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Summary

The present Thesis work has been carried out in order to evaluate how the
application of conservation agriculture could provide benefits to soil quality in
different scenarios. The aim of this work was to establish how the parameters
analyzed could be used as indexes of soil quality and which of these are the most
appropriate and viable for experimental and commercial farms under Mediterranean
conditions. To reach this objective, chemical and biochemical parameters were
analyzed on different types of soil samples, such as bulk soil at different depths,
aggregate fractionated soil, density fractionated soil, and chemically extracted humic
and fulvic samples. Furthermore, a deeper characterization of soil organic matter
was obtained by new techniques of solid state **C nuclear magnetic resonance
spectrometry and Fourier transform ion cyclotron resonance mass spectrometry.

The central body of this manuscript consists of five peer-reviewed publications
that investigate different aspects of the application of conservation tillages in farms
situated in Andalucia, SW of Spain.

The first two papers were written in order to elucidate the effects of sporadic
tillage operation on a farm previously cultivated under no-tillage (NT) and
characterized by a high erosion risk. Moldboard plow revealed a strong tendency to
deplete soil organic carbon pools and enzymatic activities at short term; it disrupted
soil macro-aggregates and produced great erosion damages, whereas chisel plow did
not show the same trend. Solid state NMR analyses revealed that TT plots contained
a more degraded SOM if compared with RT and NT samples. Overall, moldboard
plow revealed to be an unsuitable option for erodible soils under no-tillage in case
sporadic tillage is required. Instead, chisel plow seemed to be a reasonable decision
in those cases.

The third paper of this Thesis work (included as submitted article) is an
evaluation of how biochemical parameters respond to changes originated by tillage
after different times of establishment. These parameters are often used as fast
responding soil quality indexes, whereas total organic carbon and other labile
fractions of soil carbon are reliable at mid- and long-term. To assess this, three
different tillage comparison experiments established in a farm in Coria del Rio

(Seville, Spain) at three different times (21, 8 and 4 years before the analyses) were



evaluated. Five different enzymatic activities were evaluated but only two of them,
B-glucosidase and alkaline phosphatase, showed significant differences between
conservation treatments (RT and NT) and corresponding TT plots in all three
comparisons experiments of surface (0-5 cm) samples. Furthermore, total organic
carbon (TOC) and labile carbon fraction were analyzed, and, as expected, TOC did
not show differences at short term, and water soluble carbon and microbial biomass
carbon showed a high variability.

NMR analyses for bulk soil showed a high aromatic intensity, probably black
carbon, for TT samples of mid- long-term experiments that were subjected to
residues burning in the past. Moreover, particulate organic matter samples revealed
that NT and RT treatments increased the SOM content of O-alkylic compounds
coming from fresh residues, whereas TT samples contained a SOM of a more
degraded status.

Since herbicides could interact with the soil microbial community, the
comparison between tillage treatments that require herbicide application could lead
to data misinterpretation, if biochemical parameters are used as soil quality indexes.
The fourth paper evaluates the effect of glyphosate application on soil biochemical
properties. Two different experiments were carried out on an Entisol soil from the
experimental farm situated in Coria del Rio, Seville (Spain): the first on incubated
soil pots and the second under on-field conditions. In the incubation experiment,
glyphosate acted as a source of nutrients and highly enhanced values of enzymatic
activities and microbial biomass carbon and nitrogen if compared with control pots.
The priming effect that increased the rate of SOM degradation lasted up to several
days after application. For the on-field conditions experiment, the effects of
glyphosate were less evident, probably because of meteorological conditions and/or
leaking and wind dispersion of the herbicide. Clearly glyphosate can cause
stimulation of biochemical parameters and for this reason it is recommendable to
leave an interval of at least 30 days between herbicide application and soil sampling.

The fifth paper of this Thesis evaluates the benefits that conservation agriculture
originated on soil biochemical properties in an irrigated farm located in Cordoba,
Spain. The conventionally tilled bed (CB) system was compared to a permanent bed
system (PB) with residues retained at surfaces. The effect of wheel traffic due to the
use of machinery was also analyzed. Results showed that PB improved soil quality

in furrows, but not in bed, since the residues tended to roll and accumulate in



furrows and this became the most adequate zone for sampling. Furthermore, traffic
produced compaction of furrows that sustained the weight of the machinery, but no
significant differences in biochemical properties were found. Some of the enzymatic
activities analyzed, such as B-glucosidase, also confirmed to be viable soil quality
indexes for irrigation agriculture.

In order to understand how much scientific knowledge is transferred to
commercial agriculture, two of the most reliable soil quality indexes (B-glucosidase
and total organic carbon) were evaluated in 20 commercial farms in five different
geographic areas of Andalucia. Some positive results, such as the discontinuation of
the use of moldboard, are being achieved, but in many cases, the correct application
of conservation agriculture practices is still far from becoming a reality and it
complicated the evaluation of soil quality indexes. Further research is needed in this
field.

Resumen

El presente trabajo de Tesis se ha desarrollado para evaluar como la
implementacion de la agricultura de conservacion puede mejorar la calidad del suelo
en diferentes escenarios. El principal objetivo del estudio pretende conocer cuéles de
los pardmetros analizados pueden ser utilizados como indices fiables de calidad del
suelo tanto en parcelas experimentales como en fincas comerciales, bajo condiciones
Mediterraneas. Para ello se analizaron parametros quimicos y bioquimicos en
diferentes muestras de suelo, tanto en suelo masivo, a diferentes profundidades,
como en fracciones de agregados de suelo por tamafio y densidad y muestras de
acidos humicos y fulvicos. Ademas, se obtuvo una caracterizacion més precisa de la
materia organica (MO) del suelo mediante técnicas de alta resolucion de
espectrometria de resonancia magnética nuclear de C de estado sélido y
espectrometria de masas de resonancia iénica en ciclotron con transformada de
Fourier.

El grueso del estudio lo constituyen cinco publicaciones cientificas que abordan
diferentes aspectos derivados de la aplicacion del laboreo de conservacion tanto en

parcelas experimentales como en fincas comerciales de Andalucia Occidental.



Los dos primeros trabajos se centraron en el estudio de los efectos de una labor
intensiva ocasional, en una finca previamente cultivada bajo no-laboreo (NL) y
caracterizada por un elevado riesgo de erosion. El arado de vertedera (laboreo
tradicional, LT) ocasiond, a corto plazo, una fuerte disminucién de los contenidos de
distintas fracciones de carbono organico y actividades enzimaticas del suelo; esta
practica produjo una ruptura de los macro-agregados del suelo y favorecid la
aparicion de grandes carcavas, mientras que el “chisel” (laboreo reducido, LR) no
ocasiono ningun dafio. Los analisis de RMN de estado solido mostraron que las
parcelas bajo LT contenian una MO mas degradada que las parcelas bajo NL y LR.

En general, la vertedera demostrd ser una opcion inviable para suelos
erosionables cultivados bajo NL en el caso de que fuese necesaria una labor
esporadica. En su lugar, el arado de “chisel” parece ser una decision méas razonable
en estos casos.

La tercera publicacion se centra en la evaluacion temporal de la respuesta de los
parametros bioquimicos a los cambios originados por el laboreo. Estos parametros
son usados como indices de calidad de respuesta rapida, mientras que el carbono
orgénico total y otras fracciones labiles de carbono son mas fiables a medio y largo
plazo. Para estudiar este aspecto, se realizaron tres ensayos diferentes, de distinta
antigiedad (21, 8 y 4 afos), en la finca experimental de Coria del Rio (Sevilla,
Espafia), en los que se compararon tres tipos de laboreos (NT, LR y LT). Se
evaluaron cinco actividades enzimaéticas, pero solo dos de ellas, B-glucosidasa y
fosfatasa alcalina, mostraron diferencias significativas en superficie (0-5 cm) entre
los tratamientos de conservacion (NL y LR) y las correspondientes parcelas bajo LT
de todos los ensayos. Ademas, se analizd el carbono organico total (COT) y sus
fracciones mas labiles; como era de esperar, el COT no mostro diferencias
significativas a corto plazo, mientras que el carbono hidrosoluble y determinadas
actividades enzimaticas presentaron una elevada variabilidad.

Los analisis de RMN de las muestras de suelo masivo confirmaron que las
muestras de LT de los experimentos a medio y largo plazo se caracterizaron por un
elevado contenido en compuestos aromaticos, consecuencia de la quema de residuos
llevada a cabo en el pasado. Las muestras de materia orgénica particulada revelaron
que NL y LR aumentaron la cantidad de compuestos O-alquilicos procedentes de los

residuos del cultivo, mientras que el LT presenté una MO mas degradada.



Dado que los herbicidas pueden interactuar con la comunidad microbiana del
suelo, la comparacion entre tratamientos que requiere la aplicacion de estos
compuestos, con los que prescinden de su utilizacion, puede llevar a una
interpretacion erronea de los resultados, si los pardmetros bioquimicos se utilizan
como indices de calidad. El cuarto articulo presenta los resultados obtenidos a la
hora de evaluar el efecto que el glifosato puede tener en las propiedades bioguimicas
del suelo. Se realizaron dos experimentos diferentes utilizando el suelo Entisol de la
finca experimental de Coria del Rio (Sevilla) ya utilizado en el experimento del
tercer articulo: el primero sobre muestras de suelo incubadas y el segundo en
condiciones de campo. En el ensayo de incubacion, el glifosato actu6 como una
fuente de nutrientes, aumentando los valores de las actividades enzimaticas y del
carbono y nitrogeno de la biomasa microbiana, en comparacion con los controles sin
glifosato. Este efecto “priming”, que aumento la tasa de degradacion de la MO,
perdurd varios dias tras la aplicacion. En el ensayo de campo, los efectos fueron
menos evidentes, probablemente a causa de las condiciones meteoroldgicas y/o
percolacion y dispersion por parte del viento del herbicida. Resulto evidente que el
glifosato puede estimular determinados parametros bioquimicos, por lo que se
recomienda dejar un periodo de al menos 30 dias entre la aplicacion del herbicida y
el muestreo del suelo si se quieren obtener indices bioguimicos de calidad fiables.

El quinto articulo de este trabajo de Tesis evaluo los beneficios derivados de la
agricultura de conservacion en las propiedades bioquimicas de una finca cultivada
en regadio, situada en Cordoba. Los lomos convencionales, labrados cada afio, se
compararon con un sistema de lomos permanentes con retencion de residuos en
superficie. Se analiz6 también el efecto del pase de las ruedas de la maquinaria sobre
los surcos. Los resultados mostraron que el sistema de lomos permanente mejoré la
calidad del suelo en los surcos, donde los residuos tienden a acumularse, siendo asi
la zona de muestreo mas aconsejable que los lomos. Ademas, se produjo una
compactacion del suelo de los surcos sujetos al trafico de la maquinaria, aunque no
se encontraron diferencias significativas en las propiedades bioquimicas. Algunas de
las actividades enziméticas, como la B-glucosidasa, confirmaron ser indices fiables
de calidad del suelo también en la agricultura de regadio.

Para valorar el nivel de transferencia de conocimientos cientificos a la agricultura
comercial, se evaluaron dos de los indices de calidad maés fiables (B-glucosidasa y

carbono orgéanico total) en 20 fincas comerciales de Andalucia situadas en cinco



areas distintas de cercania geografica. Se obtuvieron algunos resultados
prometedores, como comprobar la casi total desaparicion de la vertedera, pero en
muchos casos, resultd evidente que no se aplica correctamente el laboreo de
conservacion, lo que dificultd enormemente la evaluacion de la validez de los
indices seleccionados a nivel comercial. Es necesario seguir abordando estos

aspectos en futuros estudios.
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I.1. EL LABOREO EN AGRICULTURA: DEFINICION, FINALIDAD Y
TIPOS

Una de las etapas méas importante del progreso de las sociedades humanas fue la
trasformacion de la economia de caza, pesca y recoleccion en una economia agricola
y ganadera. Ya en la prehistoria, varias culturas comenzaron a cultivar cebada y
trigo alcanzando una mayor disponibilidad de alimento y una mejoria de sus propias
condiciones de vida, lo que permitié la sedentarizacion de las sociedades y un
aumento de la densidad de poblacion.

Cada avance en las técnicas de cultivo se ha traducido en un desarrollo
importante de la humanidad. En varios siglos, innovaciones como los arados, el
regadio, las rotaciones de cultivo y los abonos permitieron un aumento constante de
la disponibilidad de alimento y, consecuentemente, un aumento de la poblacion.

Desde la mitad del siglo pasado, el desarrollo de abonos quimicos y la
mecanizacion de la agricultura condujeron a la “revolucion verde”, con un
crecimiento exponencial del rendimiento de los cultivos, acompafiada por una
siempre mayor sobreexplotacion del medioambiente (Luelmo, 1975). Datos
recientes afirman que las précticas agricolas son responsables del 20% de las
emisiones totales de gases de efecto invernadero (Lal, 2004), aspecto que no puede
ser ignorado a la hora de evaluar correctamente el cambio climatico global.

Hoy en dia se habla frecuentemente de una “agricultura eco-sostenible”, que
consiste en un aprovechamiento razonable de los recursos naturales minimizando su
sobreexplotacion y contaminacion.

En un suelo agricola, se define “laboreo” como el conjunto de operaciones
realizadas para la modificacion de la capa superficial con el fin de mejorar las
condiciones de la misma y conseguir una adecuada cama de siembra y/o raices.

En este sentido, la Sociedad Americana de la Ciencia del Suelo (SSSA, 1987)
definio el laboreo como la ‘modificacién fisica de las propiedades del suelo con la
Unica finalidad de producir cultivos’.

Hoy en dia es cada vez mas importante considerar el suelo como un recurso que
necesita ser conservado a largo plazo, tratando de mantener la calidad del mismo.

Con este objetivo, la tabla 1.1 fija cuales son los objetivos a corto y a largo plazo del



| - Introduccién

laboreo segun Gajri et al. (2002), con un enfoque particular hacia la proteccion

medioambiental.

Tabla I.1. Objetivos del laboreo a corto y largo plazo.

Obijetivos a corto plazo Obijetivos a largo plazo

Control de malas hierbas.
Preparacion de la cama de
siembra y siembra de los cultivos.
Modificacion del régimen de agua % Consecucion de niveles

del suelo (aumentar o reducir la satisfactorios en el rendimiento
infiltracion; conservar el agua del de los cultivos.

suelo). % Proteccion del medio ambiente
Modificacion del régimen térmico (agua, aire, aspectos estéticos).
del suelo. Mantener/mejorar la

Mejorar la aireacion del suelo. productividad y salud del suelo
Destruir capas que impidan el (controlar problemas de
crecimiento de las raices. degradacion-erosion, salinizacién
Manejo de los residuos. y compactacién).

Incorporacion de abonos y % Conservacion de recursos.
enmiendas.

Rotura de ‘costras’ de suelo.
Nivelacion de la tierra para
irrigacion.

Las modernas tendencias de laboreo no solo tienden a reducir la profundidad de
las labores, sino también su nimero. A pesar de esta tendencia, todavia se distinguen
tipos de laboreo muy diferentes, desde el tradicional, que consta de numerosas
operaciones de manejo y una mayor profundidad, hasta la siembra directa, definida
“laboreo cero” o “no laboreo”. Uno de los factores que se tienen en cuenta para
clasificar los tipos de laboreo es el manejo de los residuos. Segun el porcentaje de la
superficie de suelo que queda cubierta por restos de cultivo después de la cosecha,

Gajri et al. (2002) establecen la clasificacion que se muestra en la Figura I.1.

.1.1. LABOREO TRADICIONAL

El laboreo tradicional (LT) se caracteriza por un elevado nimero de operaciones
mecanicas que incluyen el volteo del suelo mediante un arado de vertedera vy,
posteriormente, otros tipos de labores aptas para preparar una adecuada cama de
siembra. Los residuos del cultivo anterior pueden ser retirados para fines
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economicos 0 quemados; esta ultima practica estd completamente prohibida en
muchos paises y, desde 2004, también en Andalucia. La inversion de las capas de
suelo producida por la vertedera ocasiona un enterramiento del 95-100% de los
residuos que quedan sobre el terreno.

Laboreo Convencional

(la superficie de suelo cubierta

por residuos al sembrar es <15%) Laboreo de

Conservacion

* Laboreo Primario (profundo) (la supetficie de

. * Laboreo Secundario suelo cubierta

Presencia (superficial) por residuos al
de * Labores terciarias (intercultivo) sembrar es

=30%)
residuos >

* Laboreo bajo

. cubiertade
Sistemas Laboreo Reducido rastrojo
d (La superficie de suelo Tab
e cubierta por residuos avoreo en

il entre 15-30% caballones
Laboreo osctia entre 9 No laboreo

Ausencia

de @ No laboreo Laboreo Convencional

residuos Laboreo Primario
(profundo)

Laboreo Secundario
(superficial)
Labores terciarias
(intercultivo)

Figura 1.1. Clasificacion de los sistemas de laboreo segin el manejo de los residuos y labores realizadas.
Tomado de Gajri et al. (2002).

