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ABSTRACT. The objective of this study was to estimate the direct 
effects of explanatory variables on the grain yield of corn in the 
combinations formed by three types of hybrids x two harvests x nine 
scenarios of explanatory variables x two types of path analyses. Eleven 
explanatory variables were measured in 361, 373, and 416 single-, 
triple-, and double-cross hybrid plants from the 2008/2009 harvest, 
respectively, and in 1777, 1693, and 1720 single-, triple-, and double-
cross hybrid plants from the 2009/2010 harvest, respectively: plant 
height at harvest (PH), ear insertion height (EIH), ear weight (EW), 
number of grain rows per ear (NR), ear length (EL), ear diameter (ED), 
cob weight (CW), cob diameter (CD), 100-grain mass (HGM), number 
of grains per ear (NGE), grain length (GL) and, the main variable, 
grain yield (YIELD). Before conducting the traditional and ridge path 
analyses, 0, 1, 2, 3, 4, 5, 6, 7, and 8 explanatory variables were excluded 
from scenarios 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively. Next, the direct 
effects of explanatory variables on YIELD were estimated for each 
hybrid, harvest, scenario, and type of path analysis. The variables EW, 
NGE, and HGM had stronger direct effects on YIELD in the first three 
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scenarios and the variables EL and ED had stronger direct effects on 
YIELD in the other scenarios regardless of hybrid or harvest. The use 
of the ninth scenario of path analysis is recommended regardless of 
hybrid and harvest given the ease of explanatory variable measurement 
(EIH, EL, and ED), the low degree of multicollinearity and the good 
prediction of the path analysis (R2 ≥ 0.78).
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INTRODUCTION

Corn is the cereal with the highest volume of production worldwide (FAO, 2014). The 
increase in corn grain yield observed in recent decades is equally attributable to improvements 
in management and to genetic breeding (Duvick, 2005). Plant selection in genetic breeding 
for the purpose of increasing grain yield may be performed directly by selecting plants with 
greater production potential or indirectly by studying linear relationships between traits 
(variables). The study of linear relationships between traits is recommended when the trait of 
interest displays low heritability, is difficult to measure or when seeking early or simultaneous 
selection for more than one trait (Cruz and Regazzi, 1997; Cruz and Carneiro, 2006).

The Pearson correlation coefficient (r), which measures the direction and intensity 
of the linear relationship between two random variables, may be used for studying linear 
relationships between traits (Cruz, 2005; Ferreira, 2009). The use of methods complementary 
to linear correlations is recommended when a set of variables is studied simultaneously (Cruz 
and Regazzi, 1997; Cruz and Carneiro, 2006). Path analysis is recommended for this purpose 
because it allows partitioning of the correlation coefficients into direct and indirect effects on 
the main variable (Wright, 1934; Cruz and Regazzi, 1997; Cruz and Carneiro, 2006). Variables 
with a strong association measured using the linear correlation coefficient and with direct effects 
of the same intensity and direction are considered cause and effect variables and are indicated 
for the indirect selection of plants (Cruz and Regazzi, 1997; Cruz and Carneiro, 2006).

Path analysis has been widely used in studies of linear relationships between traits 
and for indirect selection of corn plants (Wang et al., 1999; Carvalho et al., 2001; Ahmad 
and Saleem, 2003; Mohammadi et al., 2003; El-Shouny et al., 2005; Samonte et al., 2005; 
Jayakumar et al., 2007; Lopes et al., 2007; Nemati et al., 2009; Bello et al., 2010; Khalily et al., 
2010; Khayatnezhad et al., 2010; Kumar et al., 2011; Hefny, 2011; Moradi and Azarpour, 2011; 
Parimala et al., 2011; Selvaraj and Nagarajan, 2011; Sreckov et al., 2011; Munawar et al., 2013; 
Pudjiwati et al., 2013; Shiri et al., 2013; Toebe and Cargnelutti Filho, 2013; Badu-Apraku et al., 
2012, 2014; Rigon et al., 2014; Teodoro et al., 2014). Variability in the magnitude and sign of 
the direct effects of explanatory variables on the main variable has been found in various studies 
conducted with corn using the path analysis method, resulting in different interpretations.

Thus, the objectives of this study were to estimate the direct effects of explanatory 
variables on the grain yield of corn in the combinations formed by three types of hybrids x two 
harvests x nine scenarios of explanatory variables x two types of path analyses.

MATERIAL AND METHODS

Two experiments using corn (Zea mays L.) were conducted during the 2008/2009 
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(first experiment) and 2009/2010 (second experiment) harvests in the experimental area of 
the Department of Plant Science, Federal University of Santa Maria (Universidade Federal de 
Santa Maria - UFSM) (29°42'S, 53°49'W, altitude 95 m), Santa Maria, State of Rio Grande do 
Sul, Brazil. In the first experiment, four plots were sown with the single-cross hybrid P32R21, 
four with the triple-cross hybrid DKB566, and four with the double-cross hybrid DKB747 on 
December 26, 2008. In the second experiment, sixteen plots were sown with the single-cross 
hybrid 30F53, sixteen with the triple-cross hybrid DKB566 and sixteen with the double-cross 
hybrid DKB747 on October 26, 2009.

Each plot consisted of four 6-m long rows spaced 0.80 m apart, and the density was set 
at five plants per linear meter, equivalent to 62,500 plants/ha. Therefore, each plot consisted of 
120 plants, totaling 1440 plants in the first experiment (3 hybrids x 4 plots/hybrid x 120 plants/
plot) and 5760 plants in the second experiment (3 hybrids x 16 plots/hybrid x 120 plants/
plot). At each harvest, the single-, triple-, and double-cross hybrid plots were randomized in 
the experimental area. In both experiments, the fertilization applied at planting was 750 kg/ha 
granular fertilizer 3-24-18 (NPK) and a top-dressing fertilization consisted of 300 kg/ha urea 
with 45% N. Other crop treatments were also performed according to the recommendations 
for corn (Fancelli and Dourado Neto, 2004).

