cumulative percentage of variance 5460 68.68 7940 86.83 9226 9528 97.15 9882 99.89 100.00  100.00  100.00
Overall mean
Variance (eigenvalues) 675 158 124 08 066 033 023 018 0.3 0.01 0.00 0.00
Percentage of variance 5624 1315 1036 733 547 277 193 152 112 0.10 0.00 0.00
Cumulative percentage of variance 5624 6940 79.76  87.09 9256 9533 9726 9878 9990 100.00  100.00  100.00
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stage, the first two components explained 98.52%
of the total variance. In twelve F1 single-cross corn
hybrids and four crop growing seasons, Ali et al. (2015)
evaluated sixteen variables and found that the first
two components had variances of 43.5% and 24.4%,
respectively. In Algerian corn populations, Belalia et
al. (2019) evaluated fourteen agromorphological traits
and eighteen simple sequence repeat markers and
found that the first two components explained 43.04%
and 12.40% of the total variation, respectively.

It was observed that with the increase of the number
of plants, the mean of the 3,000 estimates of the
eigenvalues of PCI, in the six cases, stabilizes and
approaches the mean obtained with the 361 plants of
the simple cross hybrid P32R21 (case 1, subject to item
ratio = 30.08:1, that is, 361 plants/12 traits), 373 plants
of the three-way cross hybrid DKBS566 (case 2 subject
to item ratio = 31.08:1), 416 plants of the double-cross
hybrid DKB747 (case 3 subject to item ratio = 34.67:1),
1,777 plants of the single-cross hybrid 30F53 (case 4
subject to item ratio = 148.08:1), 1,693 plants of the
three-way cross hybrid DKB566 (case 5 subject to
item ratio = 141.08:1), and 1,720 plants of the double-
cross hybrid DKB747 (case 6 subject to item ratio =
143.33:1). A similar pattern is observed in the other
three principal components (PC2, PC3, and PC4). This
suggests a possible bias in the estimates of the mean,
in situations of sample insufficiency, which is more
visible in the eigenvalues of the first two principal
components (PC1 and PC2) that were overestimated,
and in the fourth principal component (PC4) that was
underestimated with insufficient sample size (Table 2,
and Figures 1, 2, and 3). According to Ramachandran
& Aschheim (2005), when the sample size increases,
the errors become small and finally reach a constant
value.

Therefore, the greater amplitudes of the confidence
interval of the PC1, PC2, PC3, and PC4 eigenvalues, in
the six cases, obtained from 15 plants in comparison
with those obtained with 1,000 plants, show that with
15 plants the eigenvalue estimates are less accurate,
which may result in inaccurate and biased PCA,
when the sample is insufficient. Therefore, it can be
inferred that PCA generated from a small number
of plants should not be considered, and also that it is
important and necessary to define the sample size for
the generation of accurate PCA.

The amplitude of 95% confidence interval in ACI
for the eigenvalue estimates of PCl1, PC2, PC3, and
PC4, in the six cases, gradually decreased with the
increase in the number of plants (Figures 1, 2, and 3).
This result is expected and indicates that the increase
of the number of plants provides an improvement of the
accuracy of estimates and, consequently, more reliable
PCAs, as already verified for the estimation of the
mean and coefficient of variation (Toebe et al., 2014),
correlations (Cargnelutti Filho et al., 2010; Toebe et
al., 2015; Olivoto et al., 2017), direct effects of path
analysis (Toebe et al., 2017), and multiple regression
(Cargnelutti Filho & Toebe, 2020) in corn. For PCA,
Stauffer et al. (1985) observed that, as the sample
size increased, the amplitude of the 95% confidence
interval for the principal components decreased,
indicating a precision gain. A sharp decrease in the
ACI up to approximately 200 plants was observed for
the eigenvalues of the 15 and 2" principal components
(PC1 and PC2), and a decrease of 300 plants for the
eigenvalues of the 3™ and 4% principal components
(PC3 and PC4), which suggests that such sample sizes
would be sufficient (Figures 1, 2, and 3). Afterward, the
decreases were smaller, which indicates that the work
to measure more plants would result in insignificant
benefits for the precision of the eigenvalue estimates
of the principal components.

