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Resumen 

CARACTERIZACIÓN AGRONÓMICA DE Leucaena leucocephala (LAM.) DE 
WIT DE DISTINTAS PROCEDENCIAS AGROCLIMÁTICAS DE MÉXICO 

Leucaena leucocephala (Leucaena) es una planta arbustiva, leguminosa y 
forrajera nativa de México distribuida en diferentes regiones agroclimáticas de 
este país, por lo que conviene analizar el estado del conocimiento en esta especie 
y caracterizar sus atributos agronómicos al variar la región agroclimatológica de 
procedencia; lo cual fue motivo de estudio de esta disertación doctoral. A partir 
del análisis de artículos científicos sobre los atributos agronómicos, ambientales 
y forrajeros se generó un banco de información que justifica la incorporación de 
esta especie en sistemas silovpastoriles tropicales encaminados a lograr la 
sostenibilidad ambiental y económica de empresas ganaderas, resaltando que 
existen oportunidades de investigación para superar limitantes agronómicas y 
nutricionales de la Leucanea. El estudio de la caracterización del fruto y la semilla 
mediante estadística multivariada determinó la relación de dependencia entre las 
características morfológicas de estas a partir de una colecta de 149 accesiones 
de diferentes regiones agroclimáticas de México, resaltando la importancia del 
recurso nativo mexicano para emprender programas de mejoramiento de 
Leucaena con fines comerciales. En plantación se determinaron modelos 
matemáticos que describen la dinámica del área foliar del cultivo para definir 
criterios de cosecha, permitiendo el desarrollo de herramientas prácticas que 
ayudan a la toma de decisiones en la cosecha del forraje. En campo se 
caracterizaron individuos de diferente origen agroclimatológico con base al 
rendimiento de biomasa comestible, atributos morfo-fisiológicos y calidad del 
forraje, sugiriendo opciones de germoplasma útiles en programas de selección 
de Leucaena para mejorar el rendimiento y la calidad del forraje comestible de 
empresas ganaderas en ambientes tropicales. En esta disertación doctoral se 
presenta una caracterización agronómica de gemoplasma nativo mexicano de 
Leucaena, generando información que permite diferenciar cualidades y 
limitaciones agronómicas entre individuos de diferente origen agroclimatológico. 
 
Palabras clave: Germoplasma nativo, análisis de crecimiento, variación 
ambiental.  
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Abstract 

AGRONOMIC CHARACTERIZATION OF Leucaena leucocephala (LAM.) DE 
WIT FROM DIFFERENT MEXICAN AGROCLIMATIC REGIONS 

Leucaena leucocephala (Leucaena) is a shrub plant, Mexican native fodder 
legume, distributed across different agroclimatic regions of Mexico; thus, the 
analysis of the state of art on the management of this species and definition of 
agronomic attributes of individuals from different agroclimatological regions would 
provide information to design better cultural practices and to identify superior plant 
material; which was reason for study of this doctoral dissertation. From the 
analysis of scientific information on agronomic, environmental and forage 
attributes of Leucaena, it was concluded that Leucaena incorporation to tropical 
silovpastoral systems provides environmental and economic sustainability to 
livestock farms, highlighting that there are research opportunities to overcome 
some Leucaena agronomic and nutritional limitations. Fruit and pod analysis by 
multivariate statistics showed that some traits were realted to the place of origin 
of the 149 accessions collected from different Mexican agroclimatic regions, 
highlighting the importance of the Mexican native resource to undertake programs 
of Leucaena improvement for commercial purposes. Mathematical models were 
developed to describe the dynamics of the leaf area accumulation, which could 
allow for decisions on when harvest. Differences were detected in browse 
biomass accumulation, morpho-physiological attributes and forage quality among 
individuals from different agroclimatological region, these differences suggest that 
there are germplasm options for selection programs to improve browse yield and 
quality of livestock in tropical environments. In this doctoral dissertation an 
agronomic characterization is presented of Mexican native gemoplasm of 
Leucaena which allowes detection of agronomic qualities and limitations among 
individuals of different agroclimatological origin.  
  
 
Key words: Native germplasm, growth analysis, environmental variation.  

 
 
 
 
 



1 

 

Capítulo 1. Introducción general 

En México, las áreas tropicales secas y húmedas ocupan 24 y 32 millones de ha, 

de las cuales se utilizan para pastoreo más de 23 millones que producen 80% del 

forraje de temporal para pastoreo y representan un excelente recurso para 

aumentar la producción de alimentos para herbívoros (González-Rebeles, 

Gómez, & Galindo, 2015). Estos autores, también evidencian que la ganadería 

pastoril es la actividad económica más extendida y que depende de la producción 

de forraje, misma que se obtiene de las áreas de agostaderos naturales e 

inducidos (29.3%), praderas introducidas (41.3%), cultivos forrajeros (4.9%) y 

esquilmos o residuos de cosechas (23.9%). 

El uso de sistemas silvopastoriles (SSP) eficientes, con alta biodiversidad 

y bienestar para los animales es promovido recientemente en la ganadería tropical 

(Broom, Galindo, & Murgueitio, 2013; González-Rebeles et al., 2015; Murgueitio, 

Barahona, Flores, Chará, & Rivera, 2016), basados en los sistemas agroforestales 

tradicionales como la etnoagroforestería (Moreno-Calles et al., 2014). Los SSP se 

caracterizan por la presencia de leñosas forrajeras como Leucaena leucocephala 

(leucaena o guaje), la especie más estudiada y promovida en distintos arreglos 

con los mayores resultados a nivel productivo en sistemas de producción 

pecuarios (Bacab, Madera, Solorio, Vera, & Marrufo, 2013; López-Vigoa et al., 

2019), en los cuales destacó como alimento de buena aceptación por el ganado, 

con crecimiento acelerado en condiciones tropicales y tolerante a la sequía 

(Estrada, Esparza, Albarrán, Yong, & Rayas, 2018; González, 2013; González-

García, Cáceres, Archimède, & Santana, 2009). El guaje, familia Fabaceae, 

subfamilia Mimosoideae, es de rápido crecimiento, de uno a cuatro metros de alto 

con hojas bipinadas (Zárate, 1994), crece en regiones secas o húmedas de clima 

cálido a templado (Broom et al., 2013; Cuartas et al., 2014), cultivada desde el 

centro y sur de México (Zárate, 1994; Zarate, 1999). La especie brinda múltiples 
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servicios ambientales (Bacab et al., 2013; Panhwar, 2005) y etnobotánicos 

(Zarate, 1999), aunque en ocasiones se convierte en maleza en terrenos 

cultivados (Panhwar, 2005). 

Estudiar el comportamiento de Leucaena leucocephala nativa Mexicana 

en su etapa inicial de crecimiento resulta importante para establecer estrategias 

viables de propagación y establecimiento en el marco de los sistemas de 

producción animal (González-García et al., 2009; Medina, García, Moratinos, & 

Cova, 2011). En este sentido, ante la elevada presencia de leucaena nativa en el 

país y la lentitud con la que se logra el establecimiento después de la siembra 

como una limitante para la propagación masiva en los sistemas silvopastoriles es 

preciso evaluar el comportamiento agronómico sobre la base de algunos 

indicadores morfológicos y del rendimiento en condiciones de vivero y campo. Lo 

anterior es un tema de interés actual que da pauta para que el potencial forrajero 

de la leucaena nativa sea validado comparativamente con genotipos cultivados 

de la misma especie, lo que no ha sido suficientemente estudiado y 

fundamentado (Bacab et al., 2013; González, 2013). También es importante 

zonificar su presencia en el país, debido a que el estudio de la distribución de la 

especie es limitado para algunas regiones de la República Mexicana (Ahmed, 

Solorio, Ramírez & Al-Zyoud, 2016; Zarate, 1999). 

Con base en lo anterior, el objetivo de este proyecto es determinar la 

caracterización agronómica de Leucaena leucocephala procedente de los 

estados de Morelos, Veracruz, Nuevo León y Colima, considerando 

características morfológicas, atributos de calidad de semilla y aportes del 

componente aéreo, para generar información que permita diferenciar cualidades 

y limitaciones agronómicas entre individuos de diferente origen 

agroclimatológico.
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Hipótesis 

Existe suficiente variabilidad entre características morfológicas, atributos de 

calidad de semilla y aportes del componente aéreo de accesiones de L. 

leucocephala nativas de México que empresas ganaderas podrían aprovechar 

como recurso forrajero local de calidad disponible para el ganado durante el año. 

Objetivos 

• Analizar la información científica sobre los atributos agronómicos, 

ambientales y forrajeros de la Leucaena leucocephala (Lam.) de Wit 

para generar un banco de información que sirva de base para justificar 

la incorporación de esta planta en SSP tropicales encaminados a lograr 

la sostenibilidad ambiental y económica de empresas ganaderas con 

bovinos asentadas en ambientes tropicales. 

• Determinar la relación entre ocho características morfológicas de la 

vaina y la semilla de 149 accesiones de L. leucocephala de diferentes 

regiones agroclimáticas de México, usando métodos de análisis 

multivariado. 

• Validar modelos cuantitativos desarrollados a partir de variables no 

destructivas para describir la dinámica de acumulación del área foliar, 

intercepción de radiación y cambios en altura de planta en plantaciones 

de L. leucocephala. 

• Evaluar la variación estacional, procedencia de la semilla y sitio de 

plantación en la producción y calidad nutricional del forraje de L. 

leucocephala nativa de México. 
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Estructura de la tesis 

El Capítulo 1 comprende la parte introductoria del proyecto de Disertación 

Doctoral, aporta la pertinencia y la justificación del objeto de estudio, que en este 

caso corresponde a la caracterización de L. leucocephala como recurso nativo 

de México con potencial forrajero para la ganadería en SSP. 

En el Capítulo 2 se presenta una revisión de literatura, donde se resumen 

la incorporación de leñosas en áreas forrajeras tropicales, la acumulación de 

follaje en Leucaena, la composición química del follaje de L. leucocephala (aporte 

nutrimental, alimentación, respuesta productiva y respuesta en calidad de leche 

y carne), la emisión de gases de efecto invernadero y los compuestos 

secundarios (efectos en consumo de materia seca y nutrientes, en la salud, en la 

reproducción y en la emisión de metano).  

Con la finalidad de caracterizar el germoplasma de L. leucocephala nativo 

mexicano, en el Capítulo 3 se estudiaron atributos relacionados con la 

morfología de la vaina y la semilla de cuatro procedencias de México (Colima, 

Morelos, Nuevo León y Veracruz) integradas por 149 sitios de colecta, lo cual fue 

posible usando métodos multivariados, en este caso: analisis de varianza 

multivariado, análisis de conglomerados, análisis de factor principal y análisis de 

correlación canónica regularizada.  

En el Capítulo 4 se presentan modelos cuantitativos desarrollados con 

variables no destructivas para la estimación del área foliar en L. leucocephala, 

esto ante la necesidad de validar la medición de área foliar directa en campo a 

partir de las variables no destructivas y de fácil medición, para luego asociar el 

desarrollo del área foliar con intercepción de radiación solar, altura de planta y 
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acumulación de follaje que a su vez permitan definir momentos de cosecha 

oportunos asociados a una mayor productividad de las plantaciones. 

Finalmente, como un trabajo colateral relacionado con el objetivo central 

de la tesis, en el Capítulo 5 se estudió la variación estacional (estaciones de 

crecimiento lluviosa y sequía), procedencia (Colima, Morelos, Nuevo León y 

Veracruz) y sitio de crecimiento (Morelos y Veracruz) en la producción y calidad 

nutricional del forraje comestible de L. leucocephala en comparación con la 

variedad comercial Cunningham también de distinta procedencia. Mediante este 

estudio fue posible la caracterización agronómica del gemoplasma nativo 

mexicano de Leucaena, generando información que permitió diferenciar 

cualidades y limitaciones agronómicas entre individuos de diferente origen 

agroclimatológico de México. 

Literatura citada 

Ahmed, A. M. M., Solorio, F. J. S., Ramírez,  L. A. & Al-Zyoud, F. (2016). Evaluar 

los enemigos naturales de Leucaena Psyllid y Onion Thrips en los 

procesos de cosecha en diferentes genotipos de Leucaena. Revista 

Mexicana de Ciencias Agrícolas, 7(1), 133-145. 

Bacab, H., Madera, N., Solorio, F., Vera, F., & Marrufo, D. (2013). Los sistemas 

silvopastoriles intensivos con Leucaena leucocephala: una opción para la 

ganadería tropical. Avances en Investigación Agropecuaria, 17(3), 67-81. 

Broom, D., Galindo, F., & Murgueitio, E. (2013). Sustainable, efficient livestock 

production with high biodiversity and good welfare for animals. Proceeding 

Research of Social B, 280, 2013-2025. 

Cuartas, C. C., Naranjo, R. J., Tarazona, M. A., Murgueitio, R. E., Chará, O. J., Ku 

Vera, J., . . . Barahona, R. R. (2014). Contribution of intensive silvopastoral 



6 

systems to animal performance and to adaptation and mitigation of climate 

change. Revista Colombiana de Ciencias Pecuarias, 27, 76-94. 

Estrada, L. I., Esparza, J. S., Albarrán, P. B., Yong, A. G., & Rayas, A. A. (2018). 
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Abstract Right choice of Leucaena leucocephala (Lam.) de Wit accessions for a given region is 
an important practice to the successful establishment in field, in which the physical quality of seed 
is valuable for producers, and the study of its genetic variability is necessary and possible with 
multivariate analysis methods (MAM). The objective of this study was to determine the association 
relationship between eight pod and seed morphological traits of 145 accessions of Leucaena from 
different agroclimatic regions of Mexico. The results highlighted the genotypic variation and the 
adaptation to variable environments of the trees of different agroclimatic regions. The MAM 
provided complementary ways of studying the Leucaena provenances. The accessions were 
classified in five clusters based in pod and seed traits, which can be used for backcross breeding 
programs. Eight primary traits were reduced to two new set traits as principal factors that explained 
71.7% of the variability. Regularized canonical correlation indicated that single seed weight of 
Leucaena depended mostly on single seed size, brood size, and locules per pod because of its 
strongest discriminatory power. These results indicated that the native Mexican Leucaena 
provenances are valuable germplasm for genetic breeding programs with commercial purposes 
under their natural conditions. 
Keywords Genetic diversity  Leucaena leucocephala (Lam.) de Wit  Multivariate statistics  Seed 
quality  Wild germplasm 
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Introduction 
 
Leucaena leucocephala (Lam.) de Wit (Leucaena) is a native woody fodder legume with extensive 
use as livestock feed in tropics because of its productivity in tropical environments (Shelton and 
Dalzell 2007; Radrizzani et al. 2010; Beutel et al. 2018). Leucaena (Fabaceae-Mimosoideae) has 
fast growth, grows in dry or humid regions from warm to temperate climates, cultivated in the 
center and south of Mexico (Zárate 1999). This species in association with forage grasses in 
livestock systems constitutes the fundamental basis for feeding, improving the chemical 
composition of the diet and the efficiency of the use of forage resources, and it is an alternative 
for nutrient-deficient soils, mainly during drought (Osechas et al. 2008; Radrizzani et al. 2010; 
Vijay et al. 2017). This forage resource is naturalized in almost the entire country and its use as a 
wild germplasm for its establishment in pastures is variable in time and not systematic. The 
utilization of leucaena accessions in tropical environments will depend on seed availability and 
quality (Mullen et al. 2003; Vijay et al. 2017). 

Breeding activities aiming towards increase in crop forage productivity can benefit from a 
thorough understanding of the genetic variability within a set of elite and wild germplasm 
accessions (Olivera et al. 2008; Awan et al. 2015; Maqueira-López et al. 2019). Evaluation of 
different traits that improve the propagation, reproductive success, and establishment of the plant 
in field define the good quality seeds, both genetic, physiological, physical and sanitary. 
Morphological traits of crops provide a simple way of quantifying genetic variation and they have 
been used for estimation of genetic diversity and used in improvement programs under different 
conditions (Fufa et al. 2005; Vijay et al. 2017; Maqueira-López et al. 2019). The physical quality 
involves traits related to moisture content, weighted by volume and purity (Moreno 1996; Vijay et 
al. 2017); although recently size and shape of seed, weight of a thousand seeds, color and 
damage by insects and fungi are valuable for seed producing companies and producers (Lezcano 
et al. 2007; Khan and Zaki 2016; ISTA 2018). 

Right choice of leucaena genotypes for a given region is an important practice to obtain 
establishment success of the crop and a high forage yield in livestock farms. In studies carried out 
on legumes for the seed size and its relation with seed quality, favorable answers have been 
obtained (Khan and Zaki 2016; Vijay et al. 2017). However, studies in which the seed size of 
legume fodder shrubs, such as native Mexican leucaena provenances, is associated with physical 
quality parameters, are scarce and insufficient. Pérez et al. (2006) concluded that a larger quantity 
of reserve substances and a larger embryo correspond to longer seeds, which translates into an 
increase in the percentage and speed of emergence of the seedlings. Therefore, the sowing of 
large-sized seeds with greater weight guarantees better establishment in field, which results in a 
greater accumulation of dry matter in the plant (Pérez et al. 2006; Vijay et al. 2017), although not 
a higher seed yield (Vijay et al. 2017). 

