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INTRODUCCION

El desarrollo de la flora y la fauna se concentra alrededor de la rizésfera o suelo que es
abundante en biodiversidad y es considerado un sistema abierto, que es el resultado de un
proceso natural anterior formando parte de una continua interaccion con mas sistemas
como lo son: la hidrésfera, litosfera, atmdsfera y bidsfera, permitiendo el intercambiando
de materia y energia, lo cual ocasiona cambios en su entropia permitiendo el desarrollo de
procesos fisicos, quimicos y bioldgicos, responsables de su morfologia (forma) y
propiedades (Degioanni, 2008).

El sistema suelo esta conformado por tres fases que corresponden con los estados fisicos
de la materia: una sélida que presenta los componentes minerales y organicos; una fase
gaseosa Yy una fase liquida. Las fases del suelo no se comportan de forma individual y cada
una de ella esta conformada por infinidad de elementos relativamente idénticos que
interactdan entre si para el funcionamiento tanto de sus fases asi como de todo el sistema
suelo, esto con la finalidad de alcanzar determinados propdsitos; desde el enfoque agricola
unos de los objetivos primordiales del sistema suelo es el crecimiento y desarrollo de las
plantas, debido a que las plantas toman de ahi varios nutrientes y es donde se inicia y se
termina la cadena alimentaria (Mengel and Kirkby, 2001), ElI mencionado material de
formacion de las plantas estd compuesto de: materia organica, agua y minerales, la
proporcion de estos tres componentes puede variar pero siempre en el siguiente orden de
magnitud: el agua en un 70%, el material organico en un 20% y el contenido mineral con
un 3%, todo esto en base al peso fresco. Las tres fases influyen en el suministro de
nutrientes a las raices de las plantas. La fase sélida es el principal deposito de nutrientes
por su contenido de particulas organicas e inorganicas. La fase liquida es el responsable
del transporte de nutrientes en el suelo a las raices de las plantas y la fase gaseosa esta
involucrada en el intercambio gaseoso que se produce entre 10s numerosos organismos
vivos del suelo (raices de plantas, bacterias, hongos y animales) y la atmésfera (Akinrinde,
2004). Por lo tanto es evidente que la fase solida a pesar de ser el reservorio de nutrientes
no es el unico componente del sistema involucrado en el abastecimiento de los nutrientes
hacia las plantas, recordando también que solo una pequefia parte de cada nutriente estara

en forma disponible para las plantas, del total de nutrientes presentes en la fase solida



(mineral y orgénica) (Thompson and Troeh, 2002). Entonces la disponibilidad de los
nutrientes dependera del resultado de las interacciones de varios elementos y/o
componentes que conforman el sistema suelo (Badillo Y Rodriguez, 1975; Navarro y
Navarro, 2003), como lo son: el contenido de materia organica involucrada en la
capacidad de adsorciéon y fuerza de ligando con la mayoria de elementos metélicos
(McBride, 1999); asi como en las reacciones del pH del suelo debido a los diversos
grupos activos que aportan grado de acidez, a las bases de cambio y al contenido de
nitrdgeno presente en los residuos organicos aportados al suelo (Aguilera, 2000). La
capacidad de intercambio cationico (C.I.C) responsable de procesos de adsorcion y
desorcidn de cationes del complejo coloidal con la fase liquida del suelo (Fuentes, 1971).
El tipo de arcilla es un factor importante en el procesos de C.I.C debido a que poseen
cargas electrostaticas negativas que los absorben (Arias-Jiménez, 2007). Los
microorganismos involucrados en la disponibilidad de nutrientes mediante procesos de
mineralizacion (Hernandez et al., 2006). La capacidad buffer responsable de reponer lo
que se ha removido de la solucion del suelo por medio de la fase solida (Barber, 1984;
Van Rees et al., 1990; Comerford, 1999; Tinker y Nye, 2000). Estas y otras caracteristicas
del suelo en su conjunto rigen sobre la disponibilidad de nutrientes (Thompson and Troeh,
2002). El resultado de todas estas series de procesos e interacciones se ven reflejadas en
la composicién de la solucion del suelo (Jenny, 1961; Olarte et al., 2001), la solucién del
suelo esta en contacto directo con las raices de las plantas y es de donde las plantas toman
los nutrientes, dicha solucién del suelo se encuentra en homeostasis quimica con la materia
organica y la fase mineral del suelo (Mengel and Kikby, 2001).

A pesar de lo antes mencionado, en la actualidad ain se vienen realizando los andlisis de
suelo enfocados al estudio de la fase s6lida, mismos estudios solo indican la capacidad
potencial de aporte de nutrimentos minerales de la fase solida hacia la solucion del suelo
(Mengel and Kikby, 2001); en cambio los analisis de la solucion del suelo presentan los
valores reales de la concentracion de elementos disponibles para las plantas (Mengel and
Kikby, 2001).

Desde un punto de vista practico el conocer la composicion de la solucion del suelo
permitird saber el nivel de nutrientes disponibles en el suelo y podra revelar el aporte

relativo y especifico que el suelo puede proporcionar a la planta luego de alcanzar un



equilibrio fisicoquimico en este estado de humedad (Figueroa et al., 1994). Un método
para la determinacion de la disponibilidad de nutrimentos en el suelo es mediante un
analisis de extracto de pasta de saturacion, el cual no es factible por que el suelo pasa a
ser un objeto de muestreo constante, es por eso que el uso de lisimetros para el analisis de
la solucion del suelo es ideal por ocasionar pocos trastornos en la zona de la raiz (Neilsen
et al., 1998), siendo un método no destructivo y que nos permite obtener muestras in situ,
lo que presenta indudables ventajas (Rhoades y Oster, 1986; Starr, 1985) ya que mediante
este método se garantiza que las muestras sean similares a lo que ocurre en condiciones
naturales en la zona radical (Mendoza-Grimon et al., 2003). Como ya se explico el proceso
fisico-quimico determina la composicion del agua del suelo que es un sistema muy
complejo. Multiples factores fisicos, quimicos y biolégicos tanto del sistema edafico como
del clima y la comunidad vegetal, asi como el propio manejo agronémico del hombre,
vuelven muy dificil desarrollar modelos mecanisticos predictivos que permitan predecir
la composicion quimica de la solucion del suelo, para ello deberia de determinarse un buen
numero de variables del suelo, introducirlo en un modelo y llevar a cabo el contraste de
los valores reales de concentraciones de iones minerales. EI problema es que los resultados
tendrian una aplicacion limitada ya que cambios minimos en el sistema fisico-quimico-
bioldgico del suelo darian lugar a grandes cambios en la composicion de la solucién del
suelo, lo que se traduciria en un pobre poder predictivo (De Willingen, 1991), esta
caracteristica de no computabilidad de las propiedades del sistema global a partir de sus
componentes individuales es compartida por muchos sistemas complejos (Garcia, 2006).
Es por ello que se propuso el estudio de la composicion de la solucion del suelo a través
del tiempo, mediante la ayuda de equipos lisimetros, como una posible herramienta de
manejo para mejorar la productividad agricola, mediante modelos matematicos que
permitan modelar y predecir las propiedades y comportamientos de la solucién del suelo,
para combinaciones especificas del tipo de suelo y cultivo. La utilizacion de métodos
multivariados es una herramienta robusta para el analisis de datos, como lo es el método
de anélisis de componentes principales el cual nos permite reducir la dimensionalidad del
conjunto de datos, permitiéndonos estudiar la dinamica de la concentracién ionica de la
solucion del suelo como un solo conjunto, logrando crear una funcion lineal que explica

el comportamiento multivariado del sistema constituido por la solucion del suelo (James



et al., 2014); otra herramienta dentro de los analisis multivariados es el uso de modelos
multiples lineales y polinomiales con fines predictivos utilizando variables categoricas y
numéricas que nos permitan predecir el comportamiento individual de los diferentes iones
en la solucion del suelo bajo determinadas condiciones de manejo y tipo de suelo (James
etal., 2014).

En este estudio se utilizaron las metodologias mencionadas para analizar y modelizar la

concentracion de elementos en la solucién del suelo para su prediccion.

OBJETIVO GENERAL

Desarrollar modelos matematicos Utiles para la prediccion de la composicion de la
solucion del suelo.

Objetivos especificos
Describir la relacion existente entre los diferentes iones, asi como su comportamiento
tanto a nivel individual como colectivo.
Caracterizar la dindmica de la composicién de la solucion del suelo bajo diferentes

regimenes de manejo y diferentes cultivos mediante un modelo matematico.

Hipotesis
Mediante un modelo matematico basado en muestreos repetitivos de la solucion del suelo,
es posible predecir el comportamiento del pH, Conductividad eléctrica, potencial oxido

reduccion y de los diferentes iones en la misma.



REVISION DE LITERATURA

El suelo

Dado que el sistema edéafico o suelo es el resultado de diversas reacciones fisico, quimicas
y biol6gicas es de comun creencia que el suelo es un agregado de particulas organicas e
inorganicas, no sujetas a ninguna organizacion. Pero que en realidad se trata de un
conjunto con una organizacion definida y con propiedades que varian "vectorialmente”.
Esta variacion en sus propiedades cambia mas rapidamente en forma vertical que en la
horizontal (perfil del suelo) (Badillo y Rodriguez, 1975; Navarro y Navarro, 2003),
formando de este modo macro caracteristicas pedogénicas en la fase solida a largo plazo
(Targulian and Krasilnikov, 2007), diferencidndose horizontes de los componentes
minerales y organicos que se diferencia del material parental en su morfologia, en sus
propiedades fisicas, quimicas y caracteristicas biologicas (Jenny, 1941). Dada toda esta
organizacion los suelos son considerados como formaciones geoldgicas naturales
desarrolladas bajo condiciones muy diversas de climas y materiales de origen lo cual
justifica su continua evolucion y su gran variedad. (Yallon, 1975; Navarro y Navarro,
2003). Haciendo del suelo un cuerpo natural, dindmico y en equilibrio, tanto con el medio
exterior (medio ambiente) asi como un sistema cuyos componentes estan fisica y
quimicamente en un equilibrio dindmico (Joffe, 1936; Kellog, 1936; Camargo y Vageler,
1938). Por tal motivo el suelo no puede ser considerado como un sistema estatico sino
mas bien como un sistema dinamico (Jenny, 1941).

Por todas las caracteristicas y propiedades que presenta el suelo, este debe ser
considerado un sistema 0 en su caso como un meta sistema, su funcionamiento como
sistema esta determinado por la interaccion entre sus subsistemas y sistemas circundantes
(Dijkerman, 1974); al ser un sistema es el resultado de interacciones mutuamente
transformadas y englobadas de dos 0 més sistemas. Por tal motivo cuando se habla del
suelo no solamente nos referimos a un cuerpo natural con determinadas propiedades
definidas sino también a su posicion geografica y sus alrededores, es decir el clima, la

vegetacion y la vida animal. (Jenny, 1941).



El suelo como sistema abierto y disperso

Al ser un sistema, el suelo se cataloga como un sistema abierto y disperso que acumula e
intercambia materia y energia térmica con su entorno. Lo cual es indicativo que dichos
flujos de materia y energia no solamente provienen del material parental, sino también de
factores como el tiempo, clima, topografia asi como de los mismos microorganismos que
pueden ser parte de la atmoésfera (Jenny, 1941). Por lo tanto, el sistema suelo se mantiene
lejos de un equilibrio termodindmico y estd en constante evolucion (Nicolodi and
Gianello, 2015). Ocasionando que el estado termodindmico del sistema suelo sea
extremadamente complejo poseedor de una gran nimero de propiedades y que estara
definido por los factores de formacién del suelo, mismos que estan integramente
relacionados para la formacion del sistema suelo mediante una serie de procesos
geoldgicos destructivos y pedologicos creativos como son los fisicos (intemperismo),
quimicos y bioldgicos (Jenny, 1941), que estan en funcion del tiempo (Dokuchaev, 1967),
durante esta etapa, el suelo incorpora y almacena mas energia que la que cede
disminuyendo su entropia interna y adquiriendo, de esta manera un determinado nivel de
energia libre cuando alcanza el equilibrio energético cuasi-estacionario (Smeck et al.,
1983) y que en gran medida determinan las propiedades fisicas y quimicas del suelo.
Todos estos procesos termodindmicos se consideran mecanismos de transduccion de
energia (Karnani and Annila, 2009), y ocasionan o producen un aumento en la entropia
del sistema debido a las alteraciones biogeoquimicas de las rocas para la formacion y
organizacion de los horizontes del suelo. Los cambios en la entropia del sistema suelo
dan lugar a un sistema complejo que es controlado por las vias de desarrollo convergentes
y divergentes (Phillips, 2000).

La complejidad y diversidad del sistema suelo esta influenciada por sus propiedades cuyos
valores numéricos dependen de la cantidad de material en el suelo (volumen y entropia);
estas propiedades son: extensivas que no dependen de la materia del suelo (presion,
densidad, temperatura), y las propiedades intensivas que son variables del campo
matematico (sus valores estan asociados con puntos en el espacio que se encuentran en el
suelo), esta ultima propiedad es la responsable de la ya famosa heterogeneidad del suelo

siempre y cuando cualquiera de sus propiedades intensivas varien de un punto al otro.



Tanto desde los efectos de los procesos quimicos del suelo asi como de los efectos
directos del campo gravitacional de la tierra (Sposito, 1981).

Las propiedades del sistema suelo estan fundamentalmente relacionadas entre si, se dice
que el sistema asume diferentes estados en gran medida impredecibles hacia un estado
casi estable o estacionario y del emergen propiedades con determinadas funcionalidades
(Mengel and Kirkby, 2001).

Chesworth (1973, 1976) indica que los estados estacionarios en los sistemas del suelo sélo
pueden ser efimeros debido a los flujos externos y gradientes termodindmicos que
cambian constantemente. Se sigue entonces que el sistema suelo debe estar en un estado
de ajuste constante a flujos variables. Sin embargo, se puede contrarrestar que los estados
estacionarios no requieren flujos constantes, sélo un estado independiente del tiempo del
sistema. Cuando uno o mas de sus propiedades sufren cambios, en teoria el cambio mas
pequefio en cualquiera de sus propiedades dara lugar a un nuevo suelo, conociéndose a los
diferentes estados del sistema suelo como “tipos de suelo” (Mengel and Kirkby, 2001,
Bremeen y Buurman), lo que significa que un suelo tiene mas de una posible via de
desarrollo (Phillips, 1998; Huggett, 1998).

Por tal motivo el sistema suelo no puede ser percibido como un componente estable ni
como un sistema estatico, sino mas bien como un sistema dindmico (Jenny, 1941),
constantemente perturbado por fuerzas internas y externas. Las perturbaciones (externas-
internas) pueden ocasionar dentro del sistema, constantes interacciones originando
fendmenos de desorden y orden (autorganizacion) o como se conoce en la pedogénesis
como dinamicas evolutivas progresivas y regresivas; las primeras responsables del
desarrollo del perfil, favoreciendo la formacion de horizontes y la segunda provocando un
rejuvenecimiento o simplificacion del perfil de suelo, lo que se traduce en una pérdida de
horizontes: S = (P,R), donde S: suelo; P: pedogénesis progresiva; y R: pedogénesis

regresiva, (Johnson y Watson Stegner, 1987).



Los subsistemas que conforman el sistema edéafico

El sistema suelo se caracteriza por lo que se le puede llamar organizacién jerarquica, esto
significa que puede estar constituido por diversos subsistemas con estructura y dinamica
diferentes (Whyte et al., 1969). Cada sistema 0 subsistema es un conjunto de objetos
unidos por alguna forma de interaccion o interdependencia de tal manera que forman una
totalidad o un todo (Patten, 1971). El funcionamiento del sistema se puede entender a
partir de la identificacion de sus principales funciones o propdsitos tanto como un sistema,
como de sus subsistemas y de la interaccion entre ellos. Por lo tanto, para comprender su
funcionamiento, es importante conocer los elementos principales, las fuerzas e
interacciones que estimulan los procesos que permiten al sistema suelo el ejercicio de sus
funciones. Una de sus funcionalidades es actuar como un almaceén de nutrientes y ponerlos
de forma disponible para el desarrollo de las plantas (Nicolodi and Gianello, 2015).
Vistos desde el enfoque termodinamico catalogan al sistema suelos como un sistema
multicomponente y multifuncional, conformado por subsistemas que corresponden a los
estados fisicos de la materia: s6lido, liquido y gaseoso; asi como un repositorio de campos
electromagnéticos y gravitacionales. (Kibblewnhite et al., 2008, Sposito, 1981, Mengel and
Kirkby, 2001).

