Assessment of yield stability in sugarcane genotypes
using non-parametric methods

Evaluacion de la estabilidad del rendimiento en genotipos de
cana de azucar mediante métodos no paramétricos
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The evaluation of performance stability and high yields is es-
sential for yield trials in different environments. This study
was carried out to identifysugarcane genotypesthat have both
a high mean cane yield, mesured in tons of cane per hectare
(TCH), and stability across seven different environments, using
11 non-parametric statistical methods: S, S, S®, S,©, NPI?,
NPI?, NPI?, NPI¥, RS, TOP and DE. The data came from
acane yield of 20 genotypes, as measured at seven locations over
three crop-years in the sugarcane regional trials of the Instituto
Nacional de Investigaciones Agricolas (INIA) of Venezuela.
The genotypes V99-213, V99-236 and V00-50 showed promis-
ing yields and stability according to all of the non-parametric
statistics. The TCH presented a positive association with the
TOP, NPI?, NPI® and S, statistics. The analysis distinguished
two groups of statistics using a principal component analysis
(PCA). The first group (G1) was composed of the TOP, NPI®,
NPI?®, NPI®, S,® and S,®statistics, which were located under
the concept of dynamic or agronomic stability because they are
associated with yield. The other group (G2) was composed of
the NPI?, S, S @, DE and RS statistics, which fell within the
static or biological stability concept.

Key words: adaptability, genotype x environment interaction,
Saccharum sp., dynamic stability, static stability.

La evaluacion de la estabilidad y el alto rendimiento es esen-
cial en los ensayos varietales de cafia de aztcar conducidos en
diferentes ambientes. Este trabajo fue realizado con el objeto
de identificar genotipos de caia de azticar de alto rendimiento,
medido en toneladas de cafa por hectdrea (TCH), y estables
en siete diferentes ambientes mediante el uso de 11 métodos
estadisticos no paramétricos: S,V, S,%, §@, S,©, NPI?, NPI?,
NPI®,NPI¥, RS, TOPy DE. Los datos provienen del rendimien-
to en cafia de 20 genotipos medido en siete localidades durante
tres afios en los ensayos regionales del Instituto Nacional de
Investigaciones Agricolas (INIA) de Venezuela. Los genotipos
V99-213, V99-236 y V00-50 mostraron ser promisorio por su
rendimiento y estabilidad de acuerdo a todos los estadisticos
no paramétricos. TCH present6 asociacion positiva con los
estadisticos TOP, NPI®, NPI¥ y S ©. El analisis de componentes
principales (CP) distingui6é dos grupos. El primer grupo (G1)
formado por los estadisticos TOP, NPT, NPI?®, NPI?, @ y
S® que se encuentran bajo el concepto de estabilidad dinamica
o agronémica puesto que estan asociados con el rendimiento.
El otro grupo (G2) formado por NPI?, S, S DE y RS que
ubican dentro del concepto de estabilidad estética o bioldgica.

Palabras clave: adaptabilidad, interaccion genotipo x ambiente,
Saccharum sp., estabilidad dindmica, estabilidad estatica.

Introduction

In Venezuela, sugarcane is cultivated under different soil
conditions, fertility levels and humidity. The selection of
new sugarcane genotypes in breeding programs has been
evaluated in different environments to determine its de-
gree of adaptability and stability (Rea et al., 2014). There
are different methodologies for the study of the genotype
x environment interaction (GEI). The most common
approach uses parametric analyses, which are based on
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statistical assumptions about the distribution of geno-
typic, environmental and GEI effects (Akcura and Kaya,
2008). Two frequently used parametric statistical analyses
are the additive main effects and multiplicative interac-
tion (AMMI) model and the genotype main effects and
genotype X environment interaction effects (GGE) model
(Gauch, 2006). This type of estimated stability may not be-
have well if the statistical assumptions are violated by such
factors as outliers. Another approach uses non-parametric
procedures that are easy to interpret and do not require
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assumptions in the distribution of the observed values;
the addition or deletion of one or a few genotypes does not
cause much variation in results (Huehn, 1990; Segherloo et
al., 2008; Balalic¢ et al., 2011; Parmar et al., 2012).