The detection of genetic variability and study of interaction among the environments can be 
possible with a number of suitable and available multivariate analysis methods (MAM) like 
principal component analysis (PCA), multiple linear regression analysis, principal factor analysis 
(PFA) and hierarchical cluster analysis (HCA) (Mohammadi and Prasanna 2003; Alishah et al. 
2008; Khodadadi et al. 2011; Janmohammadi et al. 2014), which have an emphatic and 
complementary role in the detection of association between traits (Alishah et al. 2008; Khodadadi 
et al. 2011; Janmohammadi et al. 2014). This study was undertaken in order to preserve the 
diversity of these native resources, and under the premise of finding variability between the pod 
and seed morphological traits of Leucaena, attributed to different agroclimatic characteristics, to 
select promising genotypes for commercial purposes. The objective was to determine the 
association relationship between pod and seed morphological traits of 145 accessions of 
Leucaena from different agroclimatic regions of México, using MAM.  
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Materials and methods 
 
The seek for Leucaena mature trees was performed from May to August, 2016. Considering only 
fruiting trees, ten ripe pods and 150 g of seed samples were collected from 145 collection sites of 
different agroclimatic regions of México: Colima (C, n=30), Morelos (M, n=33), Nuevo León (N, 
n=36) and Veracruz (V, n=46). The following conventions were adopted: 1) each sampled plant 
was separated by at least 50 m from each other and was identified as a site or accession (Allisons 
y Simons, 1996), and was geographically referenced using GPS (GPSmap 60CSx, Garmin, USA); 
2) every provenance collected was considered as one collection. For every site, the ripe pods and 
seeds collected of the trees were harvested and transported to the facilities of the Posgrado en 
Producción Animal of the Universidad Autónoma Chapingo. The seeds were collected in 100 mL 
collection cups and treated with diazinon 5% insecticide dusted to each sample to avoid the 
affectation by insects that could reduce the conditions, and this was maintained in refrigeration at 
4-8 °C until processing. The ripe pods collected in field were dehydrated in an oven with forced 
ventilation at 65 °C up to constant weight. 

Geographical and climatological data from each provenance appears in Table 1. In order to 
analyze more specific data for each site, temperature (maximum, mean and minimum) and annual 
rainfall from the period 1981-2010 were obtained from the meteorological stations of the National 
Meteorological System (SMN). Climate data is based in a modified Köppen classification for 
México (García, 1988), while soil classification was adapted from the FAO/UNESCO 2010 system 
proposed by the Geography Department of INEGI with a 1:1,000,000 scale. The warmest regions 
corresponded to those of lower altitude (Colima and Veracruz), while the less warm regions were 
those of higher altitude (Morelos and Nuevo León). The Veracruz region was the one with the 
highest rainfall characterized by a subhumid warm climate and losses for all the other regions 
under study with warm and semi-warm subhumid climates. Vertisol soil type was dominant for 
Morelos, Nuevo León and Veracruz regions, while Foezem was for Colima. 

Observations on eight traits related to the pod and seed: pericarp weight per pod (PWP, g), 
seed yield per pod (SYP, g), locules per pod (LP, number), brood size (BS, number), seed-pericarp 
ratio (SPR, g seed g-1 pericarp), pod filling ratio (PFR, %), single seed size (SSS, mm2), and single 
seed weight (SSW, mg) were recorded and estimated on 10 randomly selected pods of each 
Leucaena tree. BS was represented as the number of healthy seeds recovered from a pod. SPR 
was determined based on the weight of seeds pod-1 and pericarp weight pod-1. PFR was calculated 
based on the number of seeds pod-1 and the number of locules pod-1 in percentage. SSS 
corresponded to the perimeter occupied by the BS converted to area on the same BS. SSW was 
estimated based on the weight of seeds pod-1 and the number of seeds pod-1. The weights were 
taken with a precision balance of 0.0001 g. The perimeter was taken with measuring tape of 150 
cm length. 

Multivariate techniques, including multivariate analysis of variance (MANOVA), HCA, PFA and 
regularized canonical correlation analysis (RCCA) were employed using statistical software ‘R 
Studio 1.1.419 Version’. As measurement scales of various traits were not identical, the data were 
standardized as proposed by Hair et al. (2006). The relationship among sets of accessions with 
pod and seed morphological traits was determined by MANOVA, which was made based on 
Mohammadi and Prasanna (2003) proposal with a level of significance of 0.01. The similarity 
among collections was estimated trough HCA, and then the dendrogram was constructed utilizing 
Ward’s method based on squared Euclidean distance (Kumar et al. 2009). 

The PFA was followed in the extraction of the factor loadings (Harman 1976). Estimates of 
factor loadings were based on data from all replications for all populations. The array of 
communality and the amount of the variance of a variable accounted by the common factors 
together were estimated by the highest correlation coefficient in each array, as suggested by 
Seiller and Stafford (1985). The number of factors were estimated using the principal components 
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method (Rao 1952). The varimax rotation method (an orthogonal rotation) was used in order to 
make each factor uniquely defined as a distinct cluster of intercorrelated traits (Rao 1952). The 
factor loadings of the rotated matrix, the percentage variability explained by each factor and the 
communalities for each variable were determined. Factor loadings were used to interpret the 
results based on their magnitude and sign. Traits with identical signs in a factor are positively 
interrelated. Two factors were assigned meaningful biological interpretations based on the 
principal traits loaded in each factor. All results were consolidated to produce a generalized set of 
biological concepts to reflect the possible functional relationships existing among the traits 
investigated. 
 
Table 1 Geographic location, soil types and means and standard deviations of the climatic 
conditions values from sites where native Mexican Leucaena provenances were collected 

Variable 
Region 

Colima Morelos Nuevo León Veracruz 

Maximal temperature 
(°C) 

33.9±0.7 31.9±2.3 28.8±1.3 29.8±1.0 

Mean temperature (°C) 26.7±0.6 23.1±1.8 22.3±0.7 24.2±0.8 

Minimal temperature 
(°C) 

19.4±0.6 14.2±1.2 15.7±1.7 18.6±0.7 

Annual rainfall (mm) 784±62 920±60 774±142 1427±341 

Altitude (m) 69±69 1179±97 456±29 90±34 

Extreme coordinates 

18o56´03.0" LN 
103o57´33.3" LW 
19o03´20.4" LN 

103o46´04.8" LW 

18o29´46.0" 
LN 

98o45´03.0" 
LW 

18o38´27.5" 
LN 

98o57´32.3" 
LW 

25o36´56.0" LN 
100o08´18.3" LW 
25o46´00.1" LN 

100o19´13.5" LW 

21o01´54.0" 
LN 

98o02´48.6" 
LW 

21o45´00.7" 
LN 

98o24´26.2" 
LW 

Climate 
Aw0(w), 

BS1(h´)w(w) 
Aw0(w) 

(A)Cx´, (A)C(w0), 
(A)C(w1), 
BS1hw, 

BS0(h´)hw, 
BS1(h´)hw, 
BS1(h´)hw,  

(A)C(m)w, 
Am(f), Aw1, 

Aw2 

Soil type 

Feozem, Fluvisol, 
Regosol, 

Solonchak, 
Vertisol 

Feozem, 
Rendzina, 

Vertisol 

Castañozem, 
Feozem, Litosol, 

Rendzina, 
Vertisol 

Regosol, 
Vertisol 

 
RCCA was performed to highlight correlations between the traits related to the seed matrix (X 

of order n × p) and the traits related to the pod matrix (Y of order n × q) retrieved from collection 
sites as well as accessions of Leucaena using the R software CCA package (González et al. 
2008). Regularization parameters λ1 and λ2 were chosen to maximize the leave-one-out cross-
validation score (Leurgans et al. 1993). 
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Results and discussion 
 
There were significant differences (p < 0.0001) between Leucaena collection sites for all traits 
measured (Table 2). Samples from Veracruz showed the lowest values for SSW and SSS, as well 
as SYP, but with higher values for LP and BS than Colima, Morelos and Nuevo León sampling 
regions. Samples from Morelos were similar in PFR with Veracruz. Nuevo León accession had 
the highest SYP and Veracruz had the lowest; however, both productions were lower than the 
estimated average (1.18 ± 0.16 g) by Vijay et al. (2017) and superior to 0.74 ± 0.02 g reported by 
Khan and Zaki (2016) for other from locations around the word that were grown under agronomic 
management with non- and fertilization. 

PWP was lower for samples from Colima and increased for those from Veracruz, Morelos and 
Nuevo León, in this order of sampled region (Table 2), only Nuevo León was higher than 0.87 ± 
0.05 g reported by Vijay et al. (2017) compared to the other three sampled regions. Almost all the 
sites were superior to 0.57 ± 0.02 g reported by Khan and Zaki (2016), except from Colima, which 
coincides with that indicated by these same authors. 

SPR was lower for Morelos and increased for Nuevo León, Veracruz and Colima, in this order 
of sampled region (Table 2). Morelos region had the lowest SPR at 1.21 ± 0.05 shown by Khan 
and Zaki (2016) compared to the other three regions. While, Morelos and Nuevo León regions 
had the lowest SPR at 1.35 ± 0.10 obtained by Vijay et al. (2017) and the sites of Colima and 
Veracruz had a greater parameter to this, in addition, Veracruz is similar to that obtained by these 
same authors. The inverse of the SPR corresponds to seed packaging cost (SPC), this is 
determined based on the quantum of pericarp biomass of pod per gram of seed (Khan and Zaki 
2016). SPC for one gram of seeds were 862, 800, 746 and 625 mg of pericarp for Morelos, Nuevo 
León, Veracruz and Colima regions, respectively, which were above (Morelos) and below (Colima) 
the efficiency range of 746 to 827 obtained by some authors for this same species (Khan and Zaki 
2016; Vijay et al. 2017). These findings indicated that the lowest efficiency within pod reproductive 
allocation was for Colima and increased for Veracruz, Nuevo León and Morelos regions, 
respectively. 

The mean pod weights (PWP + SYP) of all sampled regions were higher than the mean weights 
(1.24 ± 0.31 g) obtained by Khan and Zaki (2016), but lower than 2.05 ± 0.21 g reported by Vijay 
et al. (2017) for the same species, except for Veracruz that has similarity with these last authors. 

The general mean of the PFR in this study (Table 2) was higher than 93.63% reported by Khan 
and Zaki (2016), which indicated that high seed setting in this species, and its duration and filling 
rate are essential elements contributing to final yield (Vijay et al. 2017; Maqueira-López et al. 
2019). 

BS was represented as the number of healthy seeds recovered from a pod (Table 2), which 
was within the range (13.81 a 20.85) found by some authors (Khan and Zaki 2016; Vijay et al. 
2017). Khan and Zaki (2016) indicated that Leucaena has many-seeded fruits and the majority of 
ovules within the ovary mature into seeds in most fruits, as is suggested by very high seed number-
seed chambers ratio in this species. 

The seeds of Veracruz (Table 2) had lower weight than the mean of 39.21 ± 8.08 mg obtained 
by Khan and Zaki (2016) from a pooled sample, although the seeds of Colima, Morelos and Nuevo 
León were heavier than this mean weight, but all regions sampled were lower weight than the 
mean of 64.91 ± 4.06 mg reported by Vijay et al. (2017). It was observed that the SSS was 
significantly larger in Veracruz accessions compared to the other three sampled regions. The 
mean for SSS (33.15 ± 0.76 mm2) obtained by Vijay et al. (2017) was superior to Veracruz and 
lower to the other three sampled regions. Thus, SSW variation may be due to the trade-off of 
resource allocation between SSS and BS, and to the environmental factor (Vijay et al. 2017). 

Results highlighted the significance of genotypic variation and the adaptation to variable 
environments of the trees from different agroclimatic regions of Mexico, in such a way each tree 
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of Leucaena appears to have registered the environmental variation within their pod crops. This 
finding is in agreement with previous results obtained by Vijay et al. (2017). Other authors 
concluded that it is interesting to explore ultra specific diversity in local (Khan and Zaki 2016) and 
commercial (Olivera et al. 2008; Vijay et al. 2017) Leucaena populations. 

 
Table 2 Descriptive statistics including mean and standard deviation for pod and seed 
morphological traits in Leucaena leucocephala (Lam.) de Wit from different agroclimatic regions 
of Mexico 

Trait 
Region 

SEM P-value 
Colima Morelos Nuevo León Veracruz 

Pericarp weight per pod, g 0.59d 0.83b 0.89a 0.65c 0.01 <0.0001 

Seed yield per pod, g 0.93b 0.93b 1.10a 0.86c 0.01 <0.0001 

Locules per pod, number 16.89c 16.92c 19.85b 23.55a 0.10 <0.0001 

Brood size, number 15.79c 16.03c 18.69b 22.60a 0.11 <0.0001 

Seed-pericarp ratio, g seed g-1 pericarp 1.60a 1.16d 1.25c 1.34b 0.01 <0.0001 

Pod filling ratio, % 93.44b 94.82ab 93.77b 95.94a 0.21 <0.0001 

Single seed size, mm2 45.26a 46.04a 46.02a 31.07b 0.17 <0.0001 

Single seed weight, mg 59.19a 58.75a 59.06a 38.15b 0.28 <0.0001 

a,b,c,d Means with the same letter in the same rows are not significantly different (P<0.01; Tukey 
Test). SEM = standard error of the mean. 

 
HCA of Leucaena from different agroclimatic regions of Mexico based on pod and seed traits 

was employed to explore the possible intra- and interrelationships among Leucaena collection 
sites. By incision of baseline in the dendrogram at 30 units distance were classified the 145 
Leucaena populations into five groups (one to five clusters) in order to include each 1, 1, 30, 28 
and 40 % of total sites (Fig. 1). This result highlights the high genetic diversity within provenances 
as were showed in other studies (Mohammadi and Prasanna 2003; Fufa et al. 2005; Kumar et al. 
2009). The highest distance or dissimilarity between sites was observed for 78 and 138 vs. 35 and 
71 sites. The highest similarity was obtained for sites 90 and 145, which can be used for backcross 
breeding programs (Fufa et al. 2005; Kumar et al. 2009; Khodadadi et al. 2011). The 78 and 138 
sites showed greater magnitude for all traits related to pod and seed compared to 35 and 71 sites, 
the cross between these accessions can be used in Leucaena breeding programs to achieve 
maximum heterosis (Khodadadi et al. 2011). The 78 and 138 sites are early in their flowering 
habits, since precocity provides a longer grain filling period that results in higher grain weight and 
it can, therefore, be used to induce earliness and higher grain weight in breeding populations 
(Awan et al. 2015; Vijay et al. 2017). The dendrogram showed that grouping of accessions in the 
same clusters confirmed their relationships and that the seeds and pods with lower magnitude for 
all traits are the most abundant (Cluster 5). 

Based on the cluster results, five grouped cluster of sites can have a common origin; on the 
other hand, crossing between sites in distanced clusters like first and fifth cluster can provide much 
variation for plant breeding aims, coinciding with Kumar et al. (2009), Khodadadi et al. (2011), 
Saed-Moucheshi et al. (2013), and Janmohammadi et al. (2014). The fact that seeds and pods of 
Leucaena accessions of same geographical region were grouped into different clusters and vice-
versa exhibited that geographical diversity was not related to genetic diversity, which was similar 
to the pattern of distribution in different clusters observed in wheat genotypes by Kumar et al. 
(2009) and Jatropha curcas L. provenances by Valdés-Rodríguez et al. (2018).  
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Fig. 1 Dendrogram obtained from the cluster analysis for 149 collection sites of Leucaena 
leucocephala (Lam.) de Wit from different agroclimatic regions of Mexico. Dotted line indicates the 
five-group truncation level 
 

PFA is performed by examining the pattern of correlations or covariances between the 
observed traits (Seiller and Stafford, 1985; Saed-Moucheshi et al. 2013; Janmohammadi et al. 
2014), such as to determine the latent factors or trait groups (Alishah et al. 2008; Janmohammadi 
et al. 2014; Ali et al. 2015). For this data, two first factors of the eight factors in the PFA accounted 
for 71.7% of the total variations in the data structure (Fig. 2). The first two factors have a higher 
value than two unit values (2) of eigenvalue, which was considered as the criterion of significance; 
only those factors were considered important. The first factor was included for SSS, SSW, SYP, 
and PWP traits that are positively correlated, and it could explain 43.7 % of the total variation in 
the dependent structure, and which was named traits related to the seed. The second factor 
accounted for 28.0 % of total variability and it was included for LP, BS, SPR, and PFR traits that 
are negatively correlated, which was named traits related to the pod (Fig. 2). Similarly, SSW and 
BS loaded with opposite signs (0.8 and -0.6) was founded in a study of plant variables associated 
with architecture and SSS in dry bean, which elucidate that  pod and seed related traits may share 
some genes in common for their control (Acquaah et al. 1992). 

These groups or clusters of under-study Leucaena provenances are an efficient tool to 
minimize the plant pool during the selection process (Crossa 1990). As expected, traits related to 
the seed and traits related to the pod loaded opposite signs in the first factor, this pattern is a more 
logical functional relationship because large seeds require large pods, whereas longer pods 
contain many seeds (Acquaah et al. 1992; Vijay et al. 2017). This proportion of the variance 
explained by the two factors in this study was higher than that reported for the three main factors 
in the study of morpho-physiological traits of grasspea populations (Tadesse and Bekele 2001) 
and spring wheat genotypes (Awan et al. 2015), as well as for two main factors of the 
characterization based on grain yield and its attributing traits of wheat (Saed-Moucheshi et al. 
2013; Janmohammadi et al. 2014), bean (Acquaah et al. 1992), and maize growns (Ali et al. 2015); 
but lower than the variation obtained for tree factors in morphological traits and yield components 
in cotton (Alishah et al. 2008) and wheat (Golparvar et al. 2017). 

PFA showed that SSW and BS had the highest relative contribution in SSS and SSW of 
Leucaena plants. Therefore, the pod and seed related traits are useful for the characterization of 

--------------------------------------------------------------------------------------------------------------------------------------------------------- 

Cluster 1    Cluster 2                              Cluster 3                  Cluster 4                                             Cluster 5 
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naturalized Leucaena germplasm in the different agroclimatic regions of Mexico. This finding is in 
agreement with previous reports of Pérez et al. (2006) and Vijay et al. (2017), who identified, for 
this purpose, that the weight of a thousand seeds is the most important trait for classifying SSS, 
achieving the best response in terms of physical quality parameters than in morphological traits. 
These authors found a close association between seed length with shoot dry weight, concluding 
that a larger quantity of reserve substances and a larger embryo corresponds to seeds of greater 
length, which at the same time is reflected in an increase in the percentage and the speed of 
emergence of the seedlings. A situation contrary to the previous one was reported by Mullen et 
al. (2003) for the multi-environment trial of Leucaena accessions. From the interpreted main 
factors, the traits may be selected and used as criteria for selection in a breeding program to 
improve the forage yield in livestock farms with Leucaena silvopastoral system. 