1.1.2. LABOREO DE CONSERVACION

El laboreo de conservacion (LC) presenta tres caracteristicas principales:
prescinde del uso de la vertedera, se reduce considerablemente el nimero de labores
que se llevan a cabo y se establece una cubierta de residuos que cubre por lo menos
el 30% de la superficie del suelo (Gajri et al., 2002).

Urbano-Terron (1992) considera los siguientes tipos de laboreo de conservacion
como mas frecuentes:
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> Laboreo bajo cubierta de rastrojo (“‘mulch tillage”, ““chisel plow™).

Se utiliza el arado chisel, arado de discos para rastrojos, subsoladores, rippers, e
incluso fresadoras y rotoarados en zonas con mucha cubierta vegetal, o ricas en
materia organica. Para las labores secundarias se utilizan cultivadores de brazos
flexibles y distintos tipos de rastras de puas. Para el control de malas hierbas es
necesario utilizar herbicidas. Esta practica es muy efectiva para el control de la
erosion del suelo, ademas de favorecer la infiltracion (especialmente en suelos

tendentes a compactarse y formar costras) y reducir la evaporacion del agua.

> Laboreo en caballones (““ridge tillage™).

Este método suele dejar entre 50 y 60 % de residuos sin enterrar, utilizando un
apero de labranza que realiza un caballon de 10 a 25 cm de altura; entre caballones
se deja una banda sin labrar de 40 a 80 cm, segun el marco de plantacion. Se
mezclan y entierran los residuos de la banda del caballén y se dejan inalterados (o se
desmenuzan) los de la banda mas ancha. La siembra se hace sobre el lomo del
caballon (Urbano Terron, 1992).

> Laboreo cero con siembra directa (““no-till”’).

El laboreo cero o no laboreo (NL) implica la utilizacion de una sembradora capaz
de hacer la siembra sobre los rastrojos, inalterados, del cultivo precedente. El escaso
laboreo es el que corresponde a los instrumentos cortantes que lleva la bota de la
sembradora con el objetivo de hacer una hendidura (5 a 8 cm de anchura) para
depositar la semilla. En estas condiciones, suele quedar sobre la superficie del suelo
no menos del 90% de los residuos del cultivo precedente.

Se trata de una técnica especialmente interesante para conservar el agua del suelo
y es muy ventajosa para el ahorro de energia (combustibles, maquinaria,
reparaciones, etc.). Sin embargo, suele facilitar la proliferacion de malas hierbas
haciendo necesario el uso de herbicidas (Urbano Terron, 1992) y puede producir
compactacioén y dificultad de drenaje en el subsuelo. En estos casos hay quien aboga

por la aplicacion de una labor cada cierto tiempo (5 a 7 afios).

Segun Gajri, et al. (2002), existe una labor intermedia entre el laboreo tradicional

y el de conservacion, llamado “laboreo reducido” donde se deja entre el 15-30 % de
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la superficie del suelo cubierta por residuos. Por las labores que se llevan a cabo
(chisel o grada y ausencia de volteo del suelo), en el caso de que la superficie
cubierta por residuos supere el 30%, podria englobarse como otra modalidad del

laboreo de conservacion.

1.2. LABOREO DE CONSERVACION vs. LABOREO TRADICIONAL

1.2.1. PROBLEMATICA DEL LABOREO TRADICIONAL

La cada vez mayor disponibilidad de herramientas modernas y mecanizadas ha
influido enormemente en el desarrollo de nuevas técnicas de labranza, facilitando la
consecucion de los tres fines bésicos del laboreo: obtener un lecho de siembra
adecuado, controlar las malas hierbas y evitar la compactacion del suelo.

En el siglo XI, uno de los mayores avances en este tema fue la utilizacion del
arado de vertedera. Hoy en dia queda claro que su abuso provoca problemas de tipo
econémico y medio ambiental, pero sigue siendo utilizado en vastas areas (Garcia
Torres y Gonzéalez Fernandez, 1997; Magdoff y Weil, 2004).

El uso excesivo de maquinaria se traduce en un gasto importante de combustible
y tiempos operativos, ademas de la problematica que supone el deterioro de la
propia maquinaria (Urbano Terrdn, 1992).

A nivel agro-medioambiental, el laboreo excesivo puede originar:

> Incremento de la evaporacion y, en consecuencia, desecacion de los horizontes
del suelo labrado.

> Degradacion de la estructura del suelo, como la rotura de agregados debido al
laboreo continuado y el paso de la maquinaria.

» Una mayor erosion debida a la produccién de tierra fina y a la ausencia de los
residuos de vegetacion, que favorecen la accion destructora de los agentes
erosivos (viento y agua principalmente)

» Una posible compactacion del suelo que puede resultar en las temidas suelas
de labor, debida al paso frecuente de maquinaria y aperos de labranza.

» Reduccion del contenido de materia organica del suelo.

» Lavado y disminucion de micronutrientes, macronutrientes y agua, debidos a

escorrentia causada por la pérdida de la estructura.
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1.2.2. VENTAJAS Y DESVENTAJAS DEL LABOREO DE CONSERVACION

Como regla general, cualquier sistema de laboreo debera adaptarse a las
condiciones especificas de suelo y clima de cada escenario en particular, de modo
gue un mismo sistema de laboreo de conservacion puede ir bien para un determinado
tipo de suelos, y clima, y no proporcionar resultados satisfactorios en otros suelos
(Moreno et al., 1997).

En el suroeste de Espafia, bajo clima Mediterrdneo o semi-arido, los suelos
agricolas suelen caracterizarse por unos bajos contenidos de materia organica y son
propensos a procesos de erosion por pérdida de la capa arable. Bajo estas
condiciones, el uso indiscriminado de la vertedera puede reducir ain mas su erosion
y calidad. Debido a estos problemas, se pretende que el agricultor aplique sistemas
de laboreo de conservacion, ya que aplican técnicas de manejo de suelo que hacen
sostenibles las actividades productivas de los agricultores, contribuyendo al
mantenimiento y recuperacion de los recursos naturales suelo, agua y aire.

Se pueden distinguir dos tipos diferentes de ventajas relacionadas con la
agricultura de conservacion: a corto plazo, el laboreo de conservacion produce sobre
todo ventajas de tipo econdmico (ahorro de energia), mientras que a largo plazo
produce ventajas de tipo medio ambiental, mejorando la calidad del sistema suelo-

agua-planta y preservando sus caracteristicas.

1.2.2.1. VENTAJAS TECNICO-ECONOMICAS

La disminucién del nimero de las operaciones que se llevan a cabo en el laboreo

de conservacion implica un ahorro de combustible y de horas de trabajo, una menor
compactacién del suelo debida al paso de la maquinaria sobre el mismo (Plaster,
1992), menor numero de herramientas y aperos utilizados y menor riesgo de averia
de la maquinaria, aspectos que se traducen en un ahorro inmediato de dinero por
parte de los agricultores (Gil Ribes, 1997).

Bajo condiciones Mediterraneas o semi-aridas, la presencia de una capa de
residuos en superficie evita pérdidas de agua por evaporacion, lo cual puede incidir
muy positivamente sobre las cosechas. Este aspecto ha sido exhaustivamente
estudiado bajo nuestras condiciones de suelo y clima por Moreno et al. (1997;
2005), y en otras zonas espafiolas de clima semi-arido (Alvaro-Fuentes et al., 2007;
Lampurlanés y Cantero-Martinez, 2006; Lopez y Arrle, 1997)

8
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1.2.2.2. VENTAJAS AMBIENTALES (CALIDAD: ASPECTOS FiSICOS,
QUIMICOS Y BIOLOGICOS)

> Mejoras en la biodiversidad.

Una de las principales ventajas ambientales que suele atribuirse al laboreo de
conservacion es su impacto positivo sobre la biodiversidad del medio, tanto a
nivel edafico como ecosistémico (Lopez-Fando y Bello, 1997; Kladivko, 2001). En
general, tanto la microflora como la micro, meso y macrofauna se ven favorecidas
por la reduccién del laboreo, siendo los organismos mayores muy sensibles a los
cambios de intensidad del laboreo.

Ademas, numerosos estudios han reflejado importantes aumentos de la
biomasa microbiana asociados a la reduccion del laboreo y permanencia, o ligera
incorporacion, de residuos en superficie. Paralelamente, también se han detectado
importantes aumentos de diversas actividades enzimaticas (Alvear et al., 2005;
Angers et al., 1993; Cochran et al., 1994; Dick, 1994)

Bajo clima Mediterraneo, también se han obtenido resultados positivos en este
sentido (Alvaro-Fuentes et al., 2013; Madejon et al., 2007; Moreno et al., 2005;
Murillo et al., 2006)

> Mejora de pardmetros fisico-guimicos.

En el laboreo de conservacion, numerosos parametros fisicos dependientes de la
estructura del suelo pueden verse influenciados por la presencia de residuos del
cultivo precedente. Entre ellos la densidad aparente, distribucion del tamafio de
poros, estabilidad de los agregados y sellado y aparicién de costras en los suelos. El
laboreo intensivo, con pulverizacion e inversion de suelos acaba por deteriorar
profundamente la estructura de los mismos. Por el contrario, sistemas menos
agresivos como el laboreo de conservacion, especialmente en su modalidad de no
laboreo, aumentan el carbono organico y mejoran la estructura (Arshad et al., 1999;
Moreno et al., 1997 y 2006; Murillo et al., 1998 y 2004; Bradford y Peterson, 2000,
Mrabet, 2002; Franzluebbers, 2002 y 2004; Martens et al. 2005).

En general la densidad aparente de la capa superficial del suelo tiende a

aumentar bajo laboreo de conservacion (especialmente bajo no laboreo), mientras
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que los macroporos y la conductividad hidraulica a saturacion tienden a disminuir
(Gajri et al., 2002). No obstante pueden producirse variaciones dependiendo de las
condiciones particulares de cada escenario.

Por otra parte, la mayor acumulacién de carbono organico en el suelo determina
la aparicion de mayores valores de capacidad de cambio, ya que se trata de una
variable que depende béasicamente del contenido de materia orgénica y arcilla
(Horne et al., 1992; Gajri et al., 2002; Franzluebbers, 2004).

El aumento de materia organica que supone la presencia de residuos de cultivos
en el suelo produce también un aumento de fertilidad quimica, especialmente en la
capa superficial, donde quedan concentrados los residuos y nutrientes que éstos
aportan (Magdoff y Weil, 2004).

Ademas de mejoras fisico-quimicas directas, introducidas por el laboreo de
conservacion sobre la calidad del suelo, indirectamente, la presencia de residuos
también aumenta la calidad del suelo evitando en gran medida su erosion, causada
tanto por el viento (Lopez et al., 1998, 2000 y 2001; Gomes et al., 2003), como por
el agua interceptando la energia de las gotas de lluvia y el arrastre de suelo por
escorrentia (Giraldez Cervera, 1997; Martinez Raya y Francia Martinez, 1997).

Las labores profundas ocasionan, de forma inmediata, mejoras en las
condiciones de infiltracion de agua en los suelos, pero también es cierto que la
aparicion de costras puede limitar prontamente, y seriamente, estas mejoras. Por el
contrario, la cubierta de residuos que caracteriza al laboreo de conservacion suele
evitar la aparicion de estas costras tras lluvias intensas o tormentas, al tiempo que
ralentiza la escorrentia en zonas con cierta pendiente, intensificando asi la
infiltracion y limitando la erosion del suelo.

Aparte de las mejoras observadas en la fertilidad fisica de los suelos,
especialmente en su estrato superficial, son muchos los trabajos que reflejan la
mayor estabilidad y tamafio de los agregados estables al agua bajo laboreo de
conservacion, atribuyéndose estas mejoras a la mayor concentracion de materia
organica que se produce en superficie (Douglas y Goss, 1982; Lal, 1989; Blevins y
Frye, 1993, Franzluebbers, 2004).

Ademas, el laboreo de conservacion reduce la evaporacion del agua, aunque
Bond y Willis, (1969) hayan detectado que este efecto protector puede durar solo a

corto plazo. La suma de las mejoras producidas en la estructura, en la disponibilidad
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de nutrientes superficiales y en el almacenamiento de agua hace que los cultivos de
secano puedan soportar mejor una situacion de estrés, de manera que si el cultivo
tiene suficiente disponibilidad de nutrientes, N especialmente, suelen obtenerse
mejores cosechas bajo laboreo de conservacion (Phillips et al., 1980; Blevins y Frye,
1993).

Aunque bajo condiciones aridas y semi-aridas uno de los principales objetivos
del laboreo de conservacion sea evitar la degradacion de los suelos y conservar el
agua (Unger y McCalla, 1980), si alguno de los factores mencionados perjudicase el
rendimiento de los cultivos, la implantacion de esta técnica podria verse muy
comprometida.

No obstante, numerosos estudios (Silgram y Shepherd, 1999; Warkentin, 2001)
han comprobado que cuando las técnicas de laboreo de conservacion, incluido el no-
laboreo, se aplican apropiadamente en suelos, y cultivos, adecuados para ello, los
rendimientos no tiene porqué ser mas bajos que los obtenidos bajo laboreo
tradicional. A largo plazo resultan incluso superiores en muchos casos (Lal, 1989;
Moreno et al., 1997; Wuest et al., 2000; Hooker y Vyn, 2000).

> Calidad del agua.

El laboreo puede afectar a la calidad del agua, tanto superficial como infiltrada,

mediante diversos mecanismos.

En general el laboreo puede aumentar el tiempo de contacto agua/suelo asi como
la infiltrabilidad, reduciendo al mismo tiempo la velocidad de flujo del agua de
escorrentia, lo que se traduce en una disminucion de la erosion debido a su menor
fuerza de arrastre.

La disminucién de la erosion supone una disminucion paralela de la dispersion
de sedimentos que, potencialmente, pueden transportar contaminantes como
biocidas (herbicidas preferentemente), nitratos, fosfatos, metales, etc, y contaminar
asi otras aguas superficiales y subterraneas.

Por consiguiente, elegir el tipo de laboreo de conservacion adecuado, puede
traducirse en una menor pérdida de suelo en zonas erosionable, disminuyendo los

efectos de los agentes erosivos y la contaminacién de areas cercanas.

11
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> Calidad del aire.

El laboreo puede influir en la calidad del aire a través de la emision de gases que

aumentan el efecto invernadero, como consecuencia de los cambios biofisicos que se
producen en el suelo. ElI Panel Intergubernamental para el estudio del Cambio
Climatico (IPCC, 1995) ha estimado que el 20% del aumento del efecto invernadero
esta relacionado con actividades agricolas.

Los suelos agricolas, debido a las reacciones quimicas, bioquimicas y fisicas que
se desarrollan en ellos, pueden emitir, basicamente, CO,, o0xido nitroso (N,O) y
metano (CH,). La propia maquinaria, especialmente cuando no esta en buen estado,
puede también emitir gases, emisiones que seran mas altas bajo laboreo tradicional
ya que requiere un nimero mayor de labores de campo y consume una cantidad
mayor de combustible. Una agricultura, para ser definida sostenible, debe reducir al
minimo la emision a la atmosfera de gases con efecto invernadero (Gajri et al.,
2002).

La emision de CO; es especialmente alta en parcelas bajo laboreo tradicional
inmediatamente después de las labores, comparada con la registrada en parcelas bajo
laboreo de conservacion. Se trata de una emision puramente fisica ocasionada por la
brusca alteracion de la estructura del suelo que ocasiona la vertedera. Pero ademas
de esta inmediata liberacion de CO,, a largo plazo también aumenta la emision de
este gas debido a la mayor exposicion de suelo a la accién microbiana ocasionada
por el laboreo tradicional. En un experimento realizado bajo nuestras condiciones de
suelo y clima, pudo comprobarse que en parcelas donde se aplicd la vertedera
(laboreo tradicional, LT) se liberaron a la atmosfera alrededor de 100-150 gramos
mas de CO, por metro cuadrado y afio que en parcelas bajo laboreo de chisel o de
siembra directa (Lopez-Garrido et al., 2009).

Varios autores observaron, en diferentes suelos y diferentes zonas climaticas, un
aumento analogo de las emisiones de N,O y CH,4 en parcelas bajo LT comparado
con las emisiones medidas bajo laboreo de conservacion (Ball et al., 1999;
Kessavalou et al., 1998; Li et al., 1996).