For an initial look, the non-parametric methods, based on
the order of merit of the genotypes, constitute a valid and
useful tool (Sabaghnia et al., 2012). A genotype will be stable
ifits position in the general order of all the genotypes is sim-
ilar across different environments. Several non-parametric
methods have been used for the interpretation of GEI (Deli¢
et al., 2009; Sabaghnia et al., 2014; Sadeghi and Farshadfar,
2014). Nassar and Hithn (1987) and Huehn (1990) proposed
four non-parametric measurements for phenotypic stabil-
ity: S calculates the average of the absolute differences
in the orders of a genotype in all environments, S, is the
variance between the ranks in all environments, and S,*
and S, are the sum of the absolute deviation and sum of
squares of ranks for each genotype relative to the average
of the ranks, respectively. With these indices, a variety is
classified as stable if their ranks are similar across environ-
ments and have minimal variance. Thennarasu (1995) pro-
posed the following non-parametric statisticsas a measure
of stability: NPI?, NPI?, NPI?, and NPI®, which are based
on orders or ranks of adjusted mean of the genotypes in
each environment. Stable genotypes are defined according
to the methodology of Nassar and Hithn (1987). Fox et al.
(1990) proposed a non-parametric superiority method for
general adaptability using stratified ranking of cultivars. A
genotype that occurred mostly in the top third (high TOP-
value) was considered a widely-adapted cultivar. Kang’s
(1988) rank-sum (RS) is another non-parametric stability
procedure where both yield and Shukla’s (1972) stability
variance were used as selection criteria. In this method,
both the highest yielding genotype and the genotype with
the lowest stability variance are ranked 1 and the genotype
with the lowest RS value is considered the most desirable
(Akcura and Kaya, 2008; Farshadfar et al., 2012).

The non-parametric technique, called relative consistency
performance and proposed by Ketata et al. (1989), repre-
sents an option for the behavior interpretation of genotypes
in different environments. This method is based on the
simultaneous use of the mean and standard deviation of
the genotypic ranks from different locations.

There is an increasing number of non-parametric stabil-
ity methods to evaluate genotypes grown in different
environments. It is therefore useful to study the statistical
relationships between these parameters to find the most
appropiate one for testing genotypes in breeding programs.
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One approach is to calculate the rank correlations between
different stability stastitics on the basis of empirical data
sets (Mohammadi and Amri, 2008).

The objectives of this study were to evaluate the stability of
the performance of twenty sugarcane genotypes, seventeen
experimental and three commercial, in seven locations in
Venezuela, using methods of non-parametric stability and
Spearman’s rank correlation coefficients between the dif-
ferent nonparametric stability statistics for the mean yield.

Materials and methods

Genetic material and experimental locations

Evaluations of the genotypes were conducted in regional
trials of the sugarcane breeding program from the Instituto
Nacional de Investigaciones Agricolas (Spanish acronym
INIA). The experimental design used in each trial was a
randomized complete block with three replicates. The plots
were three rows wide, which were 10.0 m long with 1.5 m
between the rows. The evaluated experimental genotypes
were: V91-1, V91-2, V91-6, V91-8, V91-15, V98-62, V98-86,
V98-120, V99-117, V99-190, V99-203, V99-208, V99-213,
V99-217, V99-236, V99-245 and V00-50. The control cul-
tivars were: B80-408, C323-68, and CP74-2005. All of the
materials were evaluated at seven locations: Carora and
Montaifia Verde in the State of Lara; Majagua, Finca Ivonne
and Finca Castillera in the State Local of Portuguesa; and
Santa Lucia and Fundacaifia in the State of Yaracuy, each
with three crop-years (plant crop, first and second ratoon)
during 2008-2010. Some environmental conditions of the
seven experimental sites of Venezuela can be seen in Tab.
1. The plots had conventional managment and followed the
established local practices. All three rows were harvested
to measurethe cane yield (TCH). The cane was burned, cut
by hand and weighed.

TABLE 1. Some climatic and soil characteristics of the testing environ-
ments for sugarcane cultivation in Venezuela.

Soil Annual precipitation

Location texture (mm) pH
Quebrada arriba Clay loam 1,101 7.7
Santa Lucia Silty clay loam 700 8.0
Montana verde Loam 1,048 7.3
Las Majaguas Clay loam 1,500 7.0
Finca Ivone Clay loam 1,500 7.0
Finca Castillera Clay loam 1,500 7.0
Fundacana Silty loam 1,111 8.1

Statistical analysis
The non-parametric statistics S;, $%, S, and S,© (Nassar
and Hithn, 1987; Sabaghnia et al., 2006; Mohammadi et al.,
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2007), NPI?V, NPI?, NPI®, and NPI’ (Thennarasu, 1995;
Mohammadi et al., 2007), RS (Kang, 1988), TOP (Fox et
al., 1990) and relative consistency performance (Ketata et
al., 1989 and Ostengo et al., 2011) were used. Rank mea-
surements and means of the cane yields were used for the
graphical depiction. Additionally, the stability parameters
were compared using Spearman’s rank correlation and
principal component analysis (PCA). All of the analyses
were performed using InfoStat software (Di Rienzo et al,
2015).