 
Fig. 2 Orthogonal rotation for pod and seed morphological traits in Leucaena leucocephala (Lam.) 
de Wit from different agroclimatic regions of Mexico, angle selected with the "varimax" criterion, 

 = -59.6°. SPR = Seed-pericarp ratio, PFR = Pod filling ratio, BS = Brood size, LP = Locules per 
pod, SSS = Single seed size, SSW = Single seed weight, PWP = Pericarp weight per pod, SYP = 
Seed yield per pod, f1 = First factor loading, and f2 = Second factor loading 
 
 

A schematic view of the RCCA process was provided in Fig. 3, from the pod and seed 
morphological traits in Leucaena to graphical displays. Highlights significant correlations not only 
within each set of traits (squared matrices 120 × 120 and 21 × 21 at the top) but also between 
both sets (the rectangular matrix 21 × 120 at the bottom), i.e., between pod and seed related traits. 
RCCA indicated that BS values were positively correlated with LP, and most strongly within SSS 
and SSW, while LP and BS were negatively correlated with SSS. This result was consistent with 
the finding of Vijay et al. (2017), who confirmed the high associations (up to 0.89) among pod and 
seed traits in Leucaena trees.  
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Fig. 3 Relationships between (correlation matrices) pod (X variables, upper-left) and seed (Y 
variables, upper-right) traits, and cross-correlation X × Y (bottom) in Leucaena leucocephala 
(Lam.) de Wit from different agroclimatic regions of Mexico. Increasing values are translated into 
colors from blue (negative correlation) to red (positive correlation) 
 

The left panel of Fig. 4 gives the largest cross validation score (CV), i.e., 0.98 for this study. 
That is maximum value reached on the grid to obtain the optimal value for eigenvalues (González 
et al. 2008); it enables to evaluate the optimal values for eigenvalues (λ1 and λ2) at respectively 0 
and 0.2. The two principal components of canonical correlations were plotted as a barplot (see left 
panel of Fig. 4), once regularization parameters were fixed. This barplot can lead to several 
arguable choices for d1 and d2 larger gaps between two successive canonical correlations. 

This study focused on the first two dimensions for the interpretation and representation of traits 
and units (Fig. 5). Traits with a strong relationship were projected in the same direction from the 
origin (González et al. 2008), i.e., LP vs. BS, PFR vs. SPR and SSS vs. SSW. The greater the 
distance from the origin, the stronger the relationship is (González et al. 2008), i.e., LP, BS, SSS, 
and SSW to d1, and SPR, SYP and PFR to d2. 

The representation of the units can be useful to clarify the interpretation of the correlation 
between traits (Fig. 5). The relationships between the two plots (traits and units) drawn on the 
matching axes can reveal associations between traits and units (González et al. 2008), i.e., the 
stronger effect of the agroclimatic region (see the clear separation of the agroclimatic region along 
the first canonical variate), which is mostly due to the traits related to the pod (LP and BS) and the 
lower expression of the PWP in these Leucaena plants (regions with high negative coordinates on 
the d1). 
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Fig. 4 Cross-validation score (CV, on the left) and barplot of canonical correlations (on the right) 
for pod and seed traits in Leucaena leucocephala (Lam.) de Wit from different agroclimatic regions 
of Mexico. Image representing the CV-score for λ1 and λ2 on a 51 × 51 grid defined by equally-
spaced discretization points on the region: 0 ≤ λ1 ≤ 0.2 and 0 ≤ λ2 ≤ 0.2. Two kinds of contour plots 

are also displayed for values equal to {0-0.7-0.98(∗)} (in blue line) and to {0.8-0.85-0.9} (in green 

line). (*) maximal value reached on the grid 
 

The response of pod and seed traits to the agroclimatic region in plant expression is well 
illustrated by the less clear separations of the units corresponding to different region (see the units 
with negative and positive coordinates on the d1 and d2, right panel of Fig. 5). On the other hand, 
there is a clear tendency of greater association for SSS and SSW to Morelos and Nuevo León; 
LP, BS, and PFR to Veracruz; SPR to Colima, and PWP and SYP to Colima and Nuevo León (see 
left and right panels of Fig. 5). This finding is in agreement with Mullen et al. (2003), who 
demostrated the effects of environmental factors on the agronomic performance of Leucaena 
during establishment and post-establishment growth in multi-environment trials. 

In general, the agro-climatic regions of Mexico that produce Leucaena seeds with the highest 
weights and sizes are associated with small pods that imply lower amounts of locules, seeds and 
weight of valves. Plant breeders need to identify the strongly associated traits in order to choose 
appropriate breeding strategies for handling them in crop improvement programs (Acquaah et al. 
1992; Olivera et al. 2008; Janmohammadi et al. 2014), and it is a crucially important practice to 
obtain success in the establishment of the crop and high forage yield in livestock farms with the 
right choice of Leucaena genotypes for a given region. 

The MANOVA, HCA, PFA and RCCA methods provided complementary ways of studying the 
Leucaena data. For example, the MANOVA showed the initial importance of PWP and SPR, which 
are identified when its statistical significance was compared with other traits. Therefore, 
subsequent MAM were conducted. The HCA classified all the accessions in five clusters based in 
all pod and seed related traits, when 78 and 138 sites showed greater magnitude and 35 and 71 
sites were the lowest magnitudes for all traits. The PFA showed the relationship between pod and 
seed related traits, so indicating that SSS and SSW, BS and LP were the major importance traits 
in the variation of the data structure. Thus, the conducted PFA allowed the reduction from eight 
primary traits to two new set traits as principal factors, which can explain 71.7% of the variability 
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of the primary data. Furthermore, RCCA indicated that BS, LP, SSS and SSW must be used in 
Leucaena breeding goals, and without the need to carry out progeny tests (Khodadadi et al. 2011; 
Vijay et al. 2017). Leucaena SSW depended mostly on SSS, BS, and LP because these traits 
showed the strongest discriminatory power, as demonstrated by Janmohammadi et al. (2014). 
Taken together, the MAM indicates which trait related to pod and seed was the most important 
under the environmental conditions for each studied agroclimatic regions. 

 

 
Fig. 5 Traits (on the left) and units (on the right) representations on the plane defined by the first 
two canonical variates for pod and seed traits in Leucaena leucocephala (Lam.) de Wit from 
different agroclimatic regions of Mexico 
 
Conclusions 
 
The high variability shown with the complementary of multivariate analysis methods in Leucaena 
provenances should be widely applicable to initiate breeding programs involving germplasm 
originating from different agroclimatic regions of México. Particularly, the one and five clusters 
could be exploited in transgressive breeding by the greatest genetic distance that was detected in 
these members of clusters. Single seed weight and single seed size can be useful for the indirect 
selection for evolving a superior genotype possessing a high percentage and speed of emergence 
of the seedlings breeder. Results of the present study indicated that the native Mexican Leucaena 
provenances are valuable germplasm for genetic breeding programs with commercial purposes 
under their natural conditions. 
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González I, Déjean S, Martin PGP et al (2008) CCA: An R package to extend canonical correlation 
analysis. J Stat Softw 23:1-14. 

Hair JF, Black WC, Babin BJ et al (2006) Multivariate data analysis. 6th edn. Pearson Education 
Inc. and Dorling Kindersley Publishing Inc., USA. 

Harman HH (1976) Modern factor analysis. 3rd edn. University of Chicago Press, Chicago. 
International Seed Testing Association (ISTA). 2018. International rules for seed testing. 

Bassersdorf, Switzerland. https://doi.org/10.15258/istarules.2018.i 
Janmohammadi M, Movahedi Z, Sabaghnia N (2014) Multivariate statistical analysis of some traits 

of bread wheat for breeding under rainfed conditions. J Agric Sci 59: 1-14. DOI: 
10.2298/JAS1401001J  

Khan DA, Zaki MJ (2016) Variation in brood- and seed-size and seed packaging cost in Leucaena 

leucocephala (Lam.) De Wit from Karachi. Int J Biol Biotechnol 13:115-130.  

Khodadadi M, Fotokian MH, Miransari M (2011) Genetic diversity of wheat (Triticum aestivum L.) 
genotypes based on cluster and principal component analyses for breeding strategies. Aust 
J Agric Sci 5:17-24. 

Kumar B, Lal GM, Upadhyay R et al (2009) Genetic variability, diversity and association of 
quantitative traits with grain yield in bread wheat (Triticum aestivum L.). Asian J Agric Sci 1:4-
6. 

Leurgans S, Moyeed R, Silverman B (1993) Canonical correlation analysis when the data are 
curves. J Res Stat Soc Ser B 55:725-740.  

Lezcano JC, Navarro M, González Y et al (2007) Determinación de la calidad de las semillas de 
Leucaena leucocephala cv. Perú almacenadas al ambiente. Pastos y Forrajes 30:107-118. 



47 

Maqueira-López LA, Morejón-Rivera R, Roján-Herrera O et al (2019) Relationship between growth 
traits and yield formation in Indica-type rice crop. Agron Mesoam 230:79-100. 
DOI:10.15517/ma.v30i1.29671 

Mohammadi SA, Prasanna BM (2003) Analysis of genetics diversity in crop plants: salient statical 
tools and considerations. Crop Sci 43: 1235-1248.  

Moreno ME (1996) Análisis físico y biológico de semillas agrícolas. 3ra edn. Universidad Nacional 
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Resumen 

Con el objetivo de desarrollar modelos cuantitativos a partir de estrategias no destructivas 

para describir la acumulación del área foliar (AF), intercepción de radiación (RI) y cambios 

en altura de planta (AP) en plantaciones de Leucaena (Leucaena leucocephala (Lam.) de 

Wit), se llevó a cabo un estudio en Veracruz con 350 días de duración y otro de 372 días 

en Morelos, para procedencias distintas. La AP, longitud (L) y ancho (A) de hoja, AF y 
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RI se monitorearon durante el estudio. Se generó un factor de ajuste para L y A que 

permitió estimar AF, comparada con AF medido con integrador de AF. Éstas variables 

fueron modeladas con análisis de regresión para describir los cambios en acumulación de 

AP, AF y RI. La estimación de AF obtenida por el producto L x A demandó el ajuste de 

y = 0.35(LxA) para Morelos y Veracruz analizados en conjunto. En Veracruz, las máximas 

acumulaciones de AF medidas con integrador y estimada con factor de ajuste, se 

obtuvieron entre los 119 y 143 días de rebrote, mientras que los máximos para AP se 

dieron entre los 128 y 177 días. Para la plantación en Morelos, las máximas acumulaciones 

de AF medidas con integrador y estimada con factor de ajuste, se obtuvieron entre los 134 

y 228 días, y los máximos para AP se dieron entre los 148 y 233 días. Las RI máximas se 

lograron entre los 203 y 217 días en la estación lluviosa, y entre los 80 y 104 días en la 

sequía, ambos para la plantación de Veracruz. La variabilidad generada en los momentos 

de cosecha fue debida a las procedencias evaluadas. Se concluye que con modelos 

cuadráticos y logísticos basados en variables no destructivas se puede describir el 

desarrollo de plantaciones de Leucaena que permita una mejor toma de decisión del 

momento de cosecha para procedencias distintas en plantaciones de Morelos y Veracruz. 

Palabras clave 

Patrón de crecimiento, factor de ajuste, radiación interceptada. 

 

Abstract 

To achieve the developed of quantitative models from non-destructive strategies to describe 

leaf area (LA) accumulation, solar radiation interception (RI) and changes in plant height 

(PH) in Leucaena (Leucaena leucocephala (Lam.) de Wit) plantations, a study was carried 

out in Morelos and Veracruz, from different provenances. PH, leaf length (L) and wide (W), 

LA and RI were measured. LA was estimated by L x W times a correction factor and 

compared to LA determined by a leaf integrator. Models were developed to describe 

changes in PH, LA and RI over time by regression and other approaches. Best correction 

factor was y = 0.35 (LxA) for Morelos and Veracruz analyzed together. For Veracruz site, 

highest LA accumulation measured with integrator and estimated with adjustment factor, 

were registered between 119 and 143 days of regrowth, while highest PH were registered 

between 128 and 177 days of regrowth. For Morelos plantation, highest LA accumulation 

measured with integrator and estimated with adjustment factor, were registered between 

134 and 228 days of regrowth, while highest PH were registered between 148 and 233 days 

of regrowth. Highest RI were registered between 203 and 217 days in the rainy season, and 

between 80 and 104 days in the drought, both for the Veracruz plantation. The variability 

generated at harvest times was due to the provenances evaluated. In conclusion, quadratic 

and logistic models from non-destructive variables could describe closely Leucaena above-

ground development and allow for harvesting decision-making in different provenances 

from Morelos and Veracruz plantations.  

Key words 

Growth pattern, correction factor, intercepted radiation. 
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Introducción 

 

Leucaena (Leucaena leucocephala (Lam.) de Wit) es una leguminosa tropical leñosa 

que supera a otras especies leñosas en adaptación a diferentes condiciones edafo-climáticas, 

incorporación de N2 atmosférico al conjunto suelo-planta-animal y en proveer forraje en 

cantidad y calidad (Estrada et al., 2018; Villanueva et al., 2018). El follaje de Leucaena es 

rico en proteína y puede mejorar el comportamiento productivo de un bovino al conformar 

hasta 30% del consumo total diario (Piñeiro-Vázquez et al., 2017). 

El mayor impacto positivo de la inclusión de Leucaena, como de otras forrajeras 

leñosas, a sistemas silvopastoriles o bancos de proteína, es mediante aplicar una frecuencia 

de cosecha que permita que la especie manifieste su potencial de acumulación de follaje en 

cada cosecha y a lo largo de todas las cosechas, esta frecuencia puede ser intensa cada dos 

a seis meses según sean las condiciones para el crecimiento de la especie (Latt et al., 2000; 

Sánchez et al., 2008). Por tanto, el mejor aprovechamiento de Leucaena como fuente de 

forraje, en sistemas silvopastoriles o bancos de proteína, demanda contar con métodos de 

fácil aplicación en campo para identificar el momento en que la planta alcanza la máxima 

acumulación de follaje fresco y efectuar la cosecha de un forraje en abundancia y de calidad 

(Del Pozo y Álvarez, 2003). Para ello, es necesario desarrollar investigación ecológica sobre 

la biomasa y la productividad en plantaciones de leucaena enfocada a la selección de 

especies sobresalientes en condiciones agroclimáticas específicas y mejorar la predicción 

de rendimientos de forraje futuros (Kanazaqa et al., 1982). 

Las hojas absorben la radiación solar fotosintéticamente activa (400-700 nm) para 

proveer la energía necesaria para el crecimiento y mantenimiento de la planta, conforme la 

planta acumula más hoja, medida como área foliar, la intercepción de la radiación 

fotosintéticamente activa también se incrementa, hasta alcanzar un máximo de intercepción, 

en este punto la planta logra a su  vez la máxima acumulación de área foliar, momento 

adecuado para realizar la cosecha; de mantenerse una frecuencia de cosecha que permita 

ambas condiciones: máximas área foliar e intercepción de radiación solar, se logrará 

máximo rendimiento del forraje (Escalante-Estrada et al., 2017). El desarrollo de ambos, 

área foliar e intercepción de la radiación solar son, por tanto, dos variables que determinan 

el patrón de acumulación de forraje. 

El desarrollo del área foliar y su relación con la acumulación de biomasa en diferentes 

cultivos impulsa la investigación sobre métodos no destructivos para determinar el área 

foliar. En Leucaena se validó que la superficie de una lámina foliar se puede determinar en 

función del área de la hoja con la masa seca foliar (Kanazaqa et al., 1982; Del Pozo y 

Álvarez, 2003), siendo necesario el desarrollo de ecuaciones matemáticas que incluyan el 

producto: (longitud x ancho de la lámina foliar) x Factor de Ajuste.  También para Leucaena 

es necesario validar la medición de área foliar en campo a partir de estrategias no 

destructivas y de fácil medición, para luego asociar el desarrollo del área foliar con 

intercepción de radiación solar y acumulación de follaje, debido a que los estudios para 
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Leucaena son basados en modelos alométricos y destructivos (Kanazaqa et al., 1982; 

Aguirre-Medina et al., 2018). 

Además del área foliar, cambios en la altura de la planta, se usa como una variable no 

destructiva para describir la dinámica de acumulación de biomasa e identificar el momento 

en que se logra una acumulación máxima (Kanazaqa et al., 1982; Espinoza et al., 1996; 

Aguirre-Medina et al., 2018). 

Actualmente existen instrumentos y equipos, como integradores portátiles de área 

foliar, sensores digitalizados para medir radiación recibida y capacidades computacionales 

para desarrollar modelos matemáticos que asocien los cambios en unas variables con 

cambios en otras. Por lo que la investigación presente tuvo como objetivo desarrollar 

modelos cuantitativos a partir de estrategias no destructivas para describir la dinámica de 

acumulación del área foliar, intercepción de radiación y cambios en altura de planta en 

plantaciones de Leucaena. 

 

Materiales y métodos 

 

Los datos de campo para el desarrollo de los modelos se obtuvieron de las áreas en 

Tepalcingo, Morelos y Tantoyuca, Veracruz, donde se encontraban parcelas establecidas de 

Leucaena de diferentes procedencias (tres accesiones elegidas al azar para cada una de las 

procedencias: Colima, Cuhnningham, Morelos, Nuevo León y Veracruz). Las accesiones 

en cada procedencia sólo fueron las sobrevivientes durante el aviveramiento de seis meses 

después de elegirlas cada diez en función del orden adoptado en la base de datos elaborada 

de un total de 149 sitios de colecta, con excepción de Cuhnningham que fueron 

seleccionadas tres de un total de cuatro accesiones colectadas. 

