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ABSTRACT - The objective of this study was to verify the repeatability of the expression 
of forage characters in intraspecific hybrids of Paspalum notatum Flügge to aid early 
selection. Across five harvests, plant height, tiller population density, leaf dry matter, 
stem dry matter, inflorescence dry matter, total dry matter, and growth habit were 
quantified for five parents, 189 hybrids, and a commercially available cultivar as a 
control (n = 195). Analysis of variance, principal components analysis, and structural 
analysis methods were used to determine the repeatability coefficients. The repeatability 
coefficients (ρ̂)  for all evaluated characteristics generated by the different methods 
were between 0.05 (ANOVA II) and 0.95 (PCACov). For most of the characteristics 
studied, repeatability coefficients and determination coefficients were considered 
high. The repeatability coefficients estimates obtained for the eight characteristics 
evaluated with the ANOVA I and II methods were almost always lower than those 
obtained by PCA and structural analysis methods. Based on the covariance matrix, 
the principal component method generated higher estimates than those produced by 
ANOVA or structural analysis. Assuming a minimum 80% reliability to verify the relative 
superiority of the hybrids across all assessed traits, the five harvests proved adequate 
for selecting the optimal plant materials to advance to the next phase of the breeding 
program. However, reliable early selection for leaf dry matter, leaf:stem ratio, and total 
dry matter required a minimum of two harvests. The genetic parameters (h2 and CVg) 
showed a favorable scenario for direct selection to increase forage production.
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1. Introduction

Grasslands provide critical ecosystem services for humanity (Sollenberger et al., 2019). In Brazil, 
pastures occupy 156 million hectares across six previously defined biomes (Projeto MapBiomas, 
2021). These pastures support a national herd of ~224 million cattle (IBGE, 2019) and places Brazil as 
the world’s second-largest beef producer, after the United States (Jank et al., 2014). Pastoral farming 
systems in Brazil are heavily reliant on native forage species for productive stability and conservation 
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of natural resources. Their use can reduce costs and risks associated with livestock production, which 
increases long-term system sustainability (Gasparetto et al., 2021).

The genus Paspalum comprises several native species with important forage characteristics for animal 
production. They exhibit adaptability to the range of different ecosystems where they are present as a 
pasture component (Novo et al., 2016), which means there is high potential for genetic improvement 
(Motta et al., 2017). The center of genetic diversity is located in the tropical region of South America 
(Chase, 1929; Valls, 1987). The genus is native to the southern grasslands, is most abundant in Brazil 
(Rio Grande do Sul), Uruguay, and Argentina, and has previously been recognized for its high yield and 
forage quality (Steiner et al., 2022). In Argentina, the region with the greatest diversity of species is 
Mesopotamia (Morrone et al., 2012). 

A major objective of forage plant breeding programs in southern Brazil is to obtain hybrids adapted to 
diverse edaphoclimatic conditions, which have superior biomass production compared with cultivars 
already on the market (Saraiva et al., 2021). There is considerable commercial and academic interest in 
improvement of different Paspalum species to increase the productivity of native pastures and extend 
their use as improved cultivated pastures (Steiner et al., 2022).

The significant time and resource requirements involved in obtaining consistent data within breeding 
programs, considering the extensive number of genotypes and characters studied (Jank et al., 2014), 
requires the determination of the minimum number of measurements for the selection of superior 
genotypes (Rodrigues et al., 2020). This is a major issue faced by forage breeding programs, which 
need to determine the number of measurements necessary to accurately estimate the differences 
between genotypes (Toebe et al., 2020). This is generally determined through repeatability analysis, 
which aims to predict the genotypic value of a genotype over time with predefined determination 
coefficients (Chaves et al., 2018). The repeatability analysis reduces time, costs, and labor within the 
experimental period to optimize the process of launching new cultivars into the market (Torres et al., 
2015; Rodrigues et al., 2020).

The objective was to estimate the repeatability coefficients of forage characteristics in intraspecific 
hybrids of P. notatum Flügge using different methods.

2. Material and Methods

2.1. Experimental site

The experimental site is located in Eldorado do Sul, Rio Grande do Sul, Brazil (at 30°29'26" S latitude, 
51°06'42" W longitude, and 62 m asl altitude). The local climate is classified as Cfa according to 
the Köppen classification (Moreno, 1961): subtropical with no defined dry season, and the average 
air temperature of the hottest month (February) exceeds 22 °C. The 40-year (1970-2010) average 
minimum and maximum annual air temperatures in the region are 14.0 and 24.2 °C, respectively, and 
the annual average air temperature is 19.6 °C. The 40-year average annual rainfall is 1398 mm. Total 
monthly rainfall (mm) and mean air temperature (°C) during the experimental period are reported in 
Figure 1.