Results and discussion

The analysis of variance showed that the genotypic,
environmental effects, and GEI were significant. The
significance of the GEI indicated that the response of the
genotypes was variable, depending on the environmental
conditions (Tab. 2). Since the GEI interaction was signifi-
cant, it was possible to proceed and calculate the phenotypic
stability.
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TABLE 2. Combined analysis of variance for the cane yield (TCH) in
Venezuela.

FV Df MS F P-value
Environment (E) 6 42537.55 46.34 <0.0001
Genotype (G) 19 13272.66 14.46 <0.0001
ExG 114 973.72 114 <0.0048
Error 1120 917.91

Df: degrees of freedom; P<0.05 highly significant difference

The graphs of the TCH vs. non-parametric measurements
were used to improve the efficiency for the visual selection
and recommendation of genotypes across the locations
(Balali¢ et al., 2011). Each graph was divided into four sec-
tors: (i) sector I (high yield and stable); (ii) sector II (high
yield and unstable); (iii) sector III (low yield and unstable)
and (iv) sector IV (low yield and stable). Low values for the
“ranking” statistical stability and high cane yield in the
genotypes indicated better positioning in the yield.

The Fig. 1 presents the results of the parameters S,”, S,?, S,
and S, vs. the mean yield of the genotypes. The genotypes
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FIGURE 1. Mean yield (TCH) vs. Huehn’s (1979) non-parametric stability statistics. A, S"; B, S@; C, §/; D, S, for sugarcane genotypes in Vene-

zuela.
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FIGURE 2. Mean yield (TCH) vs. Thennarasu’s (1995) non-parametric stability statistics. A, NPI™; B, NPI®; C, NPI®; D, NPI* for sugarcane geno-

types in Venezuela.

were distributed in the different sectors. In Fig. 1A, for the
S,V statistic, section 1 contained the following genotypes:
V99-236, V98-62, V00-50, V99-190, V99-213 and V98-
120, which are considered clones with high yield and high
adaptability. For the statistic S;”, the genotypes V00-50,
V99-213, C323-68, V99-236, V98-120 and V99-120 were
found in section 1 (Fig. 1B). The S¥ statistic is preferred for
practical applications because it is very easy to calculate and
allows a clear and objective interpretation. It represents the
mean absolute rank difference between the environments.
Furthermore, an efficient test of significance is available
for this statistic (Farshadfar et al., 2012).

Two other non-parametric statistics described by Huehn
(1990), S’ and S, combine yield and stability based on
the yield ranks of genotypes in each environment. These
statistics measure stability in units of the mean rank of
each genotype, described in more detail in the original
paper by Huehn (1990) with the lowest value for each of
these statistics indicating maximum stability for a certain
genotype. The genotypes V98-120, V99-236, V00-50,
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V98-62, C323-62,V99-213,V99-208 and V99-203, based on
the parameters S,”’ and S and cane yield, were identified
similarly as the best in section 1. The clones seen in section
2 are assumed to be sensitive to environmental changes or
to have specific adaptability. In these cases, it is necessary
to check the ranking that occupied the genotype in that
specific environment to make a more precise recommenda-
tion (Akcura and Kaya, 2008). The clones cited in sections
3 and 4 have low-yields. Kang and Pham (1991) reported
that S, isstrongly correlated with the mean yield.

The results of Thennarasu’s non-parametric stability sta-
tistic (Thennarasu, 1995), which were calculated from the
ranks of the adjusted yield means (Fig. 2). According to
the first method, NP1 (Fig. 2A), the genotypes V00-50,
V99-213, V98-120, V99-236, C32-369 and V99-203 were
stable, with high yield. In section 2, for this statistic, there
was a concentration of three genotypes: V99-190, V98-62
and V99-208, with high yields but unstable behaviors. The
parameters NPI®, NPI®), and NPI¥, for section 1, had the
following clones: V99-203, V99-208, C323-68, V98-62,
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V00-50, V99-213, V98-120, V99-190 and V99-236 (Fig.
2B, C and D). These genotypes expressed good yield and
stability. The coincidence of the NPI®, NPI®, and NPI?
parameters was also seen by Sabaghnia et al. (2006) and
Farshadfar et al. (2014) in wheat and lentils, respectively.
Figure 3 presents four graphs: 3A, maximum index of
superiority (TOP); 3B, statistical rank sum (RS); 3C, rela-
tive consistency performance (Ketata et al., 1989) and 3D,
principal component analysis (PCA).

