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Abstract

In chilli pepper, the calculation of the effective or minimum sample size can minimize costs with characterization. In order to
determine the effective sample size, a general multivariate statistical method consisting of resampling subsamples from a reference
sample is presented. Data from a field experiment involving eight accessions of Capsicum pepper are used to illustrate the method.
Six response variables relating to morphological characterization of fruits were analyzed: mean weight, peduncle length, fruit length,
largest diameter, lowest diameter, pericarp thickness. The reference sample consisted of the vector of scores of the first principal
component, thus representing 30 observations on the 6 morphological variables. Through the percentile bootstrap method, a 99%
confidence interval was created for two parameters: mean and standard deviation of the reference sample, which was then resampled
with replacement, creating 500 subsamples of sizes ranging from 2 to 29. Afterwards, we estimated both mean and standard deviation
for each subsample of each size. The proportion of estimates outside their respective confidence interval was computed. We also
compared the results of the multivariate approach with its univariate form. The multivariate approach has taken into account the
correlations among the response variables and was more efficient than the univariate form. A sample containing 22 fruits is
considered suitable for estimating the mean of pepper fruit traits, whereas 24 fruits should be enough to estimate the standard
deviation.

Keywords: Capsicum spp.; Principal component analysis; Resampling; Pepper; Bootstrap.
Abbreviations: MW_fruit mean weight; PL_peduncle length; FL_fruit length; LD_fruit largest diameter; LowD_fruit lowest
diameter; PT_pericarp thickness; CI_confidence interval.

Introduction

Pepper (Capscicum spp.) is an important spice and vegetable a relatively smaller sample size, which is able to provide
crop in Brazil, where several types and forms of fruits of this estimates with similar accuracy as those from the reference
crop are grown (Régo et al., 2012). The species and varieties sample, thus decreasing costs of characterization while
are differentiated by botanical traits, mainly relating to keeping reliable estimates. The technique is currently
flowers and fruits (Nascimento et al, 2013). The implemented in free software programs, such as Genes (Cruz,
morphological characterization of pepper fruits has been 2006) and R (R Core Team, 2015) through the package
essential for understanding the enormous diversity of the biotools (Silva, 2015). Using this methodology to determine
Capsicum species, which has fostered several breeding sample sizes from a reference sample of 30 Capsicum pepper
programs (Régo et al., 2003; Nascimento et al., 2013). It fruits, Silva et al. (2011) obtained reductions of around 50%
generates subsidies that have facilitated the decisions of the of the reference sample size, depending on the morphometric
breeders as well as the identification of duplicate genotypes, trait. The authors then observed that the recommendation
so that they can properly plan their experiments, knowing the found in the descriptors for Capsicum (IPGRI 1995), of 10
genetic diversity available (Pickersgill, 1997). In this sense, mature fruits at the second harvest, were not enough to
Silva et al. (2011) accentuated the importance of represent the reference sample. Using resampling with
characterizing the fruits based on an appropriate sample size. replacement techniques for estimating genetic and phenotypic
The authors stated that an alternative way to obtain efficient parameters in sugarcane, Leite et al. (2009) stated that sample
sample sizes for estimating population parameters is the size estimates varied according the evaluated parameter and
technique of resampling subsamples with replacements from trait. The technique was also used to estimate the plastochron
a reference sample. According to Leite et al. (2009), this in pigeonpea (Cargnelutti Filho et al., 2013), to estimate the
technique allows one to make efficient comparisons of the means of jack beans and velvet beans traits (Cargnelutti Filho
sample size effects on the estimation of genetic and et al., 2012) and to estimate the Pearson correlation
phenotypic parameters. The method, in most cases, indicates coefficient among maize traits (Cargnelutti Filho et al.,
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2010). Herrmann et al. (2010) used random subsamples to
determine sample size in diversity studies on alfalfa. In
morphological characterization, not only of peppers but of
many other crops, the calculation of appropriate sample sizes
based on objective methods is still underexplored. Moreover,
when calculations are made, the correlations among the
response variables are usually devalued. Another point is that
many methods currently used to determine sample size based
on power analysis, via t-test, F-test etc., admit Gaussian
distribution, and most of them provide results whose target
parameter is only the population mean. Nonetheless, the
technique of resampling subsamples is wider, since it does
not assume any distribution, and is more flexible in terms of
the target parameter, whatever its complexity. The goal of
this study was twofold: (1) to present a statistical method to
determine the effective sample size in a multivariate way,
through the technique of resampling subsamples from a
reference sample; (2) to make decisions regarding the
appropriate sample size for performing morphological
characterization of chilli pepper fruits.

Results and Discussion
Importance of traits on sample size calculation

The first principal component retained 52.4% of the total
residual variation. Its coefficients are:

Z; = 0.58MW+ 0.40PL + 0.34FL + 0.54LD + 0.31LowD- 0.02PT 1)
Note that except for the pericarp thickness, the other
variables contributed together and with similar weight to the
fruit variability. Moreover, because PT presented a low
coefficient in Z; (-0.02), it is expected that PT had less

influence on the calculation of the effective sample size than
the other fruit traits.