Tepalcingo se localiza a 18° 31' 18.5'' N y 98° 56' 25.2'' O, y 1,179 msnm, el clima es 

semicálido subhúmedo con lluvias en verano, precipitación anual de 879 mm y temperatura 

media de 21.8 °C. La zona de Tantoyuca se localiza a 21° 19' 56.3'' N y 98° 13' 22.3'' O y 

136 msnm, el clima es cálido subhúmedo con lluvias en verano, precipitación anual de 1,228 

mm y temperatura media de 23.9 °C (García, 2005). Ambos sitios tienen suelo vertisol, de 

acuerdo con la clasificación del sistema FAO/UNESCO 2010 (IUSS Working Group WRB, 

2010) obtenido del continuo nacional a escala 1:1,000,000 del INEGI. El suelo en Morelos 

es de textura franco-arenosa, con pH de 6.3, CE de 0.04 dSm-1, presentó un contenido de 

materia orgánica (MO) de 1.8%, con 15.8 mg kg-1 de N aprovechable y 3.7 mg kg-1 de P 

asimilable; en tanto, Tantoyuca tiene un suelo de textura arcillosa, con pH de 7.2, CE de 

0.18 dSm-1, 4.2% MO, con 12.5 mg kg-1 de N aprovechable y 4.3 mg kg-1 de P asimilable. 

El cultivo en ambos casos se desarrolló con la fertilidad de cada suelo. 

Cada parcela experimental se estableció al inicio con 16 plantas de Leucaena por 

accesión, posterior al tiempo de establecimiento las parcelas y número total de plantas por 

sitio de plantación fueron 11 y 176 y 14 y 224 para Tepalcingo y Tantoyuca, 

respectivamente. En ambos sitios la plantación fue en hileras con tres metros de separación 

y con plantas cada dos metros dentro de una misma hilera, para permitir el máximo potencial 
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de crecimiento de la planta. El establecimiento fue por trasplante de plantas desarrolladas 

por seis meses en un vivero de la Universidad Autónoma Chapingo. Una vez en campo, las 

plantas fueron protegidas contra corte o pastoreo, a seis meses del trasplante fueron podadas 

a 50 cm de altura y a partir de este momento se inició la toma de datos. 

De cada procedencia y sitio se seleccionaron las cuatro plantas centrales para la toma 

de datos de campo, en las dos o tres parcelas experimentales por accesión que al final se 

tuvieron como repetición. En cada planta se midió con aproximación de 0.1 cm la longitud 

y ancho de tres hojas del tamaño medio de cada una de las plantas usando una regla de 30 

cm; posteriormente, a estas mismas hojas se les midió área foliar con un integrador de 

área foliar (LI-3100 Area Meter, Li-Cor Inc., Lincoln, Nebraska, USA), se contabilizó el 

número de hojas totalmente expandidas en cada planta y con ambos se calculó el área 

foliar por planta.  

Únicamente en Tantoyuca, además de área foliar y altura de la planta, desde la base 

a la yema apical del fuste principal, se midió la radiación fotosintéticamente activa (RFA) 

por arriba (iRFA) y a nivel del suelo por debajo (tRFA) del dosel, para ambas se usó un 

sensor lineal de quantum (Quantum Line 6 sensor Bar, Spectrum Technologies, Inc., 

USA) entre las 11:00 y 13:00 horas, el sensor se colocó́ perpendicular a las hileras de 

plantación tanto arriba como por debajo del dosel, la diferencia  (iRFA - tRFA) fue la 

radiación interceptada (RI) que se expresó en μE m-2 s-1 como en otras leguminosas y 

gramíneas (Colabelli et al., 2011). Los datos de campo se tomaron a 28 días desde el inicio 

y hasta la mitad de las estaciones lluviosa y sequía, cada 14 días posteriormente, para todas 

las variables. 

Además de las mediciones en campo, para ambos sitios se obtuvo la temperatura 

media mensual máxima (Tmáx) y mínima (Tmín) y precipitación mensual acumulada de 

marzo 2018 a febrero 2019, a partir de los registros del Servicio Meteorológico Nacional 

(CONAGUA). Para Tantoyuca, se consideró como estación lluviosa y sequía de marzo a 

septiembre de 2018 y de agosto 2018 a febrero 2019, respectivamente, y para Tepalcingo, 

estas estaciones fueron de febrero a agosto de 2018 y de septiembre 2018 a febrero 2019. 

El traslape en inicio y fin de las estaciones de crecimiento para ambos sitios de plantación 

se debe a los diferentes ciclos de crecimiento mostrados por las diferentes procedencias 

de las plantas de Leucaena. 

El área rectangular de la cual sólo una parte es ocupada por el área de la hoja se obtuvo 

midiendo longitud y ancho y se denotó como variable X, en tanto, el área obtenida por el 

integrador de área se denotó como variable Y. Con cada par de datos X-Y se estimó la 

regresión lineal simple sin ordenada al origen (Berman y Saunders, 2008; Kuhn y Johnson, 

2018) y la pendiente de la ecuación se utilizó como el factor de ajuste para obtener el área 

foliar a partir de los datos generados en campo de longitud y ancho de hoja. 

Las áreas foliares obtenidas con integrador y factor de ajuste, y la altura de la planta 

se sometieron a un análisis de varianza mediante un modelo mixto que incluyó los efectos 

fijos de estación de crecimiento (E), sitio de crecimiento (S), procedencia (P), las dobles 

y triples interacciones entre efectos principales (E×S, E×P, S×P and E×S×P) y los efectos 
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aleatorios de accesión anidado en E y accesión anidado en E×S, con el procedimiento 

MIXED. Para RI el modelo fue similar con los efectos fijos de sitio de crecimiento (S), 

procedencia (P), la interacción S×P y el efecto aleatorio de accesión anidado en S. Para 

ambos modelos se incluyó además como efecto fijo la covariable de tiempo de muestreo 

después del corte de uniformización. Cuando fue necesario, las medias de las variables 

fueron estimadas con la  instrucción LSMEANS. 

Con el procedimiento NLIN se desarrollaron modelos logísticos y polinomios de 

segundo grado para describir la dinámica de cambio en radiación interceptada, área foliar 

y altura de planta para cada uno de los efectos significativos a través del tiempo de rebrote. 

Para área foliar se desarrollaron modelos independientes con la medición de área foliar 

por el integrador de área foliar y la calculada por la longitud y ancho de hoja y el factor 

de ajuste. Los criterios para determinar el modelo con mejor ajuste, fueron lograr el mayor 

coeficiente de determinación (R2), el menor error estándar (EE) de la expresión y los 

intervalos de confianza (IC) más estrechos al 95% de confiabilidad para los parámetros 

de las ecuaciones. Todos los procedimientos estadísticos se desarrollaron con SAS (SAS® 

9.4, SAS Inst. Inc., Cary, NC., USA). 

 

Resultados 

 

Precipitación y temperatura durante el estudio 

 

El área de Tepalcingo registró 879 mm de precipitación, 31 y 69% en la sequía y 

lluviosa, respectivamente; la temperatura máxima mensual varió de 28.3 a 33.6 oC y la 

mínima mensual de 8.9 a 16.8 oC, mayo y enero registraron la mayor y menor temperatura 

mensual máxima y mínima, respectivamente. Tantoyuca registró 1,228 mm de 

precipitación, 45 y 55% en la estación de sequía y lluviosa, respectivamente; la 

temperatura máxima mensual fue de 22.7 a 33.5 oC y la mínima mensual de 13.4 a 23.1 
oC, junio y enero registraron la mayor y menor temperatura mensual máxima y mínima, 

respectivamente (Figura 1). 

Tantoyuca recibió 40% más precipitación anual que Tepalcingo, pero en sequía la 

diferencia en precipitación recibida entre las áreas fue mayor, el primer sitio recibió poco 

más del doble de precipitación que el segundo en esta estación. Además de una menor 

precipitación, Tepalcingo mostro mayor temperatura máxima y menor mínima que en 

Tantoyuca. 

Las diferencias entre los sitios de plantación en cantidad y distribución de la 

precipitación y la variación entre la temperatura máxima y mínima mensual, permite 

señalar que la información de campo provino de áreas con condiciones climáticas 

diversas. Tantoyuca fue un sitio cálido y húmedo, mientras que Tepalcingo fue un 

semicálido sub-húmedo, este sitio se consideró semicálido debido a la menor temperatura. 
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Figura 1 

Temperatura media mensual máxima (Tmáx) y mínima (Tmín) y precipitación (PP) 

mensual en Tepalcingo, Morelos, México, marzo-diciembre 2018, enero-febrero 2019 

(a); y Tantoyuca, Veracruz, México, abril-diciembre 2018, enero-marzo 2019 (b). 

 

 

Significancia estadística de las variables en estudio 

 

La significancia estadística de las variables en estudio se muestran en el Cuadro 1. 

Los efectos de Procedencia, Sitio  Procedencia y la covariable Tiempo influyeron (P < 

0.0004) sobre las áreas foliares calculadas con factor de ajuste y medidas con integrador, 

y la altura de planta. El efecto de Sitio sólo fue importante (P = 0.0786) para la altura de 

planta. En tanto, la radiación interceptada fue afectada (P < 0.006) por los efectos de 

Estación, Procedencia, Estación  Procedencia y la covariable Tiempo. 

 

Cuadro 1. Significancia estadística de las áreas foliares calculadas con factor de ajuste y 

medidas con integrador, altura de planta y la radiación interceptada. 

Factor 
Área foliar (cm2) Altura 

(cm) 

Radiación interceptada 

(μE m-2 s-1) Factor de ajuste Integrador 

Estación (E) 0.2269 0.2474 0.3630 0.0067 

Sitio (S) 0.1189 0.1557 0.0786 --- 

Procedencia (P) <0.0001 0.0004 <0.0001 <0.0001 

ES 0.3302 0.4218 0.1303 --- 

EP 0.1239 0.9200 0.6116 0.0004 

SP <0.0001 <0.0001 <0.0001 --- 

ESP 0.1287 0.6058 0.3019 --- 

Tiempo <0.0001 <0.0001 <0.0001 <0.0001 

 

 

 

 

(a) (b) 
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Validación del factor de ajuste y ecuaciones de predicción de área foliar 

 

La determinación del factor de ajuste para calcular área foliar con base a las 

mediciones de área foliar con integrador y a las no destructivas de longitud por ancho de 

hoja (área rectangular) fue posible y aceptable al lograr una R2 de 95% y EE de 16 para la 

expresión (Figura 2a). El área foliar con integrador mostró una dispersión amplia cuando 

ésta superó los 50 cm2. Esta tendencia a mayor frecuencia de áreas foliares superiores a 

los 50 cm2 fue reflejo del tamaño de la hoja que fue mayor conforme avanzó la edad de la 

planta; mismo fenómeno apreciado con los residuales (Figura 2b), que se traduce en una 

variabilidad cada vez más alta a mayores tamaños de hoja. 

 

Figura 2 

Dispersión del área foliar observada por planta (a) y residuales  (b) con respecto de la 

estimada mediante el producto de longitud x ancho de hoja en plantaciones de Morelos y 

Veracruz. Modelo significativo (P < 0.0001).  
 

 

 

 

 

 

 

 

 

 

 

 

 

Modelos descriptivos de la dinámica de radiación interceptada (RI) 

 

El patrón de RI, a lo largo del rebrote, en cada estación de crecimiento (sequía y 

lluviosa) y procedencia fue descrito por modelos distintos; en sequía, este patrón fue 

explicado por un modelo cuadrático, la RI incrementó constantemente desde los 80 (en 

Cunningham) y hasta los 104 días (en Morelos) para alcanzar un máximo de RI y luego 

decreció. En la estación lluviosa, el modelo fue logístico con reducción progresiva en la 

magnitud del incremento de la RI, luego de los 203 (en Morelos y Veracruz) y 217 días 

de rebrote (en Colima, Cunningham y Nuevo León) el incremento fue mínimo (Figuras 

3a y 3b). Ambos modelos demuestran que el monitoreo de la RI es una estrategia aplicable 

en condiciones de campo para la toma de decisiones del momento de la cosecha del forraje 

por la alta capacidad predictiva observada con la R2, EE y los IC al 95% para los 

parámetros. 

(a) 

y = 0.35(±0.003)x 

R2 = 0.95 y EE=16 

(b) 
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Figura 3 

Modelos descriptivos de la cantidad de radiación interceptada (RI) medida como μE m-2 

s-1 por procedencia en una plantación de Leucaena en las estaciones lluviosa (a) y de 

sequía (b). R2 = coeficiente de determinación, EE = error estándar e IC = intervalo de 

confianza. Modelos significativos (P < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

La RI en sequía fue siempre superior que en la estación lluviosa en casi todas las 

procedencias, con excepción de Nuevo León. Considerando las máximas RI de cada 

procedencia, las de sequía fueron entre 33 y 139% superiores a las registradas para las 

procedencias durante la estación lluviosa. En contraste, en lluviosa la RI siempre mostró 

incrementos constantes, no así en sequía, estación en que se registró hasta una caída en la 

RI. La dinámica distinta en la RI entre ambas estaciones puede ser reflejo del efecto 

combinado de la frecuencia de días nublados y disponibilidad de humedad en cada una de 

ellas. 

 

Modelos descriptivos de la dinámica de acumulación de área foliar 

 

Los modelos de las plantaciones de Morelos y Veracruz fueron polinomios de 

segundo grado para las áreas foliares calculada con factor de ajuste y medida con 

integrador (Figuras 4 y 5). El área foliar calculada con factor de ajuste incrementó 

(b) (a) 
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constantemente y alcanzó un máximo entre los 134 (para Veracruz) y 222 días (para 

Cunningham) en Morelos y entre los 114 (para Morelos) y 141 días (para Nuevo León) 

en Veracruz, posterior a ello decreció (Figura 4). En tanto, el área foliar medida con 

integrador incrementó constantemente y alcanzó un máximo entre los 139 (para Veracruz) 

y 228 días (para Cunningham) en Morelos y entre los 119 (para Veracruz) y 143 días (para 

Nuevo León) en Veracruz, posterior a ello decreció (Figura 5). 

Considerando las máximas áreas foliares de cada procedencia entre los sitios de 

plantación, las procedencias de Veracruz fueron entre 0.7 y 30.3 veces superiores a las 

registradas en Morelos para ambas áreas foliares calculada con factor de ajuste y medida 

con integrador de área foliar (Figuras 4 y 5). 

 

Figura 4 

Modelos descriptivos del desarrollo del área foliar calculada mediante un factor de 

ajuste, en plantaciones de Leucaena en Morelos (a) y Veracruz (b) para procedencias 

distintas. R2 = coeficiente de determinación, EE = error estándar e IC = intervalo de 

confianza. Todos los modelos fueron significativos (P < 0.0001).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Los modelos desarrollados con las áreas foliares medidas con integrador y calculadas 

con factor de ajuste fueron aceptables al lograr una R2 de 82% o superiores y EE de 436.6 

(a) (b) 
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cm2 o inferiores, lo que justifica el monitoreo de área foliar con el factor de ajuste generado 

como una estrategia no destructiva útil en la toma de decisiones del momento de cosecha 

de forraje de Leucaena (Figuras 4 y 5). El EE fue de 1 a 33 veces inferior para las 

procedencias en Morelos en comparación con las de Veracruz (Figuras 4 y 5). 

En la plantación de Morelos, considerando los EE de las expresiones del modelo 

basado en la estimación por cálculo sub-estimó para casi todas las procedencias entre 0.6 

(para Morelos) y 36% (para Colima), con excepción para Veracruz que sobre-estimó en 

más de 15% el área foliar comparado con el basado en datos del integrador. En tanto, para 

la plantación de Veracruz, la estimación por cálculo sub-estimó en 3% para Veracruz y 

98% para Morelos, y sobre-estimó entre 4.1 (para Nuevo León) y 30.6% (para 

Cunningham) el área foliar comparado con el basado en el integrador. 

 

Figura 5 

Modelos descriptivos del desarrollo del área foliar medida con integrador, en 

plantaciones de Leucaena en Morelos (a) y Veracruz (b) para procedencias distintas. R2 

= coeficiente de determinación, EE = error estándar e IC = intervalo de confianza. Todos 

los modelos fueron significativos (P < 0.0001).  
 

  
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Las máximas áreas foliares fueron superiores a 2,633 cm2 planta-1 en la plantación de 

Morelos y 21,525 cm2 en la plantación de Veracruz, que correspondieron a las 

(a) (b) 
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procedencias de Morelos y Cunningham, respectivamente. En contraste, las mínimas áreas 

foliares fueron inferiores a 546 cm2 planta-1 en la plantación de Morelos y 2,506 cm2 en 

la plantación de Veracruz, que correspondieron a las procedencias de Veracruz y Nuevo 

León, respectivamente. Con base a lo anterior, podría afirmarse que a mayor acumulación 

de área foliar, también es mayor la diferencia entre modelos desarrollados con datos de 

área foliar en función de la procedencia y sitio de plantación. 

Esta mayor acumulación de área foliar coincide también con la mayor RI en las 

estaciones de sequía y lluviosa para los casos de Colima, Cunningham y Morelos (Figura 

3). Por lo que la expansión del área foliar tiene en la cantidad de radiación solar recibida 

un factor determinante, en función de las procedencias y las estaciones y sitios de 

crecimiento. 

Los intervalos de confianza para los parámetros de las ecuaciones generadas con las 

áreas foliares medidas con integrador y calculadas con factor de ajuste indican diferencias 

entre las procedencias evaluadas (Figuras 4 y 5). En la plantación de Morelos las 

procedencias de Colima, Cunningham y Nuevo León mostraron un comportamiento 

intermedio (10 a 22 cm2 día-1) entre Morelos y Veracruz para la tasa de acumulación de 

área foliar, Morelos superó en más de cuatro veces la tasa de crecimiento observada para 

Veracruz. En tanto, para la plantación de Veracruz las procedencias de Colima, Morelos 

y Veracruz mostraron un comportamiento intermedio (154 a 315 cm2 día-1) entre 

Cunningham y Nuevo León para la tasa de acumulación de área foliar, Cunningham 

superó en más de ocho veces la tasa de crecimiento observada para Nuevo León. 

 

Modelos descriptivos de la dinámica de cambio en altura de planta 

 

Los patrones de cambio en altura de planta fueron similares a los correspondientes en 

RI (Figuras 3 y 6). En la plantación de Morelos el modelo fue logístico para las 

procedencias de Colima, Cunningham y Veracruz, y cuadrático para Morelos y Nuevo 

León; en tanto, para la plantación de Veracruz en casi todas las procedencias el 

comportamiento fue cuadrático, con excepción para Nuevo León que fue explicado por 

un modelo logístico. Con el modelo cuadrático se registró un incremento en altura hasta 

un máximo y luego una ligera reducción, mientras que con el modelo logístico la planta 

siempre mantuvo un incremento de altura, aunque con cambios en la magnitud de este 

incremento a lo largo de la estación de crecimiento (Figura 6). 

