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Abstract— Forage breeding is more complex than that practiced in other plant species. In addition to assessing 

the effect of superior genotypes through animal performance, there is a need to evaluate genetic materials over 

time, which requires the use of appropriate tools and statistical methods so that al l effects of the environment are 

captured and analyzed due to the perennial character of these species. Another significant factor with regard to 

forage legumes is the analysis in pure or mixed stands, which may facilitate the conduction of trials in the first 

case and improve the adaptive ability evaluation of species with associated plant and the environment effects in 

the second case. In this context, the interaction of the genotype with the environment, which differs for the 

temperate and tropical legume species, is discussed from the point of view of the longitudinal data analysis by 

application of the mixed model methodology, also considering the employment of mixed pastures in the tropical 

region of the globe. 
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I. INTRODUCTION 

The Fabaceae family, or commonly known as legume, 

comprises from 650 to 750 plant genera, with 18,000 to 

19,000 species among grain, pasture, and agroforestry 

species, and it is second in importance to human 

activities, behind only grasses species (Graham and 

Vance, 2003). In addition to being source of protein, 

lipids and carbohydrates in food and feed, legumes 

perform a crucial role in different ecosystems by 

biological nitrogen fixation, ensuring the maintenance of 

biological activity and the cycling of nutrients, thus 

improving soil and pasture quality (Miranda et al., 2010; 

Boelt et al., 2015). 

Perennial legumes are considered an essential component  

for the maintenance of sustainable agroforestry and 

production systems (Annicchiarico et al., 2015). By the 

other hand, especially in Brazil, the lack of diversity due 

to the massive presence of few forage varieties, mainly 

apomictic grasses, makes the pastures dangerously 

susceptible to pests and diseases, which has the potential 

to devastate massive areas (Araújo et al., 2008). In this 

sense, less than 1% of total pastures area in Brazil is 

composed of forage legumes, which fails to generate 

significant benefits such as the contribution of nitrogen in 

soil and source of high quality protein in animal nutrition 

(Simeão et al., 2015). Another significant benefit is the 

regeneration of degraded pastures ; prevent the increase of 

agricultural frontier, mainly in the Amazon region (Assis 

et al., 2008). Otherwise, in temperate regions, legumes 

are widely used and studied, mainly for their economic 

and environmental benefits (Valle et al., 2009; 

Annicchiarico et al., 2015). 

In the current context, where there is a human population 

rising, a greater demand for animal and non-animal 

products and a reduction of pasture and cropping areas, 

the genetic improvement of forages is the most 

sustainable option for increasing production due to its 

technical and economic implications (Araújo et al., 2008; 

Simeão et al., 2015). However, in contrast to 

conventional breeding programs, agronomic performance 

is only one among the several factors analyzed in forage 

breeding where the focus stays on animal performance. 

Thus, knowledge of the complex environment x plant 

interaction becomes essential for success in the selection 

of interest genetic materials . 

 

II. TROPICAL FORAGE SPECIES BREEDING 

The genetic improvement of forages in Brazil is a recent 

activity, intensified only in the last decades, but with the 

development of highly adapted and productive cultivars 

(Jank et al., 2011). In general, forage species breeding 

programs aim to increase yields of dry matter and seeds, 

resistance to biotic and abiotic stresses, persistence and 

nutritional quality (Hayes et al., 2013; Resende et al., 

2008). 
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The structure of these breeding programs is basically 

composed of three phases, which can vary from six to 

eleven years (Assis, 2009). In the initial phase, the goal is 

to obtain new genotypes; second phase focuses in 

selection; and the final phase aims the recommendation 

for release of superior genetic materials. All over the 

program, the number of genotypes under evaluation 

decreases, starting from a considerable quantity of highly 

divergent genetic materials to a reduced number of higher 

yields for the characteristics of interest (Jank et al., 2014).  

In general, the improvement of the initial genetic 

materials, mainly of grasses, is practiced by the recurrent 

selection methods based on the phenotype (Resende et al., 

2014). Experimental evaluations and selection practices 

tend to vary according to the type of progeny and 

estimation methods, which should consider, among other 

things, the species and its reproductive system, available 

germplasm, growing environment and type of cultivar to 

be released (Annicchiarico et al., 2015; Hayes et al., 

2013).  

In the 1980s and 1990s, the introduction of forage 

cultivars in Brazil occurred through the agronomic 

evaluation and selection of superior clonal accesses  

validated in grazing trials (Simeão et al., 2015). The 

breeding methods for tropical legumes were those used in 

annual autogamous and alogamus species, although most 

tropical legumes were perennial with mixed breeding 

systems. In fact, this demonstrated some effectiveness, 

but failed to explore strategies and characteristics 

important to perennial species, such as persistence 

(Resende et al., 2008). In addition, significant failures 

were related to agronomic characteristics, such as lack of 

disease resistance and low seed production; and in the 

market chain, as a lack of seed harvest systems and 

distribution of these seeds, resulted in a low rate of 

adoption of forage legumes by Brazilians producers 

(Resende et al., 2008; Shelton et al., 2005).  

