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ABSTRACT - The objective of this study was to evaluate the associations among forage
production related traits in Paspalum nicorae Parodi ecotypes and employ BLUP
multi-trait path analysis as a selection criterion. Eighty-four ecotypes were grown in a
randomized block experimental design with four replications and measured for three
years. Measurements included number of tillers, fresh matter, leaf dry matter, stem dry
matter, inflorescence dry matter, total dry matter, leaf:stem ratio, harvest index, cold
tolerance, forage persistence, growth habit, and plant height. Variance components
were estimated using maximum residual likelihood, and genetic correlation coefficients
were obtained from the output of a mixed model. Subsequently, path analysis was
performed, which used total dry matter as the dependent trait. Total dry matter showed
positive and significant associations with most of the traits studied. This meant that
indirect selection based on the number of tillers, height, and total fresh matter was a
viable method to select for increased dry matter production. Multi-trait path analysis
based on BLUP proved to be useful for studying associations between traits related to
total dry matter and demonstrated that leaf dry matter has the greatest direct effect on
total dry matter.

Keywords: Brunswick grass, genetic correlation, mixed models, native grass

1. Introduction

The Pampa biome is noted for its richness in botanical diversity and the abundance of forage species
that provide high-quality feed for grazing herbivores. Within this context, the genus Paspalum L.
(Paniceae, Panicoideae) stands out as one of the largest among angiosperms, encompassing between
310 and 400 species distributed across tropical and subtropical environments (Sartor et al.,, 2009;
Soreng et al., 2022). Within this, the Plicatula group comprises approximately 30 species, most of
which are tetraploid and reproduce through obligate apomixis via apospory, parthenogenesis, and
pseudogamy (Burson and Bennett, 1970; Ortiz et al,, 2013). Among them, Paspalum nicorae Parodi—
also referred to as Paspalum lepton and commonly known as “grama cinzenta” or “brunswick grass”—is
naturally distributed across eastern Paraguay, northwestern Argentina, Uruguay, and southern Brazil
(Novo et al,, 2019). It is a perennial, summer-active C4 species that forms dense clumps with short,
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oblique or vertical rhizomes. Its sterile glumes and lemmas are typically intensely pubescent or albo-
pilose (Barreto, 1974). Paspalum nicorae is commonly found in sandy soils and is noted for its drought
tolerance and capacity to thrive in less fertile environments (Nabinger and Dall’Agnol, 2020). Several
authors have emphasized the species’ potential as a forage resource for genetic improvement, both as
animal feed and for use in land restoration and conservation efforts in degraded areas (Burson and
Bennett, 1970; Boldrini, 2006; Dall’Agnol et al., 2006).

Previous experiments on this species showed that a notable number of the evaluated accessions
produced superior total dry matter (TDM) and leaf dry matter (LDM) yields compared with accessions
of P guenoarum and the commercial P. notatum cultivar Pensacola (Pereira et al.,, 2011). These same
authors reported that the crude protein content of most accessions was comparable to that of cv.
Pensacola and superior to that of the P. guenoarum accessions evaluated. In more recent studies,
ecotypes of P. nicorae produced more TDM than ecotypes of P. notatum, P. urvillei, P. denticulatum,
and P, pauciciliatum, and its TDM was also similar to some ecotypes of P guenoarum (Graminho et al,,
2017). Although P, nicorae has agronomic importance, its genetic improvement is still incipient. Thus,
breeding programs and strategies must be developed to focus on high yield potential, superior forage
quality, and seed production.

The objective of genetic improvement for forage plants within these environments is generally to
develop a cultivar with high yield and nutritional value, which is both persistent and adapted to low-
fertility soils (Basso et al., 2009). However, selection based solely on TDM production is often unwise.
In plant breeding programs, it is crucial to understand the linear associations between traits, especially
when the program aims for simultaneous trait selection. This is particularly relevant when the main
trait has low heritability or is difficult to measure (Cruz et al., 2012; Toebe et al., 2019). Therefore, it
is necessary to understand the associations between TDM production and the other components
of forage yield. The correlation can be of a phenotypic, genotypic, or environmental nature, but only
genotypic correlations have a heritable nature, which makes them of greater interest for improvement
(Lynch and Walsh, 1998). Genetic correlation is primarily caused by pleiotropy, and then by gene
linkage, which is temporary (Falconer and Mackay, 1996). Given the high association among forage
traits, which determine forage production, statistical techniques must be used to help better
understand the source of the associations among traits. This allows contributions of each trait in the
association of interest to be determined by path analysis and allocated as direct or indirect (Wright,
1921; Cruz et al,, 2014).