In the first experiment conducted during the 2008/2009 harvest, 361, 373, and 416 
plants of the single-, triple-, and double-cross hybrids were evaluated, respectively. In the 
second experiment conducted during the 2009/2010 harvest 1777, 1693, and 1720 plants of 
the single-, triple-, and double-cross hybrids were evaluated, respectively. Thus, a total of 
6340 plants were evaluated. The following explanatory variables were measured in each of 
the 6340 plants evaluated: plant height at harvest (PH), ear insertion height (EIH), ear weight 
(EW), number of grain rows per ear (NR), ear length (EL), ear diameter (ED), cob weight 
(CW), cob diameter (CD), 100-grain mass (HGM), number of grains per ear (NGE) and grain 
length (GL). The main variable grain yield (YIELD) was also measured in each plant. Only 
plants exhibiting all traits described above were evaluated. Therefore, the final number of 
plants evaluated at each harvest differed among the single-, triple-, and double-cross hybrids.

Next, nine scenarios were planned to conduct traditional and ridge path analyses; 
these scenarios differed from each other regarding the number of variables excluded before 
performing the path analysis. Thus, 0, 1, 2, 3, 4, 5, 6, 7, and 8 explanatory variables were 
excluded from scenarios 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively, before performing the path 
analysis. Explanatory variables with a greater variance inflation factor (VIF) (Carvalho and 
Cruz, 1996; Fávero et al., 2009; Hair et al., 2009) and those that are difficult to measure were 
priority excluded. Therefore, 11 explanatory variables in scenario 1 (PH, EIH, EW, NR, EL, 
ED, CW, CD, HGM, NGE, and GL), 10 in scenario 2 (PH, EIH, NR, EL, ED, CW, CD, 
HGM, NGE, and GL), 9 in scenario 3 (PH, EIH, NR, EL, ED, CW, CD, HGM, and NGE), 8 
in scenario 4 (PH, EIH, NR, EL, ED, CW, CD, and HGM), 7 in scenario 5 (PH, EIH, NR, EL, 
ED, CD, and HGM), 6 in scenario 6 (PH, EIH, NR, EL, ED, and HGM), 5 in scenario 7 (PH, 
EIH, NR, EL, and ED), 4 in scenario 8 (PH, EIH, EL, and ED), and 3 explanatory variables 
in scenario 9 (EIH, EL, and ED) were analyzed when conducting the path analysis (Figure 1).

Next, the Pearson correlation coefficients (r) between explanatory variables (X’X 
correlation matrix) and the Pearson correlation coefficients between each explanatory variable 
and the main variable YIELD (X’Y correlation matrix) were calculated for each hybrid, 
harvest, and scenario. Then, a traditional path analysis was performed for each hybrid, harvest, 
and scenario using a single causal diagram, and the direct and indirect effects (data not shown) 
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were estimated using the system of normal equations ˆ'    'X X X Yβ =  (Wright, 1934; Cruz 
and Regazzi, 1997; Cruz and Carneiro, 2006). The coefficient of determination of the traditional 
path analysis (R2) was also calculated for each hybrid, harvest, and scenario, and the diagnosis 
of multicollinearity was performed between the explanatory variables. For that purpose, the 
condition number (CN), which is the ratio between the largest and smallest eigenvalues of the 
correlation matrix X’X, was used as the diagnosis method (Cruz and Carneiro, 2006; Gujarati, 
2006). Multicollinearity was considered weak when CN < 100, moderate to severe when 100 
≤ CN ≤ 1000, and severe when CN > 1000 (Montgomery and Peck, 1982).

A ridge path analysis was also performed for each hybrid, harvest and scenario using 
a single causal diagram after adding a k value to the diagonal of the correlation matrix X’X 
(Carvalho et al., 2001; Cruz and Carneiro, 2006). For this purpose, the choice of the k value 
was made by adding k = 0 to the diagonal of the X’X matrix, with subsequent diagnosis 
of multicollinearity. Next, in cases of moderate to severe or severe multicollinearity (CN ≥ 
100), new k values were tested, in ascending order, by adding a value equal to 0.0001 at 

Figure 1. Causal chain diagram for nine planned scenarios with the direct effects of the explanatory variables (PH: 
plant height at harvest, EIH: ear insertion height, EW: ear weight, NR: number of grain rows per ear, EL: ear length, 
ED: ear diameter, CW: cob weight, CD: cob diameter, HGM: 100-grain mass, NGE: number of grains per ear, GL: 
grain length), and the residual variable (Residual) on corn grain yield (YIELD) with the inter-relationships between 
the explanatory variables in the traditional and ridge path analyses.
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each step and assessing the degree of multicollinearity. Thus, to perform the ridge path 
analysis for each hybrid, harvest and scenario, the smallest k value in the interval from 0 
≤ k ≤ 1 sufficient to reduce CN to a value below 100, contributing to stabilizing the direct 
and indirect effects of the path analysis (Carvalho et al., 2001; Cruz and Carneiro, 2006), 
was used. Then, this k value was added to the diagonal of the correlation matrix X’X, and 
the estimate of the direct and indirect (data not shown) effects of the ridge path analysis 
was conducted using the system ˆ( ' )   'X X k X Yβ+ =  (Carvalho et al., 2001; Cruz and 
Carneiro, 2006). The coefficient of determination of the ridge path analysis (R2) was also 
calculated, and the k value and condition number obtained after the addition of the value k 
for each hybrid, harvest and scenario were shown. In the cases where the value k = 0 was 
used in the ridge path analysis, the direct and indirect effects and the R2 assessed were equal 
to those assessed in the traditional path analysis for the same combination (hybrid, harvest 
and scenario). All statistical analyses were performed using the software R (R Development 
Core Team, 2016) and Microsoft Office Excel®.

RESULTS

The traditional path analysis, performed based on 11 explanatory variables (scenario 
1), indicated that only the EW variable had high-magnitude direct effects on YIELD (1.06 ≤ 
direct effect ≤ 1.21), regardless of hybrid or harvest (Tables 1 to 3). The other explanatory 
variables in this scenario and type of analysis had low-magnitude of direct effects on YIELD 
(-0.26 ≤ direct effect ≤ 0.00) for all hybrid levels and in both harvests. However, the traditional 
path analysis was performed with a severe degree of multicollinearity between explanatory 
variables in this first scenario in all hybrids and harvests (566987793 ≤ CN ≤ 636038367), 
which may have resulted in inaccurate estimation of the direct and indirect (data not shown) 
effects. Furthermore, direct effect values above |1| were also indicative of issues caused by the 
multicollinearity between explanatory variables.