On the other hand, there are cases of success, mainly in 

the western region of the Brazilian Amazon, that use 

mixed pasture with forage peanut (Arachis pintoi) and 

tropical kudzu (Pueraria phaseoloides), and in the central 

region of the country, employng the common s tylo 

cultivar Campo Grande (Stylosanthes capitata and S. 

macrocephala) (Shelton et al., 2015). In Brazil’s South 

region, because of the edaphoclimatic characteristics, 

there is a small but growing use of temperate forages such 

as alfalfa and clover (red and white) in the animal 

production system (Montardo et al., 2003; Peres Netto et 

al., 2011; Schneider et al., 2011). 

 

2.1 Use and importance of forage legumes 

Forage legumes are suitable for multiple purposes, such 

as increasing the sustainability of production systems 

which is the most required due to their relative tolerance 

to abiotic stresses, persistence, vigor and longevity in 

several systems, and the easy establishment 

(Annicchiarico et al., 2015; Shelton et al., 2005). They 

also provide high-quality feed for animals, nectar, seeds, 

green manure and soil cover, making them an critical 

component of the production of wool, milk and meat 

under pasture in the world and bringing increases up to 

50% of animal productivity (Barcellos et al., 2008; Boelt 

et al., 2015). 

Although many perennial leguminous species offer 

potential for use as forage, few are in fact employed 

(Valle et al., 2009). However, only in the last few years, 

with the increasing concern about environment and 

sustainability of production systems, forage legumes have 

been prominent in animal production, mainly in temperate 

regions of the globe (Andrade et al., 2015; Batello et al., 

2008). Alfalfa (Medicago sativa and M. falcata) is 

considered the most widely used legume species, 

distributed in about 30 million ha in the Northern 

Hemisphere and South America and expanding its area in 

recent years to Australia and China (Annicchiarico et al., 

2015). White clover (Trifolium repens) is preferred in 

some regions of temperate climate and more intensive 

grazing, mainly in Western Europe, United States and 

South America, while red clover (T. pratense) is the 

predominant species used in Northern Europe. Besides, 

white clover is widely managed in mixed pastures in 

several countries, while alfalfa and red clover are 

managed under mowing regime and rotation grazing 

(Annicchiarico et al., 2015; Batello et al., 2008).  

In Brazil, tropical forage legumes are predominantly used 

in consortium with grasses of African origin (Panicum, 

Brachiaria and Pennisetum) (Valle et al., 2009). Initially, 

most of the cultivars managed were developed and 

commercialized by Australia and, due to their wide 

distribution through natural pastures and cultivated areas, 

mostly from South America, they were poorly studied, 

resulting in a large amount of unexplored genetic material 

(Araújo et al., 2008; Valle et al., 2009).  

The forage peanut (Arachis pintoi and A. repens) and the 

common stylo (Stylosanthes guianensis, S. scabra, S. 

hamata, S. humilis, S. capitata, S. macrocephala) are the 

herbaceous species mostly used in Brazil, and less 

frequently used species of the genus Desmodium, 

Centrosema, Neonotonia and Pueraria, this is more 

pronounced in the Western Amazon; besides shrubs 

species like Cajanus, Leucaena and Cratylia (Barcellos et 

al., 2008; Valle et al., 2009). Although the main legume 
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forage species are native to Brazil, there is a reduced rate 

of adoption by the producers, resulting in insignificant 

area of cultivation in relation to grasses, mainly of the 

genus Brachiaria. On the other hand, the economic 

importance of these legume species has demonstrated 

considerable economic value in the animal production of 

Asian and African countries (Valle et al., 2009). In Brazil, 

the mixed pasture of grasses and common stylo cultivar 

Campo Grande, a seeds physical mixture of 80% of S. 

capitata and 20% of S. macrocephala, extends for about 

1.7 million ha; thus far 140,000 ha of pasture are mixed 

with forage peanuts and 148,000 ha with tropical kuzdu, 

only in the State of Acre, which comprises the largest area 

of these mixed pastures in the country (Embrapa, 2013; 

Valle et al., 2009; Shelton et al., 2005). 

 

2.2 Forage Legume breeding 

The employment of temperate species of forage legume is 

much more prior than the use of tropical legumes. 

Originating in the Mediterranean region, some of these 

species went through domestication even before the 

Christian era, with records of its use in Europe from the 

time of Roman domination to the renaissance and with 

large-scale systematic selection for over a century ago 

(Annicchiarico et al., 2015; Batello et al., 2008). On the 

other hand, the interest in tropical forage legumes raised 

in the 1930s in Australia, where increases were observed 

in the rates of animal production in native pastures due to 

introduction of common stylo species, which was studied 

and later transformed into technology and exported to the 

other tropical regions (Rao et al., 2015). From the 1960s, 

there was more active interest in the introduction of 

legumes adapted to animal production systems in tropical 

regions, which led to the creation of collections of 

germplasm collected mainly in Latin America and the 

Caribbean (Resende et al., 2008). 

Temperate forage legumes are predominantly alogamus 

and suffer severe inbreeding depression (Annicchiarico et 

al., 2015). The majority of the tropical ones have mixed 

system of reproduction, tending to autogamy (Jank et al., 

2011; Simeão et al., 2015). These conditions imply in 

different population structures and, consequently, in 

variation between and within families and populations, 

these conditions also changing the selection strategies, 

that must be chosen according to the predominant 

mechanism of reproduction of each species 

(Annicchiarico, 2002; Garcia et al., 2013; Hayes et al., 

2013; Pereira et al., 2003). 