The soil is classified as an Ultisol (USDA Soil taxonomy; Santos et al., 2006). Prior to establishment 
of the experiment, soil samples (0-0.2 m) were collected. The soil analysis showed: clay = 15%; pH 
(H2O) = 5.4; SMP pH = 6.3; P (mg dm−3) = 15.6; K (mg dm−3) = 151.4; and organic matter = 2.7%. The 
protocol for basal and maintenance fertilization for perennial grasses followed the recommendation of 
the “Comissão de Química e Fertilidade do Solo RS/SC” (CQFS RS/SC, 2004). A total of 160 kg N/ha, in 
the form of urea (46% N), was distributed across five split applications of 32 kg N/ha at the beginning 
of each regrowth period.
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2.2. Plant material and experimental design

Three tetraploid female sexual genotypes C44X (Quarin et al., 2001), Q4188, Q4205 (Quarin et al., 2003) 
were sourced from the Instituto de Botánica del Nordeste (IBONE), Corrientes, Argentina. They were 
crossed with two elite male tetraploid germplasm lines (ecotypes Bagual and André da Rocha) native 
to the state of Rio Grande do Sul (Table 1), Brazil. The crosses were performed using the methodology 
described by Burton (1948) and later adapted by Weiler et al. (2018) to create hybrid progeny. The 
reproduction mode was determined based on Weiler et al. (2017). A total of 195 P. notatum Flügge 
genotypes were evaluated, including 189 hybrids, three female (C44X, Q4188, and Q4205) and two 
male (André da Rocha and Bagual) cultivars, and the commercially available cultivar ‘Pensacola’.

Seeds were initially germinated in Germitest paper lined in petri dishes, under controlled temperature 
and day length (8 h of light at 30 °C and 16 h of darkness at 20 °C) in a germination chamber. Seedlings 
were transplanted into seedling trays until they had five fully expanded leaves. Seedlings were then 
transplanted into pots filled with Carolina Soil™, a commercial substrate composed of peat, vermiculite, 

Table 1 - Female (♀ 4x; n = 3) and male (♂ 4x; n = 2) parents and hybrids (n = 189) of Paspalum notatum Flügge 
evaluated

♂ 4x ♀ 4x Family No. hybrids Hybrid

Q4188 André da Rocha A 29 A10, A11, A12, A13, A14, A15, A16, A17, A18, A2, A20, A21, A22, A23, A24, A25, 
A26, A27, A28, A29, A31, A32, A33, A35, A36, A37, A38, A7, A8

Q4188 Bagual B 44
B1, B10, B11, B12, B13, B14, B15, B16, B17, B18, B19, B2, B20, B21, B22, B23, 
B25, B26, B27, B28, B29, B3, B30, B31, B32, B33, B34, B35, B36, B37, B38, B39, 
B4, B40, B41, B42, B43, B44, B5, B52, B6, B7, B8, B9

Q4205 André da Rocha C 35 C1, C10, C11, C12, C13, C14, C15, C16, C17, C18, C19, C2, C20, C21, C22, C23, C24, 
C25, C26, C27, C28, C29, C3, C30, C31, C32, C34, C35, C36, C4, C5, C6, C7, C8, C9

Q4205 Bagual D 26 D1, D10, D11, D12, D13, D14, D16, D17, D18, D19
D2, D20, D21, D22, D23, D24, D25, D26, D27, D3, D4, D5, D6, D7, D8, D9

C44X André da Rocha E 23 E1, E10, E11, E12, E13, E14, E15, E16, E17, E18, E19, E2, E20, E21, E22, E24, E3, 
E4, E5, E6, E7, E8, E9

C44X Bagual F 32 F1, F10, F11, F12, F13, F14, F15, F16, F17, F18, F2, F20, F21, F22, F23, F24, F25, 
F26, F27, F28, F29, F3, F30, F31, F32, F33, F4, F5, F6, F7, F8, F9

The commercially available cultivar Pensacola was included as a control. Total lines evaluated n = 195.

Black lines and bars are the 40-yr average (1970-2010).

Figure 1 - Total monthly rainfall (mm; bars) and mean monthly air temperature (°C; lines) during the experimental 
period.
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organic residue, and limestone. When the plants had four or more tillers, the tillers were separated and 
re-potted into four different pots to obtain four clones to be used as replicates in the field experiment. 

The field experiment followed a randomized complete block design with four replicates and was 
established at the experiment station of the Universidade Federal do Rio Grande do Sul on 12/26/2010. 
Clones were transplanted into the field spacing of 1.0 m within and between rows. Immediately after 
transplanting, the plants were watered by sprinkler irrigation to facilitate seedling establishment.