Los subsistemas o fases que forman parte del sistema suelo presentan caracteristicas
propias pero son dependientes una de la otra, presentando elementos que son
relativamente idénticos. La fase sélida que es el principal deposito de nutrientes por su
contenido de minerales y materia organica responsables de dar lugar a la composicion y
propiedades del suelo (Buscot, 2005). Una fase liquida o agua del suelo responsable del
transporte de nutrientes en el suelo a las raices de las plantas y la fase gaseosa involucrada
en el intercambio gaseoso que se produce entre los numerosos organismos vivos del suelo
(raices de plantas, bacterias, hongos y animales) y la atmdésfera (Akinrinde, 2004). Todas

las fases en conjunto ocupan determinado espacio y se caracterizan por horizontes.



El sistema edafico y su impacto sobre la composicion de la solucion del suelo

La composicion y la dinamica de la solucién del suelo es muy variable y compleja, ya que
esta regida por la intensidad, tiempo y tipo de reacciones que sucedan en la fase solida
con la interaccion del agua que ingrese al sistema suelo (todo lo que representa el sistema
edéafico). Su heterogeneidad depende de factores tales como la composicion de la fase
solida (mineral-organica), profundidad del suelo, el contenido de agua del suelo, pH,
capacidad de intercambio catidnico, potencial redox, poder amortiguador o buffer del
suelo, la cantidad de materia organica del suelo, la actividad microbioldgica, intercambio
i6nico, adsorcion, desorcion, precipitacion, disolucion, difusion, presencia de la zona
radical de cultivos, la estacion y la aplicacién de fertilizantes, asi como por los gradientes
que resultan entre los sitios de absorcion y los iones que se suministran en forma de
fertilizantes o los que forman parte de los componentes de la fase solida etc (Marschner,
2011; Bolt, 2013).

La fase solida mineral es uno de los factores principales que influyen en los procesos que
dan como resultado la solucion del suelo, esta fase esta constituida por sustancias
inorganicas y naturales, que tiene una estructura interna caracteristica determinada por un
cierto arreglo especifico de sus aomos e iones (Badillo Y Rodriguez, 1975). Estas
caracteristicas estan intimamente relacionadas con su tamafio, donde existen particulas
gruesas asi como fracciones finas, limos y arcillas presentes en diferentes proporciones
dando origen a la textura del suelo (Navarro y Navarro, 2003). Las arcillas estan
constituidas basicamente por silicatos de aluminio, de magnesio, hierro u otros metales
hidratados. La solucion del suelo o agua del suelo depende directamente del tipo y
cantidad de arcilla que esté presente en el sistema y es la que indicara la capacidad de
retencion del agua (Badillo y Rodriguez, 1975). La fase solida organica es otro
componente de la fase solida del suelo que interviene en la composicion de la solucion del
suelo, modificando la estabilidad de agregados en el sistema suelo asi como su estructura
que estan relacionados directamente con el volumen del agua del suelo en la soluciéon del
suelo (Bolt, 2013). Dentro de los componentes organicos se presentan las sustancias
hamicas que intervienen en la movilizacion de los iones metalicos del suelo (McBride
1999), y por ende también afectan a la biodisponibilidad y la toxicidad de estos iones en
el medio (solucion del suelo). Ademas el contenido de materia organica afecta la reaccion
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del pH de la solucion debido a los diversos grupos activos que aportan grados de acidez,
a las bases de cambio y al contenido de nitrogeno presente en los residuos organicos
aportados al suelo (Aguilera, 2000). Estos procesos de protonacion y desprotonacion
influyen sobre el comportamiento de las sustancias humicas, estas relaciones son de
particular importancia en los suelos organicos en los que la capacidad de intercambio
cationico se origina principalmente de humatos (Mengel and Kirkby, 2001).

El contenido y la composicién de los componentes coloidales (mineral-organico),
presentes en la fase solida juegan un papel importante en la retencion de humedad y la
liberacion de nutrientes por los suelos hacia la solucion del suelo (Sposito, 1981). Poseen
la capacidad para retener y liberar especies ionicas que es una parte esencial de su
funcionamiento en la biosfera terrestre (Sposito, 1981). Los coloides minerales y los
organicos son poseedores de cargas eléctricas negativas superficiales las cuales dependen
de la intensidad de la carga, misma que esté relacionada con la estructura y composicion
de laarcillay contenido de materia organica (Benton, 2012). Los iones electrostaticamente
son adsorbidos a la superficie de la particula con carga negativa, dentro de los iones
adsorbidos estan los del agua (H") y demas elementos quimicos como los cationes Na,
K*, Ca*™", NH4*, Mg™, AlI"™", Fe*** y diversos oligoelementos (Badillo Y Rodriguez,
1975). Los cationes pueden ser retenidos por los coloides del suelo o estar libres y
presentes en la solucién del suelo pero en menor concentracion. Existe un equilibrio que
se establece entre los subsistemas de la fase sélida y la fase liquida, pero aun asi pueden
desplazarse en uno u otro sentido (Navarro y Navarro, 2003).

Los procesos que ocurren generalmente entre el liquido (agua del suelo) y las fases solidas
(fraccion coloidal del suelo) (Mengel and Kirkby, 2001), se llama capacidad de
intercambio catiénico (CIC), la cual modifica la fase idnica y estan ligados a los procesos
redox y el pH de la solucion del suelo. La CIC actia como un regulador y es
probablemente la propiedad de mayor importancia en el sistema suelo y puede definirse
como el proceso fisico-quimico por el cual el complejo coloidal adsorbe o desorbe
cantidades equivalentes de cationes de la fase liquida o de contacto del suelo (Fuentes,
1971).

Los procesos de oxido-reduccion (REDOX) y el pH del sistema edafico, modifican la

reactividad, movilidad ciclica y la solubilidad de diversos elementos en la solucion del
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suelo, como es el caso del hierro, manganeso, nitrégeno, carbono, azufre y otros
elementos. Estas reacciones redox participan en una multitud de procesos quimicos y
biolégicos del suelo (Navarro y Navarro, 2003, Benton, 2012). En cualquiera de los
procesos de 6xido reduccidn se presentan notables cambios quimicos en el sistema suelo
que influyen en la solucion del suelo, especialmente con respecto a los 6xidos e hidroxidos
y la materia orgéanica (Yunyu pan, 2014).

El sistema radicular de las plantas pude modificar la quimica de la rizosfera liberando y
absorbiendo compuestos organicos, intercambio de gases (CO2/O>) relacionado con la
respiracion de las raices y de los microorganismos, también mediante la adsorcion de
nutrientes por las raices, asi como la liberacion de agua y nutrientes, todo esto asociado
con la absorcion o extrusion de protones modificando de esta manera el potencial redox y
el pH de la solucion del suelo (Marschner, 2011).

Los cationes adsorbidos pueden perturbar el volumen del agua en la solucién del suelo
dada la naturaleza polarizada de los cationes de atraer moléculas de agua a diferente
intensidad, la cual dependera del tipo de cationes atraidos. El agua adsorbida por cada
catién aumenta con la carga eléctrica de este y con su radio ionico. Las moléculas de agua
no sujetas a la fase mineral por las fuerzas de superficie mantienen sus caracteristicas
usuales (agua libre o gravitacional) (Badillo y Rodriguez, 1975). El poder de adsorcion
mas especificamente la superficie especifica de las arcillas y su velocidad de adsorcion se
ven involucrados en la variacién de la composicion idnica de la solucion del suelo (Bolt,
2013).

Una propiedad presente en el sistema edéafico es el poder buffer o amortiguador del suelo,
este fendmeno es fundamental en el funcionamiento y comportamiento de la solucion del
suelo, porque nos indica la capacidad que tiene el sistema edafico mas en especifico la
fase solida del suelo para reponer o mantener las concentraciones o niveles de
determinado elemento en la solucion del suelo (Barber, 1984; Van Rees et al., 1990a;
Comerford, 1999; Tinker y Nye, 2000). El conocer el poder amortiguador del suelo se ha
utilizado para conocer la disponibilidad de nutrientes (Van Ress et al., 1990). La C.IC.,
el contenido de materia organica asi como el tipo de arcilla esta intimamente relacionada
con la capacidad buffer del suelo, ocasionando que el grado de variacion de estas
propiedades modifique el poder buffer del suelo (Suarez y Méarquez, 1992).
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El estudio de la solucion del suelo

El estudio de los niveles nutrimentales del sistema suelo se ha realizado desde un enfoque
reduccionista el cual nos ha dado una comprension profunda de las unidades simples del
sistema suelo (Coveney & Fowler 2005), enfocandonos exclusivamente al estudio de
determinadas propiedades fisicas, quimicas y bioldgicas del subsistema sélido, si bien el
estudio de mencionado subsistema es un indicativo del contenido potencial de aporte
mineral de la fase solida hacia la solucién del suelo, mas sin embargo lo importante es
conocer el contenido nutrimental asequible para la planta “elementos asimilables”. Lo
cual desde el analisis y estudio de la fase solida es dificil debido a lo antes mencionado y
a la variabilidad de los métodos de analisis que dependen mucho del potencial extractor
de las diferentes técnicas empleadas en los laboratorios agricolas ya que este dependera
del tipo de suelo asi como del cultivo presente, a sabiendas que los mecanismos
extractores no son identicos entre las diferentes especies vegetales (Navarro y Navarro,
2003).

Dentro de los subsistemas del suelo la fase solida es la fuente primordial de nutrientes y
por ende es la mas estudiada desde los diferentes puntos de vista tanto a nivel fisico,
quimico y biolégico (Benton, 2012). Situacion dada debido a que la fase solida presenta
mucho menos fluctuaciones internas y alta resistencia (Ponge, 2005), y puede servir, en
términos generales para la caracterizacion del suelo asi como el analisis desde una
perspectiva de la fertilidad del suelo (Huggett, 1975). Situacion contraria con lo que
sucede en los subsistemas: liquido y gaseoso que presentan mayor variabilidad en su
comportamiento haciendo que sea un conflicto al utilizarlas con finalidades de
caracterizacion del suelo desde un enfoque de la fertilidad. (Navarro y Navarro, 2003).
Sin embargo desde el punto de vista nutrimental y del manejo de los cultivos la fase liquida
0 solucidn del suelo es de suma importancia, debido a que esta en contacto directo con
las raices de las plantas y es de donde absorben los nutrientes (Menguel y Kirby, 2001).
Y es el resultado integro de la interaccion de todos los subsistemas del sistema suelo, y
que puede ser catalogada como una propiedad emergente, la cual puede ser estudiada
desde su composicion mineral para poder comprender lo que realmente esta sucediendo
en el sistema suelo desde una perspectiva nutrimental. Mencionada propiedad emergente

le permitird al sistema edéafico llevar a cabo determinadas funciones (Vezzani, 2001,
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Concepcion, 2002; Schmitz, 2003). Dentro de ella, la funcion de proveer en forma
asimilable los diferentes nutrientes para el crecimiento de las plantas y organismos
presentes en sistema edafico.

En cuanto a la solucidon del suelo es dificil hacer afirmaciones con respecto a su
composicion elemental, debido a la diversidad de la fase solida del suelo y a su estado
variable de agregacion, y por el hecho de que esta fase esta en contacto con una fase
liquida del suelo, que es constante y rapidamente cambiante en cantidad. Sin embargo,
algunas condiciones del contorno se pueden enumerar y con esto podrian indicarse ciertas
tendencias y aproximaciones (Bolt, 2013). El grado de concentracién elemental de la
solucidn del suelo, es un indicador de la capacidad que presenta el sistema edéafico de
proveer nutrientes hacia un medio acuoso, que estd en contacto directo con raices de la
plantas (Mengel and Kirkby, 2001) y es de donde tomaran los nutrientes. Hay que
considerar que esta propiedad emergente (concentracion elemental de la solucion del
suelo), es fluctuante, y por lo tanto no podemos especificar ¢ qué niveles son los adecuados
para el crecimiento de las plantas?, mas bien se le puede atribuir que tanto influye lo
presente en la solucion del suelo (concentracion elemental) sobre el crecimiento y
desarrollo de las planta, y de esa forma poder con mayor detalle especificar niveles idéneas
para determinados cultivos, el poder describir cuantitativamente el efecto de adicionar o
eliminar determinada cantidad de materia del sistema edafico y como esta influye en la
composicion elemental de la solucion del suelo nos ayudaria a comprender desde el punto
de vista de la fertilidad de suelo la concentracion de un determinado macro o micro-
nutriente antes y después de haber sido sometido a todos los procesos del sistema edéafico
(Bolt, 2013).

Para poder resolver todas estas incognitas, el estudio de la composicién elemental de la
solucidén del suelo, resultaria una adecuada eleccién, de esta forma no caeriamos en el
reduccionismo de los sistemas, sino mas estariamos estudiando el resultado de los efectos
directos de las interacciones del sistema edafico como un todo y no solo comprender de
forma cuantitativa y detallada los procesos de interaccion que rigen la composicion de la
solucion del suelo (Bolt, 2013). La composicion elemental de la solucion del suelo al ser
una propiedad emergente es per se dinamico y complejo que refleja el impacto global de
todos los componentes bioticos y abioticos, incluyendo el proceso de nutricion de las
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plantas (Snakin, 2001), y de naturaleza espacial, temporal o espaciotemporal, ocasionando
que sea disipativo y no lineal (Coveney & Fowler, 2005).

Estos autores consideran de gran relevancia el estudiar la composicion elemental de la
solucion del suelo como una propiedad emergente del sistema edéafico, analizando los
diferentes iones presentes en la misma. Siendo una técnica idonea para la comprension y
determinacion del grado de disponibilidad de los diferentes elementos, asi como sus
relaciones y distribuciones dentro de esta propiedad y cuya composicion se asocia a
grandes rasgos con los componentes inorganico, organico y biotico del suelo (sistema
edafico) (Menguel y Kirby, 2001).

Debido a que la composicion elemental de la solucidon del suelo es de gran variabilidad su
estudio debe ser dinamico, y el tiempo de estudio de esta propiedad lo definira el objetivo
que se trace, pudieran ser periodos adecuados a las etapas fenologicas de los cultivos, a
las épocas del afio, al tiempo de monitoreo de técnicas de rehabilitacion de suelos
contaminados etc.

La implementacion de modelos matematicos en el estudio de los sistemas complejos, es
de vital importancia para la comprension de cualquier sistema, la recoleccién de muchos
datos experimentales, no es indicativo que tenemos un gran conocimiento del sistema,
sino solo gran cantidad de informacién. EIl paso crucial en estos estudios es la utilizacion
de toda esta informacién desde una perspectiva predicativa y del como funciona el
sistema. En el estudio de sistemas complejos y de sus propiedades emergentes se pueden
utilizar enfoques multidisciplinarios que estudian las interacciones multiples y complejas
de y entre los componentes medidos en el sistema (Porras & Bayman, 2011). Dentro de
este tipo de estudios se encuentran los analisis multivariados, un detalle con este tipo de
analisis es el uso de toda la informacion recolectada, con la cual existe el riesgo de usar
informacidn repetida que tenga alta colinealidad, misma que puede irse depurando para
elegir  determinadas variables (variables independientes o variables de
acondicionamiento) que influyan més en el sistema y puedan explicar su funcionamiento
(Jenny, 1941), en la estadistica multivariada los métodos que pueden ser utilizados en el
estudio del conocimiento de la composicion elemental de la solucién del suelo se

encuentran:
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Anélisis no supervisados: 1). el analisis de componentes principales puede ser utilizado
como herramienta descriptiva que reduce la dimensionalidad del conjunto de datos
multivariados, remueve las interrelaciones existentes entre variables, organiza los datos
en forma de vectores ortogonales con este método lo que se logra es crear una funcién
lineal con la cual explicar el comportamiento multivariado del sistema constituido por la
solucidn del suelo (James et al., 2014). 2). Analisis de conglomerados (clusters) utilizado
para el agrupamiento de variables y reconocer patrones jerarquicos y orientarnos a la
reduccion de la dimension de estudio en grupos homogéneos en funcién de las similitudes
o similaridades entre ellos (Pefia, 2002).