Las alturas máximas fueron de 60 (para Nuevo León) a 105 cm (para Morelos) en la 

plantación de Morelos y de 72 (para Nuevo León) a 169 cm (para Cunningham) en la 

plantación de Veracruz, y se registraron entre los 148 a 203 y 151 a 177 días de rebrote, 

respectivamente. La altura de planta para las procedencias de la plantación de Veracruz 

superaron en 12 a 75% a las de Morelos. Esta situación de máxima altura para 

Cunningham coincidió con RI en ambas estaciones de crecimiento. Esto permite señalar 

que los entrenudos en Leucaena fueron más largo en la plantación de Veracruz que en 

Morelos, y esta mayor longitud explica las mayores RI y área foliar acumulada. 
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Figura 6 

Modelos descriptivos de cambios en altura de planta en una plantación de Leucaena en 

Morelos (a) y Veracruz (b) para procedencias distintas. R2 = coeficiente de 

determinación, EE = error estándar e IC = intervalo de confianza. Ambos modelos 

fueron significativos (P < 0.0001). 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discusión 

 

      La Leucaena prosperó en ambos sitios de plantación con diferencias en cantidad y 

distribución de las lluvias e incidencia de temperaturas ambientales bajas, esto validó la 

capacidad amplia de Leucaena de adaptarse a diferentes condiciones tropicales, aunque 

con variaciones importantes en el desarrollo y acumulación de follaje. En Veracruz que 

fue el más cálido y húmedo, la magnitud de área foliar acumulada y la altura de planta 

fueron mayores que en Morelos, que fue más fresco y seco. Las variaciones en clima y 

respuesta de la Leucaena en las variables medidas dan validez a los resultados. 

      El uso de un factor de ajuste para que las mediciones no destructivas de longitud y 

ancho de la hoja sirvieran de base para estimar el área foliar en un momento determinado 

fue válido. La validación del factor de ajuste coincide con lo registrado por Del Pozo y 

Álvarez (2003) para la estación de sequía, quienes demostraron la utilidad práctica de 

(a) (b) 
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ecuaciones con R2 = 0.95 para la estimación del área foliar de la Leucaena a partir de los 

valores de masa seca de sus hojas. El área foliar calculada por mediciones no destructivas 

y ajustadas, puede implicar una ligera sub o sobre estimación de esta variable en 

comparación con la determinación destructiva, sin embargo, el gran ahorro en tiempo, 

esfuerzo y mantener la planta en pie favorece este acercamiento (Espinoza et al., 1996). 

Los coeficientes de determinación altos de este estudio que resultaron del cálculo del 

área foliar de forma no destructiva, y basados en medir longitud y ancho de hoja con un 

factor de ajuste, permite señalar que este es un método adecuado para medir área foliar en 

plantaciones de Leucaena y con ello determinar un criterio para el momento de cosecha. 

En este sentido, el estudio realizado concuerda con los estudios de Espinoza et al. (1996) 

que concluyeron que la confiabilidad estadística lograda por los métodos no destructivos 

los hace una opción para el seguimiento en campo de cultivos en pie de Leucaena. 

      La intercepción de la radiación solar es producto de una participación compleja de 

factores externos y propios de la planta, entre ellos la presencia de días nublados, topología 

y densidad del cultivo, arreglo foliar y longitud de entrenudos, sin embargo, es un factor 

determinante en el patrón de acumulación de biomasa, por lo que es un parámetro medular 

en el seguimiento a la producción de un cultivo (Kanazaqa et al., 1982), y con ello la 

importancia de darle seguimiento en campo a los cultivos en pie para la toma de 

decisiones, como lo es la cosecha oportuna para maximizar rendimientos en el caso de 

forrajeras perennes. El patrón de intercepción de radiación solar encontrada en el estudio 

fue contrastante entre las estaciones de sequía y lluviosa, en la primera la intercepción 

aumentó rápidamente para alcanzar un máximo en un tiempo corto y superior al registrado 

en lluvias. El comportamiento en sequía fue similar a lo encontrado en pastizales naturales 

por Colabelli et al. (2011), quienes también encontraron una rápida intercepción de 

radiación en la estación con menor frecuencia de días nublados. 

      Con base en intercepción de radiación el tiempo de rebrote para la cosecha en las 

estaciones de sequía y lluviosa, debe ser distinto. En este estudio en sequía la plantación de 

Leucaena estaba lista para cosecha entre los 112 y los 123 días de rebrote más temprano que 

en la lluviosa. Aunque, este comportamiento estuvo en función de las procedencias 

evaluadas durante las dos estaciones de crecimiento (lluviosa y sequía). Para la sequía, el 

intervalo propuesto en este estudio es 22 días inferior al propuesto por Aguirre-Medina et 

al. (2018) y para la lluviosa el intervalo de rebrote propuesto en este estudio es 35 días 

superior a lo recomendado por Espinoza et al. (1996). Estas diferencias resaltan la 

importancia de contar con métodos rápidos y sencillos de aplicar en campo, para decidir el 

momento de cosechar con base al desempeño real del cultivo y no solo depender de 

intervalos prefijados que no incorporan el verdadero desempeño de la plantación o de la 

especie a cosechar. Sin embargo, sería interesante conocer el comportamiento de la RI a 

través del tiempo en plantaciones de Leucaena con densidadades superiores a las de este 

estudio. 

En especies de ciclos anuales o perennes herbáceas, los modelos para describir la 

dinámica a través del tiempo de la radiación interceptada tienden a ser lineales o logísticos 
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y con menores intervalos de tiempo para alcanzar la máxima radiación interceptada, por 

ejemplo Escalante-Estrada et al. (2017) en cultivo de frijol ayocote,  Gutiérrez-Rodríguez 

et al. (2004) que en frijol encontraron la máxima intercepción de radiación a los 84 días 

después de la siembra, y  Colabelli et al. (2011) quienes reportaron intercepciones máximas 

de radiación entre los 50 y 60 días de rebrote en diferentes leguminosas y gramíneas 

herbáceas perennes. Estas diferencias en patrones y tiempos en la cantidad de radiación 

interceptada entre especies anuales o perennes herbáceas con respecto de las arbustivas 

enfatizan la necesidad de considerar a ambos estratos cuando se decidan los momentos de 

cosechas en sistemas silvopastoriles. 

      El seguimiento a través del tiempo de la acumulación de área foliar por métodos no 

destructivos fue posible, y al igual que con intercepción de la radiación, las máximas 

acumulaciones de áreas foliares se dieron a intervalos de rebrote distintos, aunque en este 

fue en función de las procedencias para cada una de las estaciones de crecimiento. 

Espinoza et al. (1996) propusieron en Leucaena usada como banco forrajero irrigada y 

fertilizada con NPK cosechas fijas cada 63 días a través del año. Con base en los resultados 

del presente estudio, mantener un mismo intervalo de cosecha a lo largo del año puede 

implicar que Leucaena no alcance a expresar sus máximos rendimientos, resaltando la 

importancia de seguimientos no destructivos para decidir el momento de cosecha. 

      Altura de planta, como lo fueron las otras variables medidas, permitió identificar las 

diferentes tasas de desarrollo del cultivo en cada una de las procedencias y sitios de 

crecimiento. Aguirre-Medina et al. (2018) realizaron una cosecha de Leucaena a los 120 

días del establecimiento y a una altura variable entre 124 y 128 cm, lo que coincidió con 

la altura de cosecha estimados en este estudio para las procedencias evaluadas en la 

plantación de Veracruz, aunque con 8 a 57 días más tarde. Espinoza et al. (1996) 

recomendaron la cosecha a los 63 días entre cortes, momento en el cual se lograron 135 y 

157 cm de AP durante la sequía y lluviosa, respectivamente, coincidiendo con las AP 

obtenidas en este estudio también para las procedencias de la plantación de Veracruz. 

      El seguimiento del desarrollo de Leucaena mediante mediciones no destructivas como 

la intercepción de radiación, área foliar acumulada y altura de planta, mostraron un patrón 

conjunto de respuesta que permite señalar que todas ellas por sí solas o en conjunto, son 

consistentes en reflejar los cambios asociados al desarrollo de la planta, a la vez de ser 

sensibles a cambios en este desarrollo asociados a condiciones climáticas como 

temperatura y disponibilidad de humedad. Este patrón consistente de respuesta de las 

distintas variables usadas apuntala la conclusión de Espinoza et al. (1996), de que la 

validación de métodos no destructivos para dar seguimiento al desarrollo en pie de 

cultivos es un importante campo de investigación, por su utilidad práctica. 

Por tanto, las variables no destructivas permitieron desarrollar modelos sensibles a 

describir cambios en el desarrollo de Leucaena a través del tiempo y sitios de plantación; 

sin embargo, queda pendiente la validación de estos modelos para determinar rendimiento 

de follaje y otros atributos, como interacción con otras especies herbáceas (espontáneas y 

sembradas), densidad de población, impacto sobre características del suelo (erosión, 
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capacidad de retención de humedad), y aspectos microclimáticos como humedad relativa. 

Kanazaqa et al. (1982) y Del Pozo y Álvarez (2003) señalan la existencia de relaciones 

cuantitativas entre variables como la acumulación de área foliar, y estos atributos 

fundamentan la necesidad de continuar con este proceso de validación. 

 

Conclusiones 

 

      La determinación de área foliar y sus cambios a través del tiempo, en las procedencias 

evaluadas en las plantaciones de Morelos y Veracruz, así como los cambios en la radiación 

interceptada y altura de planta en plantaciones de Leucaena pueden ser determinados por 

modelos cuantitativos desarrollados a partir de variables no destructivas. Los modelos 

fueron polinomios de segundo grado y logísticos y permitieron determinar los días de 

rebrote en que se alcanzaron los valores máximos de las variables mencionadas en 

plantaciones de Leucaena. Estos modelos podrían generar la información necesaria para 

decidir momentos oportunos de cosecha del follaje de plantaciones de Leucaena. 
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Abstract 

Environmental factors variation (season and site) in forage quality and production of five 

provenances (Colima, Cunningham, Morelos, Nuevo León and Veracruz) of Leucaena 

leucocephala were evaluated. During the dry season the fodder harvest (FH) and the time 

of microbial colonization (L) were earlier; dry matter (DM), crude protein (CP), Ca, P, K, 

Cu, Fe and Zn were higher; but with the CH4 produced (CH4P), rapid fermentable fraction 

(FF), ethereal extract (EE), neutral detergent fiber (NDF), lignin (LIG), digestibility of the 

organic matter (OM) at 72 h of fermentation (IVDOM72) and Ca:P ratio were lower than 

in the rainy season. FH and L were earlier; Foliar area (FA), regrowth height (RH), plant 

density (PD), forage yield (FY), survival (SV), CP, EE, NDF, CH4, total gas production 

(TGP), K, Fe and Zn were higher, and OM, IVDOM72 and Mg were lower in Veracruz 

than in Morelos plantation. Cunningham showed regrowth height (RH) higher than other 

provenances. Morelos exceeded EE, acid detergent fiber (ADF), the gas production rate 

(S), FF, slow fermentable fraction (SF), IVDOM72, Na, Ca, P, Fe and Zn over the other 

provenances. L and the metabolizable energy content was more low in Morelos than in 

the other provenances. The balance between the quality of the parameters evaluated 

suggested Morelos provenance as the forage of higher nutritional quality during the year. 
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All provenances showed appropriate quality parameters to complement part of the 

nutritional requirements from livestock. 

Keywords: Forage yield, Chemical composition, Methane production, Fermentative 

quality, Mineral content. 

Introduction 

The variability in the production and the nutritional value of the forages is a product of 

the annual transition of temperature, relative humidity and rainfall (Leng, 1990). These 

factors depend on livestock production, because it is the main source of food for grazing 

ruminants and represent the highest volume of the diet (López-Vigoa et al., 2019). This 

variability is a great defiance for tropical livestock based on monocultures of grazing 

grasses during the dry season, in which the availability and quality of forages drastically 

decrease (Cuartas et al., 2014), forcing to look for alternatives that improve this situation 

in different agroclimatic regions. 

Leucaena leucocephala (Lam.) de Wit (Leucaena) is a woody species native of the 

Mexican tropics that provides forage in quantity and quality to the livestock in 

silvopastoral systems (SPS), used as an alternative during the dry season (Navas, 2010; 

Estrada et al., 2018). This forage quality is based on high levels of crude protein (> 25%) 

and energy (> 4.2 Mcal BE kg MS-1), and low fiber levels (<44% FDN and <27% FDA); 

thus, this resource is capable of ensuring that the bovine SPS grazing eat a diet with less 

structural carbohydrates but enough protein and fiber to maintain rumen functionality 

(Minson, 1990; Sierra et al., 2017; Martínez-Hernández et al., 2019). 

Leucaena has stood out among the woody forage and woody legumes of other families 

and species, for its agronomic attributes and promotion of animal production (Shelton and 

Dalzell, 2007).  Some attributes are the higher yield of aerial biomass, concentration of 

leaf nutrients, flexibility of branches, amount of atmospheric N2 incorporated into the soil-

plant-animal system, drought tolerance, vigorous regrowth, acceptance by cattle, 

persistence in the field, and accessibility for browsing (Navas, 2010; Cuartas et al., 2014). 

Due to the nutritional content of Leucaena foliage, cattle can improve their productive 

performance by forming up to 30% dry basis of total daily consumption (Palma, 2006; 

Sierra et al., 2017; Piñeiro-Vázquez et al., 2017). However, due to the Leucaena high fiber 

content, it is classified as a rough forage that could limit livestock productivity if it is not 

efficiently degraded in the rumen (Gaviria et al., 2015). Therefore, it is important to study 

both the production and the nutritional quality of Leucaena fodder, to determine its 

availability for being part of the diet for livestock that graze in SPS, throughout the year 

and in different tropical climates. 

There is a concern to achieve regenerative and sustainable livestock without causing 

greater environmental contamination by CH4. Thus, an option for this is the use of 

Leucaena foliage in livestock feed as an indigenous resource in the Mexican tropics 
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(Palma, 2006; Vite et al., 2020). It is proposed to study the provenances compared with 

the improved Cunningham variety, as there were no research reports on seasonal, 

provenances and growing site variations in production and forage quality between the 

comparison of improved varieties and native Mexican accessions. An understanding of 

the environmental factor changes in forage production and nutritional quality of the native 

Mexican accessions is also needed to optimize the use of Leucaena as a feed supplement 

in the tropical SPS. This study aimed to evaluate the seasonal, provenance, and growing 

site variation in forage production and nutritional quality of Mexican native L. 

leucocephala.  

Materials and methods 

Experimental details 

The field data for the development of the research were obtained from the areas in 

Tepalcingo, Morelos and Tantoyuca, Veracruz, where plots of Leucaena from different 

provenances were established (three randomly selected accessions for each of the 

provenances: Colima, Cunningham, Morelos, Nuevo León and Veracruz). The accessions 

in each provenance were only the survivors during the six-month nursery stage after 

choosing them every ten based on the order adopted in the elaborated database of a total 

of 149 collection sites; with the exception of Cuhnningham, three out of a total of four 

accessions collected were selected. 

Tepalcingo is located at 18° 31' 18.5'' N and 98° 56' 25.2'' O and 1,179 masl, the climate 

is semi-warm subhumid with rains in summer, annual rainfall of 879 mm and average 

temperature of 21.8 °C. The Tantoyuca area is located at 21° 19' 56.3'' N and 98° 13' 22.3'' 

O and 136 masl, the climate is warm subhumid with rains in summer, annual rainfall of 

1,228 mm and average temperature of 23.9 °C (Garcia, 2005). Both sites have vertisol 

soil, according to the classification of the FAO/UNESCO 2010 system (IUSS Working 

Group WRB, 2010) obtained from the national continuum at 1: 1,000,000 scale of INEGI. 

The soil in Morelos has a sandy-loam texture, with a pH of 6.3, EC of 0.04 dSm-1, 

presented an organic matter content (OM) of 1.8%, with 15.8 mg kg-1 of usable N and 3.7 

mg kg- 1 of assimilable P; while, Tantoyuca has a clay-textured soil, with a pH of 7.2, EC 

of 0.18 dSm-1, 4.2% OM, with 12.5 mg kg-1 of usable N and 4.3 mg kg-1 of assimilable P. 

The cultivation, in both cases, was developed with the fertility of each soil in temporary 

conditions, which is how the producer uses it to reduce production costs. 

Treatments and experimental design 

Each experimental plot was established with 16 Leucaena plants per accession, the 

accessions and the total number of plants per planting site were 11 and 176, and 14 and 

224, for Tepalcingo and Tantoyuca, respectively; in both places, the distances between 

rows and plants were 3 and 2 m. The establishment was made by transplanting plants 

developed for six months in a nursery at the Universidad Autónoma Chapingo (UACh). 

Once in the field, the plants were protected against cutting or grazing, six months after the 
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transplant they were pruned at 50 cm high. From thhat moment the foliar area (FA) was 

monitored with integrator (LI-3100 Area Meter, Li-Cor Inc., Lincoln, Nebraska, USA) 

until the maximum accumulation that was used as a criterion to determine the moment of 

the harvest of each accession, according to the technique used by Vite et al. (2020). The 

experiment was established in a randomized block design with three accessions per block. 

At the end of the experiment, Colima, Cunningham and Morelos provenances in the 

Morelos plantation only had two replicas because of an infestation by a stem miner that 

caused the total loss of plants in the plots. Accession was used as blocking criteria. 

The cumulative monthly average temperature and precipitation from March 2018 to 

February 2019 were obtained from the National Meteorological Service (CONAGUA). 

For Tantoyuca, it was considered as a rainy season from March to September 2018, and 

drought from August 2018 to February 2019; for Tepalcingo, these stations were from 

February to August 2018 and from September 2018 to February 2019, respectively. The 

overlap in the beginning and end of the growing seasons for both planting sites is due to 

the different growth cycles shown by the different provenances of the Leucaenas. 