2.3. Procedures and traits

The plants were cut to a residual height of 5 cm when they reached an average height of 20 cm. 
Five harvests were made between sowing and 2012 (1st harvest on 02/22/2011, 2nd harvest on 
04/06/2011, 3rd harvest on 11/17/2011, 4th harvest on 01/09/2012, and 5th harvest on 03/16/2012). 
Measurements included plant height (PH, cm), tiller population density (TPD, tiller plant−1), leaf dry 
matter (LDM, g plant−1), stem dry matter (SDM, g plant−1), inflorescence dry matter (IDM, g plant−1), 
total dry matter (TDM, g plant−1), and growth habit (GH).

Non-destructive observations were made before cutting on each date. Plant height was measured from 
the soil surface to the curvature of the leaves; then, the TPD was quantified by counting all tillers that 
had expanded leaves. Growth habit was determined by visual observation scale, in which 1 = prostrate 
and 5 = erect habit.

Samples were separated into morphological components: leaves (leaf blades), stems (stems and 
sheaths), and inflorescences, then dried in an oven at 60 °C until constant weight. Subsequently, the 
leaf:stem ratio (LSR) was calculated from LDM and SDM.

2.4. Statistical analysis

Data were subjected to analysis of variance according to the following model:

Yijk = µ + Gi + Bk + Aj + GAij + Eijk ,

in which Yijk is the observed value of the i-th genotype in the k-th block and within the j-th environment, 
µ is the mean for the characteristic, Gi is the fixed effect of the i-th genotype (i = 1, 2, 3, ... 195), Bk is the 
fixed effect (k = 1, 2, 3 and 4) of the k-th block (replicate), Aj is the random effect of the j-th environment, 
GAij is the random effect of the interaction of the i-th genotype with the j-th environment, and Eijk is the 
experimental error. Therefore, Gi ~(0, σ̂  g

2); Aj ~N(0, σ̂  a
2); Bk ~N(0, σ̂  k

2 ); GAij ~N(0, σ̂   g2a); and Eijk ~N(0, σ̂  e
2 ). 

Heritability (h2) was calculated from:

                                                                                          h2 =
σ̂  g

2

σ̂  f
2

in which σ̂  g2 is the genotypic variance and σ̂  f
2 is the phenotypic variance.

Three analysis methods were applied to the data to quantify the consistency of the estimates and obtain 
more precise conclusions about the observed forage characteristics. Firstly, two analysis of variance 
(ANOVA) models (ANOVA I and ANOVA II) were used to estimate the repeatability coefficients. Then, 
Principal component analysis (PCA) quantified the matrix of variance and covariance (PCACov) and 
the intraclass correlation matrix (PCACor). Finally, structural analysis (SA) quantified the variance 
and covariance matrix (SACov) and correlation matrix (SACor). The ANOVA was obtained through two 
models:

ANOVA I

Yij = µ + gi + εij,

in which Yij is the observation referring to the i-th genotype in the j-th harvest, µ is the overall 
average, gi is the random effect of the i-th genotype under the influence of the permanent environment 
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(i = 1, 2, ..., p = 195 genotypes), and εij is the effect of the temporary environment associated with the 
j-th measurement on the i-th genotype (j = 1, 2, ..., ηi). The repeatability coefficient (r) was obtained by:

Cô𝑣 (Yik , Yik')  =
σ̂  g

2

 =
σ̂  g

2

σ̂  y
2√ 𝒱̂ (Yik) (Yik') ̂V + σ̂  g

2 σ̂  e
2 

ANOVA II

Yij = µ + gi + aj + εij,

in which Yij is the observation referring to the i-th genotype in the j-th harvest, µ is the overall average, 
gi is the random effect of the i-th genotype under the influence of the environment (i = 1, 2, ..., ρ), 
aj quantifies the fixed effect of the temporary environment on the j-th measurement (j = 1, 2, ..., ηi), 
and εij quantifies experimental error established by temporary effects of the environment on the j-th 
measurement of the i-th genotype. The repeatability coefficient is calculated by the same equation 
described above for ANOVA I.

Two PCA models were then applied. The first evaluated the matrix of phenotypic variances and 
covariances (PCACov) by:

 r = ( 𝜌̂  )    =
𝜆1 −   σ̂  Y

2 

σ̂  Y
2 (η − 1)

 

in which 𝜆1 is the largest eigenvalue, associated with the eigenvector, whose elements have the same sign 
and close magnitude; σ̂  Y

2  = σ̂  g
2 + σ̂  e

2  and η are the number of harvests. The PCACor, consisted of obtaining 
a correlation matrix between the genotypes in each pair of harvests. In this matrix, the eigenvalues 
were determined (λ) and the eigenvectors (α) normalized. The eigenvector whose elements have the 
same sign and close magnitudes quantified the tendency of the genotypes to maintain their relative 
positions over time. Therefore, the estimator of the repeatability coefficient is the proportion of the 
eigenvalue associated with this eigenvector, expressed by:

 r =
𝜆k 

∑j 𝜆k

Being j = 1, 2, ..., η in which η is the number of harvests and 𝜆k is the eigenvalue associated with the 
eigenvector, whose elements have the same sign and similar magnitude; and 𝜆k is influenced by 
the number of genotype measurements (Rutledge, 1974). Therefore, r becomes more suitable for 
calculating the repeatability coefficient, which is obtained by:

 r =
𝜆1 − 1
η − 1

in which 𝜆1 = 1 + (𝜆 − 1)𝜌 in which 𝜆1 is the eigenvalue of r associated with the eigenvector whose 
elements have the same sign and magnitude; η = number of harvests; 𝜌 = genotypes (195). Both 
methods (PCACov and PCACor) were pioneered by Abeywardena (1972).