Initially, selection for most temperate and tropical 

legumes was carried out by massal selection, from a 

broad genetic base, focused primarily on disease 

resistance and grazing tolerance, and less emphasis on 

progeny tests and diallel crosses (Annicchiarico et al., 

2015; Resende et al., 2008). Massal selection has the 

advantage of facilitating the development of cultivars 

resistant to multiple pests and diseases and also 

minimizes inbreeding depression that may occur during 

recurrent selection cycles, but limits the concentration of 

favorable alleles during the exclusion of undesirable 

alleles and restricts quantitative inheritance gains 

(Annicchiarico et al., 2015; Simeão et al., 2015).  

Currently, natural variability has already been widely 

explored for temperate species, while breeding by 

selection of ecotypes that occur directly in nature is still 

used for tropical species, since the genetic variability of 

the germplasm collections is little studied (Araújo et al., 

2008; Simeão et al., 2017). This unequal development is 

also observed in the application of molecular techniques, 

routinely used in temperate species and recently applied 

in tropical ones, with lacking of fundamental studies such 

as establishment of DNA extraction protocols and choice 

of molecular markers (Araújo et al., 2008; Valle et al., 

2009). 

 

2.2.1 Criteria and methods of selection  

A selection cycle in temperate and tropical forage 

breeding typically requires 3 to 5 years, with evaluation 

of individuals or families over several harvests (or crops) 

to measure the selection criteria (Simeão et al., 2015). 

These criteria are usually based on yield (dry matter and 

seeds) and resistance to pests and diseases; persistence 

capacity (survival, precocity, establishment and 

competition); and quality (nutrient contents, digestibility 

and palatability), which are directly related to each other 

and to the objectives of breeding (Resende et al., 2008). 

During this period, there may be a need to modify the 

breeding method, part of the strategies to better exploit 

the intrinsic characteristics of the forage species, such as 

vegetative propagation, perennial cycle, gene exchange 

with other species, in order to increase the efficiency of 

the program (Annicchiarico, 2002; Pereira et al., 2003).  

 For temperate legumes, Annicchiarico et al. (2015) claim 

that greater gains are obtained through the employment of 

breeding schemes that use hybrid selection or pure lines, 

aimed at the development of synthetic varieties, with 

commercial seed production by several generations of 

open-pollinated progenies after the parental selection. 

Parents can be obtained by evaluation of clones or 

progenies of full-siblings or half-siblings, constitute a step 

of considerable importance to determine the genetic 

potential, genetic basis, and the degree of endogamy 
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reached by the following generations (Annicchiarico et 

al., 2015; Pereira et al., 2001).  

The constitution of synthetic varieties, an inter-population 

selection method, provides more possibilities of genetic 

base amplification and favorable alleles maintenance and 

it is originated from the crossing of lineages or clones of 

successive generations planted in bulk, that is, with the 

seeds harvested together and sampled for planting 

(Pereira et al., 2001). For high-heritability characters in 

alfalfa, Pereira et al. (2001) point resistance gains by 

intrapopulational methods, in individuals (such as 

maternal selection, clonal lines and progeny tests) and 

within populations. 

Most of the characteristics of interest in temperate 

legumes, as well as in tropical ones, retains quantitative 

heritage. In this case, the additive genetic variation 

assumes significant role in the gains by recurrent 

phenotypic selection, although the non-additive genetic 

variation (or dominance genetic variation, ignoring the 

epistasis) is considerable for dry matter yield in alfalfa 

(Annicchiarico et al., 2015; Hayes et al., 2013). In this 

aspect, the presence of non-additive variance in high 

magnitude, as observed for dry matter production 

characteristics in S. capitata open-pollinated progenies, 

can be translated into high heterosis, and should be very 

carefully investigated to increase the gains (Resende et 

al., 2008). In addition, adaptation ability is a critical 

factor for many productive characteristics of temperate 

legumes and an approach to improve the performance of 

already used fodder is by hybridizing elite populations 

with locally adapted and resistant ecotypes 

(Annicchiarico et al., 2011; Oliveira et al., 2013).  

Among the selection criteria for temperate legumes, the 

target characters are those related to production, dry 

matter and seeds; resistance, mainly to drought and soil 

acidity; and compatibility with grasses (Annicchiarico et 

al., 2015). In this aspect, correlations with 

morphophysiological characteristics can be explored in 

the identification and indirect selection of superior genetic 

material, such as leaf senescence related to drought 

tolerance or flowering for alfalfa seed production and 

aerial morphological characteristics related to competitive 

ability in white clover, without the need for higher cost 

techniques, such as molecular markers (Annicchiarico, 

2003; Annicchiarico et al., 2011; 2015).  

Currently, for the main tropical species, the obtaining of 

divergent genetic materials and the selection of superior 

individuals practice the techniques of hybridization and 

generations advance for forage peanuts, and the recurrent 

selection among and within families for stylo (Assis; 

Valentim, 2009a; Andrade et al., 2015). In Brazil, 

promising hybrid lines are also being evaluated (Assis et 

al., 2018) and in Australia, recurrent selection was used 

with genetic markers to identify recombinant natural 

crossbreeding plants in stylo, but the genealogical method 

was widely used in several countries for forage and seed 

yield in species of the genus (Pereira et al., 2001). This 

method is equally interesting for forage peanut that 

originated from a base population representative of 

genetic variability, obtained by inter or intraspecific 

hybridization, as a result of natural or artificial 

recombination (Assis; Valentim, 2009b).  