Thus, the objective of this study is to evaluate the associations among traits related to forage
production in P, nicorae Parodi ecotypes and to employ path analysis, based on multi-trait BLUP as a
selection criterion, to identify the main traits related to forage performance.

2. Material and methods

2.1. Experimental site

The experiment was conducted at the Agricultural Experimental Station of the Universidade
Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Rio Grande do Sul, Brazil, in an experimental
area belonging to the Departamento de Plantas Forrageiras e Agrometeorologia (DPFA), at 46 m
altitude, latitude 30°05'22" S and longitude 51°39'08" W. The soil is classified as an Ultisol (USDA
Soil taxonomy; Santos et al,, 2018) and the climate in the region is classified as Cfa (temperate climate,
with rainfall all year round, and hot summer) based on the Képpen classification (Moreno, 1961). The
long-term (40 yr) average maximum monthly air temperature was 30.2 °C in January and the minimum
average monthly air temperature was 8.5 °C in July. Long-term average annual precipitation is
~1450 mm (Bergamaschi et al, 2013). Figure 1 shows the average monthly air temperature and
precipitation during the experiment (November 2020 to February 2023).

Irrigation was applied to return the soil to field capacity, with 40 mm water applied per irrigation
event. Over the three years, 2,880 mm of irrigation was applied.
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Figure 1 - Rainfall (mm; bars) (left) and mean air temperature (°C; lines) (right) during the experimental period
compared with the historical long-term average (1969-2019).

2.2. Plant material

The studied population was composed of ecotypes of P. nicorae Parodi collected in four physiographic
regions of Rio Grande do Sul (Figure 2). These ecotypes are part of the P. nicorae Parodi Germplasm
Bank of the UFRGS Forage Plant Improvement Program (Table 1).
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Figure 2 - Location of collection points for P, nicorae Parodi ecotypes in Rio Grande do Sul, Brazil, 2019.
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2.3. Experimental design

The experiment consisted of 84 ecotypes arranged in a randomized block design with four replicates.

2.4. Establishment

In October 2020, the experimental area was desiccated, and soil samples were collected to verify
its chemical characteristics. Soil samples (0-0.2 m) were collected and analyzed before sowing the
experiment, and nutritional deficiencies were corrected in accordance with the Soil Chemistry
and Fertility Commission (CQFS-RS/SC, 2016) recommendations. At the end of each agricultural
year, soil analysis tests were repeated, and depleted nutrients replaced (Table 2). The pH of the
experimental area was corrected with the incorporation of 3.4 t/ha dolomitic limestone, with
80% total neutralization relative power, prior to establishment. A 8-20-20 N-P-K fertilizer was applied
at 950 kg ha! in the first year and 650 kg ha™! in the second and third years. This was applied in
split applications after each cut, in accordance with technical recommendations for perennial grasses
(CQFS-RS/SC, 2016).

The 84 ecotypes were planted in the field as seedlings. In 2020, the seeds of P. nicorae Parodi ecotypes,
sourced from the Germplasm Bank of the UFRGS Forage Plant Improvement Program (Table 1), were
placed on filter paper moistened with a KNO, solution (0.2%) in a plastic gerbox (11 x 11 x 3.5 cm)
(Brasil, 2009). The plates were kept moist for 28 days under controlled conditions in a growth
chamber: 16 h of light at 30 °C and 8 h of darkness at 30 °C (Brasil, 2009). When the seedlings
produced their first fully expanded leaf, they were transferred to tubes with commercial Carolina
Soil™ substrate composed of peat, vermiculite, organic waste, and limestone.

Seedlings were transplanted into tubes (plant) using a manual planter on November 25, 2020. The
experimental units were individual plants, sown on the square 1 m apart in the row and column. The

Table 2 - Soil chemical attributes (0-0.2 m) during the experimental period (2020-2023)