12
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1.2.3. DESVENTAJAS DEL LABOREO DE CONSERVACION

Aunque esta técnica de laboreo tenga como principal objetivo evitar la
degradacion de los suelos, y conservar el agua (Unger y McCalla, 1980), puede

presentar también algunos inconvenientes:

» En suelos mal drenados, el laboreo de conservacion podria agravar las
desventajas de la anaerobiosis, potenciando algunas enfermedades para los
cultivos producidas por organismos anaerébicos hospedados en el suelo.

En las regiones de clima templado, la capa de residuos que se dejan en el suelo
puede dilatar la germinacion y primeras fases del desarrollo de los cultivos. Sin
embargo, esta relativa desventaja se tornaria en beneficio en los trdpicos,
‘protegiendo’ la germinacion y desarrollo de las plantulas, ante las altas

temperaturas existentes (Lal, 1989).

> El laboreo de conservacion requiere mas destreza y cuidadoso manejo que el
convencional (Plaster, 1992), hasta el punto de que en ocasiones los agricultores

fracasan al implantar esta técnica.

» También puede ocurrir que el suelo se compacte en exceso, especialmente bajo
no laboreo, siendo entonces necesario intercalar un laboreo convencional cada
cierto tiempo (o alguna labor superficial, si se trata de suelos facilmente
erosionables), practica igualmente necesaria cuando proliferan ciertas plantas

perennes de dificil erradicacion.

> El principal inconveniente que presenta el laboreo de conservacion, es sin lugar a
dudas la mayor cantidad de herbicidas que exige, sobre todo en la modalidad de
no laboreo, cuyas posibles consecuencias, desde un punto de vista medio-

ambiental, no son conocidas en su totalidad, por el momento.

Para solucionar en parte estos problemas, especialmente los derivados de una

posible compactacion del suelo bajo no-laboreo, algunos agricultores utilizan

13



| - Introduccién

ocasionalmente labores de vertedera o de chisel (es frecuente una periodicidad que

oscila entre los 7 y 10 afios).

1.3. INDICES DE CALIDAD DEL SUELO

Uno de los aspectos fundamentales que se pretende abordar en este trabajo de
tesis, es el establecimiento de indices de calidad del suelo, que permitan conocer el
éxito alcanzado por distintos sistemas de laboreo de conservacion en cada una de las
situaciones edafo-climaticas estudiadas. Asi como resultan claras las ventajas que
pueden derivarse del laboreo de conservacion, no hay un consenso unanime respecto
a que parametros del suelo son los que pueden reflejar mejor el aumento de calidad

del mismo.

1.3.1. MATERIA ORGANICA Y FRACCIONES DE CARBONO ORGANICO
DEL SUELDO.

Cuando se trata de valorar los cambios que produce el laboreo en la calidad del
suelo, el carbono organico total (COT) o la materia organica (MO) son los
pardmetros mas utilizados. En cuanto a la calidad de los suelos asociada a la materia
organica, suele argumentarse que la intensa oxidacion de esta ultima en condiciones
semi-aridas y Mediterraneas limita su acumulacion en superficie. Pero es un aspecto
que no siempre se enfoca debidamente. La idea de “mientras mas mejor”, referida al
carbono organico total de suelos agricolas, no tiene mucha consistencia en términos
de productividad (Sojka y Upchurch, 1999). Mas que definir un valor maximo de
COT, habria que conocer qué contenido, y sobre todo qué fracciones del mismo, son
las mas adecuadas para mantener la calidad de un suelo (Sparling et al., 2003).
Ademas, en climas aridos o semi-aridos, la simple determinacién del COT podria no
ser un buen indicador de las mejoras introducidas por el laboreo de conservacion,
dado que este parametro suele tener unos tiempos de respuesta a mas largo plazo,
siendo necesario establecer nuevos indices de calidad que caractericen tanto el
estado bioquimico del suelo como la calidad de su materia organica a mas corto
plazo.

Un seguimiento orientado a conocer la evolucion que puede experimentar la

materia organica de suelos sometidos a distintos tratamientos, no sélo deberia
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contemplar el COT, sino también las fracciones del COT mas labiles, exponentes de
la “actividad bioldgica’, aspecto importante ya que constituyen una ‘alerta temprana’
(‘early alert’) de los cambios, mas inmediatos, que puede estar experimentando la
materia organica de un suelo (Oyonarte et al., 2007).

Las fracciones labiles de carbono no solo tienen gran influencia en la dindmica y
mineralizaciéon de nutrientes, sino también en la formacion de agregados, y, por
consiguiente, en la estructura del suelo; se trata de unas fracciones muy sensibles al
manejo de los suelos, por lo que su andlisis bajo distintos escenarios edafo-
climaticos y de manejo puede resultar muy Util para valorar las posibles mejoras
introducidas por el laboreo de conservacion (Alvaro-Fuentes et al., 2008a y b;
Alvaro-Fuentes et al., 2009; Cantero-Martinez et al., 2006; Madejon et al., 2009).
Este trabajo de tesis se ha centrado en la evaluacion de alguna de estas fracciones,
como el carbono hidrosoluble y el *“carbono activo” o, segun la definicion de
Culman et al. (2012) “Permanganate Oxidizable Carbon, (POxC)”; Oyonarte et al.
(2007) comprobaron la idoneidad del denominado POxC como indice de calidad
aplicable a suelos aridos de nuestra Peninsula.

Esto no quiere decir que deba excluirse el seguimiento del COT en todos los
escenarios a estudiar, ya que segun se ha indicado, es un exponente de la influencia
que tienen, a medio y largo plazo, tratamientos mas agresivos del suelo. Se trataria
simplemente de conocer qué porcentaje suponen las fracciones labiles de carbono
organico para un nivel determinado de COT, en funcion de la duracion, escenario y

tipo de labores aplicadas al suelo.

1.3.2. PARAMETROS BIOQUIMICOS Y ACTIVIDADES ENZIMATICAS.

Numerosos estudios han evidenciado que el metabolismo de la comunidad
microbiana del suelo se ve afectado por los cambios originados por el laboreo,
llegando a proponer los valores de actividad enzimatica, la respiracion celular y la
cuantificacién del carbono y del nitrégeno que componen la biomasa microbiana,
entre otros, como indices de calidad del suelo a corto plazo (Melero et al., 2008;
Nannipieri, 1994).

Ahora bien, la rapida respuesta a corto plazo demostrada por los parametros

bioquimicos puede conllevar problemas de elevada variabilidad y dispersion de
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datos debido a las condiciones climaticas, a la utilizacién de agroquimicos o al tipo
de cultivo y de exudados radicales, afectando la significacion estadistica de los
resultados (Feng et al., 2003). Ademas, los laboreos de conservacion conllevan la
necesidad de utilizar algun tipo de herbicida, moléculas que han demostrado poder
afectar los valores de actividad enzimatica (Gianfreda y Rao, 2008; Reinecke et al.,
2002; Zabaloy et al., 2008) pudiendo introducir sesgos a la hora de compararlos con
otros tipos de laboreo, como el LT que, generalmente, no requiere ningun tipo de
herbicida.

La gran variedad de enzimas intracelulares y extracelulares presentes en el suelo
ofrece una vasta gama de oportunidades para evaluar distintos aspectos del
metabolismo microbiano y de los ciclos de degradacion de la MO y de los nutrientes
en el suelo. Los enzimas intracelulares suelen tener un nivel de actividad
proporcional al nimero de microorganismos vivos en el suelo, mientras que los
exoenzimas suelen presentar una estructura adaptada a mantener sus funciones en el
exterior de la célula y pueden permanecer en el suelo por més tiempo y resistirse a la
degradacion, por lo que su nivel de actividad suele ser independiente del nimero de
microorganismos activos (Nanniperi y Smalla, 2006; Nannipieri, 1994).

En este trabajo de tesis se han evaluado los niveles de varias actividades
relacionadas con la oxidacion de los compuestos organicos (deshidrogenasa, DHA),
con la hidrolisis de los enlaces glucosidicos tipicos de los residuos celulésicos (-
glucosidasa, B-glu), con el metabolismo de las formas organicas de fosfatos
(fosfatasa alcalina, PA) y sulfatos (arilsulfatasa, AS), asi como con la hidrdlisis de
enlaces peptidicos (proteasa, PR), tratando de relacionar los resultados con los
efectos del laboreo, de su interaccion con productos herbicidas y la degradacion de
las fuentes de carbono organico proporcionadas por los residuos de cultivo.
Paralelamente se evaluaron los contenidos de carbono y nitrégeno de la biomasa
microbiana (CBM y NBM), que permiten hacer una cuantificacion de la poblacion
microbiana presente en el suelo.

En relacion con el carbono, es importante conocer, bajos distintos escenarios
edafo-climaticos y de manejo, la relacion CBM/COT. El aumento de esta relacion,
para un determinado nivel de COT, se relaciona con mejoras de la biomasa
microbiana del suelo (Lavahun et al., 1996).
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1.33. SUELO MASIVO Y FRACCIONAMIENTO POR TAMANO,
DENSIDAD Y ESTRUCTURA QUIMICA.

Ademas de la cuantificacion de los parametros quimicos y bioquimicos, es
importante establecer como se distribuyen en el perfil del suelo a diferentes
profundidades, cobmo se adhieren a la fraccion mineral fina del suelo (limo + arcilla)
y qué relacion tienen con los micro y macro-agregados presentes en el mismo. Por
eso, se analizaron las razones de estratificacion de los distintos parametros
estudiados, o sea la razdn entre sus valores en superficie y profundidad, dado que las
mejoras en la calidad del suelo superficial se convierten en un beneficio mayor para
la germinacion de las semillas y el crecimiento de las plantulas (Franzluebbers,
2002a). Asimismo se procedié al fraccionamiento por tamafio de agregados y por
densidad fisica para profundizar en los conocimientos sobre el proceso de
acumulacién y degradacion de la MO del suelo.

En este sentido, la estabilidad de los agregados, y su relacion con distintas
variables del suelo, estudiada en funcién de la duracién y tipo de labores aplicadas
en cada escenario en particular, también constituye un indice de calidad de suelo de
gran importancia para evaluar el exito de una determinada técnica de laboreo
(Alvaro-Fuentes et al., 2009; Jastrow, 1996; Six et al., 1999). Conviene tener en
cuenta que aunque la estabilidad de los microagregados puede estar mas relacionada
con el contenido de arcilla, y la de macroagregados con el contenido de materia
organica (Amézketa, 1999; Bronick y Lal, 2005; Plaza-Bonilla et al., 2010), por
debajo de un valor ‘umbral’ de materia organica, la estabilidad de los agregados
puede estar mas relacionada con otras variables del suelo, como el contenido de
carbonatos, segun pudieron comprobar Boix-Fayos et al. (2001) en suelos esparioles
bajo condiciones semi-aridas a subhimedas.

La formacion de agregados de mayor tamafio se ve favorecida en suelos bajo
laboreo de conservacion, debido a una mayor cantidad de residuos presente en
superficie y a la menor accién mecanica que provoca la ruptura y dinamica de los
agregados. Six et al. (1998) detectaron la presencia de ndcleos de residuos de cultivo
parcialmente oxidados en el interior de macroagregados procedentes de suelos bajo
laboreo de conservacion, y la oclusion de los macroporos presentes en dichos

agregados por parte de otros agregados de menor tamafio.
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Dependiendo de las diferentes técnicas de tamizado que se utilicen, se obtienen
diferentes tipos de agregados en seco o en himedo. En el momento de elegir el tipo
de agregados para su analisis, es importante considerar que el tamizado en humedo
puede afectar a los enlaces débiles que se establecen entre los grupos funcionales de
las moléculas presentes en la materia organica (Schutter y Dick, 2002). Por el
contrario, el tamizado en seco separa las diferentes fracciones solamente segun el
tamafio, manteniendo inalteradas las fuerzas que originan la agregacion.

Una vez obtenidos los diferentes agregados que se pretenden estudiar,
clasificados segun su tamafio y densidad, es interesante conocer si los indices de
calidad de suelo enumerados anteriormente, presentan diferencias significativas
entre en las distintas fracciones seleccionadas. Estos experimentos pueden
proporcionar datos mas precisos sobre los procesos oxidativos que tienen lugar en el
suelo.

Otras técnicas de extraccidén y separacion de distintas fracciones de carbono
presentes en la MO son la separacion por densidad, que permite separar las
fracciones de materia organica particulada (MOP), asi como el procedimiento
quimico que extrae los acidos humicos presentes en el suelo. La MOP en su forma
libre (-L) es una fraccién ligera de MO, que queda flotando en una disolucion a
elevada densidad. Estd formada en su mayor parte por restos de cultivos vy
compuestos labiles como carbohidratos y proteinas. Con el paso del tiempo, esta
fraccion acaba siendo degradada por los microrganismos, perdiendo parte de su
reactividad y convirtiéndose en moléculas més estables. A su vez, se empiezan a
formar enlaces mas o menos fuertes con la fraccion mineral del suelo, en particular
con las arcillas, definiéndose entonces esta fraccion como MOP ocluida (-O); para
separar la MOP-L desde la fraccion mineral es necesario utilizar energia en forma de
ultrasonidos o dispersantes quimicos. Recientemente, Plaza et al. (2012) han puesto
a punto un método para separar la MO presente en los micro- y macro-agregados y
posteriormente han destacado la importancia de la comunidad microbiana
inmovilizada en la fase mineral en el ciclo de secuestro/mineralizacion de carbono
(Plaza et al., 2013)

Como “sustancias humicas” (SH) se define la clase de compuestos organicos mas
abundante en el suelo, los cuales derivan de la degradaciéon de los residuos de

cultivo. Aunque la estructura de estos compuestos es variable y muy dificil de
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precisar, se pueden separar dos tipos principales de SH, una fraccién mas reactiva,
soluble en acidos fuertes y de bajo peso molecular, definida como &cidos falvicos
(AF), y otra menos reactiva, insoluble en &cidos fuertes formada por moléculas
fenolicas y carboxilicas, definida como acidos humicos (AH, Fig. 1.2).

La tercera fraccion que normalmente se incluye en la clasificacion de las
sustancias himicas es la “humina”, aunque presenta pocas caracteristicas comunes
con las otras dos fracciones y se presenta como una serie de compuestos altamente
estables y degradado. Algunos trabajos tienden a excluirla de la definicion de SHy a
considerarla como fase mineral (Hayes et al., 2012).

Estudios recientes demostraron que la baja reactividad de los AH y de la humina
es debida méas a la interaccién con la fase mineral y a la oclusion dentro de
agregados que los protegen de la degradacion microbiana que a una composicion

quimica particularmente recalcitrante (Marschner et al., 2008, Dungait et al. 2012).

Fig. 1.2. Estructura simplificada de los acidos himicos. (Imagen tomada de http://upload.wikimedia.org/

wikipedia/commons/d/d0/Humic_acid.svq)

Dado que la composicion de las SH y MOP depende en general del tipo de MO
que esta presente en el suelo, es interesante comprobar si los cambios originados por
el laboreo, en términos de calidad del suelo, cantidad de COT (y por consiguiente de
SH) y actividad microbioldgica, ocasionan algin cambio de tipo molecular de
distintas fracciones de la MO del suelo, o si influyen sobre la velocidad del proceso
de formacién y degradacion de las mismas.
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1.3.4. INDICES DE CALIDAD APLICADOS EN FINCAS COMERCIALES.

Una vez evaluados cuales son los indices de calidad més fiables para la
comparacion de laboreos en fincas experimentales, es conveniente comprobar su
fiabilidad en fincas comerciales. Frecuentemente, fincas adyacentes pueden ser
manejadas por los agricultores bajo distintos laboreos, aunque presentando la misma
rotacion de cultivos.

En esos casos es interesante averiguar como las distintas practicas utilizadas
pueden afectar a la calidad del suelo, teniendo en cuenta que el objetivo principal de
una finca agricola comercial es perseguir un beneficio econémico y por ello se
adoptan alternancias de labores y manejos de residuos diferentes de los cominmente
evaluados en fincas experimentales. Siendo claros los beneficios que el LC aporta en
términos medioambientales y econdémicos, es fundamental valorar cémo la
informacidn cientifica de divulgacién llega al agricultor y que sugerencias son mejor

recibidas y aplicadas.

1.3.5. TECNICAS ESPECTROMETRICAS APLICADAS A MUESTRAS DE
SUELO.

Para profundizar en el conocimiento de la composicion molecular de la materia
organica, varios autores utilizan técnicas de resonancia magnetica nuclear (RMN)
(Berns et al., 2008; Knicker, 2011) mientras que otros se centran en técnicas de
espectrometria de masas (Hatcher et al., 2001; Leenheer y Croué, 2003) hasta llegar
al complejo instrumento de espectrometria de masas de resonancia ionica-
ciclotronica a transformada de Fourier (FT-ICR MS) (Sleighter et al., 2012) que
utiliza algunos principios de la resonancia magnética en la deteccion de iones
procedentes de un espectrometro de masas.