According to the non-parametric (TOP) superiority in-
dex (Fox et al., 1990), the better genotypes were V99-208,
V98-62, V00-50, V99-213, V98-120, V99-190 and V99-236
(Fig. 3A). These genotypes ranked in the top-third of the
genotypes in a high percentage of the environments. This
method is very simple and independent of any scale that
sorts individuals according to their adaptation to all envi-
ronments. This statistic has been related to the concept of
dynamic stability (Kaya and Taner, 2003).

According to the rank-sum (RS) statistic (Kang, 1988),
the genotypes V00-50, V99-213, V99-236, V99-208 and
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V99-213 presented a low rank-sum and, therefore, were
regarded as more desirable. This method has been recom-
mended for selecting cultivars with a good yield and stabil-
ity in several crops (Kang and Pham, 1991; Abdulahi et al.,
2007; Kilig, 2010). This procedure also has been employed
for screening stability criteria and quantitative indicators
for drought tolerance in wheat (Mohammadi et al., 2007;
Farshadfar et al., 2012) and in chickpeas (Zali et al., 2011;
Mahtabi et al., 2013). The results of this method for stable
and unstable genotypes are in relative agreement with the
TOP procedure. Kang and Pham (1991) and Sabaghnia et
al. (2014) reported that RS statistics study the dynamic
aspect of stability because it is related to high yield. Because
of integrating yield and stability, RS is probably one of the
more important criteria for selecting varieties, as compared
with other methods under low-intensity humidity stresses
(Sabaghnia et al., 2014).

The method of relative stability consistency performance,
based on both the mean yield and the standard deviation
of each individual rank (Fig. 3C). The genotypes V99-203,
V99-208, V99-236 and V00-50 were grouped in sector 1,
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FIGURE 3. Mean yield vs. non-parametric stability statistics. A, TOP; B, RS; C, DE; D, Biplot for ranks of the mean yield and eleven non-parametric

statistics for sugarcane genotypes in Venezuela.
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classified by Ketata et al. (1989) as superior consistency,
which had the more stable and better yields, followed by
a group in sector 2 with superior inconsistency (V98-62,
V99-213, V99-190, V98-120 and C323-62) of high yield
but unstable behavoirs, which can be adapted to favorable
or specific locations. Ostengo et al. (2011) recommended
this method as a further measure in trials of sugarcane
varieties in order to quickly and easily assess the behavior
of genotypes in different environments. Simultaneous
consideration of both the mean yield and stability would
be useful for selecting the most favorable genotypes (Kang,
1998; Sabaghnia et al., 2012). It seems that plotting the mean
yield versus each of the non-parametric stability statistics
helps to identify high mean yield and stable genotypes.
Our results demonstrated the utility of this hypothesis and
determined the most favorable genotypes. In each graph,
the studied genotypes were classified into four distinct
groups, with only one group that could be regarded as the
most favorable genotype (high mean yield and most stable
genotype). This study suggested that the non-parametric
stability analysis could contribute to supplementary infor-
mation on the performance of genotypes and enable their
recommendation to sugarcane producers.

Association between non-parametric statistical methods

Spearman’s coefficient of rank correlation was employed
to statistically compare the stability indices used in this
study. All of the evaluated genotypes were respectively
assigned stability values according to the procedure and
definitions that were used and then ranked in order to
determine Spearman’s rank correlation coefficient between
the different procedures (Tab. 3). The TCH ranks were
significantly correlated with the statistics TOP, NPI?,
NPI®, and S© (P<0.01) and associated with NPI’ and
S$%;S,¥ and S,; NPI® and NPI® (P<0.01). These types of

associations have also been reported by Akcura and Kaya
(2008); Kilic et al. (2010) in wheat. Sabaghnia et al. (2006)
and Mohammadi and Amri (2008) indicated that the TOP
procedure is associated with yield and the concept of dy-
namic stability and, therefore, can be used to recommend
cultivars adapted to favorable conditions. Significant and
positive correlations between S, and S,; S© with NP,®
and NP® were also reported by Kang and Pham (1991),
Segherloo et al. (2008) and Mohammadi et al. (2007).
Statistics with positive and significant correlation between
them, selected genotypes stable and high yield in the same
way (Farshadfar et al., 2014).