Anélisis predictivos: 1) regresiones multiples que nos ofrecen la ventaja de utilizar toda
la informacion en la construccion del modelo seleccionando las variables que influyan en
la respuesta y descartando las variables que no aporten informacién y no tengan efectos
significativos (James et al., 2013). 2) correlaciones candnicas que tienen como finalidad
estudiar la relacién multivariante de dos grupos homogéneos de variables, en particular,
los dos grupos pueden corresponder a las mismas variables medidas en dos momentos
distintos en el tiempo y el espacio (Pefia, 2002).

El uso de modelos de ecuaciones estructurales es otra opcidn a considerar como una
herramienta para el estudio de la composicion elemental de la solucion del suelo, el cual
nos permite el uso de dos 0 mas estructuras (causa-efecto) para modelar las relaciones
multivariantes (Grace, 2006), y nos representa las relaciones directas versus las indirectas,
asi como las contribuciones parciales de las variables explicativas correlacionadas e
hipétesis alternativas. La metodologia también permite la inclusion de variables latentes
no observadas y el agrupamiento de efectos de variables mdaltiples en variables
compuestas (Grace y Bollen, 2008). Ademas, puede utilizarse para derivar nuevas
hipétesis.

El uso de modelo de redes neuronales es método confiable dentro del estudio de sistemas
biolégicos y se podria adaptar en el estudio de la solucion del suelo, ya que puede
reconocer y modelar complejas relaciones no lineales entre la entrada y la salida de un
proceso bioldgico debido a su alta aptitud de aprendizaje (Hashimota, 1997; Nazmul
Karim Et al.,, 1997; Patnaik, 1999), construyendo sistemas capaces de aprender y
adaptarse a condiciones variantes y hasta predecir el estado futuro de algunos modelos.
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Resumen

El presente estudio es un acercamiento preliminar y
descriptivo al fendmeno del comportamiento dinamico de
lasoluciondel suelo. El objetivo del trabajo fue el estudio de
la composicion de la solucion del suelo a través del tiempo,
para ayudar al entendimiento de la disponibilidad de los
diferentes iones, asi como su comportamiento individual y
colectivo mediante analisis de correlacion y de componentes
principales (ACP). Eltrabajo consistio enrealizar colectas de
informacion mediante muestreos repetitivos de la solucion
endiferentes tipos de suelo en zonas de produccion intensiva
ubicadas en el Occidente de México (Jalisco y Colima)
para cinco cultivos (aguacate, arandano, fresa, papaya
y pimiento). Las muestras de solucion del suelo fueron
recolectadas enintervalosde 15 diasatravésdetodoel ciclo
fenologico para los diferentes cultivos; a las muestras se
les determino el contenido de nitratos (NOy'), potasio (K*),
calcio (Ca*), sodio (Na’), pH y conductividad eléctrica
(C.E). Los resultados de las correlaciones mostraron
patrones similares con un comportamiento decreciente entre
los diferentes iones versus el tiempo. Los vectores de carga
obtenidos mediante el método del ACP mostraron similitud
en su comportamiento en todos los cultivos a excepcion del
cultivo de fresa, no obstante la dinamica del componente

* Recibido: septiembre de 2015
Aceptado: diciembre de 2015

Abstract

The present study is a preliminary and descriptive approach
to the phenomenon of the dynamic behavior of soil solution.
Theobjective was to study the composition of the soil solution
over time, to help the understanding of the availability of
different ions, as well as their individual and collective
behavior through correlation and principal component
analysis (PCA). The work consisted in gathering information
by repetitive sampling of the solution in different soil types
under intensive production areas located in Western Mexico
(Jalisco and Colima) for five crops (avocado, cranberry,
strawberry, papaya and pepper). The soil solution samples
were collected every 15 days throughout the phenological
cycle for the different crops; the samples were analyzed for
nitrates (NOy), potassium (K *), calcium (Ca’*), sodium
(Na")levels, pH and electrical conductivity (EC). The results
ofthe correlations showed similar patterns with a decreasing
behavioramong differentions versus time. Loading vectors
obtained by PCA showed similarity in their behavior in
all crops except strawberry; however the dynamics from
the principal component for all crops was similar showing
concomitant variation over time with an ascending trend.
This result indicates the feasibility to model in multivariate
ways the dynamic behavior of the soil solution.
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principal para todos los cultivos fue similar mostrando
variacion concomitante a través del tiempo con una clara
tendenciaascendente. Esteresultado indica la factibilidad de
modelar de formamultivariada el comportamiento dindmico
de la solucion del suelo.

Palabras clave: componente principal, dinamica
nutrimental, solucion del suelo.

Introduccion

El suelo es un cuerpo natural y un sistema complejo
abierto desde el punto de vista de los flujos de energia y
materia. Es el resultado de varios factores de formacion,
como son el tiempo, el material parental, el clima, la
vegetacion, los organismos y la topografia, integrados
en un sistema con multiples interacciones. Por tal razoén
el suelo no debiera conceptualizarse como un sistema
estatico sino como un sistema complejo y dinamico
(Jenny 1994) que, para estudiarlo, lo fragmentamos en sus
componentes ubicandolos en los ambitos fisico, quimico
y biologico. Los componentes desarrollan interacciones
y transformaciones locales y generan el sistema edafico
(Hernandez-Jiménez et al., 2006) que utilizamos para la
produccionagricolay que generalmente estudiamos desde
un punto de vista fisico (determinando textura, estructura,
profundidad del perfil, la capacidad de retencion de agua,
drenaje, etc.), quimico (determinando el pH, la C.E,
nivel de disposicion de elementos esenciales, capacidad
de intercambio cationico/anionico, etc) o biolégico
(colectando y clasificando una pequena parte de los
organismos vivos que contiene el suelo en tipos de especies
y poblaciones) caracterizando de esta forma la fertilidad
de los suelos (Benton-Jones, 2012).

Los suelos estan conformados por tres fases: sélida, liquida
y gaseosa (Sposito, 1981). Larelacion y la operacion de las
tres fases dependen de forma compleja de las interacciones
y transformaciones fisicas, quimicas y biologicas. La
fase solida esta conformada por diferentes particulas o
agregados (Brady y Weil, 1999) de naturaleza inorganica
u organica de diferente granulometria. La parte inorganica
esta relacionada con el contenido coloidal del suelo que
proviene del material parental luego de verse sometido al
intemperismo fisico, quimico y biolégico que cambia sus
propiedades fisicoquimicas (Gines-Navarro y Navarro,
2003). Las particulas o agregados organicos, denominados
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Keywords: principal component, nutrient dynamics, soil
solution.

Introduction

Soil is a natural body and a complex open system from
an energy and matter flow point of view. It is the result of
several formation factors, such as the time, parent material,
climate, vegetation, organisms and topography, integrated
into a system with multiple interactions. For this reason,
soil should not be conceptualized as a static system, but as
a complex and dynamic system (Jenny 1994) that, in order
to study it, we fragmented into its components, placing
them in the physical, chemical and biological fields. The
components develop interactions and local transformations
and generate the edaphic system (Hernandez-Jiménezet al.,
2006) that we use for agricultural production and generally
studied from a physical point of view (determining texture,
structure, depth profile, water capacity retention, drainage,
etc.), chemical (determining pH, EC, disposition level
of essential elements, cation / anion exchange capacity,
etc.) or biological (collecting and sorting a small part of
living organisms that soil contains in different species and
populations) characterizing in this was soil fertility (Benton-
Jones, 2012).

Soils are made up of three phases: solid, liquid and gaseous
(Sposito, 1981). The relationship and operation of the three
phases depend on complex physical, chemical and biological
interactions and transformations. The solid phase consists
of different particles or aggregates (Brady and Weil, 1999)
of inorganic of inorganic or organic nature with different
granulometry. The inorganic part is related to the colloidal
soil content coming from the parent material after being
subjected to physical, chemical and biological weathering
changing their physicochemical properties (Gines Navarro
and Navarro, 2003). Organic particles or aggregates,
collectively called organic matter, accumulate thanks to
constant supply of material from organisms, either as waste
oras aresult of death.

This organic material is subjected to a series of complex
transformations by soil microorganisms, resulting in
the accumulation of colloids or organic molecules that
contribute in a significant manner to the composition and
soil fertility (Gines-Navarro and Navarro, 2003). Together
the inorganic and organic components of the solid phase
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en conjunto materia organica, se acumulan gracias al aporte
constante de material proveniente de los organismos, ya sea
en forma de deshechos o como resultado de la muerte.

Este material organico es sometido a una serie de
transformaciones complejas porparte delos microorganismos
del suelo, resultando en la acumulacion de coloides o
moléculas organicas que aportan de manera relevante a la
composiciony fertilidad del suelo (Gines-Navarroy Navarro,
2003). En conjunto los componentes inorganico y organico
de la fase solida dan lugar a la composicion y propiedades
del suelo (Buscot, 2005). La fase s6lida del suelo posee una
mayor estabilidad, menor capacidad de variacion y puede
servir, en términos generales, para la caracterizacion del
suelo con propositos taxonémicos. En comparacion, la fase
liquida y atin mas la gaseosa, tienen fluctuaciones grandes
y bruscas lo que las hace inadecuadas para la taxonomia de
suelos (Gines-Navarro y Navarro, 2003).

Sinembargo desde el punto de vistanutrimental y del manejo
delos cultivos la fase liquida es de suma importancia, debido
aque esta en contacto directo con las raices de las plantas y
es de donde las plantas toman sus nutrientes (Khasawneh,
1971; Menguel y Kirby, 2001). Esta fase esta constituida
por el agua que se encuentra en los poros del suelo y se le
conoce como solucion del suelo, agua disponible o agua
del suelo (Gines-Navarro y Navarro, 2003). Esta fase del
sistema edafico es perseunsistemadinamicoy complejoque
refleja el impacto global de todos los componentes bidticos
yabioticos, incluyendo el proceso de nutricion de las plantas
(Snakin, 2001). La teoria de sistemas complejos indica que
ciertas propiedades o comportamiento generalmente no son
predecibles a partir de las propiedades de los componentes
individuales del sistema (Garcia, 2006). Portal razon, siendo
el agua del suelo un sistema dinamico complejo se espera
que los detalles especificos de su composicion no seran
predecibles a partir de las propiedades fisicas y quimicas de
los componentes individuales de la fase sdlida (Ryan, 2007).
Poresarazon es que se propone estudiar la solucion del suelo
en sucomposicion y variabilidad temporal, considerandola
como la fuente primaria de agua y nutrimentos para las
plantas y cuya composicion se asocia a grandes rasgos con
los componentes inorganico, organico y biotico del suelo,
pero sin depender en los detalles de la composicion de los
componentes individuales de la fase solida; sino mas bien
de las interacciones entre si de los componentes fisicos,
quimicos y bioldgicos y de estos con el clima prevaleciente
en un cierto ambito temporal.

[
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lead to soil composition and properties (Buscot, 2005). The
solid phase of the soil has higher stability, lower capability
tochange and can serve, in general, for soil characterization
with taxonomic purposes. In comparison, the liquid and
evenmore gaseous phase, have large and strong fluctuations
which make them unsuitable for soil taxonomy (Gines
Navarro and Navarro, 2003).

However, from the nutritional and crop management point of
view the liquid phaseis critical, because itis in direct contact
with plant roots and is where plants take their nutrients
(Khasawneh, 1971; Menguel and Kirby, 2001). This phase
is constituted by water found in soil pores and is known as
soil solution, available water or soil water (Gines-Navarro
and Navarro, 2003). This phase of the soil system is per
se a complex and dynamic system that reflects the overall
impact ofall biotic and abiotic components; including plant
nutrition process (Snakin, 2001). Complex systems theory
indicates that certain properties or behaviors generally are
not predictable from the properties of individual system
components (Garcia, 2006). For this reason, ground water
being a complex dynamic system is expected that specific
details of its composition will not be predictable from
the physical and chemical properties of the individual
components ofthe solid phase (Ryan, 2007). For this reason
it is proposed to study soil solution in its composition and
temporal variability, considering it as the primary source
of water and nutrients for plants and whose composition
is associated to large features with inorganic, organic and
biotic components of the soil, but not dependent on details
ofthe composition of the individual components of the solid
phase; butrather from the interactions within each physical,
chemical and biological components and between these with
the prevailing climate in a certain time range.

To study the soil solution two properties are considered:
the volume of liquid water and the composition of soil
solution. The volume directly influences on compositionand
concentration of the soil solution, as if this change will affect
ions concentration (Menguel and Kirby, 2001). Determining
water volume is made through physical methods such as
wet gravimetric method or by bulk density (Da) and true
density (Ds) ofthe soil solid phase (Narro-Farias, 2004). The
composition of soil solution is stillamore complex situation,
due to their dynamic behavior and its multicomponent
nature (Khasawneh, 1971), which makes it difficult or
even impossible to predict its behavior from the original
components which are water and soil solid phase.
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Para el estudio de la solucion del suelo se consideran dos
propiedades: el volumen del agua liquida y la composicion
de la solucion del suelo. El volumen influye directamente
sobre lacomposiciony concentracion de lasolucion del suelo
ya que si este cambia afectara la concentracion de los iones
(Menguel y Kirby, 2001). La determinacion del volumen
del agua se lleva a cabo por medio de métodos fisicos como
el método gravimétrico de humedad, o mediante la relacion
densidadaparente (Da) y ladensidad real (Ds) de la fase solida
delsuelo (Narro-Farias, 2004). Lacomposicionde lasolucion
del suelo es todavia una situacion mas compleja, debido a su
comportamientodinamicoy asunaturaleza multicomponente
(Khasawneh, 1971), lo que hace dificil o hasta imposible
predecir su comportamiento a partir de los componentes
originales que son el agua y la fase s6lida del suelo.

Este tema de la composicion de la solucion del suelo
ha sido estudiado con cierto detalle en el caso de suelos
contaminados y tecnosoles, en donde se han reportado
predicciones en la solubilidad de Cu, Zn, Cd y Pb (McBride
etal.,1997),asicomoenlosnivelesde CdyZnenlasolucion
del suelo mediante procesos de fitoextraccion con Thlaspi
caerulescens (Knight et al., 1997) y rabano (Lorenz et al.,
1997). Pero en el caso de suelos agricolas no se dispone
hasta donde sabemos de informacion publicada sobre su
comportamiento dinamico.

El presente estudio es un acercamiento preliminar y
descriptivo al fendmeno del comportamiento dinamico de
la solucion del suelo. El objetivo fue realizar un analisis de
la composicion de la solucion del suelo a través del tiempo
durante las diferentes etapas fenolégicas de cinco cultivos
encondiciones de produccion intensivaen lazona Occidente
de México, el cual nos permita describir larelacion presente
entre los diferentes iones, asi como su comportamiento
individual y colectivo mediante un analisis de componentes
principales (ACP).

Metodologia

El estudio descriptivo de la solucion del suelo se realizo
en la zona Occidente de México en los estados de Jalisco y
Colima, iniciando en la temporada verano-otonio del 2013
y terminando durante el invierno del 2014. Se realizaron
monitoreosdelasoluciondel suelo encultivos yaestablecidos
en diferentes empresas agricolas. Los cultivos evaluados
paraeste estudio fueron: aguacate (Persea americana Mill)y

Willian Alfredo Narviez-Ortiz er al.

This topic of the composition of soil solution has been
studied in some detail for polluted soils and technosols,
where predictions in solubility of Cu, Zn, Cd and
Pb (McBride et al., 1997) have been reported, as well
as levels of Cd and Zn in the soil solution through
phytoextraction with Thlaspi caerulescens (Knightet al.,
1997)and radish (Lorenz et al., 1997). But foragricultural
soils there is no published information available on
dynamic behavior.

The present study is a preliminary and descriptive approach
to the phenomenon of dynamic behavior of soil solution.
The aim was to perform an analysis of the composition of
soil solution over time during different growth stages in
five crops under intensive production in western Mexico,
which allows us to describe the present relationship
between the different ions as well as their individual
and collective behavior through a principal component
analysis (PCA).

Methodology

The descriptive study of soil solution was performed in the
West area of Mexico in the states of Jalisco and Colima,
starting in the summer-autumn 2013 and ending in the
winter of 2014. Monitoring soil solution was conducted
in crops established in different agricultural enterprises.
Crops evaluated for this study: avocado (Persea americana
Mill.) and cranberry (Vaccinium sp.) located in Ciudad
Guzman Jalisco at 19° 40'43.2" N latitude, 103° 32' 06.9"
W longitude and 19° 40" 53.13' N latitude, 103° 32'41.77'
W longitude respectively, strawberry (Fragaria L.) located
in Tapalpa Jalisco (19° 55'03.3 "N latitude, 103°42'11" W
longitude), papaya(Carica papaya L.) in the municipality of
Tecoman Colima (18°48'17.58'N latitude, 103°45'9.13"W
longitude) and pepper (Capsicum annuum) in Sayula Jalisco
(19° 54' 05.4" N latitude, 103° 35' 09.7" W longitude). At
the time of study avocado was 5 years old while cranberry
was one year old. For the rest of the crops monitoring began
from planting stage.