Brevemente, los instrumentos RMN permiten identificar ndcleos atomicos
mediante sus propiedades mecanico-cuénticas. Los campos magnéticos que cada
atomo de la muestra posee, se orientan paralelamente al campo magnético producido
por el espectrometro. Una vez perturbado el equilibrio mediante un impulso
electromagnético con direccion ortogonal, los campos magnéticos vuelven al estado
de menor energia emitiendo en el campo de las radiofrecuencias con una intensidad

y una frecuencia de resonancia tipica de cada atomo y que depende del entorno
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quimico que lo rodea. Un detector recoge todas las sefiales emitidas y las trasformas
en espectros mediante la funcion de Trasformada de Fourier.

Los instrumentos RMN son cada dia mas potentes y se desarrollan
frecuentemente actualizaciones y piezas complementarias para satisfacer las
necesidades de los laboratorios de todas las areas de la investigacion cientifica. Si
bien esta técnica no puede ser considerada como novedosa, 1o es su aplicacion en
muestras de suelo solidas, gracias a las técnicas de polarizacion cruzada (CP) y la
rotacion en el angulo méagico (MAS) (Simpson et al., 2011). Aunque sea posible
seguir analizando muestras de suelo o de sus fracciones mediante RMN en estado
liquido, la escasa solubilidad de esas muestras en los solventes cominmente
utilizados en RMN, convierte la RMN de estado sélido en la eleccion preferida de
muchos investigadores de la ciencia del suelo. Recientemente, el desarrollo de
técnicas hibridas de RMN, denominadas RMN de alta resolucion (HR-MAS NMR)
donde las muestras se suspenden en una micro-cantidad de solvente y se analizan en
condiciones similares a las del RMN de estado solido, ha permitido aumentar el
nivel de resolucion de los espectros (Zhong et al., 2011).

Sin embargo, esta técnica, tanto de estado liquido como de estado sélido, se ve
afectada por la elevada heterogeneidad y complejidad de las muestras de MO que se
analizan, originando lineas de resonancia anchas y superposicion de los picos de los
compuestos organicos. Por ello, resulta dificil la identificacion individual de los
compuestos organicos y se prefiere dividir el espectro en zonas espectrales
pertenecientes a distintas clases de compuestos. Un analisis semi-cuantitativo es
posible, efectuando una integracion de estas zonas y evaluando la aportacion relativa
de cada zona a la intensidad total del espectro (Tabla I11.1).

Entre los compuestos que mas afectan a la razon entre sefial adquirida y ruido de
los espectros, los compuestos aromaticos condensados como el grafeno y los
compuestos paramagnéticos como los oxidos de hierro, entre otros, son los mas
importantes. Desafortunadamente, el suelo es naturalmente rico en paramagnéticos y
es necesario un tratamiento previo de las muestras de suelo masivo antes de
analizarlas por RMN. Entre los métodos mas comunes, los paramagneticos se
eliminan con una digestion por &cido fluorhidrico, que elimina la fraccion mineral

del suelo y, de manera no selectiva, parte de la MO soluble (Gongalves et al., 2003;
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Knicker, 2011), o por aislamiento de fracciones de la MO que no contienen
paramagnéticos, como la fraccion humica y las fracciones de MOP.

Recientemente, varios autores apuestan por analizar la MO del suelo o la MO
disuelta mediante instrumentos de espectrometria de masas. Una vez mas, la elevada
complejidad de los compuestos que caracterizan la MO del suelo requiere una alta
resolucion de los detectores empleados para definir individualmente los iones
presentes en mezclas de MO. La mayoria de los espectrometros de masas no posee
estas caracteristicas, pero el FT-ICR MS llega a una resolucién cercana a la masa del
proton y por eso puede identificar facilmente la mayoria de los compuestos de la
MO. Ademas, el tipo de ionizacién utilizado (electrospray) evita la fragmentacion
multiple de las macromoléculas, favoreciendo la interpretacion de los datos.

Este instrumento es extremadamente caro y su difusion es limitada (existen
alrededor de una decena de FT-ICR MS en Estados Unidos), pero las prestaciones
analiticas pueden proporcionar una cantidad enorme de datos experimentales. Una
vez que la mezcla entre muestra y solvente esta ionizada, los iones generados pasan
por una serie de filtros y polarizadores que conducen el flujo hasta el analizador
ciclotronico, que consta de un iman de gran tamafio y que, bajo vacio, atrapa los
iones en su campo magnético interior y luego los hace resonar con la aplicacién de
una radiofrecuencia. Como para la RMN, los iones excitados tienden a volver al
estado inicial emitiendo radiofrecuencias caracteristicas para cada ion segun su
relacibn masa/carga y son registradas y representadas en espectros mediante la
transformada de Fourier.

Aunque estas técnicas presentan problematicas relacionadas con el tiempo
necesario para llevar a cabo un analisis, el coste de instalacion y mantenimiento de
los aparatos y la preparacion previa que necesitan las muestras, los datos obtenidos
destacan por la cantidad, fiabilidad y resolucion obtenidas, permitiendo confirmar
hipotesis generadas a partir de la evaluacion de otros parametros y evaluar asi
dindmicas de degradacion de los compuestos de la MO. Una vez estandarizados los
métodos de analisis, estas técnicas pueden ser consideradas como el ultimo recurso
para evaluar la calidad del suelo, contando con que en un futuro sus costes sean mas

asequibles y su difusién mas amplia.
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11. OBJETIVOS DEL TRABAJO.

En el presente trabajo de Tesis se ha profundizado en el estudio de algunos
aspectos poco conocidos del laboreo, concretamente, la posible influencia que puede
tener esta practica agricola sobre la dinamica de la materia orgéanica del suelo, en
funcidn de la intensidad con que se aplica.

El objetivo principal ha consistido en combinar nuevas técnicas analiticas con
analisis tradicionales de tipo quimico y bioquimico para profundizar en el
conocimiento de la composicién de la materia organica y clasificar los procesos
oxidativos que se desarrollan en suelos agricolas sometidos a distintos tipos de
laboreo, proporcionando una vision completa de los beneficios que la agricultura de
conservacion puede originar.

Con este fin fueron seleccionadas dos fincas experimentales como area de
estudio, una en condiciones de secano y la otra de regadio, y una finca comercial,
todas ellas situadas en el suroeste de Andalucia, bajo condiciones climaticas de tipo

Mediterraneo.

El estudio se realiz6 en funcién de los siguientes objetivos especificos:

» Preparacion de distintas clases de muestras de suelo: suelo masivo procedente de
distintas profundidades, tratado con HF para sucesivos analisis de RMN,
fracciones de suelo, separadas por tamafio de agregados, y, finalmente, fracciones
de materia organica particulada separadas por densidad y fracciones de acidos

hdmicos.

» Evaluacion de las pérdidas de carbono organico en el suelo masivo y en las
distintas muestras analizadas, y de las fracciones més labiles, como carbono
activo e hidrosoluble. Célculo de la razon de estratificacion del carbono organico

a partir de las muestras de suelo masivo.

» Evaluacion de parametros bioldgicos y bioquimicos en suelo masivo y en las

distintas fracciones analizadas: carbono y nitrogeno de la biomasa microbiana y

25



Il - Objetivos

actividades enzimaticas deshidrogenasa, fosfatasa alcalina, arilsulfatasa, proteasa
y PB-glucosidasa. Célculo de las razones de estratificacion de los parametros

bioquimicos y microbioldgicos en muestras de suelo masivo.

» Evaluacion de los efectos del herbicida glifosato sobre distintos parametros
relacionados con la calidad del suelo mediante determinacion de la variabilidad

temporal de los mismos.

» Puesta a punto de técnicas analiticas para analizar la materia organica por
espectrometria de resonancia magnética nuclear y por espectrometria de masas,
contando con el apoyo de otros centros de investigacion en Europa y Estados
Unidos.

» Seleccion de indices de calidad de suelos de facil aplicacion para su utilizacion en

fincas comerciales.

» Indicar por Gltimo que, aunque sin formar parte de los objetivos fundamentales de
la Tesis Doctoral, anualmente se realizd un seguimiento basico del desarrollo y
rendimiento de los cultivos, con el fin de comprobar que el establecimiento de

distintos tratamientos de laboreo de conservacion no resultan perjudiciales.
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111.1. AREAS DE ESTUDIO

Los experimentos que se presentan en este trabajo de tesis se llevaron a cabo en
tres fincas: dos de ellas son fincas experimentales, la primera pertenece al Consejo
Superior de Investigaciones Cientificas (finca “La Hampa™), la segunda pertenece a
la Consejeria de Agricultura y Pesca de la Junta de Andalucia (finca “Alameda del
Obispo”) y la tercera es una finca comercial gestionada por la Sociedad Espariola de
Agricultura de Conservacion (finca “Las Navas”). Las caracteristicas climaticas de
las tres zonas son parecidas y de tipo Mediterraneo. Segun los datos registrados la
precipitacién media anual es de unos 496 mm (1971-2012) en la finca “La Hampa”,
de unos 595 mm (2000-2011) en la finca “Alameda del Obispo” y de unos 550 mm
(2000-2010) en la finca “Las Navas”.

No obstante se han registrado afios anormalmente secos con lluvias no superiores
a 250 mm, y otros extraordinariamente himedos con algo mas de 1200 mm, lo que
refleja la gran variabilidad de las precipitaciones en el suroeste de Espafia.

El régimen termométrico la caracteriza como zona templada, con una media
anual que ronda los 17 ° C en las tres areas. Las temperaturas mas bajas se registran
en el mes de enero, con una media de minimas de unos 4° C. El mes més calido es
agosto con unos 34° C, difiriendo la temperatura de verano con respecto a la de
invierno en 14° C aproximadamente. Las caracteristicas de las diferentes zonas se

detallan a continuacion.

111.1.1. FINCA “LA HAMPA”

» Localizacion geografica

Esta finca esta situada en el término municipal de Coria del Rio (Sevilla), a 0,5
km de esta localidad, con coordenadas 37° 17’ N, 6° 3’ O y a 30 m sobre el nivel del
mar (Fig. 111.1). La gestion de la finca es responsabilidad del Consejo Superior de
Investigaciones Cientificas (CSIC) desde 1971.
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Figura I11.1. Imagen de satélite de la Finca “La Hampa”.

» Caracteristicas edafolégicas de la zona

La finca se encuentra en una zona topograficamente ondulada, perteneciente al
mioceno del Aljarafe. El suelo de las parcelas se clasifico como Xerofluvent (Soil
Survey Staff, 1999), con un pHgua de 8,0, un contenido de carbonatos que ronda el
30% vy una textura franco-areno-arcillosa, con un contenido de arena en la capa
superficial (0-10 cm) de 50-55%, un 19-24% de limo y un 25-27% de arcilla (Lopez-
Garrido et al., 2009; Moreno et al., 1997).

> Rotacion de cultivos

En las parcelas experimentales de La Hampa se establecio, en condiciones de
secano, una rotacion de cultivos trigo (Triticum aestivum/durum, L. en 2007-08,
2010-11) -guisante (Pisum sativum, L. en 2005-06, 2008-09 y 2011-12)-girasol
(Helianthus annus, L. en los afios 2007, 2010 y 2013) (inicialmente trigo-girasol,
incorporandose un cultivo de guisante forrajero en el afio 2005 para actuar como
“abono verde” y favorecer la fijacion de nitrogeno atmosférico en el suelo).

La fertilizacion de las parcelas, segun las practicas tradicionales de la zona, se
lleva a cabo sélo en las campafias del cereal. En los ultimos afios, se utilizo como
abono de fondo un abono triple 15 (N-P-K) con una dosis de 150 kg ha®, y una
cobertera de unos 100 kg ha™ de urea. En las dos dltimas campafias de trigo se
suprimié la cobertera.
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Normalmente, las parcelas bajo laboreo tradicional (LT) no necesitan la
aplicacién de herbicidas, dado que las malas hierbas son enterradas por el volteo de
suelo producido por la vertedera. En las parcelas bajo laboreo de conservacion
(laboreo reducido, LR y no laboreo, NL), es necesario aplicar tratamientos
fitosanitarios, en nuestro caso a base de trifluralina (2 L ha™) o glifosato al 18% (4 L
ha'). En casos de excepcional crecimiento de malas hierbas, la aplicacién de
glifosato puede repetirse por segunda vez; en las parcelas bajo LT podria ser

necesaria una deshrozadora mecanica.

> Establecimiento de los experimentos

En la finca “La Hampa” se dispone de tres experimentos diferentes, establecidos
en un area de unos 5800 m? en los que se comparan tres tipos de laboreo bajo
condiciones de secano.

El primer experimento se estableci6 en el 1992, en una superficie de
aproximadamente 2500 m? que se dividié en 6 subparcelas de aproximadamente
300 m? (22 x 14 m) para establecer dos tratamientos de laboreo (3 subparcelas por
tratamiento con un disefio experimental de blogues al azar): LT, tipico de la zona
para agricultura de secano y LR. Este experimento se define como experimento de
larga duracion y en lo sucesivo los dos tratamientos seran denominados como LTy
LR,.

El segundo experimento se establecié en 2004, en un &rea de 1250 m? que se
dividi6 en 6 subparcelas de 200 m? aproximadamente (22 x 9 m). Este experimento
se define como ensayo de media duracion y consta de dos tipos de laboreo, laboreo
tradicional (LTy) y no-laboreo (NLy). Las subparcelas se distribuyeron segin el
mismo disefio experimental de bloques al azar con 3 subparcelas por tratamiento.
Por Gltimo, en 2008, un area de unos 2000 m? se dividié en 9 subparcelas para
comparar tres tratamientos: laboreo tradicional (LT¢), laboreo reducido (LRc) y no-
laboreo (NLc), segun un disefio experimental de bloques al azar y tres subparcelas

por tratamiento. Este ensayo se define como ensayo de corta duracion.

> Tipos de laboreo

La modalidad de laboreo tradicional en estos tres ensayos de corta, media y larga

duracion se caracteriza por la utilizacion de un arado de vertedera, hasta unos 25-30

31



111 — Materiales y Métodos

cm de profundidad. Este tipo de arado provoca el volteo del suelo, siendo necesaria
la implementacién de otras labores posteriores para preparar una adecuada cama de
siembra (en nuestro caso, uno o dos pases de grada, dependiendo de las
caracteristicas del afio, a unos 15 cm de profundidad, y un Gltimo pase de
desbrozadora justo antes de la siembra).

Hasta el afio 2003, los residuos de cultivo de estas parcelas (LT) eran quemados.
Una vez prohibida esta practica, el manejo de los residuos del cultivo anterior puede
variar segun la naturaleza y la rentabilidad de los mismos, siendo normalmente
vendida la paja de trigo y en casos esporadicos la del guisante, mientras que los
tallos de girasol se retiran. Los restos que todavia pudieran quedar en el suelo son
enterrados por el efecto de la vertedera.

El laboreo reducido, experimentos de larga y corta duracién, se lleva a cabo
prescindiendo del uso de la vertedera, dejando siempre una cubierta de residuos en
la superficie del suelo, suficiente para cubrir como minimo un 30% de la misma, de
acuerdo con la definicion de laboreo de conservacion establecida por el CTIC
(CTIC, 1996; Gajiri et al., 2002). Para evaluar este porcentaje se cont6 cada 10 cm
el nimero de veces que un residuo tocaba una cinta de 10 m, extendida varias veces
en cada parcela (dngulo de 30° - 45° con las lineas de cultivo). Este nimero
equivaldria, de forma aproximada, al porcentaje de superficie cubierta por residuos.

El nimero y la profundidad de las labores realizadas en este tratamiento se
reducen notablemente, suele bastar con un pase de “chisel” (cincel) a unos 15-20 cm
de profundidad y un pase posterior de grada de discos a poca profundidad, antes de

la siembra.
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»
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Figura 111.2. Parcelas experimentales de la finca ““La Hampa™.



I11 — Materiales y Métodos

En las parcelas bajo NL, tanto en el experimento de corta como en el de media
duracion, un amplio porcentaje de la superficie del suelo queda cubierto con
residuos, comprobado segin la metodologia propuesta por Plaster (1992). En este
tratamiento no se lleva a cabo ninguna labor previa a la siembra y el suelo sélo se
perturba por la reja de la maquina sembradora (unos 5 cm de anchura y profundidad)

que incorpora directamente las semillas en el suelo.

111.1.2. FINCA “ALAMEDA DEL OBISPO”

> Localizacion geogréfica

Esta finca experimental pertenece a la Consejeria de Agricultura y Pesca de la
Junta de Andalucia gestionada por el Instituto de Formacion Agraria y Pesquera
(IFAPA). En concreto, el area de ensayo utilizada en el experimento del apartado
V.5. estd siendo utilizada por los investigadores del Instituto de Agricultura
Sostenible de Cérdoba (IAS-CSIC). La finca se sitda en el término municipal de
Cordoba, a 4 km del centro de esta ciudad, con coordenadas 38° N y 5°W O y a 110

m sobre el nivel del mar (Fig. 111.3).