Similar to the PCA method, SA can be obtained by covariance matrix (SACov), in which r is calculated, 
using the eigenvector (α) and the covariance matrix: 

 r =
α´Γ̂α −

(η − 1)σ̂  Y
2 

σ̂  Y
2 

The structural analysis based on the correlation matrix (SACor) is determined by:

 r = α´Γ̂α − 1
η − 1
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in which 
√ η

1 ...1/  √ ηα´=   represents the eigenvector with parametric elements associated with the 

highest eigenvalue of r. The repeatability estimator is the arithmetic mean of the phenotypic 
correlations between genotypes, considering each part of evaluations and expressed by:

 r = 2
η(η − 1)

∑j ∑<j´ rjj´

The estimator is equivalent to that obtained by the analysis of variance. The genotypic stabilization 
of forage characters was evaluated by ANOVA II and PCA methods based on the intraclass correlation 
matrix for successive measures until all evaluations were performed. Therefore, η−1 analyzes were 
performed on two consecutive measurements, and η−2 analyzes were performed in three consecutive 
evaluations until all five measurement dates had been evaluated. All data were analyzed with GENES 
(Cruz, 2016) statistical software.

3. Results

The analysis of variance of the forage variables was statistically significant for all effects tested 
(genotype, harvest, and their interaction), except PH which showed significant differences for main 
effects (genotype and harvest) only (Table 2). Experimental (CVe; 38.3 (GH) to 128.4% (TPD)) and 
genetic (CVg; 18.1 (GH) to 77.9% (SDM)) coefficients of variation were high for all characters evaluated 
(Table 2). Heritability estimates ranged from 0.33 (LSR) to 0.95 (PH). Characters of interest within the 

Table 2 - Summary of analysis of variance for forage traits in 195 genotypes of Paspalum notatum Flügge for leaf 
dry matter (LDM), stem dry matter (SDM), leaf:stem ratio (LSR), inflorescence dry matter (IDM), total 
dry matter (TDM), tiller population density per plant (TPD), plant height (PH), and growth habit (GH)

Source of variation GL
Medium square

LDM SDM LSR IDM
Blocks 3 11580.56 1158.24 1150.13 201.93
Genotype 194 5066.38** 951.85** 1431.43** 159.59**
Harvest 4 214768.30** 49129.64** 59181.89** 10134.09**
Interaction 776 739.84** 328.80** 953.36** 73.07**
Error 2922 347.33 75.54 522.90 19.57
Maximum - 228.70 151.20 520.00 82.90
Minimum - 0.10 0.03 0.10 0.02
Mean - 25.46 10.57 13.04 5.13
CVg (%) - 61.86 77.91 40.22 74.76
CVe (%) - 78.38 121.32 188.14 159.01
h² - 0.85 0.65 0.33 0.54

Source of variation GL
Medium square

TDM TPD PH GH
Blocks 3 24253.66 122018.51 208.98 17.10
Genotype 194 11155.69** 67292.50** 329.70** 5.07**
Harvest 4 578112.61** 6038487.70** 15160.67** 36.82**
Interaction 776 2126.06* 30099.07* 16.75ns 1.31**
Error 2922 744.79 13467.87 22.83 0.84
Maximum - 440.10 6223.00 56.00 5
Minimum - 0.10 1.00 3.00 1
Mean - 36.15 96.82 14.66 3
CVg (%) - 62.93 47.71 28.92 18.13
CVe (%) - 80.83 128.40 34.93 38.31
h² - 0.81 0.55 0.95 0.74

CVg - genetic coefficient of variation; CVe - experimental coefficient of variation; h2 - heritability.
* P<0.01; ** 0.05; ns = not significant.
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forage plant genetic improvement program, associated with forage quality and production, such as 
LDM (0.85) and TDM (0.81), also had high heritability values.