The study included an analysis of the composition of soil
solution over time. To do so, soil lysimeters Irrometer
were installed. Six sampling stations were established for
each crop and in each sampling station a replication was
performed. For this reason, two lysimeters were placed on
each station at a depth of 20 cm, at a distance of 20 cm from
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arandano (Vacciniumsp) ubicados en Ciudad Guzman Jalisco
en las coordenadas 19°40'43.2" latitud norte, 103°32'06.9"
longitud oeste y 19°40' 53.13" latitud norte, 103°32'41.77"
longitud oesterespectivamente, fresa (FragariaL.)localizado
en Tapalpa Jalisco (19° 55' 03.3" latitud norte, 103° 42" 11"
longitud oeste), papaya (Carica papayal..) enel municipio de
Tecoman Colima(18°48'17.58" latitud norte, 103°45'9.13"
longitud oeste) y el cultivo de pimiento (Capsicum annuum)
en la localidad de Sayula Jalisco (19° 54' 05.4" latitud norte,
103°35'09.7" longitud oeste). En el momento del estudio el
aguacate tenia cinco aos de establecimiento, mientras que el
arandano teniaunano. Parael resto de los cultivos elmonitoreo
se inici6 desde la etapa de plantacion.

El estudio comprendi6 el analisis de la composicion de la
solucion del suelo através del tiempo. Paraello se instalaron
extractores pasivos de solucion del suelo tradicionales
denominados lisimetros de la marca Irrometer. Se
establecieron seis estaciones de muestreo para cada cultivo
y en cada estacion de muestreo se realiz6 una repeticion.
Por esta razon, se colocaron dos lisimetros por estacion, a
una profundidad de 20 cm y a una distancia de 20 cm de la
planta, la distancia minima entre una estacion y otra fue de
500 m. La toma de las muestras se efectu6 cada 15 dias a
través de todo el ciclo fenologico de los cultivos (Cuadro 1).

the plant, the minimum distance between one station and
another was 500 m. Samples collection was made every 15
days throughout the crop cycle (Table 1).

Once installed the lysimeters obtaining samples was made
by performing a vacuum of -70 kPa. This activity was carried
out under field capacity conditions once fertigation was
done. To determine field capacity counted with a tensiometer
Irrometer R. The samples collection was performed 24 hours
after vacumm.

Soil solution samples were analyzed in situ by portable
equipment. pH was determined with a potentiometer Hanna
HI98130, electrical conductivity (EC) was assessed using an
equipment Horiba Spectrum Cardy Twin; ions were analyzed
with ion-selective Horiba; for nitrate (NO;") the B743 model
was used; calcium (Ca’ ") with the B751 model; potassium
(K 7) with B731 model and sodium (Na *) with model B722.

Statistical analysis

Anexploratory analysis, scatter plots and Pearson correlation
matrix was performed. An unsupervised statistical analysis
of principal components (ACP) with standardized values
was made. PCA has many advantages (Broschat, 1979), is a

Cuadro 1. Niimero de muestreos por etapa fenologicas para los diferentes cultivos.
Table 1. Number of samples per phenological stage for different crops.

Cultivo Numero de muestreos por etapa fenologica
Crecimiento Floracion y Desarrollo de Cosecha Total de
vegetativo fructificacion fruto muestras
Aguacate 5 3 3 11 22
Arandano 5 3 3 11 22
Fresa 3 2 1 9 15
Pimiento 3 2 2 15 22
Papaya -4 2 2 14 22

Unavezinstalados los lisimetros la obtencion de lamuestras
se realizo efectuando un vacio de -70 kPa. Esta actividad
se llevo a cabo en condiciones de capacidad de campo una
vez terminada la aplicacion del fertirriego. Para determinar
la capacidad de campo se cont6 con un tensiometro de la
marca irrometer modelo R. La recoleccion de las muestras
se efectud 24 horas después de haber realizado el vacio.

Las muestras de solucion de suelo obtenidas fueron
analizadas in situ mediante equipos portatiles. EI pH se
determind con un potenciometro de lamarca Hannamodelo

technique that reduces the dimensionality of a set of
multivariate data, removes existing interrelationships between
variables, organizes data in orthogonal vectors where each of
the variables within the vector behaves in a similar manner
based on their correlations, each of these vectors is called a
principal component. The first components express most of
variance of orthogonal data and are a useful tool to simplify
the analysis and interpretation of large amount of variables
considered in an exhaustive assessment. Calculations were
performed with the language and environment for statistical
computing R version 3.1.1 (James et al., 2014).
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HI98130, la conductividad eléctrica (C.E) se evalué conun
equipode lamarca Horibamodelo Spectrum Cardy Twin; los
iones se analizaron con equipos ion-selectivos de la marca
Horiba; para los nitratos (NOy’) se utilizo el modelo B743;
calcio (Ca*")conelmodelo B751; potasio (K") conelmodelo
B731 y sodio (Na’) con el modelo B722.

Analisis estadistico

Se realizo un andlisis exploratorio, con diagramas de
dispersion y matrices de correlacion de Pearson. Se efectud
un analisis estadistico no supervisado de componentes
principales (ACP) con valores estandarizados. E1 ACP
presenta multiples ventajas (Broschat, 1979), es una técnica
que reduce la dimensionalidad de un conjunto de datos
multivariados, remueve las interrelaciones existentes entre
variables, organiza los datos en forma de vectores ortogonales
en donde cada una de las variables dentro del vector se
comporta en forma similar con base en sus correlaciones, a
cada uno de estos vectores se le Ilama componente principal.
Los primeros componentes expresan la mayor parte de la
varianza de los datos ortogonales, y son una herramienta ttil
parasimplificarel analisis e interpretacion de la gran cantidad
de variables consideradas en una evaluacion exhaustiva. Los
calculos serealizaron con el lenguaje y ambiente de computo
estadistico R version 3.1.1 (James et al., 2014).

Resultados y discusion

Dindmica de las variables quimicas a través del tiempo
para los diferentes cultivos

Alobservarladinamicanutrimental de lasdiferentes variables
de la solucion del suelo a través del tiempo (Figuras 1 a 5)
se logra apreciar en los diferentes sitios patrones similares
tanto en el comportamiento con respecto al tiempo como en
los valores y concentraciones de las distintas variables. Para
todos los casos el pH mostro valores fluctuantes, pero siempre
manteniendo una tendencia positiva conforme los muestreos
fueron avanzando, los valores abarcaron desde 5 hasta 7.8. La
C.Emostrotendencianegativa versus el tiempo parael casodel
aguacate, arandanoy pimiento connivelesinicialesde 0.8, 1.74
y 1.41 respectivamente y decreciendo hacia las etapas finales
a valores de 0.4 dSm' para el caso del aguacate y arandano y
de 1 dSm' en pimiento. En cambio para los cultivos de fresay
papaya latendenciade la C.E fue positivainiciando en valores
de0.6y0.87a 1.4y 1.8 respectivamente. La concentracion de
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Results and discussion

Dynamics of chemical variables over time for different
crops

By observing nutritional dynamics of the different
variables of soil solution over time (Figures 1-5) it can be
appreciated in the different sites similar patterns in behavior
regarding time and values and concentrations of different
variables. In all cases pH values fluctuated, but always
keepinga positive trend as samplings advanced, the values
ranged from 5 to 7.8. EC showed a negative trend versus
time for avocado, cranberry and pepper with initial levels
0f0.8, 1.74and 1.41 respectively, decreasing towards final
stages to values of 0.4 dSm'foravocado and cranberry and
1 dSm™ for pepper. For strawberry and papaya the trend in
EC was positive initiating with of 0.6 and 0.87 to 1.4 and
1.8 respectively. The concentration of Na” and K* showed
a decreasing trend for all crops, showing fluctuations in
certain samplings; for avocado, cranberry and strawberry
Navalues remained onanaveragerange of 154to 15mgL"
and K" levels for the three cases showed increases in their
carly sampling dates of up to 296 mg L' as for cranberry,
K" levels decreased from 231,296 and 76 to 17, 84 and 28
mg L' respectively. For papaya and pepper Na' range was
higher, taking values 0f487 and 475to43 and 136 mg L',
respectively, while K" showed a milder decrease, starting
in concentrations of 190 to 29 mg L' for papaya and from
62 to 2 mg L' for pepper. Ca’* and NO; showed the same
dynamic pattern, decreasing in all crops except where
papaya levels reached 580 and 620 mg L' respectively.
For therest of the crops Ca** and NO; concentration in soil
solution decreased showing ranges from 381 to 34 mg L"!
and418to 112mgL"' (avocado),250to I8 mg L' and 430
to 65 mg L' (cranberry), 180 to 59 mg L' and 547 to 271
mg L' (strawberry) and from 430 to 27 mg L' and 360 to
45 mg L' (pepper).

The results found for NO," in soil solution for most crops
can be given by leaching processes and radical absorption
(Navarro-Blayaand Navarro-Garcia, 2003). Both processes
may beassociated notonly with decreased NO; butalso with
otherions (K", Ca’>Na")and in general EC of soil solution.

Forpapaya (Figure 5) an opposite behaviorin EC apparently
associated to an increase in Ca*>* and NO; present in soil
solution was observed (Charley and McGarity, 1964;
Menguel and Kirby, 2001).
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Na'y K" exhibio tendenciadecreciente paratodos los cultivos,
mostrando fluctuaciones en determinados muestreos; paralos
cultivos de aguacate, arandano y fresa los valores de Na* se
mantuvieron en un rango promedio de 154a 15mg L' y los
niveles del K' para los tres casos presentaron incrementos en
sus primeras fechas de muestreo de hasta 296 mg L' como es
para el caso del arandano, los niveles del K* disminuyeron
desde231,296y76a17,84y28 mg L' respectivamente. Para
la papaya y el pimiento el rango de Na* fue mayor, tomando
valores de 487 y 475 a 43 y 136 mg L' respectivamente,
mientras el K mostr6 una disminucion mas suave, iniciando
enconcentracionesde 190 hasta29 mg L' parael primercasoy
de62a2mgL’ parael pimiento. El Ca*" y los NO; mostraron
el mismo patrén dinamico, siendo decrecientes en todos los
cultivosaexcepcion de lapapayadonde sus niveles alcanzaron
hasta 580 y 620 mg L' respectivamente. Para el resto de los
cultivos laconcentracionde Ca>' y NO;y enlasoluciondel suelo
disminuy6 mostrando rangos de: 381 a34mgL'y418a112
mg L' (aguacate),250a 18 mgL"'y430a65mg L' (arandano),
180a59mgL'y547a271mgL" (fresa)yde430a27mgL!
y3602a45mgL"' (pimiento).
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For strawberry (Figure 3) the highest concentration of
NO,  and K" in soil solution is present in early stages,
which was described by the absorption curves studied
by Molina er al. (1993), who pointed out that in its early
stages the absorption is very low, increasing simultaneous
to fructification. The increasing dynamics from pH of soil
solution, observed in all cultures studied, could be due to
the alkalizing effect of nitrates from fertilizers applied
(Snakin, 2001). Decreases in Ca* and K* ions in soil
solution is probably due to increased absorption as the
crop passes from the vegetative stage to flowering and
fruit set, this due to a preference in the absorption of these
ions by avocado plants (Figure 1) (Maldonado-Torres et
al.,2007), cranberry (Figure 2) (Ferreyra et al.,2001) and
papaya (Figure 4) (Fallas, 2014).

This decreasing effect on ions present in the soil solution
could be related to an increase in the absorption rate of
nutrients as the crop grows as observed in strawberry case
(Figure 3) (Avitia-Garcia et al., 2014) and pepper (Figure
5)(Rincon et al., 1995).
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Figura 1. Dinamica de las variables quimicas a través del tiempo para el cultivo de aguacate, en la parte inferior de las graficas

se indica el coeficiente de correlacion de Pearson.

Figure 1. Dynamics of chemical variables over time for growing avocado, at the bottom of the graphs the Pearson correlation

coefficient indicated.
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Figura 2. Dindmica de las variables quimicas a través del tiempo para el cultivo de ardndano, en la parte inferior de las graficas
se indica el coeficiente de correlacion de Pearson.

Figure 2. Dynamics of chemical variables over time for growing blueberry, at the bottom of the graphic Pearson correlation
coefficient indicated.
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Figura 3. Dindmica de las variables quimicas a través del tiempo para el cultivo de fresa, en la parte inferior de las grificas se
indica el coeficiente de correlacion de Pearson.

Figure 3. Dynamic chemical variables over time for the strawberry crop, at the bottom of the graphs the Pearson correlation
coefficient indicated.
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Figura 4. Dindmica de las variables quimicas a través del tiempo para el cultivo de papaya, en la parte inferior de las graficas se
indica el coeficiente de correlacion de Pearson.

Figure 4. Dynamic chemical variables over time for growing papaya, at the bottom of the graphs the Pearson correlation

coefficient indicated.
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Figura 5. Dindmica de las variables quimicas a través del tiempo para el cultivo de pimiento, en la parte inferior de las grificas
se indica el coeficiente de correlacion de Pearson.

Figure 5. Dynamics of chemical variables over time for the pepper crop, at the bottom of the graphic Pearson correlation

coefficient indicated.
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Los resultados encontrados para el NO, en la solucion del
suelo para lamayoria de los cultivos pueden estar dados por
los procesos de lixiviacion y absorcion radical (Navarro-
Blaya y Navarro-Garcia, 2003). Ambos procesos pudieron
asociarse no solamente con la disminucion del NO;™ sino
también con la otros iones (K', Ca*", Na") y en general con
la C.E de la solucion del suelo.

Para el caso de la papaya (Figura 5) se observo un
comportamiento contrario en la C.E asociado
aparentemente al incremento de Ca®>* y NO;™ presente en
lasolucion del suelo (Charley y McGarity, 1964; Menguel
y Kirby, 2001).

En el caso de la fresa (Figura 3) la mayor concentracion de
NO; yK"enlasoluciondel suelo se present6 en las primeras
etapas lo cual fue descrito por las curvas de absorcion
estudiadas por Molina et al. (1993), quien indica que en sus
primeras etapas la absorcion es muy baja, incrementandose
posteriormente en forma coincidente con la fructificacion.
La dinamica ascendente del pH de la solucion del suelo,
observada en todos los cultivos estudiados, pudiera deberse
al efecto alcalinizante de los nitratos aplicados con los
fertilizantes (Snakin, 2001). Las disminuciones de los iones
de Ca*" y K" en la solucion del suelo, es probablemente
debida al aumento de absorcion conforme el cultivo pasa
de la etapa vegetativa a la de floracion y llenado de frutos,
esto debido a una preferencia en la absorcion de estos iones
por las plantas de aguacate (Figura 1) (Maldonado-Torres
et al., 2007), arandano (Figura 2) (Ferreyra et al. 2001) y
papaya (Figura 4) (Fallas 2014).

Este efecto decreciente en los iones presentes en la solucion
del suelo pudiera relacionarse con un incremento en la tasa
deabsorcionde nutrientes aconforme el cultivo se desarrolla
como se observa en el caso de la fresa (Figura 3) (Avitia-
Garcia et al., 2014) y del pimiento (Figura 5) (Rincon et
al., 1995).

Para el arandano otro factor posiblemente involucrado en
la reduccion de los iones en la solucion del suelo (Figura
2), seria poruna parte la fijacion en las particulas del suelo
o bien, en el caso de suelos arenosos, por la lixiviacion
(Hancock y Draper, 1989). Para el caso de la disminucion
de Na“ en la solucion del suelo (Figura 2) se ha reportado
que el arandano tiende a absorberlo en niveles altos en los
tejidos foliares, esto debido a que carece de un mecanismo
de regulacion de la absorcion de este elemento (Spiers,
1983).
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Forcranberry another factor possibly involved inthe reduction
of ions in the soil solution (Figure 2), would on one hand the
fixation in soil particles or in the case of sandy soils through
leaching (Hancock and Draper, 1989). For decreasing Na“ in
the soil solution (Figure 2) it has been reported that cranberry
tends to absorb it in high levels in leaf tissue, this because it
lacks a mechanism of regulating the uptake of this element
(Spiers, 1983).