> Caracteristicas edafolégicas de la zona

El suelo de las parcelas es de tipo arcilloso y aluvial y se clasific6 como Typic
Xerofluvent (Soil Survey Staff, 1999). En los primeros 15 cm, el contenido de arena
es el 35,1%, con un 44,3% de limo y un 20,6% de arcilla. EI pHuguay Y la

conductividad eléctrica son de 8,4 y 0,3 dS m™ respectivamente.

» Rotacion de cultivos

Desde el 2007, se dispone de parcelas experimentales donde se comparan dos
tipos diferentes de laboreo bajo condiciones de riego. La rotacion elegida fue
algodon (Gossypium hirsutum, L.)- maiz (Zea mays, L.).

Segn las practicas locales, sélo el cultivo de maiz se fertiliza con 90 kg ha™ de
cada uno de los nutrientes N, P y K, esparciendo la mezcla a los pocos dias de la
siembra, realizando posteriormente (un mes de la siembra) una cobertera de 280 kg
ha de urea (46%). En estas parcelas se hace necesario el uso de herbicidas pre-

siembra, pre- y post-emergencia, ademas de realizar una eliminacion manual de
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malas hierbas un par de veces al afio. En caso de detectar la presencia de insectos
mediante trampas detectoras, se aplicaron tratamientos para un manejo integrado de

plagas que varid segun la campafia y el afio.

Y /‘ A N £
Figura 111.3. Imagen de satélite de la Finca ““Alameda del Obispo™.

> Establecimiento del experimento

Aproximadamente 7800 m? de la finca “Alameda del Obispo” estan dedicados a
la comparacion de dos tipos de laboreos en condiciones de riego.

En el afio 2007, se prepararon las parcelas mediante dos pases de grada de discos
(15 cm de profundidad), un pase de “chisel” (25 cm de profundidad) y un pase de
“rotavator” (15 cm de profundidad). Dias después se crearon lomos a una distancia
de 85 cm uno de otro.

En los primeros meses de 2008, se delimitaron tres bloques de 18 x 144 m y en
cada uno de ellos se establecieron dos tratamientos diferentes: i) lomos permanentes
(LP) sin ninguna labor anual, y ii) lomos labrados y restablecidos cada afio, segun
las practica tradicionales de laboreo (LT). De esta forma contrastariamos de nuevo
una modalidad de laboreo de conservacion (LP) frente a otra de laboreo tradicional
(LT).

Debido al interés que tiene evaluar los efectos que puede tener el trafico de la

maquinaria sobre la estructura y la calidad del suelo, especialmente bajo condiciones
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de riego, por cada tratamiento se establecieron 5 surcos sujetos a trafico (+T) y otros
5 que no fueron perturbados por el peso de la maquinaria (-T). La distancia entre dos
surcos con tréfico fue de 1,70 m (Fig. 111.4), debido al ancho del eje del tractor (2,08
m) y al ancho de los neumaticos del mismo (38 cm). En el caso del tratamiento LT,
son necesarios de 5 a 9 pases de maquinaria a lo largo de la campafia y
posteriormente se labra completamente la parcela entre una camparia y la siguiente.
En LP, los surcos con trafico sélo fueron afectados durante las primeras labores
preparatorias (Boulal et al., 2012).

Figura 111.4. Parcelas experimentales de la finca “Alameda del Obispo™. Se aprecian los surcos “con trafico
(+T)” pisados por las ruedas del tractor y los otros ““sin trafico (-T)”” que permanecen inalterados.

» Tipos de laboreo

El tratamiento convencional de este ensayo (LT) constituye la practica mas
comun de laboreo en condiciones de riego en este area geogréfica. Los residuos del
cultivo anterior se desbrozan mecanicamente y se incorporan posteriormente al suelo
con las labores. El tipo y la profundidad de las mismas varian segun el afio, el
cultivo y las condiciones del suelo, manteniendo constante la labranza de los lomos
que tienen que ser reconstruidos cada afio. En los afios seleccionados para este
estudio, fueron necesarios dos pases de grada de discos y uno posterior de “chisel”
en 2008, mientras que en 2009 se efectudé un solo pase de “chisel” y otro de
“rotavator”. En el afio 2010 se realizO un pase de subsolador (60 cm de
profundidad), uno de grada de disco y posteriormente un pase de “chisel” y uno de
cultivador.
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En el tratamiento LP, los residuos se desbrozan y se dejan en superficie, no se
lleva a cabo ningun tipo de labor, y solo se reconstruyen los lomos en el caso de que
hayan sido dafiados durante la recoleccion.

111.1.3. FINCA “LAS NAVAS”

» Localizacién geogréfica

Esta finca esté situada en proximidad de la barriada rural de Gibalbin, termino
municipal de Jerez de la Frontera (Cadiz) con coordenadas 36° 50’ 29,92” N, 5° 55’
11” O y a 36 m sobre el nivel del mar (Fig. 111.5). La gestién de la finca la lleva a

cabo la Sociedad Esparfiola Agricultura de Conservacion desde el 1999.

Figura I11.5 Imagen de satélite de la Finca “Las Navas™.

» Caracteristicas edafolégicas de la zona

La finca presenta una pendiente media del 18% (apreciable en la Fig 111.6), el
suelo es de tipo franco-arcilloso con un contenido en carbonatos muy alto,
especialmente en los estratos sub-superficiales (60-70%, Fig. 1.6, Fig. 111.7),
clasificado como suelo Leptic Typic Xerorthent (Soil Survey Staff, 1999), con una

textura en la capa superficial del suelo (0-10 cm) de tipo franco-arcillosa, un
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contenido de arena del 32,3%, un 31,5% de limo y un 35,2% de arcilla y con un

PH (aguay Préximo a 8.

Figura I11.6. Imagen de las parcelas experimentales establecidas en la Finca ““Las Navas”.

Figura I11.7. Muestreo del suelo en la Finca “Las Navas”.

> Rotacion de cultivos

La finca agricola “Las Navas” esta siendo cultivada en condiciones de secano y
bajo no laboreo (siembra directa) desde el afio 1999, excepto el afio 2006 cuando fue
necesario efectuar una labor muy superficial para solucionar un problema de malas
hierbas.

La rotacién de cultivos es tipica de la zona, con una alternancia de trigo de
invierno (Triticum aestivum, L. en 1999 y 2002) o trigo duro (Triticum durum, Desf.
en 2001, 2004, 2006 y 2007) y girasol (Heliantus annuus L., en 2000, 2003 y 2005).
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Desde el afio 2008 se ha incorporado en la rotacion la veza (Vicia sativa, L.); la
introduccién de una leguminosa (veza) resulta Util para fijar nitrogeno atmosférico
(*abono verde”).

En todos los tratamientos, siguiendo las practicas tradicionales locales, el suelo
se fertiliza solo en el afio del cereal. Se utiliza un abono de fondo compuesto (18N -
46 P,0s — 0 K,0) a razén de unos 200 kg ha™ y una cobertera de 250 kg ha™ de urea
(46%).

En nuestro experimento, el control de malas hierbas en las parcelas bajo laboreos
de conservacion (NL, no laboreo y LR, laboreo reducido) se realizé siguiendo la
misma técnica que en el resto de la finca: aplicacion de un herbicida (glifosato) justo
después de la siembra, a una concentracién de 2L ha™. En las parcelas de laboreo
tradicional, LT, la utilizacion de la vertedera es suficiente para controlar las malas

hierbas por lo que se ha suprimido el uso de herbicidas.

> Establecimiento de los experimentos

En el afio 2008 se establecio la parcela experimental, dividida en nueve
subparcelas de unos 300 m? cada una y pasillos de 1,5 m entre ellas (5 m entre
bloques) distribuidas en un disefio de blogues al azar. Se aplicd laboreo reducido
(LR) en tres subparcelas y laboreo de tipo tradicional (LT) en otras tres subparcelas,
dejando las tres restantes bajo siembra directa (NL).

En las parcelas bajo laboreo reducido se dejan los residuos sobre la superficie del
suelo a modo de cubierta y se realiza una labor de “cincel’ (“chisel’, a unos 15-25 cm
de profundidad), y se limita el nimero de operaciones posteriores a una sola labor
de grada de discos (de unos 15 cm de profundidad). La cantidad de residuos cubre
normalmente méas del 60% de la superficie de las parcelas LR, comprobado
siguiendo las indicaciones de Plaster (1992), lo que confirma que se trata de un
verdadero laboreo de conservacion (CTIC, 1996; Gajri et al., 2002)

Basicamente, el laboreo tradicional consistio en aplicacion de vertedera, hasta
unos 30 cm de profundidad, con volteo de suelo para la preparacion de la cama de
siembra. Posteriormente, y dependiendo de las caracteristicas del afio y cultivo se
realiza una labor de grada (unos 15 cm de profundidad) y/o “cincel’ (unos 15-20 cm
de profundidad). Esta modalidad de labranza es tipica de la zona para agricultura de

secano.
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_ Laboreo
- “Reducido

Figura 111.9. Dafios provocados por la erosion en las parcelas experimentales bajo laboreo tradicional de la
finca “Las Navas™.

Bajo no-laboreo se suprime cualquier tipo de labor, exceptuando la ‘reja’ de
siembra (unos 5 cm de profundidad) realizada por la sembradora. Como en el
laboreo reducido, los restos del cultivo anterior se dejan sobre la superficie del suelo
a modo de cubierta.
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Después de la primera camparia, se decidio prescindir del uso de la vertedera en las
parcelas LT, debido a la aparicion de amplias carcavas (Figuras I11.8 y 111.9) en
algunas zonas de las parcelas bajo laboreo tradicional. Desde el otofio 2009 se ha
suprimido el LT en su totalidad, de forma que dos tercios de las parcelas se cultivan

bajo LR y el tercio restante bajo NL

111.1.4. FINCAS COMERCIALES

Con el objetivo de valorar como la informacion cientifica de divulgacion llega al
agricultor y que sugerencias son mejor recibidas y aplicadas, los investigadores del
Instituto de Agricultura Sostenible de Cérdoba (IAS-CSIC), en colaboracién con el
personal del IRNAS-CSIC, han evaluado algunos aspectos del laboreo (contenido de
COT, actividad B-glu, densidad aparente y manejo de residuos en 20 fincas
comerciales de Andalucia agrupadas en cinco zonas por cercania geografica, de las
provincias de Sevilla (Ecija), Huelva (La Palma del Condado) y Cordoba (La
Montiela-Ecija, La Rambla-Santaella y Santa Cruz). Para eliminar variables debidas
a los diferentes cultivos, se seleccionaron so6lo fincas con una rotacion trigo-girasol.
Cada zona comprendié dos fincas, una por cada cultivo, que se pueden reagrupar en
el macro-grupo de “laboreo minimo” (donde el agricultor afirma seguir en su
totalidad o en parte, de las directivas establecidas para el laboreo de conservacion).
Otras dos fincas fueron caracterizadas como de “laboreo convencional”.

Parte de los resultados del trabajo desarrollado por Carmona et al. (en
preparacion), centrados en el COT y en la B-glu como indicadores de calidad del

suelo, se presentaran en este trabajo de Tesis como informacion adicional.

111.2. MUESTREO Y ANALISIS DE SUELOS

111.2.1. TOMA Y PREPARACION DE MUESTRAS
Las fechas de los muestreos efectuados en las distintas areas de estudios se

indican en las publicaciones cientificas correspondientes (Capitulo V).

Normalmente, los muestreos se llevaron a cabo antes de la siembra del cultivo y en
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algunos casos después de la recoleccion del mismo, procurando no muestrear justo
después de las labores.

En todos los casos, los muestreos de suelo se realizaron tomando muestras a
profundidades de 0-5, 5-10 0 10-25 cm segun el ensayo.

Las muestras se guardaron en nevera hasta su llegada al laboratorio.
Inmediatamente se midié la humedad mediante el método gravimétrico; el suelo
himedo que no se utiliz6 para la determinacion de humedad fue tamizado (luz de
malla de 2 mm de paso de luz) y se dividié en dos fracciones. Una de ellas se
almacen0 inmediatamente a 4°C en bolsas de plastico hasta la realizacion de los
andlisis bioguimicos. La otra fraccion se seco al aire para su analisis quimico.

Para realizar el fraccionamiento por agregados se realizaron muestreos
especificos de la capa superficial (0-10 cm). El fraccionamiento se llevd a cabo
segun el protocolo de Schutter y Dick (2002): las muestras envueltas en un papel
poroso se secaron en camara fria a una temperatura de 4° C hasta llegar a un
contenido de humedad ideal (< 8%) para las operaciones de tamizado. Se utiliz6 una
bateria de tamices y una tamizadora CISA® (modelo Rp.09) para obtener 6
fracciones de agregados por tamafio: >5 mm de diametro, 2-5 mm de didmetro, 1-2
mm de diametro, 0,5-1 mm de diametro, 0,25-0,5 mm de didametro y <0,25 mm de

didmetro.

111.2.2. DETERMINACION DE PROPIEDADES QUIMICAS

> Carbono Organico Total (COT)

Las determinaciones de carbono organico oxidable (también definido como

carbono organico total) se realizaron segun el método de Walkley y Black (1934),
mediante oxidacion de la materia organica presente en la muestra seca de suelo con
dicromato potésico 1N en medio sulfarico, valorandose el exceso de dicromato con
sal de Mohr (solucién 0,5 N de sulfato ferroso-amonico) y utilizando un valorador
automatico Mettler Toledo G20 Compact Titrator equipado con un electrodo DMI

140-SC con anillo de platino.
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» Carbono Activo (CA, o Permanganate Oxidizable Carbon, POXC)
El carbono activo se determin6 segun el método de Weil et al. (2003) mediante la

oxidacion de las muestras con una solucién 0,02 M de permanganato potasico y
0,1M de cloruro célcico a un pH de 7,2. El exceso de reactivo después de 2 minutos
en agitacion se midio en un espectofotometro (PERKIN ELMER, Lambda EZ210) a
550 nm, preparando una recta patrén a concentraciones conocidas de la solucion

oxidante.

» Carbono Hidrosoluble (CH)

Para extraer el carbono hidrosoluble se agitan las muestras secas en tubos de

centrifuga durante 1 hora, con una relacion suelo/agua de 1:10. Después se
centrifuga a 15.000 revoluciones (10 minutos) y se filtra a traves de filtros Whatman
2. El C organico del extracto se midié en un analizador de Carbono TOC-VCSH

Shimadzu.

111.2.3. DETERMINACIONES BIOLOGICAS Y ACTIVIDADES
ENZIMATICAS.

Los valores de las actividades enzimaticas y del carbono y nitrogeno de la
biomasa microbiana, publicados en los trabajos del capitulo V, se expresan sobre

suelo seco.

> Carbono de la Biomasa Microbiana (CBM)

El CBM fue determinado por el meétodo de la fumigacion-extraccion con
cloroformo, modificado por Gregorich et al. (1990)

Las muestras se fumigan con cloroformo (0,5 mL) durante 5 minutos; el solvente
disuelve las membranas y las paredes celulares de los microorganismos liberando el
contenido. Se extrae el carbono con una solucion de sulfato potasico 0,5M, tras
agitar durante 15 minutos, se filtra y se elimina el exceso de cloroformo haciendo
pasar aire libre de CO, por el extracto. Los controles siguen el mismo procedimiento

sin la fumigacion con cloroformo.
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La concentracién de C en el extracto se mide en un analizador de Carbono TOC-
VCSH Shimadzu, restandole al valor obtenido el de los controles no fumigados para
obtener la concentracion de CBM.

» Nitrogeno de la Biomasa Microbiana (NBM)

El NBM fue determinado segin el mismo método utilizado para el CBM
(Gregorich et al. 1990). La medida del contenido en N del extracto se efectud
utilizando el modulo de nitrogeno del analizador de Carbono TOC-VCSH

Shimadzu, restando el valor de los controles a las muestras fumigadas.

> Actividad S-glucosidasa (8-glu)

La enzima B-Glucosidasa es una enzima extracelular que esta relacionada con la
degradacion de los restos de cultivo, y es la encargada de catalizar las ultimas
reacciones de ruptura de los enlaces glucosidicos de los polimeros tipicos del reino
vegetal (celulosa, almidon etc.), liberando glucosa (Lehninger et al., 2005).