Variables measured or calculated 

During the harvest of edible fodder, the frequency of harvest (FH) in days was estimated, 

FA in cm2 plant-1, number of main regrowths (MR), plant density (PD, plants ha-1) and 

survival (SV, %), the latter depending on the ratio of live plants at the time of sampling 

on the total sown plants. The regrowth height (RH, cm) was obtained with a tape measure, 

from the root crown to the apical bud, and stem diameter (SD, mm) was measured with a 

digital Vernier caliper (AutoTECTM, China), 5 cm away from the root crown to the apex. 

The edible foliage sample under study came from a sample composed of leaves plus stems 

with a 3,00,3 mm diameter, using the technique of simulated grazing, considering the 

behavior of grazing cattle, made in four plants of each plot during the growing seasons. 

The samples were transferred in a thermos flask to the Forage Laboratory of UACh, where 

it was dried until constant weight in a forced air oven at 55 °C. A subsample was milled 

in a Wiley® 4 mill (Arthur H. Thomas, Philadelphia, PA, USA) with a 1 mm mesh and 

processed in the Livestock Microbiology Laboratory of UACh. Forage yield (FY, kg ha-1 

DM) was obtained from the average of the dry matter (DM) of edible forage samples 

multiplied by the PD. The measurement of fermentable fractions was based on the in vitro 

technique of gas production (Bhatta et al., 2007; Theodorou et al., 1994), from which the 

total gas (TGP, mL kg-1 of substrate), and carbon dioxide (CO2P, %) and CH4 plus minor 

gases (CH4P, %) productions were obtained, these last two variables from TGP. The 

procedure consisted in connecting a hypodermic needle to a digital pressure transducer 

that is manually inserted through the rubber stopper of the known volume bottle to 

measure and release the accumulated gas pressure during 6, 12, 18 and 24 h (Theodorou 

et al., 1994). The fermentation pattern values at 4, 8, 12, 16, 20, 24, 30, 36, 42, 48, 60 and 

72 h were obtained with the gas production technique of Theodorou et al. (1994), for 

which a nanometer with a scale of 0-1 kg was used that yielded pressure volumes in kg 
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cm-2. With these volumes, the fermentable fractions were generated: fast (FF), medium 

(MF) and slow (SF), which were expressed in mL g-1 incubated DM (iDM). The gas 

production kinetics variables: maximum volume of gas produced (Vmax, mL g-1 iDM), 

Lag phase or time to microbial colonization or establishment (L, h) and gas production 

rate (S, mL h-1) were obtained using a logistic model (Gompertz) in the NLMIXED 

procedure (SAS® 9.4, SAS Inst. Inc., Cary, NC., USA). The in vitro digestibility of the 

DM to 24 and 72 h (IVDDM24 and IVDDM72, %), and organic matter (OM) to 24 and 

72 h (IVDOM24 and IVDOM72, %) were obtained by the technique of Tilley and Terry 

(1963).  

Neutral detergent fiber (NDF, %), acid detergent fiber (ADF, %), lignin acid detergent 

(LIG, %) and silica (SIL, %) were sequentially determined via the filter bag technology 

described by Ferreira and Mertens (2007) in an ANKOM200 Fiber Analyzer (ANKOM 

Technology Corporation, Fairport, NY, USA). The bromatological analysis was carried 

out with the Official Methods of the AOAC (2005), which consisted of the determinations 

of OM and total ashes with 942.05, DM and moisture with 934.01, crude protein(CP) with 

954.01 and ethereal extract (EE) with 920.39B methods. Metabolizable energy (ME) 

content was estimate according to the equation proposed for forage legumes by McLeod 

and Minson (1976): ME (Mcal kg-1 DM) = 3.6 × [92.3 - 0.91 × %ADF]. The 

concentrations of Cu, Fe, Zn, Ca, Mg, Na and K in edible foliage samples were determined 

by the technique of atomic absorption spectrophotometry (Perkin Elmer Analyst 700 

spectrophotometer) according to procedures Perkin-Elmer (1996). The content of 

phosphorus (P) was determined by the colorimetric method (Fick et al., 1979; Clesceri et 

al., 1992) using spectrometer light brand (Perkin Elmer U.V.-VIS Lambda 2). These 

analyses were carried out in duplicate at the Laboratory of Ruminant Nutrition of the 

Animal Production Graduate of UACh, Mexico. 

Statistical procedures 

Analysis of variance regarding all variables under study were carried out using a mixed 

model that included the fixed effects of accession as a block, growing season (G), growing 

site (S), provenance (P) and their double and triple interactions between main effects 

(G×S, G×P, S×P and G×S×P), and the random effects of accession nested at G, and 

accession nested at G and S, with the MIXED procedure. When necessary, the means of 

the variables were estimated and compared with the Tukey test using the LSMEANS 

instruction. All statistical procedures were performed with SAS (SAS® 9.4, SAS Inst. 

Inc., Cary, NC., USA). 

Results 

Agronomic performance 

The agronomic performance was affected by growing season (p<0.09), growing site 

(p<0.04) and provenance factors (p<0.06), and GS (p<0.09), SP (p<0.07) and GSP 

(p<0.08) interactions (Table 1). The drought harvest was 116 days earlier than in the rainy 
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season, due to increased intercepted radiation, moisture availability and leaf area as 

described by Vite et al. (2020). This finding is also attributed to a 71% higher production 

in the number of main regrowths during drought than in rainy season. The harvest in the 

Veracruz plantation was 18 days earlier than in Morelos, with FA, RH, PD, FY and SV 

higher in 5.8, 0.4, 4.4, 36.7 and 3.6 times more than Veracruz. Cunningham variety 

showed regrowth height and stell diameter over 84 and 82%, compared to Nuevo León, 

while the other provenances had intermediate performance in both agronomic variables. 

The harvest in Veracruz occurred 30 days earlier than in Morelos during the drought, 

while in the rainy season both planting sites were ready for harvest at the same time. 

Table 1. Agronomic performance of Leucaena leucocephala plantation in response to 

different environmental factors. 

Factor FH FA SD RH MR PD FY SV 

Growing season (G) 

Rainy 217a 4706 14 114 3.8b 846 36 59 

Drought 101b 8989 19 103 6.5a 832 80 57 

SEM 5 1679 1.6 9 0.5 88 18 3 

Growing site (S) 

Morelos 168a 1762b 18 90b 4.7 263b 3b 21b 

Veracruz 150b 11933a 16 127a 5.6 1415a 113a 96a 

SEM 4 1665 1.6 8 0.5 87 18 3 

Provenance (P) 

Colima 159 8083 19ab 120ab 5.1 868 66 60 

Cunningham 159 11437 20a 136a 5.9 1007 111 62 

Morelos 158 6983 20ab 117ab 5.3 735 49 60 

Nuevo León 158 3819 11b 74c 4.9 594 34 53 

Veracruz 159 3916 14ab 93bc 4.7 991 30 57 

SEM 4 2658 2.2 13 0.7 139 29 4 

p-value 

G 0.01 0.21 0.16 0.46 0.06 0.92 0.23 0.80 

S 0.02 0.01 0.45 0.04 0.24 0.01 0.01 0.01 

P 0.98 0.24 0.06 0.04 0.77 0.26 0.23 0.59 

GS 0.07 0.09 0.55 0.43 0.19 0.99 0.14 0.96 

GP 0.18 0.90 0.88 0.87 0.27 0.99 0.95 0.99 

SP 0.99 0.07 0.37 0.15 0.67 0.74 0.13 0.32 

GSP 0.08 0.86 0.97 0.81 0.63 0.99 0.94 0.98 
abc Different letters in the same column for each factor are significantly different (P<0.05; 

Tukey). SEM = standard error of the mean. FH = frequency of harvest (days), FA = foliar 

area (cm2 plant-1), SD = stem diameter (mm), RH = regrowth height (cm), MR = number 

of main regrowths (n), PD = plant density (plants ha-1), FY = Forage yield (kg ha-1 of dry 

matter) and SV = survival (%). 
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The Morelos plantation was harvested 30 days earlier compared to Veracruz plantation 

during the rainy season. The Morelos and Nuevo León provenances grew in Morelos 

during the rainy season were harvested 41 days earlier compared to Morelos grown in 

Veracruz during the same growing season (235 vs. 194 days). The foliar area in the 

drought of the Veracruz plantation was eight times higher than the drought and rainy 

seasons in Morelos (16,659 vs. 1,762 cm2); this same variable for the Cunningham 

provenance was four times higher compared to Nuevo León in the Veracruz plantation 

(21,440 vs. 4,135 cm2).  

Methane production and digestibility 

The in vitro methane production and digestibility during 24 h fermentation of Leucaena 

edible foliage were affected by growing season (p<0.02), growing site (p<0.02) and 

provenance (p<0.04) factors, and GS (p<0.02), GP (p<0.09) and SP (p<0.09) 

interactions (Table 2). Forage harvested during the rainy season produced 41% more CH4 

and 8.4% less CO2 than in drought. The forage harvested in Morelos produced 16% more 

CH4, although with 20 and 4% less TGP and CO2 than in Veracruz, respectively. Morelos 

provenance produced 5% more CO2 than Nuevo León. 

There was a high variability of the total gas production between the growing season and 

the growing sites interaction, Morelos plantation stood out with the highest and Veracruz 

plantation stood out with the lowest gas production during the 24 h incubation of the DM 

(103 vs 73 mL kg-1 of substrate), both in the rainy season. The Nuevo León provenance 

produced more TGP during the rainy season (103 mL kg-1 of substrate), compared to 

Colima and Veracruz at the same time (83 mL kg-1 of substrate), and Colima and Morelos 

(83 mL kg-1 of substrate) in drought that showed the lowest TGP. 

Morelos provenance in Veracruz plantation stood out with the lowest CO2 production than 

the other provenances (75 vs. 79%). 

Colima, Cunningham and Nuevo León provenances during the drought season stood out 

with the lowest CH4 emissions (16%), while Colima provenance during the rainy season 

stood out with the highest CH4 emissions (27%). All provenances grown in Morelos and 

Nuevo León grown in Veracruz stood out with the lowest CH4 emissions (19%), while 

Morelos provenance grown in Veracruz plantation stood out with the highest CH4 

emissions (25%). Colima in drought and Nuevo León in rainy season grown in Morelos, 

and Colima and Nuevo León provenances grown in Veracruz showed the lowest CH4 

emissions (Figures 1c and 1d). 
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Table 2. In vitro methane production and digestibility during 24 h of fermentation of 

Leucaena leucocephala edible foliage samples in response to different environmental 

factors. 

Factor 
Fermentable fractions Digestibility 

TGP CO2P CH4P IVDDM24 IVDOM24 

Growing season (G) 

Rainy 88 76b 24a 37 39 

Drought 88 83a 17b 38 41 

SEM 2.1 0.7 0.6 0.9 0.9 

Growing site (S) 

Morelos 96a 81a 19b 38 40 

Veracruz 80b 78b 22a 36 40 

SEM 2.1 0.6 0.5 0.8 0.9 

Provenance (P) 

Colima 82 79ab 21 36 40 

Cunningham 88 80ab 20 37 40 

Morelos 85 77b 22 35 40 

Nuevo León 93 81a 19 37 40 

Veracruz 91 79ab 21 38 40 

SEM 3.4 0.9 0.8 1.1 1.0 

p-value 

G 0.89 0.02 0.01 0.11 0.20 

S 0.01 0.02 0.01 0.15 0.62 

P 0.15 0.04 0.13 0.33 0.98 

GS 0.02 0.23 0.32 0.56 0.98 

GP 0.06 0.09 0.09 0.12 0.45 

SP 0.36 0.34 0.09 0.19 0.86 

GSP 0.58 0.59 0.54 0.69 0.67 
ab Different letters in the same column for each factor are significantly different (P < 

0.05; Tukey). SEM = standard error of the mean. TGP = total gas production (mL kg-1 

of substrate), CO2P = carbon bioxide production (%), CH4P = methane plus minor gases 

production (%), IVDDM24 = in vitro digestibility of the dry matter to 24 h (%) and 

IVDOM24 = in vitro digestibility of organic matter to 24 h (%). 

The methane produced with the forage harvested for all provenances in the rainy season 

was always superior to the drought (Figures 1a y 1b), and that produced in the Veracruz 

plantation was always superior to Morelos (Figures 1c y 1d), through the 24 hours of 

incubation, which was explained with a simple linear regression in all cases. Slopes of the 

straight lines indicated that methane production rates were 0.97 to 1.21 and 0.63 to 0.74% 

per hour of incubation of one gram of DM for the rainy and dry seasons, and 0.93-1.13 

and 0.71 to 0.92% for the Veracruz and Morelos plantations, respectively.  
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Figure 1. Methane produced during 24 h of fermented dry matter of Leucaena 

leucocephala edible foliage samples in response to different growing season [ (a): Drought 

and (b): Rainy], and growing site [ (c): Morelos and (d): Veracruz]. 

Fermentative quality and in vitro digestibility 

Fermentative quality and in vitro digestibility during 72 h fermentation of Leucaena edible 

foliage were affected by growing season (p<0.07), growing site (p<0.04) and provenance 

(p<0.04) factors, and GS (p<0.05), GP (p<0.05), SP (p<0.08) and GSP (p<0.09)  

interactions (Table 3). 

During the rainy season, the time to microbial colonization was achieved 1.1 h later, with 

the rapid fermentable fraction and digestibility of the OM at 72 h of fermentation 

(IVDOM72) of 42 and 32% higher, respectively, although with a medium fermentable 

fraction 11% lower, compared to drought. In Morelos plantation, the time to microbial 

colonization was achieved half an hour later, with digestibility of the OM 8.5% higher, 

compared to Veracuz. Morelos provenance exceeded the gas production rate by 12% to 

the average of Colima, Cunningham and Veracruz. Morelos achieved the time to bacterial 

colonization 0.6 h earlier and exceeded the rapidly fermentable fraction by 20% than the 

average of Colima and Cunningham. Morelos exceeded by 10 and 27% the average 

digestibility of the DM and slower fermentable fraction than Nuevo León and Veracruz. 

(a) (b) 

(c) (d) 
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Morelos provenance during the rainy season stood out with the highest gas production rate 

compared than the other provenances (0.038 vs. 0.032 mL h-1). Morelos provenance 

grown in Morelos stood out with the highest gas production rate compared than the other 

provenances (0.037 vs. 0.032 mL h-1) grown in Morelos and Veracruz. Morelos 

provenance grown in Morelos during the rainy season stood out with the highest gas 

production rate compared than the other provenances in the different growing seasons and 

sites (0.044 vs. 0.032 mL h-1). 

Veracruz plantation during the rainy season stood out with the highest time to bacterial 

colonization compared to the rest of the GS interaction (5.8 vs. 4.2 h). Nuevo León 

provenance during the rainy season stood out with the highest time to bacterial 

colonization (5.7 h), and Morelos and Nuevo León provenances stood out with the lowest 

time to bacterial colonization (3.7 h). Colima, Cunningham and Nuevo León provenances 

grown in Veracruz stood out with the highest time to bacterial colonization (5.0 h), while 

Morelos (3.7 h) and Nuevo León (4.0 h) provenances grown in Morelos stood out with 

the lowest time to bacterial colonization. Cunningham and Nuevo León provenances 

grown in Veracruz during the rainy season stood out with the highest time to bacterial 

colonization (6.0 h), and Nuevo León provenance grown in Morelos (3.3 h) and Veracruz 

grown in Veracruz (2.7 h) stood out with the lowest time to bacterial colonization, both 

during the drought season. 

Morelos plantation during the rainy and drought seasons stood out with the highest and 

lowest fast fermentable fraction (55 and 29 mL g-1 iDM, respectively). Morelos 

provenance during the rainy season stood out with the highest fast fermentable fraction 

(57 mL g-1 iDM), while Cunningham provenance during the drought season stood out with 

the lowest fast fermentable fraction (30 mL g-1 iDM). Morelos provenance grown in 

Morelos stood out with the highest fast fermentable fraction than the others provenances 

grown in Morelos and Veracruz (50 vs. 39 mL g-1 iDM). Morelos (73 mL g-1 iDM) and 

Nuevo León (54 mL g-1 iDM) provenances grown in Morelos during the rainy season 

stood out with the highest fast fermentable fraction, while Colima, Cunningham and 

Morelos provenances grown in Morelos during the drought season stood out with the 

lowest fast fermentable fraction. 

Veracruz plantation during the drought and rainy season stood out with the highest and 

lowest medium fermentable fraction (74 and 62 mL g-1 iDM, respectively). Veracruz 

provenance during the drought and rainy seasons stood out with the highest and lowest 

medium fermentable fraction (80 and 58 mL g-1 iDM, respectively). Veracruz provenance 

grown in Veracruz during the drought and rainy seasons stood out with the highest and 

lowest medium fermentable fraction (80 and 55 mL g-1 iDM, respectively). 

Nuevo León provenance during the rainy season stood out with the highest slow 

fermentable fraction (102 mL g-1 iDM), while Colima, Morelos and Veracruz during the 

rainy season and Colima, Cunningham, Morelos and Nuevo León during the drought 

season stood out with the lowest slow fermentable fraction (72 mL g-1 iDM). Nuevo León 
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provenance grown in Morelos during the rainy season stood out with the highest slow 

fermentable fraction (109 mL g-1 iDM). Morelos provenance grown in Morelos during the 

rainy season, and Colima, Morelos and Nuevo León provenances grown in Morelos during 

the drought season, and Colima, Cunningham, Morelos and Veracruz grown in Veracruz 

during the rainy season, and Colima, Cunningham, Morelos and Nuevo León grown in 

Veracruz during the drought season stood out with the lowest slow fermentable fraction 

(69 mL g-1 iDM). 

Table 3. Fermentative quality and in vitro digestibility during 72 h of fermentation of 

Leucaena leucocephala edible foliage samples in response to different environmental 

factors. 