First principal component analysis

Data obtained in the study from the dynamics of the
composition of soil solution for five different crops,
underwent an unsupervised multivariate statistical analysis
called principal component. Consisted in the creation of
new variables called principal components from the original
variables (NO,,K’,Ca2",Na’, pHand EC). With thismethod
accomplished to create a linear function with which was
possible to explain the multivariate behavior of the system
comprised by the soil solution. For this purpose the values
of the principal components were obtained and defined
using only the first principal component which groups the
highest variance. For avocado groups 50%, cranberry 40%,
strawberry 40%, papaya 33% and pepper 62%.

The load vectors obtained for the first principal component
(Table 2) were identified the highest absolute value for each
crop studied, determining with this which variable contributed
the most to the variation of the first component. For avocado
and cranberry was the most important variable was K”, for
strawberry pH, for papaya NO; and pepper Na'. These
characters of the soil solution could rule as conditioning
variables (independent variables) (Jenny, 1994), in the
dynamic behavior ofthe system and presumably are different
ineach culture for being different soils and geographicalsites.

Despite soil and crops diversity, it was found in the behavioral
set of load vectors a pattern in all crops: the values of load
coefficients were positive for pH and negative for most of
the remaining cases (Table 2). This result indicates that in all
cases pH tends to rise during crop growth, indicating a deficit
in the protonation of soil solution, possibly resulting from the
absence of a suitable concentration of organic matter, which is
knownto be the repository forexchanging e-/H’ (Menguel and
Kirby, 2001) and the aforementioned effect of alkalinization
by applying NO; in fertilizers (Snakin, 2001). The rest of
the coefficients, of negative sign, indicate the trend towards
declineintheavailability of mineral nutrients insoil solution. A
possible explanation for this would be insufficient capacity of
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Analisis del primer componente principal

A los datos obtenidos en el estudio de la dindmica de
la composicion de la solucién del suelo para los cinco
diferentes cultivos, se les realizé un analisis estadistico
multivariado no supervisado llamado componentes
principales. Consistio en la creacion de nuevas variables,
denominadas componentes principales, a partir de las
variables originales (NO;, K, Ca®", Na", pH y C.E). Con
este método lo que se logré fue crear una funcion lineal
con la cual explicar el comportamiento multivariado del
sistema constituido por la solucion del suelo. Para ello se
obtuvieron los valores de los componentes principales y
se determind utilizar solo el primer componente principal
el cual agrupa lamayor varianza. Para el caso del aguacate
agrupa el 50%, arandano el 40%, fresa el 40%, papaya el
33% y pimiento 62%.

Alos vectores de carga obtenidos para el primer componente
principal (Cuadro 2) se les identificd el mayor valor absoluto
para cada cultivo estudiado, determinando con esto cual
variable fue la que mas contribuy6 a la variacion del primer
componente. Parael caso del aguacate y arandano la variable
mas importante fue K*, para el caso de la fresa fue el pH,
para la papaya fue el NO; y para el pimiento fue el Na'.
Estos caracteres de lasolucion del suelo pudieranregircomo
variables de acondicionamiento (variables independientes)
(Jenny, 1994), en el comportamiento dindmico del sistemay
presumiblemente son diferentes en cada cultivo por tratarse
de distintos suelos y sitios geograficos.

the solid phase of the soil to provide the necessary nutrients in
the soil solution (Menguel and Kirby, 2001) to cover all crops
needs, this despite the contribution of fertilizers via fertigation.

By observing the dynamic behavior of the first principal
component it can be seen the variability of the observations
versus time or samples number, finding that the dynamics of
the first principal component was similar to the six crops, with
a clear upward trend (Figure 6). This rising trend is largely
governed by the variables with greater weight in the first
principal component.

These variables, through load coefficients, are negative for
avocado, cranberry and pepper, while for strawberry and
papaya are positive. A possible answer to this similarity
would be given by pH of the soil solution over time, which as
mentioned previously, forall cases showed positive correlation
(Figure 1,2, 3 and 5) and is associated in a very similar way to
the principal component (Figure 6) over time. This happens for
all crops except papaya (Figure4), where NO; plays akey role
in the rising behavior of the principal component. In all cases
the first component shows a positive trend over time, which
indicates the possible presence of a temporal pattern in joint
dynamics of the attributes of the soil solution.

These results seem to suggest on one hand the effectiveness
of the first principal component in shaping joint dynamics
of soil solutions in different crops; in particular, it is an
integration of the results presented above in univariate
analysis of different ions for different crops over time.

Cuadro 2. Vectores de carga estandarizados del primer componente principal de las diferentes variables evaluadas para

los diferentes cultivos.

Table 2. Vectors standardized load the first principal component of the different variables evaluated for different crops.

Cultivo NO; K Ca Na pH C.E
Aguacate -0.1522949 -0.5150672 -0.3461659  -0.4589865  0.4799535 -0.3881459
Arandano -0.4376725 -0.5523870 -0.4454199  -0.1942398  0.1969363 -0.4779116
Fresa -0.1759529 -0.4524127 -0.4716661  -0.4407098  0.5840698 -0.0808183
Papaya 0.6027989 -0.2921512 0.3030348 -0.4520469  0.3473081 0.3667176
Pimiento -0.3693642 -0.4743096 -0.4418701 -0.4821241  0.2706356 -0.3710311

A pesar de la diversidad de suelos y cultivos, en el
comportamiento conjunto de los vectores de carga se
encontrd un patron en todos los cultivos: los valores de los
coeficientes de carga fueron positivos parael pH y negativos
para la gran mayoria de los casos restantes (Cuadro 2). Este
resultado indica que entodos los casos el pH tiene a elevarse

On the other hand, the dynamics described indicates the
plausibility of modeling the behavior of a complex system
such as soil solution, while not using any single variable or
group of variables analyzed individually, butalinear function
of the variables determined in soil water. It is possible that
increasing the number of variables determined in the soil
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durante el crecimiento del cultivo, indicando un déficit
en la protonacion de la solucion del suelo, posiblemente
derivado de la ausencia de una adecuada concentracion de
materia organica, la cual se sabe es el repositorio para el
intercambio de e-/H" (Menguel y Kirby, 2001) asi como del
ya mencionado efecto de alcalinizacion por la aplicacion
de NOy en los fertilizantes (Snakin, 2001). El resto de los
coeficientes, de signo negativo, indican la tendencia a la
caida en la disponibilidad de nutrimentos minerales en la
soluciondel suelo. Una posible explicacion de loanterior seria
insuficiente capacidad de la fase s6lida del suelo para aportar
los nutrimentos necesarios en lasolucion del suelo (Menguel
y Kirby, 2001) como para cubrir todas las necesidades del
cultivo, ello a pesar del aporte de fertilizantes via fertirriego.

Al observar el comportamiento dinamico del primer
componente principal podemos ver la variabilidad de las
observaciones versus el tiempo o nimero de muestreos,
encontrandose que la dinamica del primer componente
principal fue parecida para los seis cultivos, con una clara
tendencia ascendente (Figura 6). Este comportamiento
ascendente estd regido mayormente por las variables con
mayor ponderacion en el primer componente principal.
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solution the modeling power is higher to predict the joint
dynamic behavior. Suchstudies should be performed to verify
if the study of the soil solution can be a useful supplement to
traditional studies in the solid phase of the soil.

From Dokuchaev times raised that the knowledge of soils
is the mean to dominate and lead them with goals applied to
agriculture (Hernandez-Jimenez et al., 2006). Based on the
findings of this research can be inferred that it is possible
to predict nutrient dynamics of soil solution in soils with
agricultural management. This behavior could be modified
by changing crop management and/or land use and therefore
have consequences on the pattern of the principal component.
Thiseffectinmodifying the soil solution has beenreported by
Snakineral. (2001), who indicates that in forest soils without
human intervention the variability of the solution tends to
decrease, which could make the predictive study of the soil
solution easier.

The author indicates that human activities could create
dynamic heterogeneity additional to thatarising naturally in
certain soil characteristics. The latter supports the findings
inthis study where agricultural soils on the one hand seem to
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Figura 6. Comportamiento del primer componente principal a través del tiempo para los diferentes cultivos estudiados.
Figure 6. Performance of the first principal component over time for different crops studied.

Dichas variables, a través de los coeficientes de carga, son

negativas para el aguacate, arandano y pimiento, mientras

que para los cultivos de fresa y papaya son positivas. Una

show a similar multivariate dynamic that seems to suggest
common patterns of behavior in different systems, but with
specific heterogeneities in the case of each crop and surely
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posible respuesta para esta similitud estaria dada por el pH
de la solucion del suelo a través del tiempo, el cual como se
menciond con anterioridad, para todos los casos presento
correlacion positiva (Figura 1,2,3 y 5) y se asocia de forma
muy similar al del componente principal (Figura 6) a través
deltiempo. Esto sucede para todos los cultivos con excepcion
de la papaya (Figura 4), donde los NOs" juegan un papel
clave en el comportamiento ascendente del componente
principal. Entodos los casos el primer componente presenta
una tendencia positivaatravés del tiempo, lo que nos indica
la posible presencia de un patron temporal en la dindmica
conjunta de los atributos de la solucion del suelo.

Estos resultados por una parte parecen indicar la efectividad
del primer componente principal en modelar la dindmica
conjunta de las soluciones del suelo en los diferentes
cultivos. En particular es una integracion de los resultados
que se presentaron anteriormente en los analisis univariados
de los diferentes iones para los distintos cultivos a través
del tiempo.

Por otro lado, la dinamica descrita seiala la plausibilidad
de modelar el comportamiento de un sistema complejo
como es la solucion del suelo, si bien no utilizando alguna
variable individual, o grupos de variables analizadas de
manera individual, sino una funcion lineal de las variables
determinadas en el aguadel suelo. Es posible que al aumentar
el nimero de variables determinadas en la solucion del
suelo sea mayor el poder del modelo para predecir el
comportamiento dindmico conjunto. Dichos estudios deben
realizarse para verificarsiel estudio de lasolucion del suelo
puede ser un complemento util a los tradicionales estudios
realizados en la fase solida del suelo.

Desde los tiempos de Dokuchaev se planted que el
conocimiento de los suelos es el medio de dominarlos
y dirigirlos con objetivos aplicados a la agricultura
(Hernandez-Jimenez et al., 2006). En base a lo encontrado
en esta investigacion podemos inferir que es posible la
prediccion de la dindmica nutrimental de la solucion del
suelo en suelos con manejo agricola. Este comportamiento
podria verse modificado al cambiar el manejo del cultivo y/o
uso del suelo y por ende tendra consecuencias en el patron
del componente principal. Este efecto en la modificacion
de la solucion del suelo se ha reportado por Snakin et al.
(2001), quien indica que en suelos de bosque sin intervencion
humana la variabilidad de la solucion tiende a decrecer, lo
cual pudiera hacer mas sencillo el estudio predictivo de la
solucion del suelo.

comes from each specific combination soil - plant species-
agronomic management. Also have been reported results of
adaily cyclical behavior of pH, redox potential and calcium
in the soil solution in forests (Snakin, 1983), but without
finding similar trends in the different soils. Currently there
is no information on the composition dynamics of the soil
solution over time for crops as well as for multivariate
statistical analyzes that attempt to explain or predict the
behavior of the soil solution system.

It is essential to continue with these types of studies and
repeat them in subsequent years adding more variables as
well as other ions (NH;* Mg*', H,PO,, SO, CO;> Mn*",
Fe?’,Cu®’, H;BO;, Zn**,M00O,*, Si(OH),, AI**, etc.), oxide
reduction potential (ORP), concentration of organic acids
(malate, citrate, lactate, etc.), titratable acidity, populations
and species of bacteria, fungi and protists or metagenomic
studies thereof, among others. It would also be of great
importance to perform such work under natural conditions
without human intervention or in rainfed, reduced tillage or
organic farming areas, to determine if in spite of the different
soil conditions exist common patterns among them as those
are described in this study.

This study explores the broad picture about soil composition
and its behavior. It offers the prospect of evaluating the soil
solution as a complement to classical physicochemical
determinations performed on samples of the soil solid
phase.

From the methodological point of view, this paperillustrates
the usefulness of principal component analysis, as a useful
tool for the descriptive study of the soil solution, as being a
complex and dynamic system it consists of many elements
that govern theirbehaviorboth individually and collectively.
Studying the individual components separately without
an integrative dimension reduction tool, would fail in
exploring joint dynamics from soil solution systems, where
not only considers the behavior of individual attributes, but
the system as a whole that emerges from the components
connected by its interactions and interdependencies.

Conclusions

The individual behavior of chemical variables of the soil
solution showed similar response patterns for avocado,
cranberry and pepper with negative trends for all variables
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El mismo autor indica que las actividades humanas
pudieran crear heterogeneidad dinamica adicional a la
que naturalmente surge de las caracteristicas de cierto
suelo. Lo anterior apoya lo encontrado en este estudio en
donde los suelos agricolas por una parte parecen mostrar
una dinamica multivariada analoga que parece indicar
patrones de comportamiento comunes en los diferentes
sistemas, pero con heterogeneidades especificas en el
caso de cada cultivo y que seguramente provienen de cada
combinacion especifica suelo-especie vegetal-manejo
agronoémico. También se han reportado resultados de un
comportamiento ciclico diario del pH, potencial redox
y calcio en la solucion del suelo en bosques (Snakin,
1983), pero sin encontrarse tendencias similares en los
diferentes suelos. En la actualidad no existe informacion
sobre la dindmica de la composicion de la solucion del
suelo a través del tiempo para cultivos asi como tampoco
analisis estadisticos multivariados que intenten explicar
o predecir el comportamiento del sistema de la solucion
del suelo.

Es indispensable seguir con estos tipos de estudio y
repetirlos en los anos subsiguientes adicionando mayor
numero de variables como son otros iones (NH;" Mg*',
H,PO,, SO*, CO* Mn*, Fe*", Cu®', H;BO;, Zn** ,M0oO,*,
Si(OH),,Al*, etc), el potencial de 6xido reduccion (ORP), la
concentracion de dcidos organicos (malato, citrato, lactato,
etc.), acidez titulable, poblaciones y especies de bacterias,
hongos y protistas o bien estudios metagenémicos de los
mismos, entre otras. También seria de gran importancia el
realizar este tipo de trabajos bajo condiciones naturales sin
intervencion humana o bien en zonas agricolas de temporal,
labranza reducida o agricultura organica, para determinar si
apesarde las diferentes condiciones existentes en los suelos
existen patrones comunes entre ellos como los descritos en
este estudio.

Este estudio explora el amplio panorama acerca de la
composicion del suelo y de su comportamiento. Ofrece
la perspectiva de evaluar la solucion del suelo como un
complemento alas clasicas determinaciones fisicoquimicas
realizadas en muestras de la fase solida del suelo.

Desde el punto de vista metodologico, este trabajo ilustra
la utilidad del analisis de componentes principales, como
una herramienta 1til para el estudio descriptivo de la
solucion del suelo, ya que al ser un sistema complejo y
dinamico esta conformado por infinidad de elementos
que rigen su comportamiento tanto de forma individual
como colectiva. El estudiar por separado los componentes

Willian Alfredo Narviez-Ortiz ef al.

except pH. This same behavior was exhibited by strawberry
with the difference that in addition to pH, EC also tended to
increase over time.

For papaya chemical variables such as NOy, Ca’ ", pH and
EC showed an upward trend against time while the K * and
Na“ were reduced.

The study demonstrated the feasibility of applying
multivariate simulation in describing the dynamic behavior
of the soil solution.

The results show that regardless of soil type, location and
even crop, there are similar behavior patterns and potentially
predictable that would allow predicting the dynamic
behavior of the soil solution.

End of the English version
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individuales sin una herramienta integradora de reduccion
de dimensiones, fallaria en la exploracion de la dinamica
conjunta del sistema de la solucion del suelo, en donde
no solamente cuenta el comportamiento de los atributos
individuales, sino del sistema en conjunto que emerge
de los componentes unidos por sus interacciones e
interdependencias.

Conclusiones

Elcomportamiento individual de las variables quimicas dela
solucion del suelo mostrd patrones de respuesta similar para
los cultivos de aguacate, arandano y pimiento con tendencias
negativas para todas las variables a excepcion del pH. Esta
misma conducta exhibi6 el cultivo de fresa con la diferencia
que adicional al pH la C.E también tendi6 a incrementar a
través del tiempo.