2020
Clay oM P K Al Ca Mg
pH SMP index
(%) (%) .. mg/dm? ... s CMoOl /dMP ...
17 4.4 6.0 1.2 6.6 51 1.1 0.6 0.2
H+Al  CEC effective CECpH7 \' m S Cu Zn Mn B
w.cmol /dm®..... .. % ... mg/dm?
4.4 5.36 17 17 53 5.6 1.0 1.0 18 0.3
2021
Clay oM P K Al Ca Mg
pH SMP index
(%) (%) . mg/dm?® .... s CMO] /dmP ...
22 4.6 5.7 1.6 9.5 64 0.8 1.1 0.3
H+Al  CEC effective CEC,,, \% m S Cu Zn Mn B
e cmol /dm*e... L % ... mg/dm?
6.2 7.78 19 19 33 11 1.1 1.3 67 0.2
2022
Clay oM P K Al Ca Mg
pH SMP index
(%) (%) .. mg/dm? ... s CMoO] /dMP ...
29 4.2 5.5 1.1 11 87 1.1 0.3 0.1
H+Al  CEC effective CEC,,, \% m S Cu Zn Mn B
w.cmol /dm*..... .. % ... mg/dm?
7.7 8.40 7 7 66 18 1.2 1.0 43 0.4

OM - organic matter; H+Al - potential acidity; CEC - cation exchange capacity determined by soil pH; CEC,,,- estimated cation exchange capacity
at pH 7; V - base saturation; m - aluminum saturation.

R. Bras. Zootec., 54:¢20240151, 2025



Correlation and path analysis based on multi-trait BLUP as selection criteria for forage in Paspalum nicorae...
Silveira et al.

area was kept free of weeds by hand rogueing, and whenever necessary, insecticides (thiamethoxam +
lambda -cyhalothrin; Engeo Pleno®, 400 mL/ha) were applied.

2.5. Traits

The traits measured in the experiment included number of tillers per plant (NT, tillers plant™), fresh
matter (FM, g FM plant™), TDM (g TDM plant™*), LDM (g LDM plant™), stem dry matter (SDM, g SDM
plant™), inflorescence dry matter (IDM, g IDM plant™!), leaf:stem ratio (LSR), harvest index (HI), cold
tolerance (CT), forage persistence (FP), growth habit (GH), and plant height (PH, cm).

The evaluations were carried out through cuts over three years. Harvests occurred whenever the
height of the plants reached 30 * 2.5 cm, and plants were cut to a residual height of 10 cm. In the
first year, two cuts were made (01/15/2021 and 02/19/2021). In the second year, there were six
cuts (10/28/2021, 11/20/2021, 12/22/2021, 01/18/2022, 02/05/2022, and 03/07/2022). Finally,
in the third year, five cuts were made (11/01/2022, 11/30/2022, 12/23/2022, 01/16/2023, and
01/19/2023).

At each harvest, the NT were counted. After cutting, the samples were taken to the laboratory for
morphological separation into leaf (leaf blades), stem (culms plus sheaths), and inflorescence
components. Samples were then dried in a forced air oven at 65 °C until constant weight to quantify
TDM, LDM, SDM, and IDM. The LSR was calculated as LDM/(LDM+SDM). The HI was calculated as
LDM/TDM. Growth habit was evaluated through visual assessment of the type of plant. The scale had
four classes from 1 to 4, in which 1 was assigned to erect, 2 to semi-erect, 3 to semi-prostrate, and 4
for prostrate plants. Plant height was measured from ground level to average plant height using a ruler
graduated in centimeters.

During winter, visual grades on a scale of 1 to 5 were assigned for cold tolerance to quantify the effect
of frost. A value of 1 indicates susceptible plants (totally senesced) and 5 indicates resistant plants
(totally green). The assessment of ecotype survival was carried out at the end of winter. All plants
were evaluated using visual notes, a value of 1 was assigned to plants that were alive and 0 to those
that had died.

2.6. Statistical analysis

Estimates of variance components and prediction of genetic values were carried out using the
restricted maximum likelihood (REML)/best linear unbiased prediction (BLUP) methodology. The
model used is for experiments in complete randomized blocks, a single location, several harvests, and
one observation per plot. Thus, the statistical model used was:

y=Xm+Zg+ Wp+ T,-+ e,
in which y is the data vector, m is the vector of the effects of measurement-repetition combinations
(assumed to be fixed) added to the general average, g is the vector of genotypic effects (assumed
to be random), p is the vector of permanent environmental effects (plots in this case, assumed to
be random), i is the vector of the effects of the genotype x measurements interaction, and e is the
(random) residue vector. The capital letters (X, Z, W, and T) are the incidence matrices for the effects.

The significance of the model effects was tested via the likelihood ratio test (Rao, 1973), using the
Chi-square statistic with one degree of freedom and at the 5% probability level.