Factor 

Fermentation kinetics 

Fermentable 

fractions 

(mL g-1 iDM) 

Digestibility 

(%) 

Vmax 

(mL g-1 iDM) 

S 

(mL h-1) 

L 

(h) 
FF MF SF IVDDM72 IVDOM72 

Growing season (G) 

Rainy 173 0.033 5.1a 47a 64b 83 52 70a 

Drought 161 0.031 4.0b 33b 71a 72 49 53b 

SEM 7.0 0.001 0.1 1.0 1.2 3.3 1.1 1.5 

Growing site (S) 

Morelos 165 0.032 4.3b 42 67 80 50 64a 

Veracruz 169 0.032 4.8a 39 68 75 51 59b 

SEM 6.5 0.001 0.1 1.0 1.2 2.9 1.1 1.2 

Provenance (P) 

Colima 165 0.032b 4.8a 37b 65 76ab 52ab 60 

Cunningham 172 0.031b 4.9a 38b 67 79ab 49abc 61 

Morelos 159 0.035a 4.2b 45a 66 66b 53a 59 

Nuevo León 166 0.033ab 4.6ab 41ab 70 84a 49bc 64 

Veracruz 174 0.031b 4.5ab 41ab 69 83a 48c 63 

SEM 7.8 0.001 0.1 1.7 2.0 4.0 1.4 1.7 

p-value         

G 0.37 0.10 0.01 0.01 0.07 0.14 0.18 0.01 

S 0.72 0.73 0.03 0.17 0.81 0.31 0.48 0.04 

P 0.60 0.01 0.01 0.01 0.24 0.01 0.04 0.22 

GS 0.33 0.23 0.01 0.01 0.05 0.51 0.89 0.10 

GP 0.12 0.02 0.01 0.01 0.01 0.01 0.01 0.05 

SP 0.62 0.01 0.01 0.01 0.56 0.11 0.28 0.77 

GSP 0.15 0.01 0.01 0.02 0.09 0.08 0.17 0.59 
abc Different letters in the same column for each factor are significantly different (P < 0.05; 

Tukey). SEM = standard error of the mean. Vmax = maximum volume of gas produced 

(mL g-1 iDM), L = Lag phase or time to microbial colonization or establishment (h), S = 

gas production rate (mL h-1), FF = fast fermentable fraction (mL g-1 iDM), MF = medium 

fermentable fraction (mL g-1 iDM), SF = slow fermentable fraction (mL g-1 iDM), 

IVDDM72 = in vitro digestibility of the dry matter to 72 h (%) and IVDOM72 = in vitro 

digestibility of organic matter to 72 h (%). 
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Colima, Morelos and Veracruz provenances during the rainy season stood out with the 

highest IVDDM72 (54%), while Nuevo León provenance during the rainy season and 

Veracruz provenance during the drought season stood out with the lowest IVDDM72 

(44%). 

Nuevo León provenance during the rainy season stood out with the highest IVDOM72 

(76%), while Colima, Cunningham, Morelos and Nuevo León during the drought season 

stood out with the lowest IVDOM72 (51%). 

The variables S, L, FF, SF, IVDDM72, and IVDOM72 were represented with the modeled 

curves of total gas production between the growing seasons and the sources of the genetic 

material, only Colima in the rainy season (Figure 2b) and Nuevo León during the drought 

(Figure 2c) excelled with the highest gas production during the 72 h of DM incubation. 

During the rainy season, the digestibility of DM and OM of the provenances was 12 and 

33% higher than in the drought. However, the IVDDM72 for Nuevo León during the rainy 

season was 16% lower than in drought. 

The variables S, L, FF, and IVDDM72 were represented with the modeled curves of total 

gas production between the growing sites and the provenances of the genetic material. The 

Cunningham, Morelos and Nuevo León provenances had the highest gas production 

during the 72 h of incubation of the DM, and Veracruz with the lowest production in the 

Morelos plantation (Figure 2d). Contrary to what was observed for the Veracruz 

plantation, in which Morelos showed the highest gas production and Cunningham, 

Morelos and Nuevo León, the smaller one (Figure 2e). While, Colima showed an 

intermediate performance in both plantations. The digestibility of DM of the Cunningham 

and Veracruz provenances in the Morelos plantation was lowest than other SP 

interaction. 

The Morelos and Nuevo León provenances cultivated in Morelos during the rainy season 

stood out for their higher gas production rate, exceeding by 40% the average of the 

Cunningham and Veracruz provenances grown in Morelos during the drought (0.040 vs. 

0.028 mL h-1). The time to microbial colonization for Nuevo León cultivated in Morelos 

during the drought was achieved 3.4 h earlier than for Nuevo León cultivated in Veracruz 

during the rainy season (2.7 vs. 6.1 h). The fast fermentable fraction for the origin of 

Morelos cultivated in Morelos during the rainy season was 1.8 times higher than the 

average of the Colima, Cunningham and Morelos provenances grown in Morelos during 

the drought (73 vs. 26 mL g-1 iDM). The medium fermentable fraction was higher for the 

Veracruz provenance grown in Veracruz during the drought compared to the Colima 

provenance grown in Morelos in drought, Cunningham and Veracruz provenances grown 
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in Morelos during the rainy season, Colima and Morelos provenances grown in Veracruz 

in the drought, and Veracruz provenance cultivated in Veracruz during the rainy season. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of Growing season x Growing site (a), Growing season (b, rainy; c, 

drought) x Provenance, and Growing site (d, Morelos; e, Veracruz) x Provenance 

interactions on patterned curves of the in vitro total volume of gas produced of Leucaena 

leucocephala edible foliage samples during 72 h of fermentation. 

 

Chemical composition and metabolizable energy 

Chemical composition and metabolizable energy were affected by growing season 

(p<0.09), growing site (p<0.06) and provenance (p<0.08) factors, and by GS (p<0.02), 

GP (p<0.02) and GSP (p<0.07) interactions (Table 4). 

(a) 

(b) (c) 

(d) (e) 
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The contents of OM, EE, NDF and LIG were 1, 89, 21 and 65% higher in the rainy season, 

while DM, CP and ME were 1, 59 and 4% higher during the drought. The DM, CP, EE 

and NDF contents were 1, 3, 84 and 21% higher in the forage harvested in Veracruz, while 

OM was 3% higher in Morelos. The average of the protein content of the forage for 

Colima, Cunningham and Morelos provenances was 8.2% higher than that of Nuevo León 

and Veracruz. The EE content for the forage of Morelos provenance was 12% higher than 

the average of Cunningham and Veracruz, and 34% higher than that of Colima and Nuevo 

León provenances. The average of the energy content of the forage for Nuevo León and 

Veracruz was 4.8% higher than that of Colima and Morelos provenances, contrary to that 

observed for ADF of Colima and Morelos, which was 21% higher than the average of 

Nuevo León and Veracruz. The Nuevo León provenance showed a lignin content 24% 

lower than the average of the rest of the provenances. 

The DM content for Veracruz during the drought season was 2.7% higher than the average 

content between the rest of the G×S interaction (95 vs. 93%), while OM content for 

Veracruz during the drought was 6.4% lower than the average content between the rest of 

the G×S interaction (84 vs. 89%). 

Veracruz plantation during the drought season stood out with the highest CP (28.2%), 

while Morelos (13.3%) and Veracruz (20.7%) plantation both during the rainy season 

stood out with the lowest CP. Colima provenance was 21% CP higher than Nuevo León 

provenance both during the drought season (30.0 vs. 24.8%), and both provenances stood 

out with the highest CP than the average content among the all provenances during the 

rainy season (17%). 

The EE for Veracruz plantation during the rainy season was 1.4 times higher than the 

average content among the rest of the G×S interaction (4.9 vs. 2.0%). Morelos provenance 

was 84% EE higher than Nuevo León provenance both during the rainy season (4.7 vs. 

2.5%), and both provenances stood out with the highest EE than the average content 

among the all provenances during the drought season (1.9%). 

Cunningham provenance grown in Morelos plantation during the drought season had 15% 

higher ME than Colima and Cunningham provenances grown in Veracruz plantation 

during the rainy season (2.85 vs. 2.47 Mcal kg-1 DM). 

Cunningham provenance grown in Morelos during the drought season stood out with the 

lowest ADF than the average content among the all provenances during the all growing 

seasons and plantation sites (14.5 vs. 20.2%). 

In silica there was no difference (p<0.10) in any of the single, double or triple 

combinations. 
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Table 4. Chemical composition (%) and metabolizable energy content (Mcal kg-1 DM) of 

Leucaena leucocephala edible foliage samples in response to different environmental 

factors. 

Factor DM OM CP EE ME NDF ADF LIG SIL 

Growing season (G) 

Rainy 93b 88a 17b 3.6a 2.62b 41a 21 11.7a 0.54 

Drought 94a 87b 27a 1.9b 2.72a 34b 19 7.1b 0.28 

SEM 0.2 0.4 0.9 0.1 0.02 1.0 0.7 0.5 0.07 

Growing site (S) 

Morelos 93b 89a 19b 1.9b 2.70 34b 19 8.8 0.30 

Veracruz 94a 86b 25a 3.5a 2.64 41a 21 9.9 0.52 

SEM 0.2 0.4 0.7 0.1 0.02 1.0 0.7 0.5 0.07 

Provenance (P) 

Colima 93 87 23a 2.6bc 2.61b 39 21.8a 10.5a 0.41 

Cunningham 94 87 22a 2.9ab 2.66ab 38 20.4abc 9.3a 0.46 

Morelos 93 88 22a 3.2a 2.61b 37 21.7ab 10.8a 0.43 

Nuevo León 94 88 21ab 2.1c 2.74a 37 17.6c 7.9b 0.34 

Veracruz 93 87 21b 2.8ab 2.73a 36 18.2bc 8.5a 0.41 

SEM 0.4 0.6 0.8 0.2 0.04 1.6 1.1 0.8 0.12 

p-value 

G 0.05 0.09 0.02 0.01 0.09 0.04 0.10 0.02 0.13 

S 0.06 0.01 0.01 0.01 0.11 0.01 0.11 0.20 0.10 

P 0.51 0.57 0.06 0.01 0.04 0.87 0.04 0.08 0.97 

GS 0.01 0.01 0.02 0.01 0.33 0.75 0.33 0.34 0.34 

GP 0.18 0.53 0.02 0.01 0.33 0.71 0.33 0.30 0.52 

SP 0.29 0.30 0.12 0.37 0.17 0.16 0.17 0.20 0.85 

GSP 0.26 0.97 0.53 0.72 0.07 0.35 0.05 0.13 0.99 
abc Different letters in the same column for each factor are significantly different (P < 0.05; 

Tukey). SEM = standard error of the mean. DM = dry matter (%), OM = organic matter 

(%), CP = crude protein (%), EE = ethereal extract (%), ME = metabolizable energy (Mcal 

kg-1 DM), NDF = neutral detergent fiber (%), ADF = acid detergent fiber (%), LIG = 

lignin acid detergent (%) and SIL = silica (%). 

 

Macro and trace elements 

Macro and trace elements content were affected by growing season (p<0.07), growing site 

(p<0.03) and provenance (p<0.04) factors, and the GS (p<0.07), GP (p<0.09), SP 

(p<0.02) and GSP (p<0.05) interactions (Table 5). 

The concentrations of Ca, P, Mg, K, Cu, Fe and Zn were 0.21, 1.75, 0.29, 0.45, 2.93, 1.27 

and 1.44 times higher during the drought, contrary to what was observed for the Ca:P ratio 

that was 1.08 times higher in the rainy than drought season. The concentrations of K, Fe 
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and Zn were 45, 12 and 11% higher for Veracruz, contrary to what was observed for Mg, 

which was 82% lower for Morelos. The Ca content for Colima provenance was 21 and 

13% higher than Nuevo León and Veracruz. Colima, Morelos and Nuevo León 

provenances had 40 and 19% higher average P content than Veracruz and Cunningham 

provenances. Colima, Cunningham and Morelos provenances had 52% higher average Na 

content than Nuevo León provenance. The average content for Fe of Morelos and Nuevo 

León provenances were 24% higher than Cunningham and Veracruz provenances. The 

average content for Zn of Morelos and Nuevo León provenances were 17% higher than 

Cunningham and Veracruz provenances. 

Morelos provenance during the drought season and  the grown in Morelos stood out with 

the highest Ca content (4.6 and 4.3%), while Nuevo León during the rainy season and the 

grown in Veracruz stood out with the lowest Ca content (2.9 and 3.0%). Morelos 

provenance grown in Morelos during the drought season stood out with the highest Ca 

content (5.3%), while Nuevo León provenance grown in Morelos during the rainy season 

stood out with the lowest Ca content (2.8%). 

Morelos and Veracruz plantations during the drought season stood out with the highest P 

content (0.33%), while Morelos plantation (0.09%) and Veracruz plantation (0.15%) both 

during the rainy season stood out with the lowest P content. Colima, Morelos and Nuevo 

León provenances during the drought season stood out with the highest P content 

compared to Cunningham and Veracruz which excelled with lowest P content in the same 

growing season (0.37 vs. 0.27%), while all the provenances during the rainy season stood 

out with the lowest P content (0.12%). Colima and Morelos provenances grown in 

Morelos during the drought season, and Nuevo León provenance grown in Veracruz 

during the same growing season stood out with the highest P content (0.39%), while 

Veracruz provenance grown in Morelos during the rainy season stood out with the lowest 

P content (0.04%). 

Nuevo León provenance grown in Veracruz stood out with the highest K content (1.7%), 

while Cunningham provenance grown in Morelos stood out with the lowest K content 

(1.0%). 

Morelos and Veracruz plantation during the drought season stood out with the highest Na 

content (0.04%), while Veracruz plantation during the rainy season stood out with the 

lowest Na content (0.01%). 

Morelos and Veracruz plantations during the rainy season stood out with the highest Ca:P 

ratio (27:1), while the same plantations during the drought season stood out with the 

lowest Ca:P ratio (13:1). Cunningham provenance grown in Morelos during the rainy 

season stood out with the highest Ca:P ratio (38:1), while Nuevo León grown in Veracruz 

during the drought season stood out with the lowest Ca:P ratio (7:1). 

Morelos and Veracruz plantations during the drought stood out with the highest Cu 

content (17.3 ppm), while the same plantations during the rainy stood out with the lowest 
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Cu content (4.4 ppm). Morelos provenance grown in Morelos during the drought (21.1 

ppm), and Morelos and Veracruz grown in Veracruz during the drought (14.0 ppm) stood 

out with the highest Cu content, while all provenances in both growing sites during rainy 

season stood out with the lowest Cu content (4.4 ppm). 

Table 5. Macro (%) and trace (ppm) elements content of Leucaena leucocephala edible 

foliage samples in response to different environmental factors. 

Factor 
Macro element Trace element 

Ca P Mg K Na Ca:P Cu Fe Zn 

Growing season (G) 

Rainy 3.3b 0.12b 0.62b 1.1b 0.02 27a 4.4b 63b 16b 

Drought 4.0a 0.33a 0.80a 1.6a 0.04 13b 17.3a 143a 39a 

SEM 0.1 0.01 0.04 0.05 0.003 1.2 0.4 2.6 0.6 

Growing site (S) 

Morelos 3.7 0.22 0.91a 1.1b 0.03 22 10.5 97b 26b 

Veracruz 3.6 0.23 0.50b 1.6a 0.03 18 11.5 109a 29a 

SEM 0.1 0.01 0.04 0.05 0.003 1.2 0.4 2.6 0.6 

Provenance (P) 

Colima 3.9a 0.24a 0.70 1.4 0.04a 21 11.5 103b 28b 

Cunningham 3.7ab 0.21b 0.65 1.3 0.03a 22 11.0 91c 25c 

Morelos 3.9ab 0.26a 0.73 1.4 0.03a 19 10.9 118a 30a 

Nuevo León 3.2c 0.23a 0.72 1.4 0.02b 17 10.9 111ab 29ab 

Veracruz 3.5bc 0.18c 0.71 1.3 0.03ab 22 9.9 92c 25c 

SEM 0.2 0.01 0.05 0.06 0.004 1.8 0.5 3.5 0.7 

p-value 

G 0.05 0.01 0.07 0.03 0.13 0.01 0.01 0.01 0.01 

S 0.77 0.42 0.01 0.01 0.50 0.13 0.33 0.03 0.03 

P 0.01 0.01 0.70 0.69 0.04 0.23 0.31 0.01 0.01 

GS 0.30 0.01 0.25 0.22 0.19 0.04 0.04 0.02 0.09 

GP 0.07 0.01 0.31 0.13 0.01 0.76 0.43 0.01 0.01 

SP 0.01 0.02 0.72 0.01 0.65 0.70 0.29 0.01 0.01 

GSP 0.01 0.05 0.94 0.13 0.99 0.04 0.03 0.01 0.41 
abc Different letters in the same column for each factor are significantly different (P < 

0.05; Tukey). SEM = standard error of the mean. 

Morelos (129 ppm) and Veracruz (157 ppm) plantations during the drought season stood 

out with the highest Fe content, while the same plantations during the rainy season stood 

out with the lowest Fe content (63 ppm). Morelos and Nuevo León provenances during 

the drought season stood out with the highest Fe content compared to Cunningham which 

excelled with lowest Fe content in the same growing season (163 vs. 121 ppm), while all 

the provenances during the rainy season stood out with the lowest Fe content (63 ppm). 

Morelos provenance grown in Morelos, and Colima, Morelos and Nuevo León grown in 
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Veracruz stood out with the highest Fe content (119 ppm), while Cunningham and 

Veracruz provenances grown in Veracruz, and Colima, Cunningham, Nuevo León and 

Veracruz grown in Morelos stood out with the lowest Fe content (92 ppm). Nuevo León 

provenance grown in Veracruz during the drought season stood out with the highest Fe 

content (192 ppm), while Colima provenance grown in Morelos during the rainy season 

stood out with the lowest Fe content (54 ppm). 

Morelos and Veracruz plantations during the drought season stood out with the highest 

Zn content (39 ppm), while the same plantations during the rainy season stood out with 

the lowest Zn content (16 ppm). Colima, Morelos and Nuevo León provenances during 

the drought season stood out with the highest Zn content (43 ppm), followed by 

Cunningham and Veracruz provenances during the same growing season that had an 

intermediate performance (34 ppm), while all provenances in both growing sites during 

rainy season stood out with the lowest Zn content (16 ppm). Nuevo León provenance 

grown in Veracruz stood out with the highest Zn content (32 ppm), while Cunningham 

and Veracruz provenances grown in Morelos, and Veracruz grown in Veracruz stood out 

with the lowest Zn content (25 ppm). 