La determinacion de la actividad B-glucosidasa se realizd segin Tabatabai
(1982), incubando 1 g de suelo (peso humedo), durante 1 h en tampodn
glucopirandsido a pH 6 (PNG) (0,025 M), en un bafio de agitacion (Selecta
Unitronic Or). Al término de la incubacidn, se afiadieron 1 ml de CaCl, (0,5 M) y 4
ml de tampdon TRIS (0,1 M pH = 12), y la suspension se filtrd. Los controles se
prepararon afiadiendo PNG después de la incubacion. En el extracto filtrado, se
determind en un espectofotometro (PERKIN ELMER, Lambda EZ210) (400 nm) la
concentracion del producto formado p-nitrofenol (PNF). La recta patron se realizo
preparando disoluciones de concentracion conocida de PNF. El resultado se expreso
enmg PNF kg™* h™.

> Actividad Deshidrogenasa (DHA)

Las deshidrogenasas son enzimas que pueden catalizar la oxidacion y reduccion de
compuestos organicos, en nuestro caso la oxidacion de la materia organica del suelo.
Gracias a la localizacion intracelular del enzima, la medida de su actividad
proporciona de manera muy sencilla una cuantificacion del nimero y de la eficacia
de los microorganismos del suelo (Nannipieri et al., 1990; Skujins, 1976; Tabatabai,
1982; Trevors, 1984).
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La actividad deshidrogenasa se determind segun el método de Trevors et al.
(1984), basado en la incubacidn de la muestra de suelo (1 g en himedo) durante 20 h
en oscuridad en presencia de una disolucion de cloruro 2-p-iodofenil-3-p-nitrofenol
5 fenil tetrazolio (INT) al 0,4 % y agua (metodologia establecida para suelos
basicos). Al final de la incubacion, el producto formado (iodonitrofenil formazano,
INTF) se extrajo con metanol, agitando vigorosamente durante 1 min. Paralelamente
se prepararon controles sin INT. La absorbancia del extracto se determind en un
espectofotometro (PERKIN ELMER, Lambda EZ210) a 490 nm frente a
disoluciones patréon preparadas con distintas concentraciones de INTF. Los

resultados se expresaron en pg INTFg™ h™.

> Actividad Proteasa (PR)

La actividad proteasa del suelo es responsable de la descomposicion del

nitrégeno contenido en las proteinas. Esta descomposicion consta de unas sucesivas
hidrélisis que originan N peptidico y finalmente N de aminoécidos. Las enzimas
catalizadoras de estos procesos proceden en maxima parte de los microorganismos
presentes en el suelo y se clasifican segun el pH y el grupo nucleofilo empleado para
la hidrolisis (Garcia et al., 1991).

Para evaluar esta actividad se utiliz6 el método de Ladd y Butler (1972) que se
basa en la determinacién colorimétrica (reaccion de Folin) de los péptidos solubles
en acido tricloroacético después de incubar el suelo con una disolucién de caseina.
Tras pesar 1g de suelo humedo, se afiaden 5 mL del tampon TRIS-HCI (0,05 M pH
=8,1) y 5 mL de la disolucién de caseina al 1% en tampo6n TRIS y se incuba durante
2h a 52°C. Al término de la incubacion, se afiadeécido tricloroacético al 75%, se
agita 10 minutos, se centrifuga (10000 rpm) durante otros 10 minutos y se filtra
(Whatman 2). Se pipetean 5 mL de sobrenadante y se le afiaden otros 7,5 mL de un
reactivo alcalino (disolucion de NaOH, NaCOs;, CuSO4 y C4H4KNaOg), dejando
reaccionar 15 minutos a temperatura ambiente. Finalmente se afiade a la disolucion
el reactivo de Folin al 33% (5 mL) y se agita durante 10 min. Después de filtrar
(Whatman 2) se mide la absorbancia a 700 nm. Se realiza una recta de calibrado con
disoluciones estandar de tirosina y se prepara un control para cada muestra, donde la
caseina se afiade justo antes de la extraccién del tricloroacético. Los valores se

expresan en mg de tirosina kg™ 2h™.
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» Actividad fosfatasa alcalina (FA)

Existen varias clases de enzimas cominmente denominados “fosfatasas”, entre
las que se encuentra el grupo de las monoesterofosfato hidrolasas que actGan sobre
enlaces de tipo éster, y al que pertenecen las fosfatasas inespecificas denominadas
*acida” y “alcalina” segun el pH del suelo en el que se encuentran. Dado que esta
actividad se midio en muestras de suelo bésico, se describira el método de Tabatabai
y Bremner (1969) utilizado para evaluar la fosfatasa alcalina. Anélogamente a lo
descrito para la B-glucosidasa, este método mide espectrofotométricamente la
cantidad de p-nitrofenol (PNF) liberado a partir del reactivo p-nitrofenilfosfato
(PNP). Para ello, se pesa 1g de suelo hiumedo y se afiaden 4 mL de tampon universal
modificado (MUB) de pH 11 y 1mL de la disolucién de PNP (0,025M) y se incuba
durante 1h a 37°C. Después de la incubacion, se enfrian las muestras para detener la
reaccion y se afiaden 1mL de CaCl, (0,5M) y 4mL de NaOH (0,5M), se agita, se
filtra (Whatman 2) y finalmente se mide la absorbancia a 400 nm. Se realiza una
recta de calibrado con unas disoluciones estandar de PNF y se prepara un control
para cada muestra en el que el PNP ha sido afiadido al suelo poco antes de las

disoluciones extractantes.

> Actividad arilsulfatasa (AS)

Las arilsulfatasas son una de las clases de enzimas méas abundantes en el suelo y
catalizan la hidrdlisis de esteres aromaticos y no aromaticos de los sulfatos
organicos, aumentando la concentracion en el suelo del anién SO,%, que puede ser
entonces transportado al interior de las células. EI método de determinacion de esta
actividad propuesto por Tabatabai y Bremner (1970) es analogo a los métodos
propuestos para la APA y la B-glu y mide espectrofotométricamente el PNF
producido por la hidrolisis &cida del sustrato p-nitrofenilsulfato (PNS). Se pesa 1g
de suelo humedo, se le afiaden 4 mL de tampon acetato (0,5M) a pH 5,8 y 1 mL de
PNS y se incuba 1 h a 37°C. Después de enfriar las muestras, se afiade 1 mL de
CaCl, 0,5 My 4 mL de NaOH 0,5 M, se centrifuga 10 min a 5000 rpm, se filtra y
finalmente se mide la absorbancia a 400 nm. Como se ha descrito para los otros
métodos, es necesario establecer una recta de calibrado con unas disoluciones
estandar de PNF y preparar un control para cada muestra, donde el PNS se afiade

poco antes de las disoluciones extractantes.
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111.2.4. ESPECTROMETRIA DE RESONANCIA MAGNETICA NUCLEAR

Las muestras de suelo masivo y de fracciones por tamafio de agregados se
analizaron mediante técnicas de espectrometria de RMN. Ademas se decidio extraer
fracciones de &cidos humicos (AH) y materia organica particulada (MOP) del suelo
superficial de la finca “La Hampa” para su caracterizacion mediante RMN vy
cuantificacion de estas fracciones.

La polarizacion cruzada es la secuencia de pulsos mas utilizada para medidas de
espectrometria de resonancia magnética nuclear de **C de estado sélido.

Para efectuar un analisis de RMN de la MO del suelo, es necesario tener un
contenido adecuado de carbono y reducir a un minimo la presencia de compuestos
paramagnéticos que pueden afectar la resolucion del espectro. Previamente a las
medidas de RMN es necesario secar completamente la muestra por liofilizacion y
homogeneizarla mediante una molienda en un mortero de agata. Un contenido de
humedad elevado o una distribucion espacial irregular en el interior del rotor pueden

ocasionar una baja resolucion de los espectros obtenidos.

» Instrumentos

Los resultados de RMN presentados en el apartado V.2. se obtuvieron en los
laboratorios del |Instituto de Bio- y Geociencias IBG3-Agrosfera en el
Forscungszentrum de Julich (Alemania). Estos laboratorios disponen, entre otros
equipos, de un instrumento de RMN de tipo Varian INOVA™ NMR (Fig.111.9), que
opera en un campo magnético de 7,05 T (300 MHz por el *H) y una frecuencia de
resonancias para el *C de 75,4 MHz. La sonda utilizada es de tipo “wide bore
broadband two-channel Apex”, que requiere unos rotores de 6 mm de zirconio aptos
para el elevado niumero de revoluciones necesario en la rotaciéon al &ngulo mégico.
Para una mejor resoluciéon de los espectros, en este aparato se suele utilizar una
tapadera y un separador de nitruro de boro hechos a medida, para restringir el
espacio en el interior del rotor y para lograr que la muestra quede en el interior de la
zona méas homogénea del campo magnético creado por las bobinas superconductoras
(Berns y Conte, 2011). ElI movimiento giratorio producido por una corriente de aire

comprimido se trasmite al rotor por medio de una punta giratoria de material
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Vespel®, una mezcla de policlorotrifluoretileno (PCTFE o Kel-F®) y grafito (Fig
111.11).

Los resultados de RMN presentados en el apartado V.5. se obtuvieron en el
laboratorio “College of Sciences Major Instrumentation Cluster (COSMIC)” de la
“Old Dominion Univeristy” en Norfolk, (Virginia, Estados Unidos). Se utiliz6 un
espectrometro de tipo “Bruker AVANCE Il 400™" (Fig. 111.12) que opera a una
frecuencia para el *C de 100,62 MHz y para el *H de 400,13 MHz. La sonda
utilizada “CP-MAS (Cross Polarization Magic Angle Spinning) 4mm multinuclear
(*H, 3C, °N) probe” requiere en este caso unos rotores de zirconio de 4 mm de tipo
“Bruker triple resonance” (Fig. [I1.13) y una punta giratoria de
policlorotrifluoretileno (PCTFE o Kel-F®).

Figura I11.10. Instrumento de espectrometria de resonancia magnética Varian INOVA™

Figura 111.11 Esquema de la composicion de un rotor de CPMAS RMN de Varian (Agilent)® (1) Punta
giratoria Vespel®; (2) separador y (4) tapadera de nitruro de boro; (3) Rotor de zirconio;

Imagen tomada desde http://www.spinsights.net/tag/solid-state-nmr/



http://www.spinsights.net/tag/solid-state-nmr/
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Las secuencias de pulsos utilizadas en ambos ensayos fueron las tipicas secuencias
de polarizacién cruzada. El tiempo de contacto entre *H y *3C establecido fue de 1.5
s, el tiempo de adquisicion fue de 20 ms y el tiempo de espera entre dos secuencias
de pulsos fue de 1 o 2 s, dependiendo del tipo de muestra. Dichos tiempos se
establecieron mediante pruebas empiricas para obtener una correcta transferencia de
la polarizacion heteronuclear, para adquirir la méxima cantidad de sefial y la minima
de ruido y para permitir la relajacion completa del sistema antes de empezar una

nueva secuencia

400

UltraShield™

Figura 111.12. Instrumento de espectrometria de resonancia magnética Bruker AVANCE 11 400™

» olt

Figura I11.13 Imagen de un rotor Bruker® de zirconio utilizado por el CPMAS RMN y 3 puntas giratorias de
policlorotrifluoretileno (PCTFE o Kel-F®). Imagen tomada desde https://store.bruker-
biospin.com/shop/IT/product/H14355/

Los parametros descritos se mantuvieron a lo largo de todos los ensayos para

asegurar reproducibilidad y mejorar la comparacién de los resultados globales.
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El ndmero de secuencias adquiridas vari0 para cada muestra, debido a la
diferente composicion de algunas de ellas; para conseguir una resolucién adecuada
fueron necesarias unas 30000 secuencias para muestras de suelo masivo y 3000

secuencias para las muestras de materia organica particulada y acidos humicos.

» Suelo masivo

En el caso de las muestras de suelo masivo se procedié a analizar muestras
conjuntas sin ninguna extraccion previa. Debido al escaso contenido de C orgénico y
al elevado contenido de minerales paramagnéticos es necesario un proceso de
desmineralizacion de las muestras antes de analizarlas por RMN para obtener
espectros de buena calidad. Las muestras de suelo analizadas fueron tomadas
superficialmente (0-5 cm en el caso del apartado V.5; 0-10 cm en el caso del
apartado V.2 para la separacion en fracciones por tamafo de agregados).

Antes de realizar la desmineralizacion con HF 10% es necesario eliminar la
mayor parte del carbonato de calcio presente en las muestras, dado que se pueden
formar fluoruros de calcio insolubles que podrian afectar a los pasos siguientes. Para
eso se aflade HCI 1N a las muestras, con la formacion de CO,, y posteriormente se
centrifuga y se recupera el precipitado. Ese procedimiento se repite varias veces
segun el contenido en carbonatos de los suelos, hasta que la adicion de HCI deja de
producir burbujas.

Para proceder a la desmineralizacion, es necesario seguir escrupulosamente todas
las indicaciones de seguridad necesarias para manejar el acido fluorhidrico, debido a
su extrema peligrosidad. La disolucion de HF 10% se afiade a las muestras y se agita
vigorosamente, centrifugando y desechando con cuidado el sobrenadante. El
procedimiento tiene que ser repetido por lo menos 4 veces, dependiendo del tipo de
suelo. Una vez terminado, es necesario lavar el precipitado varias veces, hasta llegar
a pH=5, procediendo luego a la liofilizacién de la muestra antes de las medidas de
RMN.

» Sustancias himicas

A partir de una muestra conjunta del suelo superficial (0-5 cm) se procede a la
extraccion de los acidos humicos y fulvicos (AF). Para ello, se utiliza una disolucion

extractante de NaOH y NasP,0; y el extracto obtenido, que contiene las fracciones
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falvicas y humicas, se acidifica con HCI hasta pH=1 para separar los AH insolubles,
en disoluciones muy acidas, de los AF, que poseen una elevada solubilidad.
Posteriormente se purifican las muestras obtenidas por dialisis, que permite eliminar
la mayor cantidad de sales presentes derivadas del procedimiento de extraccion. La
mayor parte de los compuestos paramagnéticos se encuentran en la fraccion fulvica,
mientras que la fraccion himica puede ser analizada mediante RMN después de la

liofilizacion.

> Materia organica particulada

Analogamente a cuanto se ha descrito para las SH, la separacién de las fracciones
de materia organica particulada (MOP) se llevo a cabo en muestras conjuntas de
suelo superficial (0-5 cm). Dicha separacién se efectud utilizando una disolucion de
polywolframato de sodio (H2W104) a una densidad de 1,8 g cm™. En esta
disolucién, la parte mas ligera de la MOP, definida como libre (MOP-L), flota y se
puede retirar con una bomba de aspiracion, mientras que la MOP asociada a las
particulas de arcilla, definida como ocluida (MOP-O) se extrae mediante
ultrasonidos y posteriormente se retira siguiendo el mismo método utilizado para la
MOP-L. La fraccion mineral que queda después de las extracciones, junto con las
fracciones de MOP-L y MOP-O, tienen que ser purificadas, eliminando los restos de
polywolframato mediante lavados y filtracion. Una vez liofilizadas, ambas

fracciones de MOP-L y MOP-O pueden ser analizadas por RMN.

> Andlisis de los espectros

Los espectro obtenidos se evaluaron mediante el software MestReNova version
7 (Mestrelab Research, Santiago de Compostela, Espafia), corrigiendo
oportunamente la fase, aplicando una correccion de linea de base de puntos
maltiples y una apodizacion entre 50 y 80 Hz segun las caracteristicas de cada
espectro. La metodologia propuesta utiliza el tetrametilsilano como referencia con
desplazamiento quimico (“chemical shift”) igual a 0 ppm. Se establecieron 5
regiones espectrales diferentes, asignando a cada una de ellas los compuestos
correspondientes (presentan resonancia dentro de cada region) (Tabla 111.1).

Debido a la elevada sensibilidad de la técnica y a la dificultad de realizar

replicados, una correcta evaluacion semicuantitativa por integracion de las regiones
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espectrales debe tener en cuenta los limites de significacion indicados por Baldock y
Smernik (2002) y Diekov et al. (2005).

Tabla 111.1. Asignacion tipica de los picos de RMN de *3C en estado sélido a grupos funcionales presentes en

muestras geoquimicas. (Referencia tetrametilsilano=0 ppm).

Desplazamiento ) »
o Asignacion
quimico (ppm)
220-160 Carboxilo; Carbonilo; Carbono amidico
Grupos aril-COR o CNR; carbono Arilico (C-H);

C,, Cg de guayacilo en lignina; carbono olefinico

160-110

Carbono anomérico de carbohidratos; Cg de
carbohidratos; estructuras derivadas de

110-60 carbohidratos de hexosas; C,, Cg de unidades
siringilo de lignina; C, de algunos aminoacidos;
alcoholes de elevado peso molecular.