The addition of a k value (0.0573 ≤ k ≤ 0.0643) to the diagonal of the correlation matrix 
X’X was efficient in reducing the degree of multicollinearity (99.89 ≤ NC ≤ 99.99) between 
the eleven explanatory variables of the first scenario in all hybrids and harvests (Tables 1 to 3). 
In this scenario, the ridge path analysis indicated that EW was the variable with the strongest 
direct effect on YIELD (0.39 ≤ direct effect ≤ 0.50). However, unlike in the traditional path 
analysis, the magnitudes of the direct effects were lower than |1|, indicating that possible errors 
of estimation caused by multicollinearity were circumvented. Furthermore, other explanatory 
variables, including NGE (0.33 ≤ direct effect ≤ 0.40) and HGM (0.12 ≤ direct effect ≤ 0.18), 
began displaying positive direct effects on YIELD. Thus, based on the ridge path analysis 
performed in the first scenario, the variables EW, NGE and HGM had the strongest direct 
effects on YIELD, and this pattern was observed in the single-, triple- and double-cross hybrids 
in 2008/2009 and 2009/2010 harvests (Tables 1 to 3).

The variable EW was excluded from the second scenario because of the high variance 
inflation factor (VIF), indicating a high degree of collinearity with other explanatory variables. 
Furthermore, EW was excluded from the path analysis in this and the other scenarios to 
enable the identification of other explanatory variables that could be used in the corn path 
analysis in cases where EW is not measured. The exclusion of EW resulted in small decreases 
in the predictive ability of the traditional path analysis (0.98 ≤ R2 ≤ 0.99) relative to the 
first scenario (R2 = 1.00) and contributed to reducing the degree of multicollinearity in all 
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Table 1. Direct effects of explanatory variables(1) on grain yield (YIELD), condition number (CN), k value (k) and 
coefficient of determination (R2) of each path analysis scenario with the respective number of excluded variables (EV) 
in the single-cross corn hybrids P32R21 and 30F53 evaluated in the 2008/2009 and 2009/2010 harvests, respectively.

Scenario(2) EV Direct effects on YIELD CN k R2 
PH EIH EW NR EL ED CW CD HGM NGE GL 

Single-cross corn hybrid P32R21 evaluated in the 2008/2009 harvest (n = 361 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.06 0.00 0.00 0.00 -0.09 0.00 0.00 0.00 0.00 566.987.793 - 1.00 
2 1 0.01 -0.01 - -0.01 -0.01 0.00 0.05 -0.01 0.27 0.87 0.00 477.473.242 - 0.98 
3 2 0.01 -0.01 - -0.01 -0.01 -0.01 0.05 0.00 0.27 0.87 - 45.97 - 0.98 
4 3 -0.02 0.01 - 0.12 0.48 0.40 -0.01 0.00 0.18 - - 23.02 - 0.86 
5 4 -0.02 0.01 - 0.12 0.47 0.40 - 0.00 0.18 - - 19.40 - 0.86 
6 5 -0.02 0.01 - 0.12 0.47 0.40 - - 0.18 - - 17.10 - 0.86 
7 6 0.00 0.01 - 0.03 0.46 0.55 - - - - - 9.87 - 0.84 
8 7 0.00 0.01 - - 0.46 0.57 - - - - - 6.00 - 0.84 
9 8 - 0.01 - - 0.46 0.57 - - - - - 3.96 - 0.84 

Ridge path analysis(4) 
1 0 0.00 0.00 0.48 0.01 0.05 0.03 -0.02 0.01 0.12 0.36 0.02 99.95 0.0573 0.97 
2 1 0.01 0.00 - 0.01 0.08 0.04 0.04 0.02 0.23 0.68 0.04 99.86 0.0487 0.95 
3 2 0.01 -0.01 - -0.01 -0.01 -0.01 0.05 0.00 0.27 0.87 - 45.97 0.0000 0.98 
4 3 -0.02 0.01 - 0.12 0.48 0.40 -0.01 0.00 0.18 - - 23.02 0.0000 0.86 
5 4 -0.02 0.01 - 0.12 0.47 0.40 - 0.00 0.18 - - 19.40 0.0000 0.86 
6 5 -0.02 0.01 - 0.12 0.47 0.40 - - 0.18 - - 17.10 0.0000 0.86 
7 6 0.00 0.01 - 0.03 0.46 0.55 - - - - - 9.87 0.0000 0.84 
8 7 0.00 0.01 - - 0.46 0.57 - - - - - 6.00 0.0000 0.84 
9 8 - 0.01 - - 0.46 0.57 - - - - - 3.96 0.0000 0.84 

Single-cross corn hybrid 30F53 evaluated in the 2009/2010 harvest (n = 1777 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.14 0.00 0.00 0.00 -0.15 0.00 0.00 0.00 0.00 636.038.367 - 1.00 
2 1 0.01 -0.01 - 0.01 0.03 0.01 0.09 0.00 0.27 0.77 0.02 543.133.582 - 0.99 
3 2 0.01 -0.01 - 0.01 0.03 0.03 0.09 -0.02 0.27 0.77 - 71.88 - 0.99 
4 3 0.07 -0.05 - 0.06 0.38 0.27 0.28 -0.03 0.09 - - 45.92 - 0.93 
5 4 0.09 -0.04 - 0.07 0.54 0.31 - 0.02 0.14 - - 24.06 - 0.92 
6 5 0.09 -0.04 - 0.07 0.54 0.32 - - 0.14 - - 18.82 - 0.92 
7 6 0.12 -0.07 - 0.00 0.57 0.38 - - - - - 17.18 - 0.90 
8 7 0.12 -0.07 - - 0.57 0.38 - - - - - 11.26 - 0.90 
9 8 - 0.01 - - 0.62 0.39 - - - - - 8.33 - 0.90 