The mixed model equations are equivalent to:

XX Xz xw X'T o1 Xy
Z'X 7'+ I'W zZ'T g Z'y
wx wz wwsv2 wr |5 | [wy
T TZ W TT+H™3 || | Ty
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in which

a2
o]
h? = £
A2 A2 A2 A2
6,+0.+0,+6,
The individual repeatability (p) in the block is given by:
A2 A2 A2
b s +6.+6,
T A2 A2 A2 A2
G, +6.+06,+6,

The iterative estimators of the variance components in REML were obtained using the Expectation-
Maximization (EM) algorithm (Dempster et al., 1977):

6:=lyy-mXy-gZy-pWy-1ITyl/IN-r(X)]

in which C??, C?3, and C* come from:

ctoci ¢ o
ca c2 ¢=
cnococE o
cnocrocn

in which C = matrix of coefficients of the mixed model equations, tr = matrix dash operator, r(X) = rank
of matrix X, N = total number of data, g = number of individuals, and s = number of genotypes x harvests.

The genetic correlation coefficients among traits were obtained via multi-trait BLUP, based on the
following expression:

C OVg o)

Teon = Vol ot
O O

.02
g(X) “eg(v)

in which COV, xy, Is the genetic covariance between traits x and y; o , is the genetic variance of trait
X, and O'ém is the genetic variance of trait Y. The significance of r, was tested by t-test at 0.05, 0.01,
and 0.001% probability levels, with n-2 degrees of freedom, between all pairs of combinations. The
magnitudes of the correlation coefficients were classified according to Silveira et al. (2021), withr =0
considered null, r = 0 to 0.30 considered weak, r = 0.30 to 0.60 considered medium, r = 0.60 to 0.90

considered strong, r = 0.90 to 1 considered very strong, and r = 1 considered perfect.
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Next, the multicollinearity diagnosis was carried out involving the traits studied through the analysis
of the condition number (CN), which represents the ratio between the highest and lowest eigenvalue
of the genetic correlation matrix. Based on Montgomery et al. (2021), if CN<100, the collinearity
is considered weak; if 100<CN<1,000, the collinearity is considered moderate to strong; and if
CN>1,000, the collinearity is considered severe. Once multicollinearity was verified, a path analysis
was carried out under multicollinearity, with all variables studied. The path analysis, with TDM as the
main dependent variable, was carried out using the following equation:

TDM =, NT + B, FM +... B,,PH +e¢,

in which B, B, .., B, are the estimators of the direct effect of forage traits (NT, FM, LDM, SDM, IDM,
TDM, LSR, CT, GH, and PH) about TDM and e is the residual effect of the analysis. The system of normal
equations was used to estimate the direct and indirect effects of each explanatory variable on TDM,
through the following expression:

1,0 . I B r
1

NT:PH NT:PH

rPH:NT 1,0 Blo rPH:NT

The coefficient of determination (R?) of the path analysis was obtained through the equation:

2 _
R®= 1'nTpn oot BlorPH:NT+ €

The residual effect (p,) of the path analysis was obtained through the equation:

p,=V1-R?
All data were analyzed using the R software (R Core Team, 2023) with the metan (Olivoto and Lucio,
2020) and qgraph (Epskamp et al., 2012) packages.

3. Results

The analysis quantified genetic associations among forage traits (Figure 3). This made it possible
to identify the direction and magnitude of the influences of one trait on another and provided
an indication of a simple association among the analyzed traits. The t-test identified significant
associations, in which values greater than 0.20 indicated a genetic association between forage traits.
However, the LSR trait did not show a significant association (P>0.05) with any of the forage traits
studied.

Total dry matter is the most important trait in the process of selecting superior genotypes in
forage species. Positive and significant associations were observed with LDM (r = 0.95, P<0.001), FM
(r = 0.93, P<0.001), SDM (r = 0.86, P<0.001), IDM (r = 0.78, P<0.001), NT (r = 0.76, P<0.001), and PH
(r = 0.39, P<0.001). However, negative associations were observed between TDM and CT (r = -0.31,
P<0.01) and GH (r = -0.30, P<0.01). These results indicated that when selecting P. nicorae ecotypes
for greater dry matter production, there will be a corresponding increase in LDM production, with
a high magnitude and significant association (Figure 3). Therefore, LDM is another important forage
trait, which was shown to have positive and significant associations with FM (r = 0.84, P<0.001), SDM
(r = 0.78, P<0.001), IDM (r = 0.71, P<0.001), NT (r = 0.69, P<0.001), and PH (r = 0.35, P<0.01). The
high associations indicated that changes in LDM, via selection, promoted significant positive changes
in other traits. Cold tolerance had negative and significant associations with FM (r = -0.44, P<0.001),
NT (r = -0.42, P<0.001), TDM (r = -0.31, P<0.01), PH (r =-0.31, P<0.01), LDM (r = -0.25, P<0.01), and
SDM (r = -0.24, P<0.01). This indicated that P, nicorae ecotypes, which demonstrated greater ability to
tolerate cold temperatures, tended to have reduced performance of these traits. This suggested that
in colder conditions, plants may prioritize energy conservation and cold resistance over vegetative
growth.
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SDM - stem dry matter; FM - fresh matter; LDM - leaf dry matter; TDM - total dry matter; NT - number of tillers; IDM - inflorescence dry matter;