Grupo metoxilo; C, de la mayoria de los
60-45 . ] .
aminoéacidos , N-alquil C

450 Grupos metilénicos en anillos y cadenas alifaticos;
grupos metilicos terminales.

En el primer trabajo Baldock y Smernik (2002) estiman que un 2% de diferencia
entre las mismas regiones espectrales de dos tratamientos distintos es suficiente para
considerar significativa esa diferencia. Sin embargo, Diekov et al. (2005) estimaron
un nivel de significacion distinto por cada region, que corresponde al 8,3% para la
region del C carbonilico, al 5,0% para la region correspondiente al C aromatico, al
2,2% para la region del C O-alquilico y al 4,9% en el caso del C alquilico.
Considerando que Knicker et al. (2012) registraron diferencias que oscilaban entre 1
y 25% a lo largo de una gran finca agricola brasilefia, es de fundamental importancia
elegir un disefio experimental adecuado y areas bastante homogeéneas para realizar

una muestra conjunta.
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111.2.5. ESPECTROMETRIA DE MASAS DE RESONANCIA IONICA EN
CICLOTRON CON TRANSFORMADA DE FOURIER (FT-ICR MS).

Las muestras de extractos humicos y fulvicos correspondientes al experimento de
larga duracion de la finca experimental “La Hampa” se analizaron mediante FT-ICR
MS con un aparato hibrido Bruker Apex-Qe de altas prestaciones y un campo
magnético activamente aislado de 12 T (Fig. 111.14) perteneciente al laboratorio
“College of Sciences Major Instrumentation Cluster (COSMIC)” de la “Old

Dominion Univeristy” en Norfolk, (Virginia, Estados Unidos).

Figura 111.14 Imagen del instrumento FT-ICR MS del laboratorio “COSMIC™ en Norfolk (VA, EEUU). Se
puede apreciar (1) la fuente de ionizacién por electrospray; (2) la linea de transferencia iénica; (3) el escudo
aislante exterior del iman del analizador ciclotrénico; (4) la unidad electrénica donde se almacenan los datos
obtenidos.

Las muestras se disolvieron en una mezcla de agua y metanol a pH 8 y se
inyectaron con un automuestrador a la fuente de ionizacion por electrospray.
Sucesivamente, los iones negativos generados pasan por una linea de transferencia
ionica y son agrupados y transferidos mediante filtros y polarizadores hacia una
region de alto vacio antes de entrar a la celda de analizador, constituida por el iman
que genera el campo magnético. Una vez atrapados los iones en el analizador
ciclotronico, sus orbitas circulares, dependientes de la relacion masa/carga, se
perturban por secuencias de impulsos de radiofrecuencias, aumentando el radio de
las oOrbitas. Esta alteracion y la sucesiva relajacion de los iones, que emiten
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radiofrecuencias para volver al estado inicial, se miden mediante un analizador y se
representan mediante la transformada de Fourier en forma de espectros.

La elevada resolucién del instrumento (10° es la mas alta disponible por el
momento y ademas presenta la posibilidad de analizar una gran cantidad de iones al
mismo tiempo y de repetir el ciclo de excitacion/relajacion varias veces durante la
adquisicion. Por estas razones el FT-ICR MS es una de las técnicas con mas
potencialidad para el analisis de muestras complejas de MO.

111.3. TRATAMIENTO ESTADISTICO DE LOS RESULTADOS.

El analisis estadistico se llevd a cabo utilizando el paquete estadistico IBM-SPSS
19.0 para Windows (©SPSS Inc., an IBM company, 1989-2010, Chicago, Illinois);
los resultados se expresaron como valores medios de los replicados obtenidos para
cada muestra acompafiados por las correspondientes desviaciones tipicas (standard)
(DS) o los errores tipicos (standard) (ES).

Previamente, los datos se sometieron al test de Shapiro-Wilk para conocer si las
variables de estudio seguian una distribucion normal. Las variables que no
presentaron esta distribucion (test de Kolmogorov-Smirnov) fueron transformadas
logaritmicamente antes de su tratamiento estadistico.

En casos de comparacion de 2 tratamientos, las medias se analizaron mediante el
test de la T-Student, adaptdndose niveles de significacion p<0,05.

En casos de comparacion de 3 o més tratamientos, se llevd a cabo un andlisis de
varianza ANOVA de un factor, realizandose la comparacion multiple de medias
post-hoc mediante el test de Tukey en el caso de homogeneidad de las varianzas, o
mediante el test de Games-Howell en caso contrario.

En algunos casos se efectud un andlisis factorial de los resultados, concretamente
un analisis de componentes principales. Este analisis permite interpretar las variables
e identificar los rasgos comunes que aparecen entre las respuestas de las variables
sobre la funcion objetivo. Se obtienen unas variables ficticias que permiten
relacionar y resumir una variable original o un conjunto de ellas con la funcion

objetivo correspondiente.
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Para identificar si los cambios en las variables independientes tienen efectos
significativos en las variables dependientes que no pueden ser agrupadas facilmente
se utilizé un analisis multivariante de la varianza 0 MANOVA. La técnica también
intenta identificar las interacciones entre las variables independientes y su grado de
asociacion con las dependientes (p<0,001, p<0,01 o p<0,05).

Las matrices de correlacion entre los diferentes parametros se basaron en los

coeficientes de Pearson con un nivel de significacion de p<0,01 o p<0,05 segun el

Caso.
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IV.1. EFECTOS DE UNA LABOR INTENSIVA SOBRE UN SUELO
EROSIONABLE PREVIAMENTE CULTIVADO BAJO NO-LABOREOQO.

Los resultados mas relevantes de los experimentos llevados a cabo en la finca
“Las Navas” presentados en los apartados V.1 y V.2 han permitido afirmar con
fundamentos cientificos que las labores de vertedera pueden producir a corto plazo
un empeoramiento evidente de la calidad de suelos erosionables y perjudicar la
estabilidad de la capa superficial del mismo.

La primera publicacion cientifica presentada “Implementation of chiselling and
mouldboard ploughing in soil after 8 years of no-till management in sw, Spain:
effect on soil quality.” destaca de manera clara como el pase de la vertedera ha
favorecido la aparicion de amplias carcavas de erosion después de un solo afio de
implementacién de este tipo de laboreo (Figs. 111.8, 111.9 y IV.1).

Figura IV.1. Dafios provocados por la erosion en las parcelas experimentales bajo laboreo tradicional de la

finca ““Las Navas”.

El seguimiento de los parametros quimicos y bioquimicos realizado a lo largo
de un afo, relativo a tres muestreos diferentes, evidencio una disminucion del 23%
del contenido de COT en las muestras superficiales de las parcelas bajo LT,
comparado con las parcelas en las que se mantuvo el tratamiento de NL (Tabla 1,
apartado V.1). Analogamente, se observaron disminuciones de la concentracién de
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actividades enzimaticas (un 37% menos de DHA y un 51% menos de B-glu, figuras
2 y 3 apartado V.1) asi como de los contenidos de POXC (-12%), CH (-27%), CBM
y NBM (- 44% y -37% respectivamente).

Por el contrario, la implementacién de un laboreo reducido (‘chisel’) no
ocasiono un deterioro significativo de la calidad del suelo, manteniendo niveles
similares a los medidos en las muestras bajo NL para todos los parametros
analizados (apartado V.1, Tabla 1, Figuras 2 y 3).

La tabla IV.1 muestra una estimacion de la cantidad de carbono presente en los
primeros 10 cm de profundidad. Bajo LT se observo una pérdida de 5 toneladas de
carbono superficial por hectarea y no se observd una redistribucion de COT a
profundidades menores (hasta 25 cm) por efecto de la inversion del suelo producida

por la vertedera.

Tabla 1V.1. Carbono organico acumulado por tratamiento en los primeros 10 cm de suelo de la finca
“Las Navas™ en octubre 2010.

Densidad coT Carbono organico
Tratamiento aparente 1 acumulado
3 (9kg™) 4
(g cm™) (Mg ha™)

1,37 17,2 23,6
1,35 17,1 23,1
1,27 14,6 18,5

Para profundizar en el conocimiento de la dindmica de la MO del suelo de esa
finca, se decidid llevar a cabo un analisis de los agregados separados por tamafio,
resultados presentados en el articulo “Moldboard plowing effects on soil
aggregation and soil organic matter quality assessed by **C CPMAS NMR and
biochemical analyses”. Un vez mas, el LT confirm06 su efecto negativo sobre la
calidad del suelo superficial, reduciendo el contenido de macroagregados (apartado
V.2, Figura 1) y el contenido de COT, POxC y MBC (Apartado V.2, Figura 2 y 3)
en comparacion con las parcelas de NL. Como se observé en los analisis sobre suelo
masivo, no se aprecié un empeoramiento significativo de calidad de suelo en las
muestras de las parcelas bajo LR.

Los analisis de NMR confirmaron que la MO de los tres tratamientos tiene una

composicion parecida, a excepcién por un pico atribuible a residuos no degradados
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de lignina que se encuentran en los agregados de mayor tamafio de las muestras de
NL, y que no se detecta en las muestras correspondientes a los restantes tratamientos
(apartado V.2, Figura 4).

La integracion de las regiones espectrales permite identificar la intensidad
relativa correspondiente a cada clase de compuestos organicos. La evaluacion del
conjunto de datos permitié afirmar que la finca posee un tipo de MO bastante
degradada y humificada, tipica de las fincas agricolas (apartado V.2, Figura 5). Las
diferencias mas relevantes entre tratamientos se observaron en las regiones alquilica
y O-alquilica, que definen de manera inmediata el estado de degradacion de la MO.
Las parcelas LT mostraron un contenido porcentual mas alto de alquilicos y mas
bajo de O-alquilicos, comparado con el de las parcelas bajo LR y NL. Esto se refleja
en una razon alquilicos/O-alquilicos hasta un 50% mas alta (apartado V.2, Figura 6),

que es indicativo de una MO mas degradada.

V.2 RELACION TEMPORAL ENTRE ACTIVIDADES ENZIMATICAS Y
DEGRADACION DE LA MATERIA ORGANICA EN UN SUELO BAJO
DISTINTOS SISTEMAS DE LABOREO: ESTUDIO DE UNA
CRONOSECUENCIA.

El fraccionamiento por tamafio de agregados llevado a cabo en la finca “La
Hampa” en los dos experimentos de media y larga duracion gener0 resultados

ligeramente diferentes a los obtenidos en la finca “Las Navas”.

Distribucion de agregados por tamaiio Distribucion por tamaiio de agregados
A) 1er muestreo B) 2do muestreo

% de suelo masivo seco % de suelo masivo seco

Fracciones
Fracciones

ELRL BLTL anwv OLTm ERTL BALTL AN OLTm

Figura IV.2. Distribucion de agregados después del procedimiento de fraccionamiento en seco del suelo (@ <
5mm) de la finca ““La Hampa” en mayo (A) y septiembre (B) de 2010. LR : laboreo reducido, experimento de
larga duracién; LT, : laboreo tradicional, experimento de larga duracion; NLy,: no-laboreo, experimento de
media duracion; LTy: laboreo tradicional, experimento de media duracion.
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De los dos muestreos, sélo el segundo, efectuado en septiembre y después de un
largo periodo seco, mostro diferencias significativas en la distribucion de agregados,
mientras que en el muestreo de mayo no se observaron diferencias significativas
(Figura 1V.2). Concretamente, en el segundo muestreo, en el tratamiento LR,
(laboreo reducido de larga duracién) se obtuvo un numero mayor de macro-
agregados (@ 2-5 mm) que bajo LT, (laboreo tradicional de larga duracion); en este
ultimo se obtuvo el mayor nimero de agregados de tamafio 0,25-0,5 mm. En el
tratamiento de media duracion, el tratamiento NLy no favorecid la aparicion de
macro-agregados (2-5 mm) aunque ocasiond una mayor cantidad de agregados de
tamafo 1-2 mm y 0.5-1 mm y menor cantidad de micro-agregados (< 0,25 mm).

Los parametros quimicos y bioquimicos analizados confirmaron que los
tratamientos de conservacion ocasionan mejoras en la calidad del suelo, aunque se
noté una cierta variabilidad a lo largo del tiempo, probablemente a causa de las
diferencias climaticas y a las diferentes etapas de la campafia agricolas en las que se
efectuaron los dos muestreos (Figura 1V.3).

Cabe destacar los aumentos significativos de los contenidos de COT de la 18 y
32 fraccion del primer muestreo (muestras de LR, y NLy) y de la 22 y 32 fraccidn
(muestras de NLy) y 32 y 42 fraccion (RT.) del segundo muestreo, en relacion con
los valores correspondientes de las muestras bajo LT. Analogamente, el contenido
de CH del primer muestreo fue mayor en todas las fracciones del tratamiento LR,
que en las de LT, exceptuando la Gltima fraccién. También resulté mayor en las tres
primeras de LTy en relacién con los valores obtenidos bajo NLy. En el segundo
muestreo, se observaron diferencias significativas, en relacion con el tratamiento LT,
en el caso de la 42 fraccion de LR, y en todas las fracciones de NLy exceptuando la

primera fraccion.
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Figura 1V.3. Valores de los parametros quimicos obtenidos después del procedimiento fraccionamiento en seco
del suelo (@ < 5mm) de la finca “La Hampa™ en mayo (A, Cy E) y septiembre (B, D y F) de 2010. LR, : laboreo
reducido, experimento de larga duracién; LT, : laboreo tradicional, experimento de larga duracion; NLy: no-
laboreo, experimento de media duracion; LTy: laboreo tradicional, experimento de media duracion. Las
diferencias significativas se indican con asteriscos: * p < 0,05; ** p < 0,01.
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Figura I1V.4. Pardmetros bioquimicos obtenidos después del procedimiento fraccionamiento en seco del suelo (@
< 5mm) de la finca “La Hampa” en mayo (A y C) y septiembre (B y D) de 2010. LR, : laboreo reducido,
experimento de larga duracion; LT, : laboreo tradicional, experimento de larga duracion; NLy,: no-laboreo,
experimento de media duracion; LTy,: laboreo tradicional, experimento de media duracién. Las diferencias
significativas se indican con asteriscos: * p < 0,05; ** p < 0,01.

El POxC fue el parametro que experimentd mayores variaciones, con aumentos
significativos para la mayoria de las fracciones de los laboreos de conservacion, en
comparacion con los tratamientos tradicionales.

En los analisis bioquimicos realizados (Figura 1V.4), se detectaron valores de
CMB significativamente mas altos en las fracciones de mayor tamafio de LR, y
NLwm que en las muestras correspondiente de LT, en el primer muestreo, mientras
gue en el segundo muestreo, aunque los valores observados fueron generalmente
mas altos que en el primero, los tratamientos de laboreo tradicionale mostraron
cierta tendencia a valores algo mas altos que los correspondiente tratamientos de
conservacion, aungue solo se observaron diferencias significativas en la 22 fraccion

del experimento a medio plazo. EI NBM no mostré diferencias significativas y se
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detectd una elevada dispersion de los datos y un aumento de los valores en el 2°

muestreo.
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Figura IV.5. Parametros bioquimicos obtenidos después del procedimiento fraccionamiento en seco del suelo (&
< 5mm) de la finca “La Hampa” en mayo (E y G) y septiembre (F y H) de 2010. LR, : laboreo reducido,
experimento a largo plazo; LT, : laboreo tradicional, experimento a largo plazo; NLy: no-laboreo, experimento a
medio plazo; LTy laboreo tradicional, experimento a medio plazo. Las diferencias significativas se indican con
asteriscos: * p < 0,05; ** p <0,01.

En la figura IV.5 se pueden apreciar mayores valores de actividades enzimaticas
en los tratamientos de conservacion, y en ambos muestreos, sobre todo en el caso de
la B-glucosidasa, que mostré diferencias significativas en la mayoria de las
fracciones analizadas. Los niveles de DHA fueron mas altos en septiembre,
probablemente por la elevada cantidad de residuos presentes después de la cosecha,
mientras que la B-glucosidasa se mantuvo constante a lo largo de los dos muestreos.

Los anélisis de RMN efectuados sobre muestras del 2° muestreo confirmaron
que los tratamientos tradicionales tienden a almacenar una MO maés degradada que

los tratamientos de conservacion, confirmado por la relacion alquilicos/O-alquilicos,
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que alcanzo valores mas altos en las fracciones bajo LT de ambos ensayos, excepto
que en la 22 y 32 fraccion del ensayo a medio plazo (Figura 1V.6).
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Figura 1V.6. Razon entre las intensidades relativas de las regiones alquilicas y O-alquilicas obtenidas mediante
integracion de los espectros RMN. LR, : laboreo reducido, experimento a largo plazo; LT, : laboreo tradicional,
experimento a largo plazo; NLy,: no-laboreo, experimento a medio plazo; LTy,: laboreo tradicional, experimento
a medio plazo.