Para el cultivo de papaya las variables quimicas como
son los NO;y, Ca*', pH y C.E mostraron tendencia al
incremento frente al tiempo mientras que el K* y el Na’
se redujeron.

El estudio demostro la factibilidad de aplicar lamodelacion
multivariadaen ladescripcion del comportamiento dindmico
de la solucion del suelo.

Losresultados demuestran que, independientemente del tipo
de suelo, la ubicacion y hasta del cultivo, existen patrones
de comportamiento similar y potencialmente predecible
que permitirian predecir el comportamiento dinamico de la
solucion de suelo.
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Abstract

The objective of the present work was to study the soil solution throughout time in pots
under greenhouse conditions. The work consisted in monitoring the solution of a
calcareous soil and a forest soil without a vegetal crop, with different types of fertilization:
treatment 1: absolute control (irrigation water); treatment 2: Steiner nutrient solution;
treatment 3: solid fertilizers; and treatment 4. Vermicompost tea (aqueous extract). The
samples were collected weekly using lysimeters for 14 weeks and were analyzed to
determine: nitrate content, total nitrogen, calcium, potassium, magnesium, sodium, sulfur,
zinc, boron, pH, electrical conductivity and oxide-reduction potential. In order to
understand the interactions between treatments, soil type, and time over ion behavior and
availability, linear and polynomial models were used, selected by a cross-validation
method, which resulted in robust models, where it was found that the pH behavior is
associated with the type of fertilization and soil type, with the elapsed time being a non-
significant factor. The use of mentioned models showed robust models. It was found that
the behavior of the pH is associated with the type of fertilization and soil type, with the
elapsed time as a factor not significant. On the other hand, time influenced the behavior

of the remaining ions as well as their availability.

Key words: linear models, soil pore water, nutrient biodisponibility, calcareous soil, forest

soil.
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l. Introduction

The liquid phase, soil pore water, or soil solution is a non-homogeneous solution
distinguished by a marked spatial and temporary variability on concentration and
composition. (Mengel et al., 2001). Soil solution is a product of the interaction of several
biological and physiochemical processes from different phases that form the edaphic
system. The liquid phase of the soil is one of the most variable components within the soil
system due to the great diversity of its components, as well as its scattered nature that
allows complex flows of matter and energy (Snakin et al., 2001). Slight changes in the
solid phase of the soil system can lead to extensive modifications in the soil solution,
which in turn can be extended by the action of living components in the system (Hillel,
1980). Traditionally, crop nutrition focuses on nutrient analysis of the soil solid phase,
which functions as the nutrient store and provides an indication of a soil's ability to supply
nutrients to the plant, but does not adequately indicate (and in some cases, does not
indicate at all) the disponibility of nutrients in the soil solution, as well as the changes
induced by the roots of plants and by the edaphic microbiome (Marschner, 2012).
However, from a perspective of studying the soil system for agricultural purposes, soil
solution is a very important system to study and understand, due to its close relationship
with crop nutrition, being the primary source from which the roots absorb All elements in
their ionic forms and which are indispensable for their development (Khasawneh, 1971,
Mengel et al., 2001; Snakin et al., 2001).

The soil water (soil solution) composition is dynamic and fluctuates throughout the time,
and this will be reflected in the dissolved nutrient quantity. The mineral concentration will
vary depending on several specific factors, such as climate, the amount of water in soil,
content, pore diameter, and depth of pores, type and depth of edaphic horizon, pH, cationic
interchange capacity, redox potential, amount of organic matter in soil and microbiota
activity. (Asher, 1978). Human activities such as fertilization, liming, irrigation, artificial
drainage, among others, can also change the solution of the soil. (Jan Mulder and Malcon
1994). Likewise, excessive tillage profoundly alters the natural structure of the soil,

changing the length, connectivity, and distribution of soil pore diameters, characteristics



41

closely related to soil water composition and the synchronization of interactions soil-
plant-microorganisms. (Ratsep et al., 1994).

The dynamics of soil solution composition and its relationship with the types of fertilizers
used has been shallowly researched. Hernandez-Diaz et al (2014) monitored soil solution
in different tomato plant growth phases to obtain nutrition reference levels. Yanai et al.
(1995) carried out experimentation on flower pots, examining the solution of four types
of soil in pots with and without maize plants; they observed a relation between the
decrease in the concentration of the soil solution and the absorption of the plant. Yanai et
al. (1996) performed a factorial experiment to monitor soil solution over time in the
presence and absence of plants and with or without application of nitrogen, in order to
observe the effects of nitrogen on the initial composition of the soil solution and its impact
on the dynamical composition of soil solution during crop growth, as well as to observe
the amount of elements absorbed by the plant and its decrease in soil solution. Yanai et
al., (1997) studied the effects of slow-release fertilizers on nutrient absorption by plants
and leaching potential of soil nutrients based on soil solution dynamic. They studied the
soil solution over time in the presence and absence of a wheat crop under three scenarios
of nitrogen supply: soluble fertilizer such as Ca(NOz3)2, slow-release fertilizer and without

fertilization.

To extend the research on the dynamic behavior of soil solution is convenient to use new
tools for its modeling such as linear and polynomial modeling, which makes possible to
forecast qualitative and quantitative response variables from predictive qualitative and
guantitative variables. But this is not the only application that can be given to linear and
polynomial models: they also allow the construction of predictive models, selecting the
variables with the greatest influence on the response and discarding the variables that do
not contribute relevant information or have no significant effects (James et al., 2013). This
type of analysis have been reported when modeling absorption response of mineral
elements in corn and rice (Li et al., 1998), as well as in the prediction of certain soil
properties such as pH, Ca, Mg, K, P, Al and H concentration, sum of bases, cationic
interchange capacity, base saturation and aluminum saturation using spectral data from
the soil at different depths (Gend and Dematté, 2011).
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In the present study, soil solution monitoring was carried out over time using suction soil-
water extractors (lysimeters), which is a non-destructive method for soil structure (Van
Der Ploeg y Beese, 1977). The objective was to analyze obtained data to build and select
linear and polynomial models through methods of leave-one-out cross-validation
(LOOCV), which allowed to develop robust models of the behavior of the soil solution

under the different scenarios of fertilization and types of soil.

2. Methodology

2.1. Location

The study was performed under greenhouse conditions at Universidad Autonoma Agraria

Antonio Narro facilities, located in Saltillo, México, from Janury 2015 to April 2015.

2.2. Study material

Two soil types were used as study material; calcareous non-agricultural soil from an area
free of vegetation and black forest soil from an area with reforestation of 20 years with
Pinus halepensis. Soil was collected from land belonging to the University, located in
25°21'14.87"N and 101° 2'23.25"0 for calcareous soil and 25°21'6.81"N y 101° 1'27.69"O
for black forest soil; after the sampling the soils were characterized from the physical-
chemical point of view according to the NOM-021-RECNAT-2000 (Semarnat, 2002)
(Table 1).

Table 1. Physical-chemical analysis of the soil

Physical properties of soil

Soil pH Electrical Texture Saturation Field Wilting point Bulk
conductivit point (%) capacity (%) density
y (dS m) (%) (%)
Calcareous  8.08 0.90 Loam 39 20.7 12.3 1.04
Forest 7.59 0.58 Loam 51 27.2 16.2 0.95
Soil fertility analysis
o.M P- N-NOs K Ca Mg Na Fe Zn  Mn Cu B S
Olsen
Soil % (mg Kg?)
Calcareous  0.97 19 23.1 296 6536 714 107 1.68 0.19 1.28 0.22 0.09 205

Forest 4.9 15 2.72 599 6364 341 101 3.90 187 817 054 047 122
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2.3. Experiment installation

The collected soils were deposited in 12 L plastic pots, 24 pots per soil type (calcareous
and forest) were filled, obtaining a total of 48 pots. To each pot with soil, a lysimeter of
13 inches of length was inserted to a depth of 15 cm in the central part of the pot. Once
the lysimeters were installed, irrigation water, previously characterized (Table 2), was
applied to all pots until reaching the field capacity point. It should be mentioned that soils
were not brought under any physical or chemical process before the experiment took place
so they could get to its natural condition as possible.

Table 2. General characteristics of salinity / sodicity, cations, anions, and special

determinations of irrigation water.

Salinity / Sodicity Cations Anions Micronutrients
(mg L™ (mg L™ (mg L™

pH 8.06 Ca 95.8 SOq 81.7 B 0.01

E.C (dSm?) 0.77 Mg 24.1 HCO3 256 Fe ND

SAR 0.48 Na 20.5 Cl 37.1 Mn ND

SARaj 0.63 K 6.24 COs 34.2 Cu ND

N-NO3 1.12 Zn ND

E.C: electrical conductivity; ARS: absorption ratio of sodium; ARSaj: adjusted sodium

adsorption ratio; ND: not detected.

2.4. Description of the treatments

The experiment consisted in the continuous application of irrigation under different
nutrient supply scenarios for the two soil types: calcareous and forest, without presence
of crop; the irrigation was carried out manually, in order to maintain the most similar
possible Irrigation volumes applied to different treatments; two irrigations were carried
out per week of 1 L each, sufficient volume with which the soils were maintained at field
capacity. Experimental treatments were: treatment 1 (control): absolute control using
irrigation water only; treatment 2 (Steiner): continuous application of Steiner nutrient
solution (Steiner, 1961); treatment 3 (Solid): discontinuous and fractional application of
solid fertilizers and treatment 4 (Organic): organic fertilizer application with
Vermicompost tea (aqueous extract). These applications were made for the two types of

soil. (Figure 1).
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Figure 1. Diagram for the different nutritional contributions for each type of soil.

For the treatments with the application of inorganic fertilizers the amount of nutrients
applied to the treatments Steiner and Solid was similar in quantity but different in its form
of application; in both cases, it was considered the composition of irrigation water (Table
2) and soluble fertilizers were used (Table 3). The total volume of water applied in
irrigation for each one of the treatments during the entire experimentation was 28 L for
each pot. For treatments using solid fertilizers irrigation provided was with water acidified
to ~5.5 pH using sulfuric acid (H2SOa), the application of fertilizers was fractional and
performed three times (January 28", March 4" and April 1%, 2015).

Table 3. Fertilizers used in the preparation of the nutrient solution and in the application

of the treatment in solid and fractioned form

Fertilizer Formula Fertilization¥
Steiner  Solid”

mg L* g
Calcium nitrate Ca (NO3)2.4H0 590 16.52
Potassium nitrate KNO; 710 19.88
Magnesium sulphate Mg SO, -7H, O 24.6 0.6888

Monobasic potassium phosphate KH2PO4 136  3.808
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Fe EDTA, Mn EDTA, Zn EDTA, 40 1.12
Cu EDTA, B and Mo

¥Fertilizer content considering the contribution of irrigation water. * Amount of total

Ultrasol micro (microelements)

fertilizer applied in treatment in fractional and solid form

Organic treatment with vermicompost tea was obtained from a manure of bovine origin.
The aqueous extract was made 24 before its application, and once the solution was
obtained it was acidified to a final ~5.5 pH with food grade citric acid (CeHgO7) and a ~2
dS cm?® C.E. through dilution with irrigation water, in order to avoid phytotoxicity
(Carballo et al., 2009; Oliva-Llaven and Rodriguez-Hernandez, 2010). Mineral

composition of vermicompost tea is shown in Table 4.

Table 4. Chemical characteristics and mineral composition of vermicompost tea applied

in organic treatment.

Variable Variable

pH* 8.2 Mn (mg L?) <0.025
E.C (dScm?) 2.03 Na (mg L™ 186.4
N-NOs (mg L) 75 S (mgL%) 154.51
P (mgL?) 9.33 Zn (mg L™ 0.046
Ca(mg L) 96.53 B (mgL?Y) 1.017
K (mg L%) 440.17 Cu (mg L) <0.005
Mg (mg L™) 42.75 Fe (mg L) 0.28

* pH obtained after the preparation of the vermicompost tea, before being acidified with
citric acid

2.5. Sample collection and analysis

To obtain soil solution samples, soils were irrigated the day before, and they reached a 30
kPa field capacity, which was measured through Irrometer tension gauges placed

previously to the application of irrigation. Once the prerequisites were fulfilled, all the
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lysimeters that were placed in the 48 pots from the beginning of the experiment and kept
in the pots during the whole time of the experiment were vacuumed. Vacuum pressure
inside the lysimeters was -60 kPa obtained with a hand pump. The samples were collected

from the soil solution 24 hours after the vacuum.

Soil solution was collected once a week on a 14-week term. For each treatment and soil
type, three replicates per sample were obtained and placed in plastic containers. Samples
obtained were brought to an in-situ analysis to determine: pH with a Horiba Brand
potentiometer model B-173; electric conductivity (E.C.) with a Horiba brand Spectrum
Cardy Twin model; Redox potential (R.P.) that was measured with an OMEGA brand
electrode model PHH-7011 and nitrate concentration (NO3’) that was measured with
selective-ion Horiba brand equipment model B-743. Subsequently, soil solution samples
were analyzed in the laboratory to determine the total nitrogen content (N) by micro-
Kjeldahl technique (Muller, 1961), as well as potassium concentration (K*), calcium
(Ca?"), magnesium (Mg?"), total sulfur (S), sodium (Na*) and boron (B) through wet
calcination technique (Fick et al., 1976) and with a Perkin ElImer ICP-OES equipment
optima 8300 model.

2.6. Data analysis
2.6.1. Multiple polynomial and linear regression analysis

The data obtained in the different soil solution measurements were analyzed with multiple
linear and polynomial models using three different predictors: (1) treatments (irrigation
water, Steiner, solids, and vermicompost tea); (2) type of soil (calcareous and forest soil);
(3) elapsed time of 14 weeks. The first two were considered categorical, while time was
considered a numerical variable which was used under different polynomial degrees. The
use of multiple linear regression methods offered the advantage of considering all the
available information when building the model and therefore to make more accurate

estimates (James et al., 2013). Models used were the following:
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Multiple linear model:
Y = Bo + lel + Bng + B3X3 """" + Bpo + &

Mutiple polynomial model:
Y = Bo+ (BiXa+ B2Xo) + PaXat PaXot BaXg--ooe-o- + BpXpt €

Where:

Bo = the intercept term, the expected value of Y when X =0

B1 = the slope of the line between the Xj and the response Y, interpret 3j as the average
effect on an increase of one unit in Xj, keeping fixed all other predictors.

Xj = the j-th predictor

€ = the error term

One of the objectives of the use of models was to determine if all of the predictors help
to rebuild the dependent variable (Y) or only a subset of predictors, which represents the
values and concentrations of pH, E.C, ORP, NOg', N, K*, Ca**, Mg?*, S, Na*, and B. to
verify if there is a relationship between the variables of response and the predictors, we

used a test of hypothesis testing the null hypothesis:

Versus the alternative hypothesis
Ha: at least one Bj is not zero.

This hypothesis test is done by calculating the F statistic. When there is no relationship
between the response and the predictors, we could expect the F statistic to assume a value

close to 1.

2.6.2. Leave-one-out cross-validation

The evaluation and selection of the linear model or polynomial degree to use, was carried
out through a cross-validation method, considered as a technique of resampling and as an
important tool in the practical application of many statistical learning procedures; this

method estimates the test error associated with a given statistical learning method to
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evaluate its performance or to select the appropriate level of flexibility (James et al.,
2013). The test error is the average error that results from using a statistical learning
method to predict the response in a new observation, meaning a measure that was not used
in the formation of the method. Given a data set, the use of a particular statistical learning
method is guaranteed if it results in a low test error. The test error can be easily calculated
if a designated set of tests is available. On the contrary, training error can be easily
calculated using the method of statistical learning to the observations used in its formation.
The training error will be lower as more variables, or polynomial grades are incorporated
into the model, leading to an over-adjustment of the model, but with a poor performance
for the prediction of new results. The error rate of training is often very different from the
test error rate, and in particular the first may underestimate dramatically the last (James et
al., 2013).

Leave-one-out cross-validation (LOOCYV) involves splitting the set of observations into
two parts, and instead of creating two subsets of comparable size, a single observation
(X1, Y1) is used for the validation set, and the remaining observations {(Xz2, Y2),...,(Xn,
Yn) constitutes the training set. For this validation method, many interactions are made as
samples (n) are in the set of data (Arlot and Celisse, 2010; James et al., 2013). Thus, for
each of the (n) interactions, an error calculation is performed. The final result is obtained
with the arithmetic mean of the n error values obtained, according to the formula:

n
1 .
=1

Where the sum of the n error values is divided by the value of n.