Ridge path analysis(4) 
1 0 0.02 -0.02 0.39 0.01 0.09 0.03 0.06 0.01 0.13 0.33 0.04 99.92 0.0643 0.97 
2 1 0.03 -0.02 - 0.02 0.13 0.05 0.14 0.02 0.20 0.52 0.05 99.93 0.0549 0.96 
3 2 0.01 -0.01 - 0.01 0.03 0.03 0.09 -0.02 0.27 0.77 - 71.88 0.0000 0.99 
4 3 0.07 -0.05 - 0.06 0.38 0.27 0.28 -0.03 0.09 - - 45.92 0.0000 0.93 
5 4 0.09 -0.04 - 0.07 0.54 0.31 - 0.02 0.14 - - 24.06 0.0000 0.92 
6 5 0.09 -0.04 - 0.07 0.54 0.32 - - 0.14 - - 18.82 0.0000 0.92 
7 6 0.12 -0.07 - 0.00 0.57 0.38 - - - - - 17.18 0.0000 0.90 
8 7 0.12 -0.07 - - 0.57 0.38 - - - - - 11.26 0.0000 0.90 
9 8 - 0.01 - - 0.62 0.39 - - - - - 8.33 0.0000 0.90 
 (1)PH: plant height at harvest; EIH: ear insertion height; EW: ear weight; NR: number of grain rows per ear; EL: 
ear length; ED: ear diameter; CW: cob weight; CD: cob diameter; HGM: 100-grain mass; NGE: number of grains 
per ear; GL: grain length. (2)Scenarios defined in Figure 1. (3)No change in the X’X correlation matrix between 
explanatory variables, regardless of the condition number (CN). (4)Path analysis performed after adding a k value to 
the diagonal of the X’X correlation matrix, and choosing the smallest k value sufficient to reduce the CN to <100. 
When the initial CN was <100, k = 0.0000 was added and the ridge path analysis produced the same values found 
in the traditional path analysis.

hybrids and harvests (477473242 ≤ CN ≤ 543133582) (Tables 1 to 3). However, the degree 
of multicollinearity remained high according to the criteria established by Montgomery and 
Peck (1982). The explanatory variables with the strongest direct effects on YIELD were NGE 
(0.77 ≤ direct effect ≤ 0.88) and HGM (0.27 ≤ direct effect ≤ 0.38). Conversely, the other 
explanatory variables (-0.04 ≤ direct effect ≤ 0.10) had weak direct effects in all hybrids and 
harvests.
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A small decrease in predictive ability was also noted in the ridge path analysis for 
the second scenario (0.94 ≤ R2 ≤ 0.96) compared to that performed for the first scenario (0.96 
≤ R2 ≤ 0.97) (Tables 1 to 3). The addition of a k value (0.0484 ≤ k ≤ 0.0549) to the diagonal 
of the X’X correlation matrix in the second scenario was effective in reducing the degree of 
multicollinearity among the ten explanatory variables (99.83 ≤ CN ≤ 99.97), in all hybrids 
and harvests (Tables 1 to 3). The explanatory variables NGE (0.52 ≤ direct effect ≤ 0.72) and 
HGM (0.20 ≤ direct effect ≤ 0.29) had the strongest direct effects on YIELD in this scenario. 

Table 2. Direct effects of explanatory variables(1) on grain yield (YIELD), condition number (CN), k value (k) 
and coefficient of determination (R2) of each path analysis scenario with the respective number of excluded 
variables (EV) in the triple-cross corn hybrid DKB566 evaluated in the 2008/2009 and 2009/2010 harvests.

Scenario(2) EV Direct effects on YIELD CN k R2 
PH EIH EW NR EL ED CW CD HGM NGE GL 

Triple-cross corn hybrid DKB566 evaluated in the 2008/2009 harvest (n = 373 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.06 0.00 0.00 0.00 -0.08 0.00 0.00 0.00 0.00 571.578.914 - 1.00 
2 1 0.01 -0.02 - -0.04 0.01 0.01 0.07 -0.01 0.34 0.84 0.02 482.975.307 - 0.98 
3 2 0.01 -0.02 - -0.04 0.01 0.04 0.07 -0.03 0.34 0.84 - 47.93 - 0.98 
4 3 0.02 -0.01 - 0.11 0.37 0.48 0.22 -0.17 0.04 - - 28.78 - 0.86 
5 4 0.04 -0.01 - 0.09 0.50 0.47 - -0.10 0.09 - - 21.74 - 0.84 
6 5 0.03 0.00 - 0.07 0.50 0.42 - - 0.07 - - 18.33 - 0.84 
7 6 0.04 -0.01 - 0.03 0.50 0.47 - - - - - 10.48 - 0.84 
8 7 0.04 -0.01 - - 0.50 0.49 - - - - - 9.27 - 0.84 
9 8 - 0.02 - - 0.50 0.49 - - - - - 5.45 - 0.83 

Ridge path analysis(4) 
1 0 0.01 -0.01 0.48 -0.01 0.05 0.03 0.03 0.00 0.13 0.35 0.04 99.89 0.0578 0.97 
2 1 0.01 -0.02 - -0.02 0.08 0.05 0.10 0.00 0.25 0.66 0.07 99.97 0.0488 0.95 
3 2 0.01 -0.02 - -0.04 0.01 0.04 0.07 -0.03 0.34 0.84 - 47.93 0.0000 0.98 
4 3 0.02 -0.01 - 0.11 0.37 0.48 0.22 -0.17 0.04 - - 28.78 0.0000 0.86 
5 4 0.04 -0.01 - 0.09 0.50 0.47 - -0.10 0.09 - - 21.74 0.0000 0.84 
6 5 0.03 0.00 - 0.07 0.50 0.42 - - 0.07 - - 18.33 0.0000 0.84 
7 6 0.04 -0.01 - 0.03 0.50 0.47 - - - - - 10.48 0.0000 0.84 
8 7 0.04 -0.01 - - 0.50 0.49 - - - - - 9.27 0.0000 0.84 
9 8 - 0.02 - - 0.50 0.49 - - - - - 5.45 0.0000 0.83 

Triple-cross corn hybrid DKB566 evaluated in the 2009/2010 harvest (n = 1693 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.09 0.00 0.00 0.00 -0.11 0.00 0.00 0.00 0.00 577.104.259 - 1.00 
2 1 0.00 0.00 - -0.03 -0.03 0.00 0.10 -0.02 0.33 0.83 0.01 486.221.550 - 0.98 
3 2 0.00 0.00 - -0.03 -0.03 0.01 0.10 -0.02 0.33 0.83 - 45.86 - 0.98 
4 3 -0.03 0.05 - 0.01 0.26 0.54 0.21 -0.05 0.10 - - 25.47 - 0.86 
5 4 -0.03 0.07 - 0.01 0.37 0.58 - -0.01 0.15 - - 14.83 - 0.85 
6 5 -0.03 0.07 - 0.01 0.37 0.57 - - 0.15 - - 11.71 - 0.85 
7 6 0.00 0.03 - -0.05 0.39 0.65 - - - - - 9.18 - 0.83 
8 7 0.00 0.04 - - 0.40 0.61 - - - - - 7.16 - 0.83 
9 8 - 0.04 - - 0.40 0.61 - - - - - 4.37 - 0.83 