Based on model linear response with plateau, the
sample size (n,, number of plants) required to estimate
the eigenvalues of the first four principal components
(PC1, PC2, PC3, and PC4) was similar between
hybrids and experiments (six cases). In the six cases,
the sample sizes of the first two principal components
(PC1 and PC2) were relatively smaller than those of
the third and fourth principal components (PC3 and
PC4) (Table 3). In the mean of the six cases, the sample
sizes necessary to estimate the eigenvalues of PCl,
PC2, PC3, and PC4 were, respectively, 234, 212, 297,
and 323 plants. Although estimates of the eigenvalues
of PCl1, PC2, PC3, and PC4 from as many plants as
possible should be aimed to guarantee reliable PCAs, it
seems reasonable to estimate the eigenvalues based on
267 plants, which corresponds to the general mean of
24 sample sizes (six cases x four principal components).
Above this number of plants, the gains for precision
(decrease in ACI) are insignificant (Figures 1, 2, and 3).

In view of the results of the present study and
the aforementioned inferences, it seems reasonable
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to accept that 267 plants (subject to item ratio =
22.25:1) are sufficient for PCA in corn. For other
statistics and analyses applied in corn sample sizing
studies, values similar to that of this study have also
been recommended. In this sense, for hybrids of
different genetic bases, Cargnelutti Filho et al. (2010)
recommended 252 plants to estimate the correlation of
91 pairs of variables with ACI equal to 0.30 of Pearson’s
linear correlation coefficient. In a later study expanded
by Toebe et al. (2015), on hybrids of different genetic
bases and crops, the authors recommended 195 plants
for the estimation of correlation coefficients with a

maximum ACI of 0.35. Still studying correlations in
corn, Olivoto et al. (2017) indicated that 210 plants
are sufficient to estimate the r in the ACI < 0.30 and
Olivoto et al. (2018) indicated 50 to 206 plants for
estimating correlations with ACI of 0.30, depending
on the magnitude of the correlations. To estimate the
direct effect with maximum ACI of 0.35, Toebe et al.
(2017) identified that 265 plants would be sufficient to
estimate all the direct effects of explanatory variables
on productivity, in crops, hybrids, and path analysis
scenarios. Finally, Cargnelutti Filho & Toebe (2020)
indicated that 260 plants are sufficient to adjust precise

Table 2. Maximum, percentile 97.5% (Py;s:,), mean, percentile 2.5% (P, .s,,), minimum, and amplitude of confidence interval
of 95% (ACI = Py; 50, - Py50,) for 3,000 estimates of eigenvalues of the first four principal components (PC1, PC2, PC3, and
PC4), and estimates obtained from 3,000 resamples with replacement for n = 15 and 1,000 plants of corn hybrids (Zea mays)

grown in two crop years.