GH - growth habit; LSR - leaf:stem ratio; CT - cold tolerance; PH - plant height.
Significance levels: ns = P>0.05; *P<0.05; ** P<0.01; and ***P<0.001.

Figure 3 - Estimates of genetic correlations between forage production traits in P. nicorae Parodi ecotypes via BLUP.

The subsequent path analysis considered TDM as the main dependent trait and the other traits as
explanatory (Table 3) to identify the specific contributions of each variable to the total effect. This
helps understand the cause-and-effect relationships between variables and determine which factors
have the greatest impact on a specific characteristic.

Table 3 - Estimates of direct and indirect effects, which involved the main trait dependent on total dry matter
(TDM) and the independent explanatory traits through path analysis with P. nicorae ecotypes

Effect NT FM LDM SDM IDM LSR CT GH PH
Direct on TDM 0.36 0.27 0.40 0.22 0.10 0.00 0.02 -0.01 0.30
Indirect via NT 1.00 0.05 0.04 0.04 0.04 -0.01 -0.02 -0.01 0.02
Indirect via FM 0.22 1.00 0.22 0.21 0.22 -0.03 -0.12 -0.07 0.11
Indirect via LDM 0.28 0.34 1.00 0.32 0.29 -0.08 -0.10 -0.11 0.14
Indirect via SDM 0.14 0.17 0.17 1.00 0.13 0.00 -0.05 -0.07 0.07
Indirect via IDM 0.07 0.08 0.07 0.06 1.00 -0.02 -0.04 -0.03 0.05
Indirect via LSR 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00
Indirect via CT -0.01 -0.01 -0.01 -0.01 -0.01 0.00 1.00 0.00 -0.01
Indirect via GH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
Indirect via PH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
Total correlation (r) 0.76 0.93 0.95 0.86 0.78 -0.13 -0.31 -0.30 0.39
Coefficient of determination 0.94

k value used in the analysis 0.10

Effect of residual variable 0.25

NT - number of tillers; FM - fresh matter; LDM - leaf dry matter; SDM - stem dry matter; IDM - inflorescence dry matter; TDM - total dry matter;

LSR - leaf:stem ratio; CT - cold tolerance; GH - growth habit; PH - plant height.
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With a CN of 238.44, a path analysis was required to address multicollinearity in the explanatory trait
matrix, which included all forage traits. By introducing the constant k (0.10) in the diagonal matrix,
the correlation between the variables decreased, allowing the inverse estimation of the matrix. This
made it possible to include all traits in the analysis, without introducing any bias into the estimators.
The coefficient of determination reached 94%, which highlighted that the set of traits used in this study
explained most of the variation observed in dry matter production. A high R? estimate, together with
a low residual value (0.25), demonstrated high reliability of the data set and its direct and indirect
cause-and-effect relationships.

Except for LSR and CT, the direct effects had the same sign as the correlations. Traits NT, FM, LDM,
SDM, IDM, and PH showed positive correlation and direct effects. However, only LDM, NT, PH, and
FM showed positive direct effects greater than the residual variable (0.25), which indicated that
truncated selection based on these traits can provide a satisfactory gain in TDM production. Cold
tolerance had a negative correlation and a positive direct effect, which indicated the correlation was
caused by indirect effects, and that the LDM trait had a greater indirect contribution.

4. Discussion

Genetic correlation revealed significant relationships among traits (Figure 3) and supports this analysis
as a crucial tool in future breeding programs to allow multi-trait selection for the improvement of
P, nicorae. This is because genetic correlation can show the possible consequences of prioritizing a
certain trait over another and highlights the cause-and-effect relationships that selection can trigger.
Understanding the relationships between productive, structural, and chemical variables is critical
for the success of the program and will help to develop commercial cultivars with superior yield and
quality (Souza et al,, 2021).