Ridge path analysis(4) 
1 0 0.00 0.00 0.49 -0.01 0.02 0.03 0.03 0.01 0.14 0.34 0.04 99.99 0.0583 0.97 
2 1 0.00 0.00 - -0.02 0.04 0.05 0.12 0.01 0.26 0.65 0.06 99.83 0.0492 0.95 
3 2 0.00 0.00 - -0.03 -0.03 0.01 0.10 -0.02 0.33 0.83 - 45.86 0.0000 0.98 
4 3 -0.03 0.05 - 0.01 0.26 0.54 0.21 -0.05 0.10 - - 25.47 0.0000 0.86 
5 4 -0.03 0.07 - 0.01 0.37 0.58 - -0.01 0.15 - - 14.83 0.0000 0.85 
6 5 -0.03 0.07 - 0.01 0.37 0.57 - - 0.15 - - 11.71 0.0000 0.85 
7 6 0.00 0.03 - -0.05 0.39 0.65 - - - - - 9.18 0.0000 0.83 
8 7 0.00 0.04 - - 0.40 0.61 - - - - - 7.16 0.0000 0.83 
9 8 - 0.04 - - 0.40 0.61 - - - - - 4.37 0.0000 0.83 
 (1)PH: plant height at harvest; EIH: ear insertion height; EW: ear weight; NR: number of grain rows per ear; EL: 
ear length; ED: ear diameter; CW: cob weight; CD: cob diameter; HGM: 100-grain mass; NGE: number of grains 
per ear; GL: grain length. (2)Scenarios defined in Figure 1. (3)No change in the X’X correlation matrix between 
explanatory variables, regardless of the condition number (CN). (4)Path analysis performed after adding a k value to 
the diagonal of the X’X correlation matrix, and choosing the smallest k value sufficient to reduce the CN to <100. 
When the initial CN was <100, k = 0.0000 was added and the ridge path analysis produced the same values found 
in the traditional path analysis.



8M. Toebe et al.

Genetics and Molecular Research 16 (1): gmr16019529

Conversely, the variables CW (0.04 ≤ direct effect ≤ 0.14) and EL (0.03 ≤ direct effect ≤ 
0.13) and the other explanatory variables (PH, EIH, NR, ED, CD, and GL) had only weak 
direct effects on YIELD. Therefore, the variables NGE and HGM had the strongest direct 
effects on YIELD in the second scenario, regardless of hybrid, harvest, or type of path analysis 
(traditional or ridge) and thus should be preferentially used for the indirect selection of the 
highest yielding plants in this scenario.

(1)PH: plant height at harvest; EIH: ear insertion height; EW: ear weight; NR: number of grain rows per ear; EL: 
ear length; ED: ear diameter; CW: cob weight; CD: cob diameter; HGM: 100-grain mass; NGE: number of grains 
per ear; GL: grain length. (2)Scenarios defined in Figure 1. (3)No change in the X’X correlation matrix between 
explanatory variables, regardless of the condition number (CN). (4)Path analysis performed after adding a k value to 
the diagonal of the X’X correlation matrix, and choosing the smallest k value sufficient to reduce the CN to <100. 
When the initial CN was <100, k = 0.0000 was added and the ridge path analysis produced the same values found 
in the traditional path analysis.

Table 3. Direct effects of explanatory variables(1) on grain yield (YIELD), condition number (CN), k value (k) 
and coefficient of determination (R2) of each path analysis scenario with the respective number of excluded 
variables (EV) in the double-cross corn hybrid DKB747 evaluated in the 2008/2009 and 2009/2010 harvests.

Scenario (2) EV Direct effects on YIELD CN k R2 
PH EIH EW NR EL ED CW CD HGM NGE GL 

Double-cross corn hybrid DKB747 evaluated in the 2008/2009 harvest (n = 416 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.17 0.00 0.00 0.00 -0.21 0.00 0.00 0.00 0.00 581.893.242 - 1.00 
2 1 -0.02 0.01 - 0.02 0.00 -0.02 0.07 -0.03 0.38 0.81 0.01 491.425.823 - 0.99 
3 2 -0.02 0.01 - 0.02 0.00 -0.01 0.07 -0.03 0.38 0.81 - 52.28 - 0.99 
4 3 -0.06 0.09 - 0.12 0.42 0.39 0.22 -0.17 0.14 - - 29.22 - 0.88 
5 4 -0.03 0.07 - 0.09 0.53 0.42 - -0.10 0.16 - - 21.05 - 0.87 
6 5 -0.04 0.08 - 0.07 0.52 0.37 - - 0.15 - - 17.79 - 0.86 
7 6 -0.02 0.07 - -0.02 0.54 0.48 - - - - - 11.36 - 0.85 
8 7 -0.02 0.08 - - 0.54 0.46 - - - - - 9.61 - 0.85 
9 8 - 0.06 - - 0.54 0.46 - - - - - 4.83 - 0.85 

Ridge path analysis(4) 
1 0 -0.01 0.02 0.43 0.02 0.06 0.02 0.00 -0.01 0.18 0.38 0.04 99.96 0.0588 0.97 
2 1 -0.02 0.02 - 0.02 0.09 0.03 0.10 -0.01 0.29 0.62 0.05 99.88 0.0497 0.96 
3 2 -0.02 0.01 - 0.02 0.00 -0.01 0.07 -0.03 0.38 0.81 - 52.28 0.0000 0.99 
4 3 -0.06 0.09 - 0.12 0.42 0.39 0.22 -0.17 0.14 - - 29.22 0.0000 0.88 
5 4 -0.03 0.07 - 0.09 0.53 0.42 - -0.10 0.16 - - 21.05 0.0000 0.87 
6 5 -0.04 0.08 - 0.07 0.52 0.37 - - 0.15 - - 17.79 0.0000 0.86 
7 6 -0.02 0.07 - -0.02 0.54 0.48 - - - - - 11.36 0.0000 0.85 
8 7 -0.02 0.08 - - 0.54 0.46 - - - - - 9.61 0.0000 0.85 
9 8 - 0.06 - - 0.54 0.46 - - - - - 4.83 0.0000 0.85 

Double-cross corn hybrid DKB747 evaluated in the 2009/2010 harvest (n = 1720 plants) 
Traditional path analysis(3) 