Resistance to anthracnose is one of the selection criteria 

demands for stylo cultivars, and for forage peanut is 

sought also seed production, rapid establishment and 

production of dry matter and tolerance to drought 

(Andrade et al., 2015; Assis; Valentim, 2009a; Resende et 

al., 2008). 

 

2.2.2  Selection in pure or mixed stands  

The benefits of grass and legume pasture mixed have 

been widely sought in world livestock production 

(Annicchiarico et al., 2015; Barcellos et al., 2008). The 

white clover and perennial ryegrass (Lolium perenne) 

mixed pasture, because of its characteristics suitable to 

form productive and resilient systems, is an example of 

success in many temperate regions, becoming the most 

important mixed pasture in the world (Andrade, 2013). 

However, the mixed pasture technology did not achieve 

the same success in the tropics showed few adoption 

cases, mainly in Brazil (Shelton et al., 2005; Simeão et al, 

2015). 

Among the causes for this lack of interest in mixed 

pasture cultivation remain the failures of forage breeding 

programs, which in the traditional selection process do 

not consider the key characteristics for good performance 

of the botanical families involved, such as plant 

architecture and persistence (Andrade, 2013; Simeão et 

al., 2015). In addition, the lack of seed production for 

mixed pasture implementation increases the costs of 

adoption because making the propagation process 

predominantly by seedlings, even when the legume has 

the desirable characteristics, as in the case of forage 

peanuts (Andrade et al., 2015; Resende et al., 2008). 

According to Andrade (2013), there have never been 

programs to improve tropical grasses aiming to obtaining 

germplasm compatible with legumes. Thus, the selection 

of the superior legume genetic materials is carried out on 

pure stands and, later, its ability to association with 

commercial grasses is tested, often producing 

unsatisfactory results. In this sense, the efficiency of 

selection in pure stands can be questioned, since the 
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species will be utilized together and the effect of a 

possible interaction between cultivars, as well as their 

behavior against grazing stress, are neglected (Andrade, 

2013; Andrade et al., 2015). In addition, many aspects of 

the competitive ability of the legume, whether broad or 

relative response to the type of associated grass, have not 

yet been fully elucidated for tropical legumes, as observed 

for white clover varieties, for example, with a consistent 

response to competition ability with several grasses 

(Andrade et al., 2015; Annicchiarico, 2003). 

The complexity of forage breeding to use in mixed 

pastures is greater than the breeding for use in pure 

stands, which generally does not provide information 

about the behavior of forage in a mixed pasture (Andrade, 

2013). Moreover, the competitive ability of the species in 

pure and mixed stands can be variable, since the yield in 

mixed pastures is attributed to the adaptive capacity and 

the intrinsic characteristics of each species, such as 

physiological needs of legumes plants belonging to C3 

photosynthetic group and grasses, belonging to C4 group, 

which would be evaluated more efficiently together. 

(Annicchiarico, 2003; Assis et al., 2008; Volaire et al., 

2013). On the other hand, satisfactorily established 

correlations among interest characters associated, such as 

length and density of stolons and lengthening of the 

petiole associated with the ability to competition in white 

clover, can be used as initial selection criteria in 

monoculture (Annicchiarico, 2003). In addition, the 

evaluation performed in pure stands can be less expensive 

than in mixed stand, since it does not require the botanical 

components separation (Andrade et al., 2015). 

In this sense, the initial selection can be directed to the 

search of characters aimed at increasing the persistence 

and compatibility between species, which today are more 

known and discussed characteristics, however that needs 

the analysis of a particular set of species or cultivars, 

according to their intrinsic characteristics (Andrade, 2013; 

Andrade et al., 2015).  

According to Andrade (2013), the persistence of legumes 

in pasture depends on two mechanisms: those that 

guarantee the perennial or maintenance of the population, 

as plant longevity and production of seeds or stolons and 

rhizomes; and those that regulate their adaptation to 

grazing, such as growth points or greater regrowth 

capacity. Compatibility is defined by several factors, such 

as palatability; mechanisms for population maintenance; 

tolerance to defoliation and trampling; morphological 

plasticity; response to nutritional limitations; tolerance to 

drought or water excess; competition for light and space; 

root system pattern; and the habit of growth. This last 

one, according to the author, is the most important and 

decisive factor, in which prostrate leguminous species 

have advantages over upright or volatile ones due to the 

initial defoliation of grasses and consequent increase of 

light entrance, besides of keeping restricted the animal 

access to its regrowth points, a more photosynthetically 

active part of the plant, allowing its rapid recomposition. 

 

III. LONGITUDINAL DATA ANALYS IS 

METHODS 

According to Resende et al. (2008), because of perennial 

or semi-perennial characteristics, the forage species 

present several aspects that differentiate their genetic 

improvement from the genetic improvement practiced in 

the annual species, such as generation overlap, sexual 

reproduction with variation in self-fertilization rates, 

asexual reproduction and expression of characteristics 

over several years, but with annual behavior regarding the 

reproductive cycle. These factors lead to the utilization of 

selected individuals for several years, which demands 

greater accuracy and precision in selection methods, use 

of repeated evaluations over the years, importance of 

individual over the average of groups for selection 

purpose, and reduction of survival rate, which causes 

unbalance of experiments (Resende, 2002). In addition, 

the estimation methods in perennial plants breeding 

should consider a coefficient of genetic determination, as 

well as possible heterogeneity and non-independence of 

residual variances among the cultivars or genotypes, 

because of their perennial character, as a result of 

repeated measures carried out throughout the evaluations 

(Resende and Duarte, 2007).  