The presence of significant genotype × harvest interactions for all forage characters, except PH, 
reinforced the need to estimate the repeatability coefficients for the characters because responses 
vary over time (Table 3). For TDM, ρ̂ ranged from 0.19 (ANOVA II) to 0.88 (PCACov). With the 
exception of the ANOVA II method (54%), the coefficient of determination (R²) exceeded 80%, which 
indicated reliability in identifying P. notatum genotypes with superior TDM (Table 3). The pattern 
of the PCACov and ANOVA II, which produced the highest and lowest ρ̂, respectively, was repeated 
for the other characteristics evaluated in the study. The ρ̂ values obtained for TDM and LDM traits 
were closely correlated, which indicated that the genotypes evaluated in this experiment performed 
well for important agronomic traits required for future genetic improvement. The LSR ρ̂ were poor 
and ranged from 0.03 (ANOVA II) to 0.49 (PCACov), with associated R² from 12 to 83%, respectively. 
Analysis showed that PCACov, PCACor, and SACov methods almost consistently gave the highest ρ ̂ for 
all characteristics evaluated, while ANOVA I, ANOVA II, and SACor had the lowest ρ̂ values.

The estimated minimum number of harvests needed to select the best hybrids identified by the five 
analysis methods for TDM, with a precision of 0.85, ranged from 1 (PCACov) to 24 (ANOVA II; Table 4). 
When the precision level was increased to 0.95, minimum harvest numbers for TDM increased for all 
methods and ranged from 3 (PCACov) to 79 (ANOVA II). For LDM, an agronomically important trait 
that provides an indirect measure of forage quality, the estimated number of harvests required for a 
precision of 0.85 ranged from 1 (PCACov) to 16 (ANOVA II). Increasing the required precision level 
to 0.95 meant the minimum number of harvests increased to 3 and 54, respectively. Across all traits 
evaluated, the estimated minimum number of harvests identified by all five analysis methods was the 
highest for LSR and varied substantially across methods within a specific precision level. For example, 
the minimum number of harvests ranged from 6 (PCACov) to 198 (ANOVA II) with precision of 0.85 
and from 20 (PCACov) to 663 (ANOVA II) with a precision of 0.95.

Estimated minimum harvest numbers were higher for ANOVA II and I methods when compared with 
PCACov, PCACor, and SA. The principal components method generated the lowest estimates, especially 
when based on the variance and covariance matrix (PCACov). Structural analysis (SA) produced 
values very close to PCACor for most of the characteristics studied.

Table 3 - Estimates of the repeatability coefficient (ρ̂) and their respective determination coefficients (R²) derived 
from different analysis methods for leaf dry matter (LDM), stem dry matter (SDM), leaf:stem ratio (LSR), 
inflorescence dry matter (IDM), total dry matter (TDM), tiller population density per plant (TPD), plant 
height (PH), and growth habit (GH) measured in 195 genotypes of Paspalum notatum Flügge

Method
LDM SDM LSR IDM

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²
ANOVA I 0.54 85.40 0.27 65.46 0.09 33.40 0.19 54.22
ANOVA II 0.26 63.73 0.11 39.16 0.03 12.54 0.05 21.89
PCACov 0.85 96.71 0.90 97.78 0.49 82.97 0.93 98.58
PCACor 0.76 93.94 0.53 84.87 0.23 59.67 0.44 79.75
SACov 0.75 93.90 0.51 84.08 0.15 47.80 0.40 77.22
SACor 0.54 85.40 0.27 65.46 0.09 33.40 0.19 54.22

Method
TDM TPD PH GH

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²
ANOVA I 0.46 80.94 0.20 55.27 0.79 94.92 0.37 74.23
ANOVA II 0.19 54.46 0.02 9.48 0.33 71.37 0.32 70.64
PCACov 0.88 97.30 0.95 98.87 0.81 95.58 0.46 81.01
PCACor 0.74 93.56 0.67 90.94 0.82 95.85 0.43 79.16
SACov 0.74 93.54 0.66 90.82 0.82 95.81 0.36 73.39
SACor 0.46 80.94 0.20 55.27 0.79 94.92 0.37 74.23

ANOVA - analysis of variance; PCACov - principal components analysis based on the residual variance and covariance matrix; PCACor - principal 
components analysis based on the correlation matrix; SACov - structural analysis based on the covariance matrix; SACor - structural analysis based 
on the correlation matrix. 
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In general, forage characteristics evaluated by PCACor had higher genotypic stability values than 
those produced by the ANOVA II model (Table 5). For LDM, SDM, LSR, IDM, and TDM variables, the 
highest ρ̂ were obtained when harvests 1 and 2 were correlated, regardless of the method used. The 
highest ρ̂ for TPD (ρ̂ = 0.84; R² = 91.5%) and GH (ρ̂ = 0.67; R² = 80.2%) traits were observed for the 
correlation of harvests 3 and 4, and for PH using harvests 4 and 5 (ρ̂  = 0.94; R² = 96.7%). High  ρ̂ were 
observed for most of the characters studied. The exception was the LSR trait, which indicated that it 
was not stable among the genotypes evaluated.