1 0 0.00 0.00 1.21 0.00 0.00 0.00 -0.26 0.00 0.00 0.00 0.00 566.995.693 - 1.00 
2 1 -0.02 0.01 - -0.02 -0.03 -0.01 0.08 -0.03 0.33 0.88 0.02 478.683.319 - 0.98 
3 2 -0.02 0.01 - -0.02 -0.03 0.03 0.08 -0.05 0.33 0.88 - 47.74 - 0.98 
4 3 -0.04 0.04 - -0.08 0.26 0.65 0.29 -0.16 -0.01 - - 32.30 - 0.81 
5 4 -0.04 0.05 - -0.09 0.42 0.66 - -0.07 0.03 - - 17.42 - 0.79 
6 5 -0.05 0.05 - -0.10 0.41 0.62 - - 0.03 - - 12.59 - 0.79 
7 6 -0.04 0.05 - -0.11 0.42 0.63 - - - - - 11.44 - 0.79 
8 7 -0.05 0.06 - - 0.43 0.56 - - - - - 10.04 - 0.78 
9 8 - 0.03 - - 0.42 0.56 - - - - - 4.45 - 0.78 

Ridge path analysis(4) 
1 0 -0.01 0.01 0.50 -0.02 0.01 0.03 -0.02 0.00 0.14 0.40 0.04 99.95 0.0573 0.96 
2 1 -0.01 0.01 - -0.04 0.03 0.04 0.11 0.00 0.25 0.72 0.06 99.90 0.0484 0.94 
3 2 -0.02 0.01 - -0.02 -0.03 0.03 0.08 -0.05 0.33 0.88 - 47.74 0.0000 0.98 
4 3 -0.04 0.04 - -0.08 0.26 0.65 0.29 -0.16 -0.01 - - 32.30 0.0000 0.81 
5 4 -0.04 0.05 - -0.09 0.42 0.66 - -0.07 0.03 - - 17.42 0.0000 0.79 
6 5 -0.05 0.05 - -0.10 0.41 0.62 - - 0.03 - - 12.59 0.0000 0.79 
7 6 -0.04 0.05 - -0.11 0.42 0.63 - - - - - 11.44 0.0000 0.79 
8 7 -0.05 0.06 - - 0.43 0.56 - - - - - 10.04 0.0000 0.78 
9 8 - 0.03 - - 0.42 0.56 - - - - - 4.45 0.0000 0.78 
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In addition to EW, which was previously excluded in the second scenario, the variable 
GL was excluded from the third scenario, considering the difficulty in measuring this variable 
and the high VIF values, indicating collinearity with other explanatory variables including ED 
and CD. A significant reduction in multicollinearity occurred after excluding both EW and GL, 
and the CN between the remaining nine explanatory variables (PH, EIH, NR, EL, ED, CW, 
CD, HGM, and NGE) decreased to values below 100 in all hybrids and both harvests (45.86 ≤ 
CN ≤ 71.88). In the third scenario and in subsequent scenarios, k = 0 was applied to perform 
the ridge path analysis. Therefore, the direct effect and R2 values of the ridge path analysis 
equaled those of the traditional path analysis for a given hybrid, harvest, and scenario (from 
the third to the ninth scenario) (Tables 1 to 3). In the third scenario, the loss of predictive 
ability after the exclusion of EW and GL was minimal for all hybrids in both harvests (0.98 
≤ R2 ≤ 0.99). The variables NGE (0.77 ≤ direct effect ≤ 0.88) and HGM (0.27 ≤ direct effect 
≤ 0.38) again had the strongest direct effects on YIELD in this scenario, and the direct effects 
of the other variables were of small magnitudes. Thus, based on the first three scenarios, the 
variables NGE and HGM, in this order, and EW in the first scenario were the variables with 
cause-and-effect relationships with YIELD and should be considered for the indirect selection 
of the highest yielding plants.

In the fourth scenario, the explanatory variable NGE was excluded in addition to EW 
and GL, already excluded in the previous scenarios. NGE was selected primarily because of 
the difficulty of measuring NGE and its greater VIF value, and multicollinearity decreased 
compared to the previous scenario in all hybrids and harvests (23.02 ≤ CN ≤ 45.92) (Tables 1 
to 3). However, because NGE had strong direct effects on YIELD in the first three scenarios, 
its exclusion from the fourth scenario considerably reduced the predictive ability of the path 
analysis (0.81 ≤ R2 ≤ 0.93) compared to the previous scenario (0.98 ≤ R2 ≤ 0.99) in all hybrids 
and harvests. The explanatory variables ED (0.27 ≤ direct effect ≤ 0.65) and EL (0.26 ≤ direct 
effect ≤ 0.48) had the strongest direct effects on YIELD in the fourth scenario, followed by the 
variables CW (-0.01 ≤ direct effect ≤ 0.29) and HGM (-0.01 ≤ direct effect ≤ 0.18). Conversely, 
the variables NR (-0.08 ≤ direct effect ≤ 0.12), PH (-0.06 ≤ direct effect ≤ 0.07), EIH (-0.05 ≤ 
direct effect ≤ 0.09), and CD (-0.17 ≤ direct effect ≤ 0.00) had weak direct effects and are not 
variables with cause-and-effect relationships with YIELD (Cruz and Regazzi, 1997; Cruz and 
Carneiro, 2006).

In the fifth scenario, the variable CW was excluded in addition to the variables 
already excluded in previous scenarios based on the difficulty of measuring this variable and 
its degree of association with the other explanatory variables. A reduction of the degree of 
multicollinearity in all hybrids of both harvests (14.83 ≤ CN ≤ 24.06) and a small reduction in 
the path coefficients (0.79 ≤ R2 ≤ 0.92) occurred in this scenario (Tables 1 to 3). The explanatory 
variables ED (0.31 ≤ direct effect ≤ 0.66) and EL (0.37 ≤ direct effect ≤ 0.54) had the strongest 
direct effects on YIELD, followed by the variable HGM (0.03 ≤ direct effect ≤ 0.18), and the 
other explanatory variables had weak direct effects (-0.10 ≤ direct effect ≤ 0.12).