Repeated measures are evaluations performed with 

interest factor several times, and when these measures are 

generated over time, they are called longitudinal data. In 

these cases, the researcher’s interest lies in the whole data 

set and not only in evaluations individually, since they do 

not contemplate the effects of the treatments over time 

and their interactions among measurements, besides the 

effects within the evaluated plot itself. (De Faveri et al., 

2015; Freitas et al., 2008; Littel et al., 2000; Resende et 

al., 2008). These measures, because they originate from 

the same sample, are not independent, showing possible 

autocorrelation patterns, that is, serial correlations; and 

taken non-randomly at intervals of time, which promotes 

the need for specific analysis methods (Onofri et al., 

2010; Piepho and Eckl, 2014).  

In the context of genetic improvement, data analyzes were 

initially based on the analysis of variance (ANOVA), a 

method developed by Fisher at beginning of the 20th 

century, which divides the total variation of data into 

sources due to genotype, environments (in cases where 
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there is more than one evaluation site), harvests, also 

called crops or cuts, and all interactions between these 

sources, as well, the errors within the test (Smith et al., 

2005). Because of the computational facility, the 

momentum methods, where the average squares of each 

component or source of variation are equated to their 

respective mathematical expectations to estimate the 

components of variance, are still widely used (Coelho and 

Barbin, 2006; Freitas et al., 2008). However, this 

approach leads to assumptions that should not be ignored, 

under threat of biased estimates of effects: normality, 

homogeneity of variances, and independence of sample 

errors, which are generally not observed in field trials, 

especially for perennial species (Onofri et al., 2010; 

Resende, 2002). In the absence of compliance with these 

requirements, artifacts such as adjustments in degrees of 

freedom and data transformation can be employed, but are 

not always effective solutions (Freitas et al., 2008; 2011).  

Onofri et al. (2010) state that, even if used properly and 

solving most of statistical problems in a simple way in 

agriculture, the application of ANOVA, although not 

technically incorrect, may be inefficient in cases of 

unbalanced trials in various environments or longitudinal 

data. For the longitudinal data case, a possibility of 

analysis would be by the average of subsamples or 

individually for each measurement, but feasible only in 

balanced cases and lead to loss of variation information; 

or analysis of the entire data set with distinction of two 

error levels for the experimental units allocated to the 

plots, which generally correspond to the genotypes, and to 

the observation units allocated to the subplots, generally 

for measures over time (Freitas et al., 2011; Onofri et al., 

2010). In the case of measures over time, the use of the 

scheme in split-plot must necessarily satisfy the condition 

of sphericity, that is, the variances of the difference 

between pairs of errors are all equal (Freitas et al., 2008; 

Huynh and Feldt, 1970).   

On the other hand, an efficient solution to analyze these 

data is the methodology based on mixed models, which 

considers fixed components in the model, except the 

general average, and random components, except the 

error, and uses procedures considered optimal to estimate 

the genetic parameters and predict the genotypic values, 

with adjustment of the variance and covariance structure 

of errors (Littell et al., 2000; 2006; Piepho Möhring, 

2006; Resende, 2002).  

Although the definition of fixed and random components 

of the model is controversial and Resende and Duarte 

(2007) affirm that the relevance of the method lies in the 

choice of the most accurate estimators and predictors, 

since the number of observations influences the 

definitions of fixed and random components, in a 

simplified way in genetic improvement, the fixed 

components contemplate the measures over time and 

environmental effects, with the measurements allocated in 

what would be the subplots of the ANOVA. The random 

components are the genotype effects and their 

interactions, allocated in the equivalent of the plots, and 

go through adjustments of functions, obtaining regression 

parameters, as well residue and component of variance for 

each parameter (Onofri et al., 2010). In this way, the 

method offers two advantages: the experimental design is 

reflected by the analysis, with all levels of errors; and the 

adjustment of several structures of variances and 

covariance for the serial patterns, generally with 

decreasing correlations due to the increase of distances 

among them, improving the estimations (Littell et al., 

2000; Piepho et al., 2008).  

In the data analysis by mixed models, in spite of e several 

methods available for estimation of the components of 

variance, the most used approach is the frequentist based 

on the likelihood methods, mainly by the Restricted 

Maximum Likelihood (REML), which is based on 

maximization of the likelihood function independent of 

fixed effects and considering its degrees of freedom 

(Patterson; Thompson, 1971; Resende, 2002). The 

prediction of value method is based on the Best Linear 

Unbiased Prediction (BLUP) (Henderson, 1973) and 

includes: best prediction (BP), available when all 

parameters of joint data distribution and genetic values 

(unobservable) are known; best linear prediction (BLP), 

when the first and second moments (mean and variance) 

of data are assumed to be know; and better linear 

unbiased prediction (BLUP), where only the second 

moments are assumed to be know (Resende, 2002). At 

this point lies the importance of using reliable estimators, 

since such components are not in fact known and should 

be appropriately estimated (Resende and Duarte, 2007). 