4. Discussion

The basic premise for selection is the presence and knowledge of genetic variability within the 
population (Nielsen et al., 2014; Figueiredo et al., 2019; Sant’Anna et al., 2021; Steiner et al., 2022). The 
findings of the present study indicated that genetic variability existed among the hybrids evaluated, 
which allows genetic gain via direct selection in all traits quantified (Table 2).

The experimental (CVe) and genetic (CVg) variation coefficients were higher than those found by other 
authors who have previously evaluated forage characteristics (Machado et al., 2021; Silveira et al., 2022) 
or seed production traits (Lopes et al., 2017; Lopes et al., 2019) of P. notatum hybrids. The current 
experiment found that CVe was always greater than CVg (Table 2), which showed that the environmental 

Table 4 - Minimum number of measurements required by different analysis methods to identify superior hybrids 
for leaf dry matter (LDM), stem dry matter (SDM), leaf:stem ratio (LSR), inflorescence dry matter (IDM), 
total dry matter (TDM), tiller population density per plant (TPD), plant height (PH), and growth habit 
(GH) in 195 hybrids of Paspalum notatum Flügge

R2
LDM

R2
SDM

ANOVA I ANOVA II PCACov PCACor SA ANOVA I ANOVA II PCACov PCACor SA
0.80 3 11 1 1 1 0.80 11 31 0 4 4
0.85 5 16 1 2 2 0.85 15 44 1 5 5
0.90 8 26 2 3 3 0.90 24 70 1 8 9
0.95 16 54 3 6 6 0.95 50 148 2 17 18
0.99 85 282 17 32 32 0.99 261 769 11 88 94

R2
LSR

R2
IDM

ANOVA I ANOVA II PCACov PCACor SA ANOVA I ANOVA II PCACov PCACor SA
0.80 40 140 4 14 22 0.80 17 71 0 5 6
0.85 57 198 6 19 31 0.85 24 101 0 7 8
0.90 90 314 9 30 49 0.90 38 161 1 11 13
0.95 189 663 20 64 104 0.95 80 339 1 24 28
0.99 987 3453 102 335 541 0.99 418 1766 7 126 146

R2
TDM

R2
TPD

ANOVA I ANOVA II PCACov PCACor SA ANOVA I ANOVA II PCACov PCACor SA
0.80 5 17 1 1 1 0.80 16 191 0 2 2
0.85 7 24 1 2 2 0.85 23 270 0 3 3
0.90 11 38 1 3 3 0.90 36 430 1 4 5
0.95 22 79 3 7 7 0.95 77 907 1 9 10
0.99 117 414 14 34 34 0.99 401 4725 6 49 50

R2
PH

R2
GH

ANOVA I ANOVA II PCACov PCACor SA ANOVA I ANOVA II PCACov PCACor SA
0.80 1 8 1 1 1 0.80 7 8 5 5 7
0.85 2 11 1 1 1 0.85 10 12 7 7 10
0.90 2 18 2 2 2 0.90 16 19 11 12 16
0.95 5 38 4 4 4 0.95 33 39 22 25 34
0.99 26 199 23 21 22 0.99 172 206 116 130 179

R2- determination coefficient; ANOVA - analysis of variance; PCACov - principal components analysis based on the residual variance and covariance 
matrix; PCACor - principal components analysis based on the correlation matrix; SA - structural analysis. 
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Table 5 - Repeatability (ρ̂) and determination (R2) coefficients for comparisons of harvest times generated by ANOVA II 
and PCACor analysis methods to evaluate genotypic stability of leaf dry matter (LDM), stem dry matter (SDM), 
leaf:stem ratio (LSR), inflorescence dry matter (IDM), total dry matter (TDM), tiller population density per 
plant (TPD), plant height (PH), and growth habit (GH) in 195 hybrids of Paspalum notatum Flügge

Harvest N

LDM SDM

ANOVA II PCACor ANOVA II PCACor

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²

1-2 2 0.92 95.86 0.92 95.87 0.83 90.76 0.84 91.57
2-3 2 0.57 72.58 0.77 87.32 0.24 38.13 0.39 56.20
3-4 2 0.83 90.91 0.89 94.13 0.17 29.37 0.30 46.72
4-5 2 0.61 75.75 0.87 93.15 0.35 51.96 0.77 86.73
1-3 3 0.60 81.59 0.81 92.56 0.50 75.30 0.55 78.45
2-4 3 0.70 87.71 0.80 92.24 0.31 57.35 0.38 64.42
3-5 3 0.69 87.10 0.86 94.79 0.21 44.21 0.51 75.72
1-4 4 0.67 88.94 0.78 93.59 0.41 73.24 0.46 76.99
2-5 4 0.59 85.19 0.78 93.53 0.25 57.31 0.52 81.46
1-5 5 0.54 85.40 0.76 93.94 0.27 65.46 0.53 84.87