To better understand the relationships between the rank-
based statistics, a principal component analysis (PCA) was
performed on the rank correlation matrix (Tab. 4). The first
two components accounted for 62.8% (CP1 =43.9, and CP
= 18.9%) of the variances of the original variables. These
relationships between the statistics are represented in a
biplot (Fig. 3D). There, we can distinguish two groups of
statistics: the first group (G1) formed by the TOP, NPI,
NPI?, NPI?, SPand S, statistics were located under the
concept of dynamic or agronomic stability since they are
associated with yield (Sabaghnia et al., 2006; Mohammadi
etal., 2007). The other group (G2), formed by the NPI", S,"",
S,?, DE and RS statistics, fell within the static or biological
stability concept. This concept of stability is based on the
idea that a genotype is stable if it has minimum variance
for yield throughout different environments (Akcura and
Kaya, 2008). This concept of static stability is not acceptable
for the majority of breeders and agronomists who prefer
high yield genotypes that have the potential to respond
to inputs or environmental conditions (Farshadfar et al.,
2012). The stability estimators of each group discriminated
on the basis of stable genotypes in the same manner. This

TABLE 3. Spearman’s rank correlation coefficients between the different non-parametric stability parameters for mean vyield of twenty sugarcane

genotypes evaluated in seven environments of Venezuela.

Measure TCH TOP Kang s $@ 8§ $® NP NPi®@ NP,
TOP 0.90**

Kang 0.44 0.52

S0 0.06 0.18 -0.02

S -0.05 0.02 0.02 0.23

S 0.65 0.72 0.41 012 0.33

S® 0.84** 0.80** 0.45 017 0.38 0.82**

NP -0.12 -0.04 0.31 0.22 0.99** 0.26 0.30

NPi@ 0.86** 0.84** 0.50 0.40 0.40 0.75 0.95** 0.34

NP® 0.86** 0.85** 0.58 0.19 0.39 0.76 0.93** 0.31 0.98**

NP 0.68 0.70 0.37 0.62 0.33 0.46 0.73 0.26 0.78 0.81**
DE -0.06 0.13 0.39 0.14 0.06 0.04 0.06 0.31 0.03 0.01

** Significant at the P<0.01.
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TABLE 4. Ranks of the genotypes according to the eleven non-parametric stability statistics of twenty sugarcane genotypes evaluated in seven

environments of Venezuela.

Genotypes TCH RankTCH TOP RS NPI® NPI? NPI® NPI® S s $® §® DE
V911 99.66 14 1 18 il 13 16 20 20 13 14 13 7
V99-190 122.56 7 3 14 14 7 6 1 7 14 10 8 14
V99-203 114.70 9 8 1 9 8 8 10 15 10 13 9 5
V99-208 126.68 3 2 7 20 9 9 12 18 20 8 7 6
V99-213 124.50 5 1 2 5 1 2 1 2 5 6 5 12
V99-217 96.67 17 1 16 15 18 17 7 2 15 20 18 13
V99-236 125.95 4 3 4 8 4 3 1 1 7 2 2 2
V99-245 81.64 20 1 20 18 20 20 18 2 19 " 19 15
V00-50 123.99 6 3 2 2 1 1 1 7 2 5 3 3
B80-408 106.52 " i 7 17 16 13 13 16 17 16 16 18
C323-68 119.28 8 8 10 6 5 5 7 14 4 3 3 20
V91-2 93.12 19 1 14 6 19 19 13 7 8 18 20 1
CP74-2005 94.83 18 il 1 2 14 14 16 12 3 7 10 4
V91-6 100.32 13 il 19 4 10 12 10 7 6 15 12 16
V91-8 99.41 15 i 7 1 1 10 7 2 1 12 il 9
V91-15 102.38 12 il 16 16 14 14 18 18 16 17 15 18
V98-62 129.10 1 3 12 18 6 7 1 1 18 9 6 10
V98-86 96.95 16 i 6 " 17 18 13 12 1 19 17 8
V98-120 129.00 2 3 12 9 3 4 1 " 9 1 1 17
V99-117 105.92 10 8 4 1 12 1 16 17 12 4 14 1

study demonstrated that simultaneously considering both
yield and stability in a graph helps to identify genotypes
with high yield and a stable behavior, as Kang (1998) and
Karimizadeh et al. (2012) pointed out. The non-parametric
methods used here can be used in any other crop where
genotypes are evaluated in different environments (loca-
tions or years).

Conclusions

The genotypes V99-213, V99-236 and V00-50 proved to be
promising due to their yield and stability according to all
of the non-parametric statistics.

The mean cane yield (TCH) presented a positive association
with the TOP, NPI?, NPI®and S,® stastitics.

The principal component analysis grouped the statistics
into two groups. The first group (G1), formed by the TOP,
NPI®, NPI?, NPI®, S® and S,© statistics, was located
under the concept of dynamic or agronomic stability since
they are associated with yield. The other group (G2), formed
by the NPI?, S,¥, S®, DE and RS statistics, fell within the
static or biological stability concept.
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