Multivariate sample size

The bootstrapped 99% confidence interval for the population
mean of the first principal component corresponds to the
limiting values: -0.29 and 0.28 (Fig 1A). A sample size of 22
fruits reached the proportion of 0.008 (0.8%) points outside
the Cl,,,. The following subsamples showed a decreasing

proportion. These findings are similar to those found by Silva
et al. (2011), who also based their study on a reference
sample of 30 fruits and found subsample sizes ranging from
16 to 19, with the same accuracy of the reference sample.
Nevertheless, note that the authors used a = 0.05, thus the
calculated sample sizes are expected to be smaller than those
found here. Michereff et al. (2011), calculating sample size
for quantifying cercospora leaf spots in sweet pepper, stated
that the number of plants to be sampled was reduced when
the degree of acceptable error was increased. Monitoring the
impact of Bt maize on butterflies, Lang (2004) concluded that
the number of field margins that must be sampled in order to
achieve a higher statistical power must be increased when
monitoring a single butterfly species. Using o = 0.05, Lucio
et al. (2003) found reductions of around 25% on the
population size (reference sample of size 72) of sweet pepper
plants cultivated in greenhouses. These authors used the
method based on the t-Student random variable, as proposed
by Cochran (1977). The 99% confidence interval for the
population standard deviation of the first principal component
corresponds to the limiting values: 0.33 and 0.73 (Fig 1B).
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It can be observed that the behaviour of the estimated
standard deviations is similar to the behaviour of the
estimated means. For the standard deviation, a subsample
size of 24 seems to be appropriate, at which 0,1% points are
located outside the Clgg,,. The following subsamples

showed a decreasing proportion.
Multivariate versus univariate approach

Considering the univariate form of the same technique, i.e.,
by calculating the effective sample size for estimating the
population mean of each fruit trait, we observe the following
values: 28 for fruit weight, 26 for peduncle length, 28 for
fruit length, 28 for largest diameter, 27 for lowest diameter
and 28 (or > 28) for pericarp thickness (Fig 2). Comparing
these results with those obtained using the multivariate
approach, it can be seen that, besides the differences among
the calculated sample sizes, the effective sample size based
on the multivariate approach was smaller (22, for estimating
the mean). The most probable cause to this is the presence of
correlations among the variables, which is another source of
variability in the data which is not being considered by the
univariate method. Furthermore, it is noteworthy to recap the
low influence of PT over Z; (Eqn. 5), probably due to the
lack of correlation (~ 0.05, data not presented) with the other
variables. In fact, the univariate calculation of the sample size
based on the estimated mean of PT is the most contradictory,
not exactly presenting a decreasing behaviour (Fig 2). Even
though there are studies (Leite et al., 2009; Silva et al., 2011,
Cargnelutti Filho et al., 2010, 2012) in which the univariate
approach has been used to determine the effective sample
size, we could not find any published paper, involving any
species, that used the multivariate form; therefore, we could
not make any comparisons of results obtained with this
technique.

Materials and Methods
Plant materials

This study was based on a field experiment involving four
species of chilli pepper, genus Capsicum, presenting fruits
morphologically distinct. We studied the species Capsicum
chinense (accessions 2, 12, 13, 15 and 74), C. annuum
(accession 14), C. baccattum (accession 72) and C. frutescens
(accession 4), all from the Germoplasm Bank of the Federal
University of Paraiba (UFPB-CCA). Plants were sown in
polystyrene trays with 128 cells containing commercial
substrate. After presenting six true leaves, plants were
transplanted to the field.

Experimental design and data

The experiment was carried out under a generalized
randomized block design with two replications (blocks) and
thirty within-plot replications (fruits), and eight accessions.
The experimental area was located at: 06°57" S, 35°41' W,
618 m as.l. Six response variables related to the
morphological characterization of fruits were evaluated:
mean fruit weight (MW), peduncle length (PL), fruit length
(FL), largest diameter (LD), lowest diameter (LowD) and
pericarp thickness (PT). For each experimental plot, 30 fruits
were collected.



Fig 1. Dispersion of the estimates for each subsample (left), and number of estimates out of the bootstrapped 99% (percentile)

L] a
B 200
05 . _
o o (] o
E 150
5 00 F
= 3 100
05 - Rl ® a o,
099 2 = 50 \oooo
-1_0 _ : ooooo Co
L] U —
| | T | T | T T T
5 10 15 20 25 30 10 15 20 25 30
Sample size Sample size
B : 350
15 -, 300
l'.\a p—
o © 250 !
- 10 ikiEss =200 4 Y
@ z £ 150 o
0.5 7 = 100 -,
o8 ; 50 o
W 0 T T 1
5 10 15 20 25 30 10 15 20 25 30
Sample size Sample size

confidence interval (right) for (A) the mean and (B) the standard deviation of the first principal component.