Harvest N

LSR IDM

ANOVA II PCACor ANOVA II PCACor

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²

1-2 2 0.37 53.96 0.39 55.61 0.65 78.67 0.76 86.10

2-3 2 0.00 0.79 0.01 1.50 0.12 21.43 0.20 33.02
3-4 2 0.28 43.68 0.30 45.99 0.11 19.01 0.16 28.22
4-5 2 0.03 5.77 0.03 6.32 0.25 39.48 0.63 77.33
1-3 3 0.00 0.13 0.20 42.89 0.37 63.84 0.42 68.72
2-4 3 0.14 32.73 0.15 34.90 0.23 47.22 0.25 49.61
3-5 3 0.13 30.88 0.15 34.67 0.14 32.62 0.36 62.99
1-4 4 0.09 27.34 0.14 39.73 0.30 63.16 0.35 67.86
2-5 4 0.12 34.73 0.22 52.45 0.20 50.05 0.42 74.46
1-5 5 0.09 33.40 0.23 59.67 0.19 54.22 0.44 79.75

Harvest N

TDM TPD

ANOVA II PCACor ANOVA II PCACor

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²

1-2 2 0.93 96.24 0.93 96.28 0.77 86.85 0.88 93.65
2-3 2 0.69 81.92 0.75 85.52 0.72 84.00 0.76 86.56
3-4 2 0.82 90.12 0.83 90.66 0.84 91.48 0.85 91.67
4-5 2 0.52 68.16 0.92 95.68 0.26 40.84 0.71 82.96
1-3 3 0.74 89.31 0.79 91.96 0.64 84.37 0.77 90.74
2-4 3 0.74 89.44 0.76 90.36 0.72 88.71 0.74 89.76
3-5 3 0.53 77.16 0.84 93.92 0.26 51.60 0.75 90.04
1-4 4 0.73 91.44 0.76 92.52 0.63 87.29 0.71 90.86
2-5 4 0.48 78.64 0.77 92.99 0.23 54.63 0.70 90.16
1-5 5 0.46 80.94 0.74 93.56 0.20 55.27 0.67 90.94

Harvest N

PH GH

ANOVA II PCACor ANOVA II PCACor

ρ̂ R² ρ̂ R² ρ̂ R² ρ̂ R²

1-2 2 0.80 89.04 0.87 92.91 0.60 74.67 0.61 75.86
2-3 2 0.77 86.92 0.77 87.08 0.63 77.10 0.63 77.17
3-4 2 0.88 93.68 0.88 93.68 0.67 80.26 0.67 80.29
4-5 2 0.94 96.66 0.94 96.83 0.02 3.18 0.02 3.20
1-3 3 0.75 90.09 0.79 91.85 0.59 81.27 0.60 81.95
2-4 3 0.79 91.85 0.79 91.87 0.61 82.64 0.61 82.70
3-5 3 0.92 97.19 0.92 97.30 0.25 49.52 0.34 60.24
1-4 4 0.75 92.35 0.78 93.41 0.56 83.76 0.57 84.40
2-5 4 0.85 95.74 0.85 95.83 0.33 65.94 0.41 73.53
1-5 5 0.79 94.92 0.82 95.85 0.37 74.23 0.43 79.16

ANOVA - analysis of variance; PCACor - principal components analysis based on the correlation matrix. 
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effect dominated results rather than genetic effects. This result is contradictory to previous studies 
because with greater experimental precision the greatest expressions of genotypic variability were not 
expressed (Shimoya et al., 2002). The tendency of a greater CVe compared with CVg was not observed 
by Lopes et al. (2019). Precision (CVe) and repeatability (ρ̂) are influenced by management decisions, 
experimental design, and/or biotic and abiotic factors (Johnson and Frey, 1967; Vela-Cardenas and 
Frey, 1972; Neyhart et al., 2022). Furthermore, early selection in perennial plants can be affected by 
numerous factors, such as slow establishment, which would lead to high coefficients of experimental 
variation. Additionally, the seedlings were very young when transplanted, which may have led to an 
increase in the coefficients of variation. Conversely, high CVe values can mean greater phenotypic 
variation (Wang et al., 2022). At the same time, CVg provides information about the magnitude of the 
variability present within the population. This allows comparison of the levels of genetic variability 
present among different genotypes, environments, and traits (Ferrão et al., 2008). The current 
experiment confirmed that genetic variability studies within breeding programs must quantify both 
CVe and CVg during analysis (Cortes et al., 2019). Populations that exhibit high CVg indicate potential 
for improvement via genetic gains in the breeding program (Zanata et al., 2010). The main advantage 
of utilizing the coefficient of variation in trait analysis is to enable the quantification and weighting of 
the proportion of variation within a population, which exists due to genetic and environmental factors 
(Kampa et al., 2020). This parameter, along with the h², provides the basis for decision-making to 
increase forage production within the current P. notatum Flügge breeding program.