PC Maximum ) Mean P50, Minimum ACI Maximum ) Mean P, Minimum ACI
n= 15 plants n = 1000 plants
Single-cross hybrid P32R21 (n=361 plants) in the 2008/2009 crop year
PC1 9.53 8.50 6.81 5.05 3.87 345 6.96 6.82 6.59 6.37 6.15 045
PC2 3.57 2.87 1.98 1.27 0.79 1.61 1.65 1.58 1.47 1.36 1.29 0.22
PC3 2.36 1.87 1.28 0.76 0.52 1.11 1.29 121 1.12 1.03 0.95 0.18
PC4 1.63 1.30 0.84 045 0.24 0.85 1.08 1.02 0.95 0.87 0.80 0.15
Three-way cross hybrid DKB566 (n=373 plants) in the 2008/2009 crop year
PCl1 9.73 8.47 6.88 522 4.10 325 7.02 6.83 6.63 643 6.26 041
PC2 3.93 292 2.07 1.38 0.95 1.54 1.81 1.71 1.60 1.50 1.42 0.21
PC3 2.61 1.90 1.33 0.78 047 1.12 1.55 1.50 1.40 1.30 1.18 0.20
PC4 1.82 131 0.81 0.41 0.21 0.89 1.02 0.97 0.90 0.82 0.78 0.14
Double-cross hybrid DKB747 (n=416 plants) in the 2008/2009 crop year
PC1 10.07 8.69 6.81 4.98 3.76 372 7.19 6.98 6.74 648 6.24 0.50
PC2 392 292 2.03 1.26 0.63 1.65 1.71 1.61 1.49 1.38 1.29 0.23
PC3 242 1.97 1.34 0.77 0.51 1.20 141 133 1.23 1.13 1.08 0.21
PC4 1.80 1.36 0.85 043 0.25 0.92 1.23 1.14 1.05 0.97 0.87 0.17
Single-cross hybrid 30F53 (n=1,777 plants) in the 2009/2010 crop year
PC1 9.49 8.69 751 6.06 449 2.63 7.57 748 731 7.14 7.00 0.34
PC2 3.36 2.59 1.88 1.36 0.93 1.23 1.77 1.67 1.60 1.53 1.48 0.14
PC3 2.76 1.69 1.17 0.68 0.39 1.00 1.32 1.25 1.17 1.09 1.02 0.16
PC4 1.37 1.10 0.68 0.34 0.18 0.76 0.88 0.78 0.70 0.62 0.57 0.16
Three-way cross hybrid DKB566 (n=1,693 plants) in the 2009/2010 crop year
PC1 9.30 8.37 6.93 535 4.25 3.03 7.03 6.89 6.70 6.52 641 0.38
PC2 4.03 2.85 2.03 1.40 1.01 145 1.78 1.72 1.67 1.61 1.56 0.12
PC3 229 1.86 1.27 0.73 0.39 1.12 142 135 1.26 1.16 1.09 0.19
PC4 1.58 1.26 0.78 041 0.23 0.85 0.94 0.87 0.79 0.72 0.66 0.15
Double-cross hybrid DKB747 (n=1,720 plants) in the 2009/2010 crop year
PC1 9.20 8.29 6.78 5.13 3.64 3.17 7.03 6.75 6.55 6.35 6.18 041
PC2 4.17 294 2.08 1.39 1.05 1.55 1.87 1.80 1.70 1.60 1.54 0.20
PC3 2.38 1.92 1.33 0.79 0.56 1.13 1.50 1.39 1.29 1.19 1.13 0.20
PC4 1.71 1.30 0.83 0.44 0.28 0.86 1.05 0.98 0.89 0.81 0.75 0.17
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Figure 1. Percentile 97.5%, mean, percentile 2.5%, and amplitude of confidence interval of 95% (ACI) for 3,000 estimates
of eigenvalues of the first four principal components (PC1, PC2, PC3, and PC4), based in resampling of the 361 plants of
single-cross hybrid P32R21 in the 2008/2009 crop year (left column), and 1,777 plants of single-cross hybrid 30F53 in the

2009/2010 crop year (right column). On the X axis the number of plants ranges from 15 to 1,000.
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Figure 3. Percentile 97.5%, mean, percentile 2.5%, and amplitude of confidence interval of 95% (ACI) for 3,000 estimates
of eigenvalues of the first four principal components (PC1, PC2, PC3, and PC4), based in resampling of the 416 plants of
double-cross hybrid DKB747 in the 2008/2009 crop year (left column) and 1,720 plants of double-cross hybrid DKB747 in

the 2009/2010 crop year (right column). On the X axis the number of plants ranges from 15 to 1,000.
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multiple regression models of corn grain yield as a
function of ear length and ear diameter. Farther, the
information from the present research includes the
sample size for principal components analysis, which
was not explored in previous studies on corn crop or
another agricultural crop.