 

Discussion 

 

The seasonal variation in agronomic performance, in vitro methane production, 

fermentative quality, chemical composition and mineral element contents of Leucaena 

leucocephala edible foliage could be ascribed to the variations in seasonal precipitation 

and temperature in line with the reports from earlier studies (Radrizzani et al., 2016; 

López-Vigoa et al., 2019; Vite et al., 2020). 

The decrease in the contents of MR, CO2P, DM, CP, ME, MF and mineral elements in the 

forage harvested during the rainy season is in harmony with reports that the stage of 

maturity of the plant influenced the chemical composition and mineral elements of the 

Leucaena species (Akingbade et al., 2001; Radrizzani et al., 2016; López-Vigoa et al., 

2019) and cultivars (González-García et al., 2009). The forage harvested in the rainy 

season had more than double maturity than in the drought harvest, which increased the 

contents of CH4P, L, FF, IVDOM72, OM, EE, NDF, LIG, and Ca:P. The CP, NDF, EE, 

Ca and P (26, 29, 2.8, 1.5 and 0.23%) contents, obtained by Sierra et al. (2017) for edible 

fodder harvested with a frequency of 38 days, did not differ in the seasons of the year and 

were similar to those of the present study, except for Ca. In general, the mineral content 

of this study exceeded the concentrations reported by Sierra et al. (2017), but not for the 

case of Cu. Gaviria et al. (2015) reported contents of CP (28%), ADF (29%) and OM 

(92%) higher, ADF (33%) and Ca (1.23%) lower, as well as EE (2.95%) and P (0.24 %) 

similar to the present study. Worknesh and Getachew (2018) reported similar values to 

this study for CP (22%) and OM (86%).  
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Minerals are commonly found in low quantities in forages (Sierra et al., 2017), but in this 

study, sufficient amounts were contained in the forage that would cover a large proportion 

of the nutrients required by the ruminant (McDowell and Arthington, 2005; NRC, 2016). 

González-García et al. (2009) found differences between L. leucocephala cultivars and 

season (rainy and drought) of the year. The CNIA-250 cultivar exceeded by more than 

12% in CP, NDF, and ADF to Cunningham; although CP was 6% higher in rainy than in 

drought, ADF was 7% higher in drought than in rainy, and NDF without effects of the 

season of the year. While, Cunningham cultivar exceeded by more than 8% in Ca and P 

to CNIA-250 and this same variable was at least 11% higher in the drought that in rainy. 

The disappearance of the degraded substrate in terms of DM and OM is complementary 

information to the kinetics of gas production that helps to describe the fermentative quality 

of the edible forage of Leucaena (Naranjo et al., 2016). López-Vigoa et al. (2019) found 

no effect of the season of year for DM digestibility at 96 h in tropical climate, who 

obtained 65%, similar to that obtained in the present study (61%) at 72 h, values 

considered as optimal within the recommended range for L. leucocephala (46-65%; 

Barahona and Sánchez, 2005; Naranjo et al., 2016; Sierra et al. 2017; López-Vigoa et al., 

2019), these authors also report optimal ranges of OM digestibility from 48 to 76%. The 

high values of ruminal degradability of the DM and OM indicate a high nutritional quality 

of the edible forage of Leucaena, a situation that allows the contribution of nutrients 

necessary for the functioning of the ruminal microorganisms (Preston and Leng, 1990). 

The ME in this study was affected by the season of the year, contrary to the energy content 

observed by López-Vigoa et al. (2019) which was lower in drought than in rainy (1.7 vs. 

1.9 Mcal kg-1 DM), and similar to observed (2.0 vs. 2.1 Mcal kg-1 DM) by González-

García et al. (2009) at 60 days of regrowth; however, the values in the present study were 

higher than those of these authors and the 2.0 Mcal kg-1 DM reported by Heuzé and Tran 

(2005), both estimated by in vitro gas production for edible biomass. The energy content 

of the edible forage in the present study was similar (2.64 Mcal kg-1 DM) to that reported 

by Sierra et al. (2017) for successive harvests every 38 days and greater than 2.24 Mcal 

kg-1 DM for Leucaena grown in Mexico (Peniche-González et al., 2014), both estimated 

from the gross energy content. ME in the present study were also higher than 2.36 (Gaviria 

et al., 2015) and 2.44 Mcal kg-1 DM (Worknesh and Getachew, 2018), both estimated 

from the reported ADF. 

The NDF (50%) and ADF (30%) contents obtained for edible fodder by López-Vigoa et 

al. (2019) were not affected by the season of the year, although these values, as well as 

those reported by Piñeiro-Vázquez et al. (2017) in a warm climate were higher (58 and 

42%, respectively) than those obtained in this study. The NDF and ADF in this study were 

superior to those obtained by Naranjo et al. (2016) for the tropics of Colombia (32 and 

27%), and Cuartas et al. (2014) that reported values of 42 and 32% for NDF and ADF, 

respectively. Worknesh and Getachew (2018) reported similar content in this study of 



84 

NDF (34%) and ADF (27%) in Leucaena harvested with a cutoff frequency of 45 days, as 

well as Sierra et al. (2017) that obtained values of 28 and 25%. 

The higher LIG content in the rainy season was a consequence of a higher age of regrowths 

than in drought, coinciding with López-Vigoa et al. (2019) who reported the influence of 

the season of the year on this variable, with values of 12.9 vs. 10.0% that were slightly 

higher than in this study. The LIG values of our study were also lower than those reported 

by Worknesh and Getachew (2018) under the conditions described above (9.4 vs. 10.6%).  

The reduction of the forage quality in the rainy season was due to favorable conditions for 

the further growth of fodder and increased the number of stems with a consequent increase 

in NDF (cellulose, hemicellulose, lignin and cutin), which are components of the cell wall 

(Muñoz-González et al., 2016). 

There was no effect of the growing season on forage yield or other variables of the 

agronomic performance of the Leucaena crop (FA, SD, RH, PD and SV), which coincided 

with López-Vigoa et al. (2019) for the case of the fodder yield. However, Maya et al. 

(2005a) and Sánchez et al. (2005) concluded that the age of cut and the season of the year 

are part of the modeling factors in the production of DM. Maya et al. (2005a) in a warm 

climate and Sánchez et al. (2005) in a semi-arid climate, obtained six and eight times 

higher yields in the rainy and drought seasons, with a plant density five times higher and 

relief irrigation, compared in this study. López-Vigoa et al. (2019) achieved the same 

edible forage yield in a warm climate with a density of 533 plants ha-1 than in this study. 

On the other hand, Sierra et al. (2017) concluded than L. leucocephala availability differed 

among grazing strips (82 to 939 kg DM·ha-1) with density upper 10,000 plants ha-1. Under 

this same plant density, Radrizzani et al. (2016) obtained the highest total DM yield in 8-

year-old than with 38-year-old stands (978 vs. 2128 kg total DM ha-1) during the higher 

rainfall season, this was associated with a decline in stem number per plant and leucaena 

plant density due to observed plant mortality, which was the case of Morelos plantation. 

González-García et al. (2009) only reported the advantage of Cunningham variety during 

the rainy season, exceeding 4.5 times the edible forage yield of the CNIA-250 variety 

(13.2 vs. 8.7 t DM ha-1), while both cultivars produced an average of 2.0 t DM ha-1 during 

drought. 

The forage availability of native Mexican Leucaena during rainy and drought seasons 

coincided with the reports of Maya et al. (2005a) and Sánchez et al. (2005), who concluded 

that the diversity of genetic materials was available throughout the year. Furthermore, 

early reports of Sánchez et al. (2005) showed that CP content of edible fodder (leaves and 

stems smaller than 6 mm in diameter) at an early age of Leucaena species was greater than 

that of forage harvested at the older age of the plant (cuts at 60, 75, 90, 105 and 120 days), 

contrary to what was observed by Maya et al. (2005b), who observed that CP, EE, NDF, 

IVDDM and ME were stable at cutting ages from 28 to 42 days, although higher mineral 

content and ADF, and lower OM. Nyathi et al. (1995) in a semi-arid climate also found 
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no effect of the growing season or harvest frequency on DM yield, but they reported effect 

for P and gross fiber in successive cuts every four months. 

The high response in foliar area accumulation, regrowth height, plant density, forage yield 

and survival in the Morelos plantation with respect to Veracruz was a reflection that all 

the provenances of Leucaena showed capacity to adapt better to low altitude conditions 

and high precipitation in a warm climate, that is the case of Veracruz. Maasdorp (1991) 

found no differences in DM yields of Leucaena cultivars harvested at summer and grown 

under high altitude (1475 m) and high annual rainfall (850 mm) conditions; contrary to 

what was observed by Nyathi et al. (1995) who reported variability between cultivars to 

adapt to conditions of low annual rainfall (600 mm) and medium altitude (1200 m) in a 

semi-arid climate. Plant mortality was observed in the Morelos plantation, where plant 

density had declined to low levels compared with Veracruz site; similar situation was 

observed by Radrizzani et al. (2016) in a 38-year-old Leucaena plantation. Despite the 

variability of the ME generated by the provenance of the genetic material, all provenances 

showed high energy content that would cover much of the requirements for grazing 

ruminants of SPS (Sierra et al., 2017). González-García et al. (2009) found differences 

between L. leucocephala cultivars and season (rainy and drought) of the year, CNIA-250 

surpassed on average 8.5% the energy content of Cunningham (2.13 vs. 1.96 Mcal kg-1 

DM) at both seasons of the year. 

Also, the chemical composition and the high mineral content of the forage for the Veracruz 

plantation during the drought is attributed to the greater wealth of the soil (Muñoz-

González et al., 2016) and the regrowth after the rainy season harvest depended on 

previous season photosynthate reserves stored in plant tissues as a result of the optimum 

supply of nutrients to Leucaena plantation when there was good rainfall (Nyathi et al., 

1995). The decline in mineral element contents of edible forage in Morelos plantation was 

perhaps in part, indicative of impairment of root development and function in response to 

cutting stress and non-return to the soil of harvested material, as was indicated by Nyathi 

et al. (1995). In addition, a wide variation in mineral content in soils for tropical regions 

has been reported (Pereira et al., 1997; Cabrera et al., 2009), with low levels of Cu and Zn 

and high levels of Fe that is reflected in the composition forage mineral that animals 

consume (Whitehead, 2000). Radrizzani et al. (2016), they concluded that nutrient 

deficiencies of P and S in leaf tissue were related to low initial soil fertility, coupled with 

inherent subsoil constraints (shallow soils, sodicity and high pH), and exacerbated by both 

long-term removal of nutrients by grazing animals and a reduction in soil P and S 

availability over time. The relatively low levels of CP and DM yield in the edible forage 

suggests that inoculation may be necessary for improved growth of Leucaena grown under 

Morelos climatic conditions. Thus, to maintain the productivity of Leucaena pastures, 

plant nutritional status needs to be monitored in order to determine strategic fertilizer 

application, according to Radrizzani et al. (2016). 
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The variation between the agronomic performance of the Leucaena plantation, methane 

production, fermentative quality at 72 h, chemical composition and mineral element 

contents of edible forage between provenances agrees with the reports of other studies 

(Nyathi et al., 1995) that these parameters vary considerably among species and between 

cultivars. In this case, Cunningham and Morelos provenances showed that they were 

quicker to recover from cutting stress, and they were less affected than the other 

provenances. The harvest each 4-months regrowth in semi-arid climate resulted in 

Hawaiian giant cultivar producing more than double the DM yield of Cunningham and 

five times that of Peru, but CP levels were higher in Cunningham and Hawaiian giant than 

in Peru (Nyathi et al., 1995).  

The superiority of Leucaena over tropical grasses in the concentration of some minerals 

is another advantage of incorporating this species into SPS for cattle grazing (Martínez-

Hernández et al., 2019). The concentrations of Ca, P, Mg, K, Na and Fe in Leucaena are 

sufficient to ensure the adequate productive performance of the ruminants in grazing SPS, 

although the forage presents an imbalance in the Ca:P ratio and deficiencies of Cu and Zn 

as recommended for optimal performance (McDowell and Arthington, 2005; NRC, 2016). 

These deficiencies partially coincide with McDowell (1985), who has highlighted that 

there are ample mineral deficiencies, imbalances and toxicities in tropical areas being the 

deficiencies of Cu and P the most limiting in livestock production. Radrizzani et al. (2016) 

coincide in the concentrations of P, K, Mg and Zn with our study, although they report 

lower Ca and Cu contents. Sánchez and Faria (2013) warn that one of the main limitations 

to the quality of Leucaena foliage of advanced maturity is that the Ca:P ratio can be up to 

7:1, to avoid this situation the authors recommend that Leucaena foliage do not exceed an 

age of 126 days and levels of inclusion in the diet not exceed 40% dry basis (Martínez-

Hernández et al., 2019).  

The parameters of the fermentative quality evaluated at 72 h of incubation are 

characteristics that, of lesser magnitude, are associated with greater efficiency in the 

processes of forage fermentation (Gaviria et al., 2015; Naranjo et al., 2016). The lag phase 

or the time to the microbial establishment was lower, and the maximum gas productions 

were higher than the values reported by Naranjo et al. (2016) for L. leucocephala (7 h and 

97 mL iDM-1). The maximum gas production rates were also lower than those of these 

authors, indicating greater efficiency in fermentation as less gas is produced for each unit 

of fermented DM, which is associated with a higher production of propionate (Ngamsaeng 

et al., 2006); therefore, high gas production rates are attributed to the fermentation of the 

substrate to acetate and butyrate (Beever and Mold, 2000). The maximum gas production 

(156 mL), the time to microbial colonization (7.5 h) and the gas production rate (0.27 mL 

h-1) reported by Gaviria et al. (2015) were the first similar, and the last superiors, 

respectively, compared in this study. Therefore, it could be said that low gas production 

rates are associated with greater fermentation efficiency and consequently with the 

formation of microbial protein, lower methane production and not with gas production 

that may be associated with energy losses or inefficiencies in fermentation (Gaviria et al., 
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2015; Naranjo et al., 2016; Molina et al., 2016). The low values of gas production, the rate 

of fermentation and the degradability of the forage of Leucaena can be attributed to the 

high lignin contents (Fondevila et al., 2002) that cause potentially digestible structural 

polysaccharides to be less available to the access of the rumen microorganisms (Gaviria 

et al., 2015). 

A factor that should receive increased attention with regards to methane emissions is the 

implementation of SPS based on L. leucocephala, which can reduce the percentage of 

gross energy lost in the form of methane per each additional kg in DM intake (Molina et 

al., 2016). The above, generally leads to increments in animal productivity due both to 

greater DM intake and to better balance of dietary nutrients (Molina et al., 2016). The 

linear trend obtained for methane production in this in vitro study was similar to that 

reported by Molina et al. (2016) when estimating the emission of CH4 for 48 h from 

growing Lucerne heifers fed a diet that included 24% Leucaena dry base. The average of 

20.5% for methane obtained at 24 h of incubation was higher than the value obtained in 

situ (8%) for 24 h of fermentation in sheep and cattle fed with 24 to 27% inclusion of 

Leucaena foliage in the diet (Molina et al., 2013; 2016) and similar to 20% methane for 

Leucaena foliage obtained at 24 h of incubation by Singh et al. (2012). In this study, the 

in vitro gas production technique allowed to determine the extent and degradation kinetics 

of the food through the volume of gas produced during the 24 h fermentation process, 

from which it was deduced that all provenances showed low gas volume ratio by the 

amount of degraded DM, high DM and OM digestibilities, which would generate a higher 

DM consumption in ruminants and a lower production of CH4 in the rumen (Delgado et 

al., 2013; Molina et al ., 2013), especially in medium to high altitude conditions and during 

drought growing seasons. 

Estimation of the nutrient requirements for animals and their difference (balance) with 

available dietary nutrients is a good practice that can contribute to enhancing the 

reproductive and productive performance of livestock (Sierra et al., 2017). The results in 

this study demonstrate the importance of L. leucocephala in increasing the nutrient content 

of the diet offered to grazing ruminants, especially during the dry season, a condition in 

which legumes provide fodder in greater quantity and quality than grasses. The inclusion 

of this Leucaena edible forage in ruminant diets would imply increases in dietary CP and 

Ca contents, and reductions in NDF and ADF, accompanied by increased ruminal 

production of volatile fatty acids (propionic, butyric and acetic), supplying more energy 

to the ruminants (Saminathan et al., 2015). Besides greater energy intake, the presence of 

Leucaena in the diet often leads to increased diet digestibility, due to greater specific 

gravity that leads to a faster ruminal rate of passage as L. leucocephala has a low content 

of NDF (29%; Barahona et al., 2005). 

This study suggested to Morelos as the provenance with the highest forage potential due 

to its early harvest, high fast fermentable fraction, and high Ca, Cu and P content, in the 

specific conditions of Morelos site, mainly during the rainy season. Other less promising 
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provenances were Colima, Cunningham, and Nuevo León to Morelos plantation, and 

Morelos, Veracruz, and Nuevo León to Veracruz plantation, in different growing season. 

The Veracruz site showed the best characteristics related to the maximum leaf area, and 

DM, CP, Na and Zn contents, mainly during the drought season. Cunningham provenance 

in Morelos plantation showed the best characteristics related to the maximum leaf area, 

and minimum CH4 emissions, while Nuevo León provenance grown in Veracruz showed 

the best characteristics related to the minimum CH4 emissions, and maximum K and Zn 

content. Colima and Nuevo León provenances during the drought season showed the best 

characteristics related to minimum CH4 emissions, and maximum CP and Zn contents, 

while Morelos provenance during the rainy season showed the best characteristics related 

to maximum IVDDM72. 

 

Conclusions 

The Morelos provenance produced forage of higher nutritional quality during the two 

growing seasons and growing sites than the other provenances. The advantage was 

associated with its early harvest, high fast fermentable fraction, and high Ca, Cu and P 

content. However, all provenances of Leucaena leucocephala were appropriate and can 

be propagated at the two plantation sites to properly complement the potential diet, 

represented by grasses in monoculture and natural grasslands during the year.  
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