For the sixth scenario, all variables already excluded in the previous scenario were 
excluded as well as the variable CD. In this scenario, the CN decreased in all hybrids and 
harvests (11.71 ≤ CN ≤ 18.82) without reducing the predictive ability of the path analysis (0.79 
≤ R2 ≤ 0.92) in comparison to the previous scenario (Tables 1 to 3). The explanatory variables 
ED (0.32 ≤ direct effect ≤ 0.62) and EL (0.37 ≤ direct effect ≤ 0.54) had the strongest direct 
effects on YIELD, as previously found in the fourth and fifth scenarios, indicating a cause-and-
effect relationship (Cruz and Regazzi, 1997; Cruz and Carneiro, 2006).
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In the seventh scenario, the variable HGM was also excluded, considering the difficulty 
in measuring this variable compared to the remaining variables in the scenario (PH, EIH, NR, 
EL, and ED). A resulting reduction in the degree of multicollinearity (9.18 ≤ CN ≤ 17.18) and 
small reduction in the path coefficients (0.79 ≤ R2 ≤ 0.90) occurred in comparison to the sixth 
scenario (Tables 1 to 3). As in the three previous scenarios, ED (0.38 ≤ direct effect ≤ 0.65) 
and EL (0.39 ≤ direct effect ≤ 0.57) had the strongest direct effects on YIELD in all hybrids 
and both harvests. The other explanatory variables (PH, EIH, and NR) had weak effects (-0.11 
≤ direct effect ≤ 0.12) on YIELD.

The exclusion of the NR variable from the eighth scenario contributed to a small 
reduction in the degree of multicollinearity between the other explanatory variables (6.00 ≤ CN 
≤ 11.26) and in the path coefficient (0.78 ≤ R2 ≤ 0.90) (Tables 1 to 3). In this scenario, ED (0.38 
≤ direct effect ≤ 0.61) and EL (0.40 ≤ direct effect ≤ 0.57) again had the strongest direct effects 
on YIELD in this scenario for all hybrids of both harvests. Finally, only the variables easily 
measured (EIH, EL, and ED) were retained in the ninth scenario. The predictive ability of the 
path analysis was good for the single-, triple-, and double-cross hybrids in the 2008/2009 and 
2009/2010 harvests (0.78 ≤ R2 ≤ 0.90), and the degree of multicollinearity was reduced (3.96 
≤ CN ≤ 8.33) compared to previous scenarios (Tables 1 to 3). The variables ED (0.39 ≤ direct 
effect ≤ 0.61) and EL (0.40 ≤ direct effect ≤ 0.62) had the strongest direct effects on YIELD in 
the ninth scenario, as in scenarios 4 to 8, indicating the cause-and-effect relationships of these 
two variables with YIELD.

Thus, when all eleven explanatory variables of the path analysis were retained, EW, 
NGE, and HGM were the most important variables for the indirect selection of the highest 
yielding plants (Tables 1 to 3). Conversely, NGE and HGM were the most important variables 
in the indirect selection of the highest yielding plants in the second and third scenarios. 
Furthermore, the exclusion of the variables EW and GL was sufficient to reduce the degree 
of multicollinearity in all hybrids and harvests to acceptable levels (CN ≤ 71.88), and no 
differences between the direct effects of the traditional and ridge path analyses were found 
from the third to the ninth scenarios. After excluding the variable NGE because of the difficulty 
of measuring this variable, a reduction in the path coefficient occurred in the fourth to the ninth 
scenarios. In these scenarios, ED and EL had the strongest direct effects on YIELD, regardless 
of the type of hybrid or harvest. Thus, the measurement of three to eight explanatory variables 
in the ninth and fourth scenarios, respectively, failed to significantly increase or reduce the 
predictive ability of the path analysis. In these scenarios, ED and EL should be preferentially 
used for the indirect selection of the highest yielding corn plants.

DISCUSSION

A high degree of multicollinearity between explanatory variables was found in the 
first two scenarios (Tables 1 to 3). Accordingly, the strong direct effects of EW on YIELD 
obtained in the traditional path analysis of the first scenario may be related to estimation errors 
caused by the high degree of multicollinearity. In study developed by Ahmad and Saleem 
(2003), it was also identified a high degree of multicollinearity between corn vegetative and 
reproductive variables. According to the authors, PH and EIH had weak direct effects on 
YIELD, corroborating the results found in the present study. However, the strong direct effects 
(-6.005 ≤ direct effects ≤ 6.527) reported by those authors should be interpreted cautiously 
because they were most likely estimated under a high degree of multicollinearity. The variable 
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EL had the strongest correlation and direct effect on YIELD and may be used alongside 
EIH and NR in the selection of the highest yielding plants (Selvaraj and Nagarajan, 2011). 
However, direct effect values (-4.968 ≤ direct effect ≤ 12.038) suggest that the estimation was 
performed under a high degree of multicollinearity between explanatory variables.

Conducting the traditional path analysis under a high degree of multicollinearity 
resulted in inconsistent estimates of direct and indirect effects in corn (Carvalho et al., 2001). 
According to those authors, both the ridge path analysis and the exclusion of variables were 
effective in reducing the degree of multicollinearity, and the direct effects of ear number and 
50-grain weight on YIELD were the strongest in those scenarios. High and inaccurate direct 
effect values estimated under conditions of high degree of multicollinearity were also noted 
in other studies with corn (Toebe and Cargnelutti Filho, 2013). According to the authors, the 
exclusion of variables and the ridge path analysis were effective in reducing the degree of 
multicollinearity in all experiments evaluated, and strong direct effects of number of plants 
and prolificacy on YIELD were observed.

Mohammadi et al. (2003) recorded VIF scores higher than 10 for various explanatory 
variables in corn, including NGE, ED, NR, CD, GL, and EL, when conducting path analysis 
in a single chain, indicating a greater contribution of those variables for multicollinearity, as 
recorded in the first two scenarios of the present study. According to Mohammadi et al. (2003), 
the completion of the sequential path analysis considering three chain diagrams instead of the 
single diagram reduced the VIF of all explanatory variables. Therefore, the path analysis in 
sequential diagrams may reduce the effect of multicollinearity on the estimation of direct and 
indirect effects in path analyses. In the present study, smaller coefficients of determination 
were found in the ridge path analyses than those estimated in the traditional path analyses 
in the first two scenarios (Tables 1 to 3). Reduced predictive ability of ridge path analysis 
compared to traditional path analysis has also been observed in other studies using corn (Cruz 
and Carneiro, 2006; Toebe and Cargnelutti Filho, 2013).