Propoartion outside the Cl

Propoartion outside the Cl

Fig 2. Proportion of estimates out of the bootstrapped 99% (percentile) confidence interval for the mean of each fruit trait.

0.4
0.3
0.2
0.1
0.0

0.4
0.3
0.z
0.1
0.0

Fruit weight
[x]
\
=]
'
]
;:‘D
@
DD
DDDQD
m%oo%o
T T 1 T
5 10 15 20 25 30
Sample size

Fruit largest diameter

=]
[=]
i
]
1)
%o
DDDC\D‘
oo
T T T T T
5 10 15 20 25 30
Sample size

Propoartion outside the Cl

Propoartion outside the Cl

0.4
0.3
0.2
0.1
0.0

0.4
0.3
0.z
0.1
0.0

Peduncle length

o
=]
R
(=)
.
(=]
=]
— =
=]
— DmD
Oy
o0 Poonn,
T T T I I
5 10 15 20 25 30
Sample size

Fruit lowest diameter

5 10 15 20 25 30

Sample size

1066

Propoartion outside the Cl

Propoartion outside the Cl

0.4
0.3
0.z
0.1
0.0

0.4

0.3

0.z
0.1
0.0

Fruit length
1
=]
Y
=]
(=]
1 &
o
| s}
i
- ODODODD
Domo%c\]jm
T T T
5 10 15 20 25 30
Sample size
Pericarp thickness
ooomﬂ
i o7l
q:\DDDQjD
T T T T T
5 10 15 20 25 30
Sample size



Statistical analysis

A multivariate analysis of variance was performed according
the following model:

Y =1p" + Xo+ZB+Wy +¢ )

where Y corresponds to a (nxp)-dimensional response matrix,
1 is an n-dimensional vector containing the value 1 only, p is
a p-dimensional vector of population means,d is a (7xp)-
dimensional matrix of accession effects, B is a (1xp)-
dimensional matrix of block effects, y is a (7xp)-dimensional
matrix of interactions between accessions and blocks, X, Z
and W are incidence (model) matrices, and € is a (nxp)-
dimensional matrix of residuals. In this experiment, n = 540
andp = 6.

The residual matrix was used to perform a principal
component analysis based on the correlation matrix (R),
represented by the spectral decomposition: R=VAV', in
which V is the matrix of eigenvectors and A is the diagonal
matrix of eigenvalues. The means of the first principal
component scores were calculated for each fruit (within-plot
replication), Z, =¢v; . For a quick reading on multivariate

analysis of variance and principal components analysis, see
Yeater et al. (2015). For a more detailed approach, see
Krzanowski (2000).

Sample size determination (the multivariate approach)

The reference sample used to determine the sample size was
the vector of scores of the first principal component,
representing 30 observations of the 6 morphological
variables. Through the percentile bootstrap method, a 99%
confidence interval was built for the following parameters of
the reference sample (scores): mean (Eqn. 2) and standard
deviation (Eqgn. 3).
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where {i,,, and 62; /2 are the quantile 0/2 of the bootstrap

estimates for the population mean and standard deviation,
respectively. We considered o = 0.01, along with 200
bootstrap estimates.

Subsamples, with size ranging from 2 to 29, were resampled
with replacement to estimate both statistics. For each smaller
sample size, 500 subsamples were taken in order to compute
the proportion of estimates outside their respective
confidence interval.

The procedure can be described by the following algorithm:
1) Consider n as the size of the reference sample and s <n

the size of a subsample, s=2,3,..,n—1.

2) Take with replacement a length-k sequence of
independent subsamples of size s, say x{¥,x{,... xf(s) )

3) For each resampled vector, compute the statistic of
interest; f(xf))f(x(zs))...,f(x(ks)).

4) Calculate the proportion of estimates (Eqn. 4) outside

the (1 — ®)100% confidence interval (CI) for that
statistic ( f), based on reference sample.
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where I[.] is an indicator variable.

5) Consider s as an appropriate sample size if p(s)<a..
Otherwise, repeat the previous steps, considering
s=s+1.

We validate the results by comparing the effective sample

size obtained with the multivariate approach and the effective

sample size obtained using the univariate version of the
method, for each fruit trait.

Computing

All statistical procedures were performed using the software
R. The sample size algorithm described is available from the
package biotools with the function sample.size(). To initialize
the resampling process, a seed equal to ‘123° was used
through the function set.seed().

Conclusions

The multivariate approach has taken into account the
correlations among the response variables and was more
efficient than the univariate form on determining the effective
sample size of Capsicum fruits. A sample containing 22 fruits
is considered suitable for estimating the mean of pepper fruit
traits, whereas 24 fruits should be enough to estimate the
standard deviation.
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