According to Resende et al. (2008), the evaluation of 

genetic materials has the objectives of inferring about 

their genotypic values and ordering the materials based on 

these values. Genotypic values are the true values sought 

for the genotypes, that is, the actual values of cultivation 

and use, without the influence of the effects of blocks, 

plots and environmental effects that, even when evaluated 

in the same place, are intrinsic to the experiment and 

integrate the variable phenotypic value of genetic 

material. (Resende and Duarte, 2007). Thus, the actual 

interest in the genotype evaluation trials is to estimate 

their genetic values, as a result of the mixed model 

approach, and not only the phenotypic values provided by 

ANOVA. 
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Under the mixed model approach (REML/BLUP), 

perennial species with repeated measurements can be 

evaluated considering these measures as distinct 

characters, in other words, individual or average of all 

evaluations; or as a single character, with each approach 

offering diverse levels of genotype information. 

Considering as distinct characters, it is possible to 

evaluate the change in character over time (age), the 

utilization system of the crop and the weighting of genetic 

values predicted by harvest, such as the evaluation in 

different seasons of the year, for example, drought and 

water; in addition the search for initial selection based 

only on the first harvest and the verification of 

homogeneity of genetic and environmental variances in 

the different harvests, with their respective heritabilities 

(Resende et al., 2008). Likewise, it is possible to 

determine confidence intervals of predicted genotypic 

values, which allow inference on multiple comparisons 

among genotypes; as  well, the use of harvest average, but 

only for balanced cases and with less informative result, 

without repeatability and interaction genotype x harvest 

(Resende, 2002).   

In the case of a single character, the model of 

repeatability can be adopted, which contemplates the 

genotype, block, harvest and their interactions effects, 

considering equally the permanent effect of plots 

(genotype x block interaction), essential to eliminate the 

residual correlation effects among repeated measures, 

since there is no randomization of plots among harvests 

(Resende et al., 2008). Even with imbalance, this model 

provides the simultaneous estimation of heritability and 

individual repeatability, average heritability of genotypes, 

which provides the accuracy of selection, and genetic 

correlations through harvests and permanent environment 

(Resende, 2002). All these parameters are extremely 

informative and essential to define the most effective 

strategies for selection and cannot be obtained by 

ANOVA, another fact that restricts the use of ANOVA 

for genetic improvement of forage species (Piepho and 

Möhring, 2006; Resende et al., 2008).  

Other methods of longitudinal data analysis are still being 

used in to improve perennial plants, like random 

regression, which include several approaches such as 

covariables, spatial and multivariate analysis (Resende et 

al., 2006a; Wang et al., 2009; Zamudio et al., 2008).   

 

3.1 Selection criteria dependent on longitudinal data 

The identification and selection of the superior genetic 

material and the increase of the gains rates are directly 

dependent of the statistical methods used for modeling the 

genetic effect and for predicting the true potential of each 

genotype, and these methods, in turn, are linked to the 

objectives of the trial and the plant characters involved 

(De Faveri et al., 2015).  

Productivity and resistance are some of the most 

important selection criteria in perennials species. 

However, the permanent character of these species brings 

the need for analysis over time, since environmental 

influence has great magnitude in the characters of 

production and brings the aspect of seasonality to pests 

and diseases incidence, e directly related to the plant 

resistance capacity (Cilas et al., 2011; Pereira et al., 2001; 

Rubiales et al., 2015). Measures obtained repeatedly over 

time allow the determination of the characters 

repeatability, a significant parameter to predict genotypic 

and phenotypic values, making an inference about the 

phenotypic correlation among the repeated measures in 

the same individual (Resende, 2002). In addition, the joint 

analysis of these various measures allows selecting 

materials by genetic values based on their stability and 

adaptability along the harvests (Resende, 2007).  

According to Pereira et al. (2001), the ability to adjust to 

environment and the constant behavior in diverse 

conditions are characteristics of adaptation and stability of 

genetic material and are related to its genetic constitution. 

These characteristics are critical because they are linked 

to the response to environmental improvement conditions 

and to the predictability of genotypes, which determine 

the commercial success of a cultivar (Cilas et al., 2011; 

Resende et al., 2008).   

In perennial forage species, persistence is another 

important selection criteria evaluated through precocity 

and survival capacity, establishment and competition, 

and, jointly with productivity, is linked to the information 

of production superiority measured in several harvests 

(Resende et al., 2008). Resende et al. (2008) comment 

that these characters are directly related to each other, 

since persistence is linked to survival capacity, which 

depends on longevity, competition capacity and natural 

resemblance, and this resemblance, in turn, is one of the 

factors of considerable importance in strategies for 

management of mixed pastures. In addition, survival 

capacity, a character often ignored in breeding programs, 

assumes crucial importance, as reported by Resende et al. 

(2006b) for stylo, influencing the low rate of adoption of 

the legume in Brazil (Simeão et al., 2015).  

 

3.2 Longitudinal data on forage breeding 

The employment of longitudinal data on forage breeding 

is widely diffused for both temperate and tropical species. 

This is an important way to obtain information from 

experimental trials that try to detect trends of genotypes 
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over time, since simpler methods, even in well-designed 

and conducted trials, can compromise the detection and 

analysis of relevant effects (Annicchiarico, 2002; De 

Faveri et al., 2015; Locascio and Atri, 2011). 