Ramachandran & Aschheim (2005) identified
that scenarios with principal components with less
explanatory variance required a larger sample size
(n = 100) than that in data with principal components
with high explanatory variance (n = 20). These authors

also identified that when the sample size increases,
the errors become small and finally reach a constant
value from a certain simulated sample size. Osborne
& Costello (2004) observed an interaction between the
number of observations and the subject to item ratio,
and the best results were obtained under conditions of
high number of observations and subject to item ratios.
Kocovsky et al. (2009) observed that in small sample
sizes, eigenvalues for the first principal components
were unstable and inflated, and they recommended
a minimum subject to item ratio from 3.5 to 8.0 to

Table 3. Parameter estimates of the model linear response with plateau (a, b), determination coefficient (%), required sample
size (n,, number of plants) to estimate the eigenvalues of the first four principal components (PC1, PC2, PC3, and PC4),
and amplitude of confidence interval of 95% in sample size ACI(n,) for corn hybrids (Zea mays) grown in two crop years.

PC a b P n, ACI(n,)
Single-cross hybrid P32R21 (n=361 plants) in the 2008/2009 crop year
PC1 241629 -0.00770 0.870 236 0.598
PC2 1.05305 -0.00324 0.848 238 0.282
PC3 0.73308 -0.00179 0.849 274 0.241
PC4 0.59689 -0.00150 0.876 278 0.181
Three-way cross hybrid DKB566 (n=373 plants) in the 2008/2009 crop year
PC1 2.28036 -0.00751 0.867 230 0.552
PC2 1.03608 -0.00376 0.851 204 0.269
PC3 0.78876 -0.00198 0.872 272 0.250
PC4 0.64283 -0.00156 0.887 294 0.185
Double-cross hybrid DKB747 (n=416 plants) in the 2008/2009 crop year
PCl1 2.57669 -0.00792 0.872 243 0.652
PC2 1.10661 -0.00352 0.851 229 0.300
PC3 0.80294 -0.00226 0.851 241 0.258
PC4 0.65355 -0.00139 0.875 311 0.221
Single-cross hybrid 30F53 (n=1,777 plants) in the 2009/2010 crop year
PCl1 1.80228 -0.00590 0.862 231 0.439
PC2 0.81845 -0.00309 0.852 205 0.185
PC3 0.69493 -0.00158 0.882 308 0.208
PC4 0.57522 -0.00104 0.915 372 0.190
Three-way cross hybrid DKB566 (n=1,693 plants) in the 2009/2010 crop year
PC1 2.09806 -0.00683 0.867 232 0.513
PC2 0.98483 -0.00472 0.860 172 0.172
PC3 0.76152 -0.00150 0.89%4 344 0.245
PC4 0.60129 -0.00127 0.890 324 0.190
Double-cross hybrid DKB747 (n=1,720 plants) in the 2009/2010 crop year
PC1 2.25906 -0.00728 0.870 234 0.555
PC2 1.00986 -0.00337 0.855 226 0.248
PC3 0.75625 -0.00148 0.884 344 0.248
PC4 0.60836 -0.00111 0.890 360 0.208
Overall mean
PC1 -0 - 0.868 234 0.552
PC2 - - 0.853 212 0.243
PC3 - - 0.872 297 0.242
PC4 - - 0.889 323 0.196

MQverall mean not calculated.
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increase the eigenvalues and eigenvectors stabilization.
Although 267 plants from the present study seem to be a
large number of observations, which could discourage
the application of the PCA technique in corn by some
researchers, it is important to highlight the indication
of Osborne & Costello (2004) that researchers need to
remember that PCA is a large-sample technique, not
well-suited for the small sample sizes some researchers
employ. Furthermore, these authors emphasize that in
many cases the subject to item ratio should be greater
than 20:1 and the sample size greater than 1,000.

Conclusion

The measurement of 267 plants is sufficient to
estimate the eigenvalues of the principal components
for corn (Zea mays) traits.
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