Results

3.1. Selection of multiple models using cross-validation

In order to find the most robust models, the predictive variables (treatments, soil type and

time in weeks) were subjected to multiple model analysis, where from their significant
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effect and through a cross-validation analysis the error was estimated Associated with the
different models and chose the model that presented the smallest error (Table 5).

Table 5. Error coefficients obtained by a cross-validation method for the different subsets
of the explanatory variables as well as for the different polynomial grades

performed in the numerical variable.

Y Predictive explanatory variables
Linear Models Polynomial models
T+S T+S+W T+S+(W)? T+S+(W)? T+S+(W)? +(W)3
+(W)? wy!

pH  0.04270996" 0.04279535 0.04307152  0.04293865 0.04303703
E.C 0.8843186  0.8822058 0.8765590 0.8741023" 0.8746761
ORP  658.4279 660.4567 661.2524 654.1208 632.6799"
NOs  192534.9 192534.9 191012.7 188569.1" 189259.0

N 1456.893 1461.896 1412.665 1382.919 1333.659"

K 1253.287 1205.449 1192.640" 1192.764 1199.748
Ca 55308.09 54845.55 52259.20" 52447.91 52347.71
Mg 3372.516 3401.988 3324.375 3335.108 3315.501"
Na 416.4321 305.1549 293.6479" 295.8152 294.8146

S 795.1074 758.3078 755.4749 739.8485" 744.8208
Zn 0.1474515  0.1408814 0.1410824 0.1381035" 0.1388876

B 0.5791268  0.5781551 0.5807491 0.5681592 0.4686104"

Y: Response variables; T: treatment; S: soil; SE: weeks; SE? Quadratic degree weeks;
SE®: Cubic degree weeks; SE*: Quartic grade weeks.

* Lowest coefficient obtained by cross-validation method

The cross-validation procedure has an advantage with respect to the setting of the
traditional models through the use of the R?, as it provides a direct estimate of the test
error, and makes fewer assumptions about the true underlying model. In Figure 2 we see
an example of the coefficients for the R? and the coefficient of cross-validation to estimate

the most robust model for prediction, in this case, the Ca®* content in the soil solution.
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Figure 2. For the data set of the Ca®* concentration in the soil solution, the R? and the
cross-validation error coefficient (CV) for the different polynomial grades of the
numerical variable (weeks). In all polynomial grades the two categorical variables

are considered.

If we examine only the R?, it could be concluded erroneously that the model with the
higher number of variables is better, ending with a model that involves all of the variables.
A high R?value indicates a model with a low training error, but in addition to a high R?
value, it is desired to choose a model having a lower test error. According to the cross-
validation method, the most robust model involves the variables treatment, soil type and
weeks (Table 5) with the quadratic order as indicated in Figure 2, and not necessarily the

highest polynomial degree as deduced of R?.

3.2. Multiple linear models in the study of the soil solution

According to the coefficients obtained by the cross-validation method (Table 5) for all the
variables measured in the soil solution, pH was the only variable that is adjusted to the
linear model, where the categorical variables predictive: treatments (irrigation water,
Steiner, solid and organic) and the soil types (calcareous and forest soil types) obtained
the lowest coefficient of validation error (Table 5). The linear model indicated that

the time variable did not influence the behavior and the dynamics of the pH.
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3.2.1. Multiple linear model with two predictor variables for pH

In Table 6, we present the results of the analysis of the linear model of the pH of the soil
solution and the following variables: Treatments (irrigation water, Steiner, solid and
organic) and soil types (calcareous and forest). According to the multiple linear model
(Table 6) within the categorical variables treatments, the reference treatment was
irrigation water, and when compared with the treatments with fertilization, significant
differences were observed between the control and treatments with application of
inorganic fertilizers (Steiner and solid) (p<0.01), whereas the organic treatment did not
show significant differences. For the categorical variable of soils, the reference variable
was the forest soil, which when compared with the calcareous soil presented statistical
differences. Significant effects point to the existence of a relationship between the
predictors and the predictor; when we observed the coefficients obtained in the model for
the treatments (Table 6), we found negative coefficients which indicate that the treatments
that were significant decreased the pH of the soil solution to a greater extent by the effect
of fertilizers in solid form. The coefficient obtained for the calcareous soil was positive,
suggesting that the pH levels in the calcareous soil were higher compared to the forest
soil, the pH of the soil solution did not fluctuate by more than one unit for all treatments
(Figure 3a and 3b).

Table 6. Multiple linear model between pH and two explanatory variables (treatment and
soil type). The reference treatment for the comparison of the different nutrient
contribution scenarios was irrigation water; while the forest soil was used as a

reference to compare it against the calcareous soil.

Variables Coefficient Std. error P-value

pH
Steiner -0.206786 0.031651 2.43e-10 **
Solid -0.314405 0.031651 < 2e-16**
Organic -0.007024 0.031651 0.8245

Calcareous soil  0.054583 0.022380 0.0153 *
** = significant at p<0.01; * = significant at p<0.05
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Figure 3. pH dynamics, determined in soil solution samples for a calcareous and forest
soil, under pot and greenhouse conditions, under different nutrient supply
scenarios, using inorganic fertilizers: nutrient solution (Steiner) and Fertilizers in
fractional form (solid) and an organic fertilizer with vermicompost tea (aquous

extract)

3.3. Multiple polynomial models in the study of the soil solution

According to the coefficients obtained by the method of cross-validation (Table 5), in the
variables measured in the soil solution with the exception of the pH, it was found that
the multiple polynomial models were the best adjusted to explain the response variables.
Obtaining models with different polynomial grades, where in the case potassium, calcium,
and sodium the suitable model was of quadratic degree; for electrical conductivity,
nitrates, sulfur, and zinc was of cubic degree; for the potential of reduction oxide, nitrogen,
magnesium, and boron was of quartic degree. Within all of the polynomial models are
implied the categorical variables (treatments and soil types).

3.3.1. Multiple polynomial models of second order with three predictive variables

for potassium, calcium, and sodium

Table 7 shows the results of the polynomial models for the variables of potassium, calcium

and sodium response with categorical variables: treatments (irrigation water, Steiner,
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solid, and organic), soil types (calcareous and forest); and the numerical variable of time
in weeks. The potassium and calcium contents showed similar behavior according to the
polynomial model. In both cases, there were significant differences between the control
and treatments with inorganic fertilizers (p<0.01) based on a Steiner nutrient solution and
fertilizers in solid form (Table 7). The organic treatment had no significant influence on
the concentration of potassium or calcium in the soil solution. The categorical variable of
soil types showed significant differences between the calcareous soil and the forest soil,
with the latter used as the reference. Potassium and calcium according to the polynomial
model showed positive coefficients for the treatments variable (Table 7), which suggests
that the inorganic treatments increased the levels of these ions in the soil solution
compared to the control treatment, being the treatment Solid that showed the best results.
For the calcareous soil variable, the coefficients obtained for both potassium and calcium
were negative (Table 7), indicating that the average levels of potassium and calcium in
the calcareous soil are below the levels of the forest soil in an average concentration of 45

and 295.5 mg L respectively.

Table 7. Multiple polynomial model between the content of potassium, calcium, sodium,
and three variables: two explanatory (treatment and soil type) and one numerical
variable (weeks) of quadratic degree. The reference treatment for the comparison
of the different nutrient contribution scenarios was irrigation water; while the

forest soil was used as a reference to compare it against the calcareous soil.

Variables Coefficient Std. error P-value
Potassium
Steiner 26.029 5.2579  1.18e-06 **
Solid 83.4773 5.2579 < 2e-16 **
Organic 7.397 5.2579 0.160
Calcareous soil ~ -45.2445 3.7179 < 2e-16 **
Weeks -3.1489 1.9876 0.114
Weeks? 0.3339 0.1289 0.010*
Calcium
Steiner 267.0032 34.8054 1.95e-13 **
Solid 567.6242  34.8054 < 2e-16 **
Organic 45.4315 34.8054 0.192702
Calcareous soil -295.5239 24.6111 <2e-16**
Weeks -48.2493 13.1576  0.000286 **
Weeks? 3.7295 0.8532  1.66e-05 **

Sodium
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Steiner 23.96214  2.60988 < 2e-16 **
Solid 29.55917 2.60988 < 2e-16 **
Organic 27.32929  2.60988 < 2e-16 **
Calcareous soil ~ 8.59827 1.84546  4.62e-06 **
Weeks -1.19594  0.98662 0.226
Weeks? 0.25367 0.06398 9.01e-05 **

** = significant at p<0.01; * = significant at p<0.05

For the sodium levels in the soil solution, significant differences were found between the
treatments (p<0.01) and soil types (Table 7), the coefficients obtained by the polynomial
model for both the treatments and for the calcareous soil were positive, which means that
all treatments contributed to increase sodium levels in the soil solution by a general
average of 26.9 mg L. It was observed that the sodium concentration was higher in

calcareous soil at an average of 8.5 mg L™ compared to the forest soil.

The significant effects found by the polynomial model of quadratic order indicate the
existence of a relationship between the predictor variables and the predictor (Table 7).
Within the dynamics of the cations, a dynamics was found to increase similarly but in
different intensity for all treatments except for the treatment with the application of solid

fertilizer, observing that its behavior departs from the general pattern (Figure 4).
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Figure 4. Potassium, calcium, and sodium dynamics, determined in soil solution samples

for a calcareous and forest soil, under pot and greenhouse conditions, under

different nutrient supply scenarios, using inorganic fertilizers: nutrient solution

(Steiner) and fertilizers in fractional (solid) form and an organic fertilizer with

vermicompost tea (aquous extract)

3.3.2. Multiple polynomial models of third order with three predictive variables for

electrical conductivity, nitrates, sulfur, and zinc

Table 8 shows the results of the polynomial models for the response variables: electrical

conductivity, nitrates, sulfur, and zinc and categorical predictive variables: treatments
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(irrigation water, Steiner, solid and organic), soil types (calcareous and forest), and the
numerical predictive variable (time in weeks) of cubic degree.

For the response variables such as electrical conductivity and sulfur, significant
differences were found between treatments and soil types (p<0.01) (Table 8), which
indicates the existence of a relationship between the predictor variables and the predictor.
The coefficients obtained in the polynomial model for the different treatments showed
positive trends, and it was found that the treatment by the application of solid fertilizers
showed the highest levels of electrical conductivity in the soil solution, exceeding the
control in an average of 2.9 dS cm™. On the other hand, the concentration of sulfur was
favored mainly by the application of the organic treatment. Comparing the levels of
electrical conductivity and sulfur among soil types, lower levels were observed in the
calcareous soil, as can be seen in the negative coefficients obtained by the polynomial
model (Table 8). For the average weekly data of the electrical conductivity it was observed
that within its dynamics, treatments (irrigation water and organic) were very similar over
time, while treatments with inorganic fertilizer showed a decoupling, moving in opposite
directions (Figure 5a and 5b). Peaks of increase in the EC dynamics were observed for the
treatment with solid fertilizers, which coincide with the dates of application of the same
(Figure 5a and 5b).

For the response variable nitrates, significant differences were found between the control
treatment and the treatments by the application of inorganic fertilizers (p<0.01), while the
organic treatment did not induce changes in the soil solution. However, in spite of not
having significant effects of organic treatment, NOs" levels in the soil solution were lower
compared to the control evaluated for the forest soil, whereas in calcareous soil its
behavior was very similar (Figure 5c¢ and 5d). The nitrate dynamics for inorganic
treatments showed opposite patterns, while Steiner solution treatment was ascending,
treatment with solid application decreased (Figure 5¢ and 5d). Comparing soil types
(calcareous and forest) were found to be statistically different. Fertilizer treatment in solid
form showed the highest positive coefficient (Table 8), which refers to the fact that the
treatment was the most effective to maintain a high concentration of nitrate in the soil

solution; when comparing soil types, the coefficient obtained by the polynomial model
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(Table 8) indicated that the calcareous soil presented average nitrate levels of 361.7 mg L

L below the forest soil.

Table 8. Multiple polynomial model between: electrical conductivity, nitrates, sulfur, zinc
and three variables: two explanatory (treatment and soil type) and one numerical
variable (weeks) of cubic degree. The reference treatment for the comparison of
the different nutrient contribution scenarios was irrigation water; while the forest

soil was used as a reference to compare it against the calcareous soil.

Variables coefficient  Std. error P-value
Electric Conductivity
Steiner 1.395000 0.142609 < 2e-16 **
Solid 2.916071  0.142609 < 2e-16 **
Organic 0.369881  0.142609 0.00992 **
Calcareous soil  -0.667857  0.100840 1.44e-10 **
Weeks 0.377170  0.150824 0.01288 *
Weeks? -0.047783  0.022955 0.03815*
Weeks? 0.001814  0.001008 0.07286
Nitrates
Steiner 913.0952 65.9477 < 2e-16**
Solid 1618.5714  65.9477 < 2e-16**
Organic -29.9286 65.9477  0.65026
Calcareous soil  -361.7500 46.6321 1.11e-13 **
Weeks 153.7308 69.7468 0.02821 *
Weeks? -23.4050 10.6151 0.02816 *
Weeks® 1.2104 0.4663  0.00986 **
Sulfur
Steiner 13.04131 4.13602 0.001765 **
Solid 13.38048 4.13602 0.001340 **
Organic 24.95929  4.13602 4.30e-09 **
Calcareous soil  -18.24827 2.92461  1.35e-09 **
Weeks -13.89950  4.37429 0.001627 **
Weeks? 2.21597 0.66574  0.000972 **
Weeks? -0.08965 0.02924  0.002351 **
Zinc
Steiner 0.0764286 0.0566417 0.17816
Solid 0.4747619 0.0566417 1.55e-15**
Organic -0.0027976 0.0566417 0.96064
Calcareous soil -0.2030655 0.0400517 6.66e-07 **
Weeks 0.1781132 0.0599047 0.00316 **
Weeks? -0.0294383 0.0091172 0.00137 **
Weeks? 0.0012264 0.0004005 0.00238 **

** = significant at p<0.01; * = significant at p<0.05
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The treatments did not show significant effects on the zinc content in the soil solution

except for the treatment where fertilizers were applied in solid form (p<0.01), exceeding

the control treatment according to the coefficient obtained in an average of 0.47 mg L™
(Table 8). Zn increases due to the effect of solid fertilizer occurred in the first half of the

study, showing a similar pattern in their dynamics for both types of soil (Figure 5g and

5h). Significant differences were found between the soil types and, according to their
negative coefficient recorded by the calcareous soil (Table 8), it was deduced the greater

Zn availability in the black forest soil solution.
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Figure 5. Dynamics of electrical conductivity, nitrates, sulfur and zinc, determined in
samples of soil solution for a calcareous and forest soil, under pot and greenhouse
conditions, under different nutrient supply scenarios, using fertilizers Inorganic:
nutrient solution (Steiner) and fertilizers in fractional form (solid) and an organic

fertilizer with vermicompost tea (aqueous extract).

3.3.3. Multiple polynomial models of fourth order with three predictive variables for

the oxide-reduction potential, nitrogen, magnesium, and boron

For these last four response variables, the multiple polynomial model that was best
adjusted according to the cross-validation error coefficient (Table 5) was that which
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included the two categorical variables (treatment and soil type) and the numerical variable

in the quartic degree.

For the response variables: reduction potential and magnesium, the results of the multiple
polynomial models are shown in Table 9, with significant differences between the
inorganic and organic treatments when compared to the control treatment, as well as
between soil types (Calcareous and forest). The coefficients obtained through the multiple
polynomial model indicate that for both ORP and Mg?* the treatment with the greatest
impact on the mentioned variables was the application of fertilizers in solid form,
surpassing the control in an average value of 19.53 mV and 130 mg L respectively,
whereas when comparing soil types, the soil of calcareous origin surpassed forest soil at
ORP levels and Mg?* concentration according to the coefficients of the model (Table 9).
The ORP dynamics for both types of soil showed a temporal pattern with fluctuations over
time (Figure 6a and 6b) with oscillations of 160 to 260 mV. On the other hand, the Mg?"
exhibited a trend towards increasing the two types of soil for all treatments except for the
treatment with solid fertilizer application, observing that its behavior departs from the

general pattern (Figure 6e and 6f).