The use and analysis of longitudinal data allowed 

considerable advances in the improvement of temperate 

forages, allowing the exploration of the adaptive and 

morphological characteristics of many species, for 

example obtaining alfalfa genotypes tolerant to salinity 

and drought and resistant to intensive grazing for the 

Mediterranean region, as well genotypes with variability 

for potential use in tropical regions, such as in Southeast 

Brazil (Annicchiarico et al., 2011; Assis et al, 2010). 

White clover genotypes where also observed showing 

adaptive characteristics for warmer conditions of 

Brazilian Southern region and distinction and 

classification of genotypes for several applications in 

Europe, such as landscaping, besides the traditional 

grazing and hay (Oliveira et al., 2013; Schneider et al., 

2011).  

The competitive capacity of white clover for mixture with 

grasses was also evaluated, suggesting being a consistent 

character in the species (Annicchiarico and Proietti, 

2010). In addition, the importance of evaluation in mixed 

stands, as well as the use of selection indexes that 

incorporate productive and morphological characteristics, 

has been proven (Annicchiarico, 2003).  

The application of longitudinal data has contributed to the 

methodology and strategies for conducting programs of 

forages genetic improvement. An example is the 

understanding that genotype selection in spaced plots for 

further performance trials in densified plots is less 

efficient, especially for characters subject to genotype x 

harvest interaction, such as yield of dry matter and seeds, 

compared with the selection made directly in the denser 

plots, which better reproduce the field environment for 

white clover (Annicchiarico and Piano, 2000). In 

addition, the incorporation and analysis of the serial and 

spatial correlation effects among harvests and among 

trials, as well as the distinction of the evaluation year 

effect, associated with the external environmental 

variation and the harvest effect, which represents the 

formation processes of culture internal income, bring 

more accurate estimative of parameters (De Faveri et al., 

2015; Piepho and Eckl, 2014). 

For tropical forages, the longitudinal data analysis has 

allowed the estimation of genetic parameters and 

prediction of genotypic values of several genotypes of 

grasses, which enables the identification of superior 

genetic materials for crossing and selection, identification 

of genotypes adapted to regional conditions and 

determination of selection indexes for classification of 

genetic materials with better forage production 

throughout the year (Figueiredo et al., 2012; Resende et 

al., 2004; Silva et al., 2010; Simeão et al., 2016). In 

addition, this analysis allowed to establish the ideal 

number of measures with high reliability for the 

characterization of dry matter production in Brachiaria 

and Panicum species, thus optimizing the evaluation time 

(Basso et al., 2009; Lédo et al., 2008; Martuscello et al., 

2015; Souza Sobrinho et al., 2010).  

In legumes species, it was possible to detect genetic 

variability in S. capitata genotypes related to anthracnose 

resistance, a disease that has limited its commercial use, 

and higher persistence capacity of stylo genotypes in the 

pasture (Assis et al., 2018; Falco et al., 2016). In addition, 

there was the identification of forage peanut ecotypes for 

use in mixed pastures in Brazilian Cerrado and genotypes 

with shorter establishment time and lower harvest 

frequencies (Assis et al., 2008; Ferreira et al., 2013; 

Simeão et al., 2017; Valentim et al., 2003). In evaluations 

of mixed pastures, forage peanut systems showed similar 

results to systems with white and red clover related to 

forage production, nutritive value and control of 

spontaneous species, demonstrating also potential for 

higher animal load on pasture in summer season in region 

South of Brazil (Diehl et al., 2013; Olivo et al., 2010; 

2012). 

 

3.3 Genotype x harvest interaction 

In forage breeding, agronomic researches are essential to 

obtain information about the genotypes behavior and 

responses to environment, use and management factors. 

Harvest trials are important for determining yield, 

regrowth capacity and management systems, as well as 

adaptability, stability and seasonality of production 

(Townsend, 2001). 

Seasonality in production of tropical forages is common, 

especially in regions with markedly dry seasons, which 

limits the production of dry matter (Lédo et al., 2008; 

Souza Sobrinho et al., 2011). For temperate forages, in 

addition to summer drought, the major limiting factor is 

the low temperature in winter (Porqueddu et al., 2005). In 

these cases, the genotype x harvest interaction tends to be 

significant and can be a complicating factor in genetic 

material selection, since the best individuals in one 

harvest may not demonstrate the same performance in 

another harvest, which reinforces the importance of 

repeatability study and the determination of minimum 

number of measures necessary to predict the real value of 

genotypes for perennial species (Resende, 2002). The 

selection without interaction information can be practiced 
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based on the average genotype behavior along the 

harvests, with inference by the average genotypic values 

(Resende et al., 2008). However, environmental 

interactions may require definitions of strategies that 

evolve selection for adaptation and stability goals, which 

requires the determination of suitable genetic resources, 

type of variety to be released, breeding form, and specific 

selection processes (Annicchiarico, 2002).  

Adequate treatment of data, with identification of harvest 

and environmental interactions effects, can help to 

understand the magnitude and occurrence of 

environmental interference, as well as to define the 

appropriate strategy to deal with it, since it mainly affects 

correlations and heterogeneity of variances and 

covariances among the measures, besides the loss of 

plots, consequences of the harvests performed in the same 

experimental unit over time (Annicchiarico, 2002; Piepho 

and Eckl, 2014).  