The strongest direct effects on YIELD were recorded for NGE and HGM in the first 
three scenarios planned in this study and for EW in the first scenario in both the traditional and 
ridge path analyses (Tables 1 to 3). The strongest direct effects of ED and EL on YIELD were 
recorded in the other scenarios, regardless of hybrid or harvest. The strongest direct effects of 
NGE and HGM on YIELD were also recorded in the single- and triple-cross corn hybrids in 
studies conducted by Lopes et al. (2007). According to Lopes et al. (2007), only the variable 
NGE had a high-magnitude direct effect on YIELD in double-cross corn hybrids. In a study 
developed by Mohammadi et al. (2003) it was verified that the variables HGM and NGE had 
the strongest direct effects on YIELD, and the variables EL, ED, NR and number of grains per 
row had direct effects of smaller magnitude. According to Bello et al. (2010), the variables EW 
and NGE had the strongest direct effects on the YIELD of openly pollinated corn varieties, 
corroborating the results of the present study for the first scenario of the ridge path analysis. 
Positive, direct effects of HGM on YIELD, similar to those recorded in the first scenarios of 
this study, have also been observed in other studies. In a study by Teodoro et al. (2014), it was 
found that the relationships between variables depend on the type of hybrid (single- or triple-
cross). According to the authors, the number of grains per row and HGM had the strongest 
direct effects on YIELD and were indirectly affected by the variables EL and ED.

From the fourth to the ninth scenarios, were observed strongest direct effects of EL 
and ED on YIELD (Tables 1 to 3). Accordingly, Rigon et al. (2014) found that HGM and EL 
are the variables with the greatest potential for the indirect selection of the highest yielding 
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corn plants and El-Shouny et al. (2005), verified that ED and EL are the most important 
variables associated with YIELD. Other studies using path analysis in corn have also reported 
strong direct effects of EW, NGE, HGM, EL, and ED on YIELD. In the study conducted by 
Hefny (2011), it was found that EW had the strongest direct effect on YIELD at the appropriate 
sowing time. The author also noted that EW and ED were the variables with the strongest 
direct effects on YIELD in late-sown corn. Accordingly, Parimala et al. (2011) verified that 
the selection of the highest yielding plants may be conducted based on the indirect evaluation 
of CW and EL.

Samonte et al. (2005) verified that EW and EL had the strongest direct effects on 
YIELD, and Munawar et al. (2013) reported that EIH, NR, and NGE may be used for the 
selection of the highest yielding plants. On the other way, second Jayakumar et al. (2007), 
the number of grains per row followed by EL and ear circumference had the strongest direct 
effects on YIELD, and Wang et al. (1999) noted that grain-filling rate and duration and NGE 
had the strongest direct effects on YIELD. Conversely, Kumar et al. (2011) found that eight 
traits had positive direct effects on YIELD, with the greatest values observed for EL, and that 
number of grains per row, ear circumference and HGM could also be used for the indirect 
selection of the highest yielding plants. The variable EIH, retained in all nine scenarios, had 
strong direct effects on YIELD in a study conducted by Sreckov et al. (2011).

Moradi and Azarpour (2011) found that EL was the trait with the strongest direct 
effect on YIELD under different levels of fertilization and spacing. Nemati et al. (2009) found 
that NGE, followed by number of grains per row, and GL were the variables with the strongest 
direct effects on YIELD for different sowing date and nitrogen fertilization level scenarios. 
Khalily et al. (2010) reported that under water stress conditions in the vegetative period, the 
variables ‘number of grains per row’, EL, ‘ear circumference’, and NR had the strongest direct 
effects on YIELD and may be used for indirect selection. Conversely, Shiri et al. (2013) found 
that the grain-filling rate and duration are the two variables with the strongest direct effects 
on YIELD under water stress conditions. Furthermore, in an evaluation of the performance 
of corn genotypes under conditions of high and low water availability, Khayatnezhad et al. 
(2010) noted that ‘five-hundred-grain mass’ and EL were the variables with the strongest 
direct effects on YIELD.

According to Badu-Apraku et al. (2012), corn grain yield exhibits low heritability in 
scenarios of low nitrogen availability and water restriction, requiring indirect selection through 
the study of associations between traits. Furthermore, according to those authors, PH, EIH, the 
ear variables and the period between anthesis and silking may be used for indirect selection in 
scenarios with low N and water restriction. According to Badu-Apraku et al. (2014), only the 
ear traits (level of damage caused by insects and diseases, ear size, ear uniformity, and grain 
filling) had direct effects on corn YIELD under conditions of Striga hermonthica infestation 
and may be used for the indirect selection of plants in this case. In an evaluation of mildew 
resistance in corn cultivars, Pudjiwati et al. (2013) noted that the densities of trichomes and 
stomata on the upper and lower leaf surfaces have a direct effect on the incidence of mildew, 
and plants with the lowest densities of trichomes and stomata should be selected to improve 
disease resistance.

The present study found that the strongest direct effects on YIELD were obtained 
when evaluating EW, NGE, HGM, ED, and EL, depending on the scenario analyzed. Almost 
all studies cited in the discussion of this subject also indicate at least one of those five variables 
(EW, NGE, HGM, ED, and EL) as having a cause and effect relationship with YIELD. Therefore, 
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the indirect selection of the highest yielding plants may be performed based on one or both 
variables. Conversely, the comparison of numerical values of direct effects between studies 
should be avoided because the set of variables composing each study affects the partitioning of 
the correlation coefficients into direct and indirect effects on the main variable. Furthermore, 
it is stressed that some of the studies reviewed estimated the direct effects under a high degree 
of multicollinearity, which may result in inaccurate estimates without a biological explanation. 
It must also be emphasized that few of the authors cited indicated the number of observations 
used in performing the path analysis and, in some cases, measurement of complex variables 
that are determined after measuring the main variable was recommended, which may not 
result in gains in indirect and early selection through path analysis.

CONCLUSION

The variables ear weight, 100-grain mass, and number of grains per ear had stronger 
direct effects on grain yield in the first three scenarios and the variables ear length and ear 
diameter had stronger direct effects on grain yield in the other scenarios, regardless of hybrid 
or harvest.

The use of the ninth scenario of path analysis is recommended regardless of hybrid 
and harvest given the ease of explanatory variable measurement (ear insertion height, ear 
length, and ear diameter), the low degree of multicollinearity and the good prediction of the 
path analysis (R2  ≥ 0.78).
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