Table 9. Multiple linear model between the potential oxidation reduction, nitrogen, boron,
and three variables: two explanatory (treatment and soil type) and one numerical
variable (weeks) of quartic degree. The reference treatment for the comparison of
the different nutrient contribution scenarios was irrigation water; while the forest

soil was used as a reference to compare it against the calcareous soil.

Variables coefficient ~ Std. error P-value
Oxidation-reduction potential
Steiner 12520238  3.831539 0.001200 **
Solid 19.535714  3.831539 5.80e-07 **
Organic 8.607143 3.831539 0.025346 *
Calcareous soil  6.620833 2.709308 0.015064 *
Weeks 41980100  9.494133 1.33e-05**
Weeks? -10.093597  2.454188 4.95e-05 **
Weeks? 0.925696 0.241927 0.000156 **
Weeks* -0.028663  0.008014 0.000400 **
Nitrogen
Steiner -5.57000 5.56991 0.318042
Solid -1.50262 5.56991 0.787504

Organic 0.79643 5.56991 0.886388




Calcareous soil -1.72417 3.93852 0.661842
Weeks 22.17789 13.80163 0.109041
Weeks? -9.54002 3.56766 0.007871 **
Weeks?® 1.16756 0.35169  0.001002 **
Weeks* -0.04282 0.01165 0.000277 **

Magnesium
Steiner 60.67560 8.75297  2.22e-11 **
Solid 130.17726 8.75297 < 2e-16**
Organic 17.89310 8.75297 0.0417 *

Calcareous soil ~ 65.49940 6.18929 < 2e-16 **
Weeks 37.33322 21.68890 0.0861
Weeks? -11.57603 5.60648 0.0397 *
Weeks? 1.17324 0.55267 0.0345 *
Weeks* -0.03737 0.01831 0.0420 *

Boron
Steiner -0.0594881 0.1044116 0.569
Solid 0.0957619 0.1044116 0.360
Organic -0.0295017 0.1044116 0.778

Calcareous soil  0.3802925 0.0738301 4.49e-07 **
Weeks 1.5860830 0.2587204 2.52e-09 **
Weeks? -0.4885648 0.0668780 2.13e-12 **
Weeks® 0.0528210 0.0065926 2.0le-14 **
Weeks* -0.0018441 0.0002184 1.01e-15**
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** = significant at p<0.01; * = significant at p<0.05

The application of the different fertilization scenarios (organic and inorganic) did not
show significant effects on the nitrogen and boron content in the soil solution (Table 9).
However, in the case of nitrogen, a slight decrease was observed in treatments with
inorganic fertilizers. As for boron, negative coefficients were observed for the treatment
with Steiner solution and organic treatment, which indicates that the concentration of
boron for these two treatments was below the control treatment (Table 9). When
comparing the calcareous soil against the forest soil, the presence of statistical significance
was only found for the boron response variable in the soil solution and based on the
coefficient obtained for the calcareous soil in the multiple polynomial analysis, the
calcareous soil was higher in an average concentration of 0.38 mg L™ of boron to the forest

soil.

The dynamics of nitrogen showed variations over time without showing a recognizable
pattern in its behavior (6¢c and 6d), while the dynamic behavior of boron fluctuated over
time, and a very similar pattern was observed between the two types of soil, Where a drop

in their levels can be noted in the intermediate stage of the experiment (Figure 6g and 6h).
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The presence of significant effects on the response variables through the polynomial

models of quadratic degree is a sign of the existence of the relationship between the

predictors and the predictor.
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Figure 6. Dynamics of the oxide reduction potential (ORP), total nitrogen, magnesium

and boron, determined in soil solution samples for a calcareous and forest soil,

under pot and greenhouse conditions, submitted to different contribution scenarios

Of nutrients, through inorganic fertilizers: nutrient solution (Steiner) and fertilizers

in fractional form (solid) and an organic fertilizer with vermicompost tea (aquous

extract).

4. Discussion

The application of the different types of fertilization in the calcareous soil and the black

forest soil showed different effects on the concentration of the elements in the soil
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solution. The treatments of application of inorganic fertilizers showed superiority in the
content of the various variables measured in the solution of the soil in comparison with
the rest of the treatments, with the exception of the sulfur. The treatment with the
application of fertilizer in solid form showed the highest concentration of ions, followed
by the treatment with the application of the Steiner nutrient solution and finally the organic
treatment with vermicompost tea. It should be mentioned that the organic treatment did
not show significant effects on the concentrations of the different ions measured in the

soil solution with the exception of sulfur, sodium, and manganese.

From an agricultural point of view, the application of nutrient solutions presents dosage
advantages, greater efficiency, and localized applications, but despite this, the treatment
with the application of solid fertilizers, showed higher levels of dissolved ions in the soils
(calcareous and forest), possibly due to the nutrient supply in a controlled way over time,
although the fertilizers used were water soluble and not slow release.

Water in soil pores is intimately linked to the physical and chemical properties of the solid
phase, and their impact on the volume of water and the presence of elements in the soil
solution will depend on the amount of water applied to the soil (Nielsen et al., 1972),
either as irrigation water or nutrient solutions: organic and inorganic. Soil solution,
according to the results obtained for the treatments control, Steiner, and organic, presented
very similar patterns in their dynamics with tendencies toward the increase as time
progressed, a different situation to that presented the treatment in solid form, where their

dynamics showed patterns that deviate from the general behavior of other treatments.

Solid fertilization is not homogeneous but it is rather placed at specific points for later
dissolution, being a point source of chemical elements, causing that in certain points where
the fertilizer was applied there are large variations in the EC and the concentration of ions
(Sposito et al., 1981). Once the irrigation water comes in contact with the solid fertilizers,
the heterogeneity their distribution will create very large concentration temporalis
gradients, as presented for the case of K*, Ca?*, Na*, NOs™ and Zn.
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4.1. pH, oxide-reduction potential and electrical conductivity in soil solution

The pH was lower in soil solution for the treatment with solid fertilizer application. The
decrease in pH was possibly a key factor in the availability of elements such as Mg?*,
NOs", K*, Ca?*, Na*, and Zn, with their higher concentrations for the treatment mentioned.
Probably the main factor that led to the decrease in pH was the application of sulfuric acid
(H2S0g4) and citric acid for acidification of irrigation water, this phenomenon was clearly
observed in calcareous soil for all treatment; a contrary situation was found in the forest
soil for organic treatment, where the effect of citric acid on the soil solution was not
reflected. This may be related to the greater buffering power of the soil associated with
both organic matter present in the soil and for which it is being contributed by
vermicompost tea (Duran-Umafia and Henriquez-Henriquez, 2010), thus neutralizing the
acidifying power of citric acid and causing the pH to increase due to the effect of organic
treatment. In general terms when comparing soil types, the pH of the forest soil presented
less variation in its dynamics when compared to the calcareous soil, it is possible that the
lower variability depended on the organic matter content, which increased the soil buffer
power and allowed to maintain the values of the pH within ranges shorter than those shown

by the calcareous soil (Navarro and Navarro, 2003)

The oxide-reduction potential showed an inverse pattern in its behavior compared to pH.
This behavior is characteristic of the redox reactions that originate in the soil where the
oxidative processes produce H* and cause acidification and the reductive processes
consume H* and raise the pH (Gaiser and Stahr, 2013). The treatment with solid fertilizers
was the one that presented higher values of ORP, being able to be interpreted as an
increase in the level of oxidation of the soil solution; treatment with Steiner solution
resulted in lower ORP values and, finally, organic treatment resulted in lower (reduced)
values for ORP. However, when comparing the soil types, no adjustment was observed to
the expected relationship, since the calcareous soil presented higher values of pH and ORP
and in the forest soil, it was the opposite. One possible explanation is that ORP values can
vary widely at the same pH value depending on the profile of oxidizing compounds

present (James, 2004). Another possibility is that the response of pH and ORP in the case
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of forest soil could be associated with the presence of organic matter and organic
compounds as sugars or other organic substances soluble in the soil solution, which give
reductive power to the environment (Gaiser and Stahr, 2013). ORP often varies a lot in
short times, as it was for all treatments, this variation is due to the heterogeneity of soils
and by microsites with different concentration of O resulting from different sizes of soil
pores, the content of water and microbial metabolism (Marschner, 2012). It has been
reported that the temporal variability of the redox potential at a single point in the soil can
vary by 1000 mV or more if the soil is periodically saturated or flooded and by periodic
drainage as the system changes from aerobic to anaerobic and vice versa (Vepraskas et al.
(2001), a situation presented for the calcareous soil which presented a higher bulk density
and therefore a lower porosity and lower drainage (Table 1). For the case of forest soil,
variability would be associated with the greater amount of organic matter and the

microbial metabolism associated with it (Crozier and Devai, 1995; Parkin, 1987).

The EC increase in soil solution was the final result of inorganic fertilizers, especially the
treatment where fertilizers were added in solid form, which contributed to the increase of
Mg?*, K*, Ca?" and Na*, the cations generally associated with the increase of EC (Charley
and McGarity, 1964; Mengel et al., 2001). The high EC levels of up to 7 dS cm™ exhibited
by the treatment in solid form could not be considered adequate since they could decrease
the water availability to the plants (Sonneveld and Voogt, 2009), in nutrient solutions it
has been observed that the majority of crop plant species are negatively affected to EC>
4 dS cm™ (Jones, 2012). However, the effects of salinity in soils also depend on soil
texture, water content, and salt composition (Marschner, 2012). It is worth mentioning
that EC in forest soil was superior, possibly due to the action of the organic matter that
acts by retaining and releasing ions, modifying physical properties associated with soil
water retention and possibly preventing leaching (Akinrinde, 2004).

4.2. Concentration of the different ions in the soil solution

The concentration of ions in the soil solution was favored by the application of inorganic
fertilizers, to a greater extent by treatment with the application of solid fertilizers. Similar

results were found by Kuchenbuch and Jungk (1984) where they evaluated the



67

exchangeable K content by finding higher levels in fertilized soils when compared to
unfertilized and depleted soils (with previous intensive crops). The increases of Ca?*, NOs”
, Zn, and K* in the soil solution were higher for black forest soil in conjunction with solid
fertilizers. The direct effect on the availability of these elements could be given by the
water content in the soil, which is a limiting factor in the availability and supply of
nutrients (Marschner, 2012), highlighting that the forest soil has a higher bulk density
(expected greater porosity) and a greater capacity of retention of humidity. Similarly, high
levels of organic matter could increase the availability of nutrients (Pankhurst et al., 2002).
The K™ concentration in forest soil solution compared to the calcareous soil was higher in
all treatments, probably due to the moderately high levels of this K* in the solid phase of
the soil. The results indicated a significant increase of NO3™ in soil solution by the effect
of the fertilizers. It was observed that the application of irrigation water and vermicompost
tea increased the concentration of NOgz™ in the solution of the forest soil compared to that
of the calcareous soil, possibly due to the mineralization processes of organic matter
present in the forest soil, where normally more than 90% of organic nitrogen is found
(Mengel et al., 2001). The decomposition of organic nitrogen that eventually leads to
nitrate formation is associated with the production of a strong acid (nitric acid) (Mengel
et al., 2001), probably involved in the lower pH values found in the soil solution of the
forest soil. Although there were differences in the NOs™ content in the soil solution due to
the treatments, it would be expected to find the same behavior for the total nitrogen
content, which did not occur. The non-existence of these differences could be due to the
presence of other forms of nitrogen in the soil solution such as organic compounds of low
molecular weight and NH.4", but still, a slight increase of this nitrogen was observed to the
application of the tea of vermicompost. It has been reported that the application of liquid

manure may lead to a transient increase of soluble NH4" (Barekzai et al., 1988).

The pH influenced the availability of elements, as is the case of Ca," that is positively
related to high pH values (Borges et al., 2012). The reduction of pH, as well as the redox
potential would be the probable causes by which the availability of Zn is increased for the
black forest soil (Herms and Brummer, 1980; Miao et al., 2006; Sanders, 1983; Sims and
Patrick, 1978) compared to calcareous soil. The concentration of Zn in the soil solution is

determined by the adsorption and desorption processes that occur in the soil matrix,
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therefore the concentration not only of the Zn but several elements at a given pH of the
soil can also depend on other components of the solute as well as the organic matter
content of the soil and the microbial activity (Srivastava and Sethi, 1981). The presence
of organic matter in forest soil could influence the content of low molecular weight
organic substances acting as chelates for Zn and Ca?** (Hodgson and Lindsay, 1966;
Mengel et al., 2001; Sanders 1983). The low concentration of Zn in calcareous soil was
probably due to the slow diffusion of the element, with diffusion coefficients 50-fold
lower in soils with high pH compared to low pH soils (Melton and Mahtab, 1973). In
alkaline soils, Zn complexes with CaCOs (Storey et al., 1970), these reactions as well as
associations with oxides through adsorption, strongly bind Zn and regulate the amount of
Zn in the soil solution (Shuman 1991; Jenny 1968). The levels of the Ca?* present in the
soil solution were adequate for all treatments and soil types if we take as reference the
concentration that contains a nutrient solution for the development of crops, these levels
in the soil solution are explained by the high Ca?* content naturally present in soils and
irrigation water. The concentration of Ca?" was even more favored by fertilizers
applications, to a greater extent by fertilizers in solid form.

When comparing soil types, black forest soil was higher in Ca?" concentration to
calcareous soil. It is known that the availability of calcium in calcareous soil is due to the
reactions of calcium carbonates with CO, forming Ca(HCO:s). that is more soluble in
water (Doner and Lynn, 1989), releasing Ca?* to the liquid phase, These reactions to some
extent may explain why the presence of organic matter in the forest soil favored the
availability of Ca?* (Mengel et al., 2001).

The increase of Na* and Mg?* in the soil solution is attributed to the contribution of the
fertilizer in solid form, being clearer the effect on the calcareous soil, this can be explained
by the high levels of Mg?* and Na* interchangeable in the soil. The lower availability of
Mg?* in forest soil was possibly due to the presence of high concentrations of Ca?* and K*
in said soil, as well as in some cases by NHs" (Grimme, 1983). The lower porosity
presented in the calcareous soil could have influenced the greater presence of B, due to
the difficulty in its drainage which caused the accumulation of this element (Keren and
Bingham, 1985), based on this fact, it is more probable that the solubility of the B

decrease, but its concentration can be compensated for by the lower leaching mentioned
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above and/or by the supply of B in the irrigation water (Marschner, 2012). Although the
forest soil presented more organic matter content, which is closely associated with the
accumulation and availability of B in the soil, possibly the power of fixing this element
by the organic content could increase over time decreasing its concentration in the soil
solution (Gupta, 1968).

The increase of S in the soil solution is attributed to the presence of organic matter present
in the forest soil and the incorporation of the S-rich vermicompost tea treatment (Table
4). Similarly, the S in the soil solution is the result of the decomposition processes of the
organic matter by the microorganisms, which release sulfates, contributing to increasing

the levels of this element in the soil solution (Mengel et al., 2001).

5. Conclusions

It was found that the model that best predicts pH behavior in soil solution was the multiple
linear model using categorical variables (treatments and types of soil). The multiple
polynomial models were best adjusted for the variables potassium, calcium, sodium
(quadratic grade), electrical conductivity, nitrates, sulfur (cubic degree), zinc, oxidation-
reduction potential, nitrogen, magnesium, and boron (quartic grade).

It was identified that the treatment with application of solid fertilizers increased the
concentration of ions in the soil solution for both types of soil; however, the treatment
with Steiner application showed an adequate levels of ions in the solution of both soils

and with less dynamic variation, presenting a higher availability of ions in the forest soil.

Unique temporal patterns were found for the dynamics of treatment behavior through the

application of solid fertilizers.
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CONCLUSION GENERAL

El uso de modelos estadisticos multivariados como lo fue el analisis de componentes
principales demostrd ser una herramienta Gtil en la descripcidn de las relaciones existentes
entre los diferentes iones de la solucion del suelo, obteniéndose comportamientos tanto de
forma individual como colectiva.

Se encontr6 que mediante el uso de modelos lineales y polinomiales multiples
seleccionados por medio de métodos de validaciéon cruzada, se pudo caracterizar la
dinamica de los diferentes iones presentes en la solucion del suelo, asi como identificar
los efectos inducidos por la presencia de los diferentes aportes nutrimentales y el tipo de

suelo.