As TDM is the sum of its components, such as the NT, LDM, SDM, and IDM, it is common to observe
a high magnitude association between these traits. The results revealed a strong genetic correlation
between FM and LDM and a very strong correlation between TDM and LDM (Figure 3). These traits
have also previously been found to have high associations in species including Penisetum purpureum
(Silva et al., 2008), Brachiaria brizantha (Basso et al., 2009), Brachiaria ruziziensis (Borges et al.,
2011), P, plicatulum x P. guenoarum hybrids (Motta et al,, 2016), P notatum hybrids (Weiler et al., 2018;
Barbosa et al., 2019; Machado et al., 2021), and Urochloa hybrids (Gouveia et al., 2020). This confirmed
that changes in one trait, via selection, promote significant changes in other traits in the form of a
correlated response (Basso et al., 2009; Borges et al.,, 2011).

The NT and FM traits had significant positive associations, varying from medium to high magnitude,
with FM, LDM, SDM, IDM, and TDM (Figure 3). Yield measurements are an effective, and commonly
used method, to speed up evaluations, reduce costs, and expand the evaluation of a greater number of
genotypes. This considerably increases the chances of identifying and selecting superior genotypes
(Ramalho et al,, 2020; Borges et al., 2011). These results are especially valuable in the early stages
of genetic improvement programs, wherein many genotypes are often evaluated (Souza-Sobrinho
etal, 2004).

Plant height is an important trait in the genetic improvement of forage plants, as it is directly related
to forage production (Borges et al.,, 2011; Machado et al,, 2021); however, this does not apply to plants
with a more prostrate growth habit. In this study, PH had a positively significant but medium-magnitude
association with FM, LDM, SDM, IDM, and TDM forage traits (Figure 3). These results corroborate
the research by Machado et al. (2021), in which plant height can be explored as an indirect and non-
invasive indicator to estimate yield (Souza et al., 2021). In this context, correlations between forage
production and morphological traits, such as PH, offer a valuable approach for the identification and
indirect selection of superior ecotypes (Annicchiarico et al., 2011; 2015).

Due to the large number of significant associations between forage traits (Figure 3), moderate to strong
multicollinearity was detected based on the classification proposed by Montgomery et al. (2021). It
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is advisable to eliminate interrelated traits or analyze the effects of collinearity (Carvalho and Cruz,
1996; Resende, 2007). By identifying and addressing this phenomenon, it is possible to ensure more
accurate interpretations of the relationships between variables, avoiding distortions in the results and
strengthening the statistical basis of the study. Problems of multicollinearity were expected because
the traits are biologically dependent (Borges et al., 2011). With a R? of 0.94 and a residual effect of 0.25,
it was found that the variation in the dependent trait (TDM) was largely related to variations in the
explanatory traits (Table 3).

Notably, variations in TDM were predominantly associated with LDM, NT, PH, and FM. These traits
showed a strong correlation and had a greater direct influence on TDM compared with the other
variables measured, which had weaker direct effects than the residual effect (Table 3). The identification
of traits strongly correlated with the trait of interest is fundamental in genetic improvement, especially
those that have more favorable direct effects for selection as this allows an effective approach through
indirect selection (Cruz et al.,, 2012). The results presented here showed that indirect selection based
on LDM, NT, PH, and FM proved to be a viable and advantageous method for selection of material to
increase dry matter production. Additionally, it offered the practicality of measuring the NT and PH
as selection criteria. Finally, the correlation analysis revealed significant and relevant associations
between most traits. This suggested that early selection of superior ecotypes can be conducted based
on FM, NT, and PH, which are quick and easy measurements especially when evaluating a large number
of genotypes. However, due to the large number of significant associations, its effectiveness proved to
be limited, requiring the application of more sophisticated methods for ecotype selection. Subsequent
path analysis identified that LDM exerts the greatest direct effect on TDM production in P. nicorae
ecotypes. Therefore, indirect selection for TDM is possible if the trait is targeted for improvement
during the selection of superior ecotypes within the species.

5. Conclusions

Correlation analysis showed that early selection of superior ecotypes in Paspalum nicorae Parodi
can be effective based on fresh matter, number of tillers, and plant height. Path analysis revealed
that selection based on total dry matter was positively correlated with a substantial increase in leaf
dry matter production. These results highlighted the fundamental importance of this strategy to
improve the productivity of Paspalum nicorae and provides valuable insights to guide future genetic
improvement programs.
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