Heritability values quantify how much of the total observed variation was caused by genotypic 
factors (Ferreira et al., 2020). Resende (2015) classified h² into three classes; low (h² < 0.15), 
moderate (0.15 < h² < 0.50), and high (h² > 0.50). Accordingly, the h² parameter generated in the 
analysis of this experiment (Table 2) was high for most forage traits evaluated. The exception was 
LSR, which is greatly influenced by environmental conditions over time. Higher h² values allow the 
identification of superior hybrids within the population studied. Selection of these hybrids in the next 
stage of the breeding program could improve forage gains obtained in subsequently selected progeny 
(Majidi et al., 2009).

The high number of genotypes and characters studied within breeding programs (Jank et al., 2014), 
requires significant time and resources to obtain consistent data and needs an estimate of the 
minimum number of measurements for selection of superior genotypes (Rodrigues et al., 2020). 
Therefore, several studies have been conducted to estimate the repeatability (ρ̂) of characteristics of 
interest in forage plants including Urochloa spp. (Basso et al., 2009; Souza Sobrinho et al., 2010; Teixeira 
et al., 2011; Martuscello et al., 2013; Matias et al., 2016; Coêlho et al., 2018; Figueiredo et al., 2019), 
Megathyrsus maximus (Martuscello et al., 2007; Braz et al., 2015; Martuscello et al., 2015; Coêlho et al., 
2018; Ferreira et al., 2019), Medicago sativa L. (Botrel et al., 2000; Ferreira et al., 2010), Pennisetum 
purpureum Schum. (Shimoya et al., 2002; Rodrigues et al., 2020), and Lolium multiflorum Lamarck 
(Rios et al., 2019). Until now this information has not been available for the Paspalum species. The ρ̂ 
value indicates a consistent ranking of genotypic performance in a specific location over time (Neyhart 
et al., 2022). In our study, ρ̂ values were medium-to-high for most characteristics (Table 3), based on 
the criteria of Resende (2002). In most cases, the highest estimates were obtained through the PCACov 
analysis method, followed by PCACor. These results are supported by previously published work, which 
also showed that ρ̂ estimates obtained by ANOVA are generally lower than the estimates obtained by 
other methods (Cargnelutti Filho et al., 2004; Martuscello et al., 2007; Martuscello et al., 2015). Our 
work showed that the PCACov method estimates of ρ̂ tended to be higher than those obtained by the 
other methods, which is supported by the results of Martuscello et al. (2015). The difference among 
ρ̂ estimates from the analysis methods indicated that evaluation by more than one analysis method is 
required to obtain a reliable parameter. Evaluation of the analysis procedure as a whole means the real 
value can probably be found within the range of estimates calculated (Martuscello et al., 2007). In this 
context, identification of the most appropriate analysis method should be used as a strategy to improve 
parameter estimates for future decision making (Martuscello et al., 2015).
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The study of genotypic stabilization contributes to increasing the reliability of the selection process 
for a trait by identifying groups of repeated measurements with a higher level of association. This is 
based on the assumption that gene expression can be influenced not only by the stage of development 
but also by various climatic conditions and management changes that plants experience throughout 
the year (Braz et al., 2015). For most traits studied here, genotypic stabilization between two harvests 
showed the highest correlation (Table 5). The evaluation between successive harvests may not 
represent genotypic stabilization, but the occurrence of two very similar harvests (Ferreira et al., 
2019). This probably reflects they have been exposed to similar environmental conditions, rather than 
non-adjacent harvests, which likely experience less similar environmental conditions due to seasonal 
changes. It is necessary to include longer evaluation periods with more harvests to determine 
genotypic stabilization. Thus, the evaluation of stabilized genotypes to obtain ρ̂ estimates is extremely 
important for selecting material within breeding programs (Martuscello et al., 2015).

Finally, our study reports, for the first time, estimates of the repeatability coefficient for forage 
production traits in hybrids of P. notatum Flügge. Our results showed values differed among the 
methodologies applied (Table 3). In general, the repeatability coefficient estimates were of medium 
to high magnitude for most traits evaluated and indicated reliability in identifying superior hybrids of 
P. notatum Flügge. For all methods evaluated, increasing the accuracy from 0.85 to 0.95 would require 
a large increase in the number of harvests, but this adds little in terms of precision, especially when 
there are many hybrids to be evaluated within the improvement program. In addition, the h² and CVg 
genetic parameters indicated a favorable situation for genetic gains with selection within the studied 
population.

5. Conclusions

For reliable early selection based on LDM, LSR, and TDM traits of P. notatum Flügge, two to four 
harvests are recommended. Broad heritability for most of the characters studied suggests this would 
provide a favorable situation for direct selection for increased forage production. The principal 
component analysis, based on the covariance matrix, has the highest repeatability estimates 
compared with the other methods. For early selection, this method is recommended for identification 
of superior hybrids of P. notatum Flügge.
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