According to Resende (2007), amid the several 

alternatives that predict the effects and modeling the 

correlation structures among the repeated measures in the 

context of mixed models, besides dealing with the 

imbalance of data, are: simplified univariate model of 

repeatability with and without genotype x harves t 

interaction; complete multivariate model of unstructured 

covariance matrix (UN); autoregressive model with 

heterogeneous variances (ARH); structured anti-

dependency model (SAD); banded correlation model 

(Toepitz structure) with correlations for each interval 

among harvest; compound symmetry structure (CS); 

compound symmetry structure with heterogeneous 

variances (CSH).  

Univariate models are unrealistic, considering situations 

that do not in fact occur in field experiments, that is, 

harvests with genetic correlation equal to 1 over time, 

phenotypic correlations, or repeatability, with the same 

magnitude and homogeneous residual genetic variances 

(Piepho and Eckl, 2014; Resende, 2007). The multivariate 

model, although complete and optimal, is computationally 

costly because it considers each harvest as a distinct 

variable, requiring large amount of computational time 

and has difficult adjustment when above three harvests 

analyses are considered (Resende et al., 2008). The CS 

model is the most used, however, require corrections for 

high heterogeneities, since homogeneity of variances and 

covariance among harvests are assumed; the ARH, CSH 

and SAD models considering also the heterogeneity and 

the banded model, being more parameterized, should be 

applied when the correlations of distant measurements are 

not related to the adjacent measures (Resende, 2007). 

Thus, Resende et al. (2008) recommend for analysis of 

repeated measures in perennial forages, in case of high 

heterogeneity of variance among harvests, the use of 

ARH, SAD and Toeplitz matrices; however, because the 

measured variable is the same among harvests, the 

variances tend to be homogeneous, with the CS matrix 

being more advantageous, being able to be used in 

heterogeneous data after the data transformation. 

 

IV. FINAL CONSIDERATIONS 

The use of mixed models in plant breeding has been 

increasing and demonstrates advantages over ANOVA 

(Assis et al., 2008; Piepho et al., 2008; Resende, 2002; 

Resende et al., 2008). One of them, in addition to 

obtaining more informative results, is the possibility of 

modeling the variance and covariance structures to 

overcome the problem of serial correlation and 

heterogeneity of variances observed in longitudinal data 

(De Faveri et al., 2015; Piepho and Eckl, 2014). A broad 

range of available literature explores the forms of model 

selection and application of this methodology, which, 

because of the computational facilities available today, 

make its application viable (Littell et al., 2000; 2006; Liu 

et al., 2007; Moser, 2004; Resende and Thompson, 2004).  

The use of pre-established matrices and data 

transformations may not be the best option, since each set 

of data, even containing known patterns, can show 

singular behaviors and tendencies that must be properly 

analyzed and modeled, especially the environmental 

interaction effects (Annicchiarico, 2002; De Faveri et al., 

2015). In these cases, ignoring or avoiding heterogeneity 

tends to erroneous or inefficient inferences (Littell et al., 

2000).  

Another significant aspect is how to detect the variation 

between measures. Resende (2007) point out the tests of 

Bartlett, Hartley and Levene, but the first one is very 

sensitive to the lack of normality of errors and the second 

one does not present entries for values above twelve 

treatments, so the Levene’s test is replacing the others. 

According to Huynh and Feldt (1970), the equality of 

variances for different pairs of treatments is sufficient 

condition to assume the correlation, or sphericity, among 

measures, so the Mauchly’s test is a multivariate 

procedure efficiently applied in random variables with 

normal distribution.  

In this aspect, the adequate analysis of data allows the 

realization of reliable inferences, enabling the 

advancement in researches and, consequently, efficient 

results in development and release of cultivars. 

Annicchiarico et al. (2015) point out the importance of 

applying the analysis procedures and selection strategies 

for the genetic variability exploitation of genetic materials 
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that can offer many opportunities for forage breeding. In 

addition, the use of new strategies and technologies, such 

as the evaluation in densified and in mixed plots and the 

use of genomic tools, can improve the selection gain in 

temperate forages, which has shown limited progress in 

dry matter and seed yields (Annicchiarico et al., 2015; 

Annicchiarico; Piano, 2010; Grinberg et al., 2016). 

Regarding tropical forages, which present genetic 

improvement considered recent, the use of reliable and 

adequate statistical tools can help explore the genetic 

materials variability through the analysis of data and 

promote the selection of genetic material in a more 

consistent way, especially considering restricted 

situations of evaluations and genotype x harvest 

interaction in the search for more adapted genotypes 

(Resende et al., 2006; Simeão et al., 2016; 2017).  

The decrease of the area available for animal production, 

as well as the demand for more efficient and sustainable 

productive systems, will be decisive in the adoption of 

mixed forage systems technologies, mainly due to the 

benefits that mixed pastures confer to the producer, as a 

reduction in the consumption of inputs and increased 

productivity (Barcellos et al., 2008; Simeão et al., 2015; 

Porqueddu et al., 2005).In this context, the low adoption 

of legumes in tropical pastures tends to be gradually 

overcome by the release of new, more adapted and 

productive cultivars, coming from methodologies and 

strategies increasingly modern and efficiently applied and 

that seeks new ways of detecting and analyzing genetic 

variability (Annicchiarico and Piano, 2010; Simeão et al., 

2015). 
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