En la misma finca, con el objeto de profundizar en el conocimiento de la
degradacion de la MO vy su relacion con las actividades enzimaticas, asi como en la
fiabilidad de estas ultimas, y otros parametros bioquimicos, como indices de calidad
de suelo, se realizo un estudio comparativo de los tres experimentos de larga, media
y corta duracién. Este estudio supuso la evaluacion de cinco actividades enzimaticas
(DHA, B-glu, PA, AS y PR), tres parametros quimicos relacionados con la MO
(COT, MBC y CH) y distintas fracciones de suelo (suelo masivo “bulk soil”’, AH,
POM-L y POM-O) sometidas estas Gltimas a analisis sucesivos de *C CPMAS
RMN. Los resultados obtenidos estan incluidos en el trabajo “Soil organic matter
degradation in an agricultural chronosequence farm under different tillages
evaluated by enzymatic activities and *C CPMAS NMR”* (apartado V.3).

Las diferencias mas relevantes entre tratamientos se observaron en las muestras
superficiales (0-5 cm) del ensayo de larga duracion, donde el LR, alcanzd valores
significativamente mas altos de todos los parametros quimicos y bioquimicos
medidos, a excepcion del CH y de la actividad proteasa (apartado V.3, tabla 2).
También se observaron diferencias significativas entre tratamientos en la

profundidad de 5-10 cm para los parametros COT, -glu y AS.
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En el ensayo de media duracion, se detectaron diferencias significativas entre
tratamiento en muestras superficiales y para los parametros COT, B-glu, PA y AS.
En el ensayo de corta duracién las diferencias significativas se encontraron solo
esporadicamente; cabe destacar que bajo NL se alcanzaron valores
significativamente mas altos en superficie de B-glu y, en menor medida, de PA que
bajo LR y LT, mientras que en las muestras de 5-10 y 10-25 cm esa tendencia se
invirtié (apartado V.3, tabla 2).

La tabla IV.2 reporta una estimacion de la cantidad de carbono organico
acumulado en los primeros 10 cm de profundidad. Analogamente a cuanto
observado en la finca “Las Navas” (tabla 1V.1), los tratamientos de conservacion
mostraron una mayor tendencia a acumular carbono en la capa superficial. En el
ensayo de larga duracion se observé una diferencia de 5 toneladas de C por hectarea
en favor del LR, mientras que en el ensayo de media duracion, la diferencia fue de
alrededor de 4 toneladas por hectarea en favor del NLy. En el ensayo de corta
duracion, se observaron diferencias algo menores en favor de NLc y LRc comparado
con LTc. LOpez-Garrido et al. (2011) encontraron datos parecidos en los
tratamientos de larga y media duracién en muestras del 2008, y no observaron una

redistribucion de la MO en capas mas profundas en los tratamientos LT.

Tabla 1V.2. Carbono organico acumulado por tratamiento en los primeros 10 cm de suelos de la finca “La

Hampa™ en junio 2011.

Densidad coT Carbono orgéanico
Experimento Tratamiento  aparente 1 acumulado
(g cm®) (9kg™) (Mg ha'®)
Larga LR, 1,46 13,4 19,6
duraccién LT, 1,34 10,6 14,2

Media NLwm 1,52 10,1 15,3
duraccion LTy 1,26 8,75 11,0
NLc 1,63 9,60 15,6
LR¢ 1,49 8,75 13,0
LTc 1,41 8,65 12,2

Corta
duraccién

Los andlisis de RMN demostraron que las fracciones de MOP y sobre todo la
MOP-L, contienen compuestos O-alquilicos procedentes de residuos frescos de
cultivo, mientras que los acidos humicos contienen compuestos aromaticos y

alquilicos mas recalcitrantes (apartado V.3, figura 1, 2y 3).
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Figura IV.7 Diagramas de Van Krevelen correspondientes a los datos de extractos hiimicos y filvicos del suelo dela finca “La Hampa™ obtenidos por FT-ICRMS. LR;:
laboreo reducido, experimento a largo plazo; LT;: laboreo tradicional, experimento a largo plazo.
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La composicién del suelo masivo fue mas similar a la de los acidos hdmicos,
con un elevado contenido en alquilicos y aromaticos. Generalmente, el suelo
masivo y las fracciones MOP de las parcelas bajo LT demostraron mayores
contenidos de aromaticos y alquilicos y un menor contenido de O-alquilicos que las
correspondientes parcelas bajo NL y LR, mientras esta tendencia se invierte en las
muestras de acidos himicos (apartado V.3, figura 1, 2 y 3). En las muestras de suelo
masivo y de AH se observo un importante pico de N-alquilicos tipico de material
peptidico y aminoacidos.

Ademas de analisis por RMN, se llevaron a cabo andlisis preliminares de
espectrometria de masas FT-ICR de los &cidos himicos y fllvicos extraidos de las
muestras de suelo de las parcelas del ensayo de larga duracién, cuyos resultados se
representan en la figura IV.7.

El potente instrumento utilizado permitié individuar alrededor de 1500-1700
compuestos distintos de acidos falvicos y entre 1000 y 1200 de acidos humicos.

La representacion mediante los diagramas de van Krevelen (1950) permite
agrupar las moléculas segun su relacion hidrégeno/carbono en funcion de la relacion
oxigeno/carbono. Segun estos diagramas, el material presente en ambas fracciones
hamicas es parecido, con una conformacion tipica de residuos de biomasa y lignina.
Las muestras de LR, tanto de humicos como de fulvicos, presentan un mayor
nimero y una mayor variedad compuestos que las muestras correspondientes de
LT..

IV.3. LABOREO DE CONSERVACION Y USO DE HERBICIDAS:
INFLUENCIA DEL GLIFOSATO SOBRE LOS BIOINDICADORES DE
CALIDAD DEL SUELO.

Los resultados presentados en la publicacion “Glyphosate effect on soil
biochemical properties under conservation tillage” del apartado V.4 evidenciaron
que la aplicacion del herbicida en las parcelas de NLy y LRy puede ocasionar un
efecto estimulante sobre algunos de los parametros bioquimicos comunmente
utilizados como indicadores de calidad del suelo. La intensidad y la duracién de este
efecto variaron considerablemente entre el ensayo llevado a cabo en condiciones de
campo Y el ensayo de incubacion. Las figuras 1 y 2 del apartado V.4 muestran los

resultados del ensayo de incubacion, donde es evidente el aumento significativo de
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los valores de CH, CBM, DHA y B-glu en las muestras donde se aplicé el glifosato,
en comparacién con los controles donde no se aplicd (LTy). Los efectos del
herbicida fueron evidentes hasta 57 dias después de la aplicacién. Por el contrario,
las figuras 3 y 4 muestran los resultados obtenidos en el ensayo en condiciones de
campo, donde el efecto de la aplicacion del glifosato en las parcelas NLy y LRy se
limit6 a un incremento del CH en superficie (0-5 cm) y en profundidad (5-10 cm).
Los demés parametros analizados siguieron el mismo patron tanto en las parcelas

NLn Y LRy, como en las parcelas LTy, donde no hubo aplicacién de herbicida.

IV. 4. LABOREO DE CONSERVACION EN UNA PARCELA DE REGADIO.

El ensayo llevado a cabo en la finca “Alameda del Obispo” dio origen a la
publicacion “Effect of permanent bed planting combined with controlled traffic on
soil chemical and biochemical properties in irrigated semi-arid Mediterranean
conditions” (apartado V.5).

La comparacién de dos tipos de laboreo en una finca de regadio puso de
manifiesto que el establecimiento de lomos permanentes (LP), con mayor
acumulacién de residuos en sus surcos, ocasion0 niveles mas altos de COT, N-Kjel
y de actividades enziméticas DHA y B-glu en los surcos (Apartado V.5, Tabla 3),
comparado con las parcelas bajo el tratamiento de lomos tradicional (LT). Por el
contrario, no se observaron diferencias significativas de estos parametros a nivel de
lomos (Apartado V.5, Tabla 3).

Dependiendo del periodo de muestreo las diferencias fueron mas o menos
acusadas, debido a la diferente cantidad y tipologia de los residuos (maiz y algodon).
Por el contrario, el paso de la maquinaria no produjo efectos significativos
(Apartado V.5, Tabla 1). El analisis de componentes principales confirmé que el
COT, el N-Kjel y la B-glu fueron los pardmetros que mejor describieron el estado
del suelo, pudiendo ser considerados como indicadores fiables de calidad bajo estas
condiciones experimentales, circunstancia que no se produjo en el caso del CH, un

indicador muy utilizado en agricultura de secano.
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1V.5. INDICES DE CALIDAD APLICADOS EN FINCAS COMERCIALES.

En todas las fincas evaluadas se determinaron, entre otros parametros, los
contenidos de COT vy la actividad B-glu. Contrariamente a lo observado en los
ensayos en parcelas experimentales, estos indices de calidad mostraron una elevada
variabilidad a lo largo del estudio (Fig. IV.8 y 1V.9). Este resultado refleja la normal
variabilidad presente en el suelo y las diferentes practicas agricolas que se llevan a
cabo en cada finca. En algunos casos, sus concentraciones en parcelas bajo laboreo
tradicional llegaron a igualar, e incluso superar, en superficie, los contenidos
registrados en parcelas bajo laboreo minimo. Analizando estos datos y los informes
redactados por los agricultores, se observa que la percepcion de “laboreo minimo” y
de “laboreo convencional” es muy variable segln el agricultor de que se trate,
siendo imposible distinguir estos dos tratamientos con claridad. EI manejo de los
residuos, efectuado de forma discontinua y segun criterios econémicos mas que
medioambientales, es quizas uno de los factores que mas pueden haber influido en la
falta de respuesta de los indices de calidad de suelo aplicados. Se trata no obstante
de un aspecto que, entre otros factores (como la profundidad de muestreo), debe ser

abordado en futuros estudios.
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Figura 1V.8. Valores medios de carbono organico total obtenidos en 2011 en fincas comerciales bajo laboreo
minimo (Min) y convencional (Conv) y rotacion de cultivos trigo-girasol. (Carmona et al., en preparacion).
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Figura 1V.9. Valores medios de B-glucosidasa obtenidos en 2011 en fincas comerciales bajo laboreo minimo
(Min) y convencional (Conv) y rotacion de cultivos trigo-girasol. (Carmona et al., en preparacion).
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V.. IMPLEMENTATION OF CHISELLING AND MOULDBOARD
PLOUGHING IN SOIL AFTER 8 YEARS OF NO-TILL MANAGEMENT IN
SW, SPAIN: EFFECT ON SOIL QUALITY.

Resumen

Implementacion de una labor de chisel y de vertedera en un suelo después de 8

afos de manejo bajo no-laboreo en el SO de Espafia: Efectos sobre la calidad del

suelo.

Las préacticas de no-laboreo (NL) producen un efecto positivo en la recuperacion
y la mejora de la fertilidad del suelo y disminuyen la erosion. Sin embargo, esas
practicas pueden también causar algunos inconvenientes, como compactacién del
suelo, y problemas en la germinacién de las semillas. En este trabajo se evaltan los
efectos de la implementacion (en octubre 2008) de un laboreo tradicional (vertedera,
LT) y de un laboreo reducido (chisel, LR) sobre la calidad de un suelo calizo (Leptic
Typic Xerorthent) en condiciones de secano despues de 8 afios de manejo bajo NL
en el suroeste de Espana.

Nuestra hipdtesis es que las fracciones de C y las propiedades bioquimicas
pueden ser consideradas como indicadores adecuados de los cambios en la calidad
del suelo. Para evaluar la hip6tesis, se tomaron muestras a tres profundidades (0-5,
5-10 and 10-25 cm), después de las labores y de la siembra de un cultivo de veza
(Vicia sativa, L.) (enero 2009), después de su cosecha (junio 2009) y tras las labores
y siembra de un cultivo de trigo (Triticum aestivum, L.) (enero 2010). Se
determinaron el carbono organico total (COT), las fracciones labiles de carbono
como el carbono activo (POXC) y el carbono hidrosoluble (CH). La bioquimica del
suelo se evalu6 mediante el analisis del carbono y del nitrégeno de la biomasa
microbiana (CBM y NBM) y de las actividades enzimaticas [deshidrogenasa,
(DHA), y B-glucosidasa (B-glu)].

En los primeros 5 cm de suelo, la implementacion del LR no causd ninguna
disminucion en la mayoria de las propiedades del suelo estudiadas, con respecto al
NL. No obstante, la aplicacion del LT redujo un 23% el contenido de COT, un 27%
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el de CH, un 12% el de POXC, un 19% el de CBM, un 44% el de NBM, un 37% el
valor de DHA y un 51% el de B-glu en el suelo superficial (0-5 cm), en relacion con
el NL. Los valores de carbono organico y los parametros microbioldgicos
disminuyeron en todos los muestreos con el aumento de la profundidad,
particularmente en los tratamientos de conservacion (LR y NL).

Bajo nuestras condiciones de secano en areas Mediterraneas, la vertedera no se
puede considerar un sistema de manejo viable, dado que demostrd tener un efecto
negativo a corto plazo sobre las fracciones organicas y la calidad bioquimica del
suelo. La utilizacion de chisel si puede ser considerada como una solucion viable
para los problemas que pudieran derivarse del no-laboreo, aunque todavia son

necesarios estudios posteriores en este sentido.
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Long-term no-till practices (NT) have a positive effect on recovery and improving soil fertility and
decreasing soil erosion. Nevertheless, long term no-till practices may also cause some inconveniences,
such as soil compaction, water infiltration and problems in seed germination. Thus, in the present work
we assess the effects of the implementation (October 2008) of a traditional tillage (mouldboard
ploughing) (TT) and reduced tillage (chiselling) (RT) on soil quality in a dryland calcareous soil (Leptic
Typic Xerorthent) after 8 years of soil no-till management (NT) in SW Spain. The results were compared

Keyw‘.)rdS: . to those found under no-till. We hypothesised that C fractions and biological properties would be
Sustainable agriculture o . . . .
Dryland adequate indicators of soil quality changes. To test the hypothesis soil samples were collected at three

depths (0-5,5-10 and 10-25 cm) and in three sampling periods, after tillage and sowing (January 2009)
after harvesting (June 2009) a vetch crop (Vicia sativa, L) and after tillage and sowing (January 2010) of a
wheat crop (Triticum aestivum, L). Total organic carbon (TOC) and carbon labile fractions (active carbon
(AC) and water soluble carbon (WSC)) were determined. Biological status was evaluated by the analysis
of soil microbial biomass carbon and nitrogen (MBC and MBN) and enzymatic activities [dehydrogenase
activity (DHA), and (3-glucosidase activity (Glu)]. The implementation of chiselling did not cause
depletion in most of the studied soil properties compared to no-till in the first 5 cm of soil. However, the
application of traditional tillage reduced 23% of TOC, 27% of WSC, 12% of AC, 19% of MBC, 44% of MBN, 37%
of DHA and 51% of Glu in the upper layer of the soil (0-5 cm depth) with respect to no-till. Soil organic
carbon and microbial parameter values decreased as depth increased, particularly in conservation tillage
systems (RT and NT) in all sampling periods. Under our conditions, dryland Mediterranean areas, the
mouldboard ploughing is not considered a suitable soil tillage system since it showed an early negative
effect on soil organic fractions and biochemical quality. Although further studies would be necessary, the
use of chiselling could be a solution in case of problems related to no-till.

© 2011 Elsevier B.V. All rights reserved.

Active carbon
Soil microbial biomass
Enzyme activities

1. Introduction ly in tropical and semi-arid agroecosystems (Baudoin et al., 2009).

Conservation tillage has numerous positive effects on soil, such as

The use of land for agricultural purposes is one of the main
causes of soil degradation, and therefore there is a relevant interest
in quantifying the loss of soil quality generated by agricultural
management (Lal et al, 1998). Among different agricultural
practices, conservation agriculture maintains the preservation of
soil structure, productivity and biodiversity through three basic
principles: minimum tillage, cover crops and crop rotation (ECAF,
1999). There is a growing trend worldwide for the adoption of
conservation tillage systems (no-till and reduced tillage), especial-
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improvement of water-holding capacity, and reduction of soil
erosion. Moreover costs are also reduced because of the lower fuel
and labour inputs (Lindwall and Anderson, 1981).

In sustainable agricultural production systems, the mainte-
nance of quantity and quality of soil organic matter is of great
importance, since the recover of organic matter levels is slow and
not easily achieved (Eswaran et al., 1993). The reduction of soil
disturbance decreases mineralization of soil organic matter and it
can result in larger storage of soil organic C (West and Post, 2002;
Al-Kaisi et al., 2005). Several studies have shown the positive effect
of no-till on improving soil physical, chemical and biological
properties (Moreno et al.,, 1997; Cantero-Martinez et al., 2003;
Acosta-Martinez et al., 2007; Melero et al., 2009a,b) compared to
traditional tillage. Furthermore, the improvement of soil structure
allows better soil aeration and water infiltration, and the
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preservation of a surface cover of residue enhances microbial
activity and soil microbial biomass content (Doran et al., 1998).

These improvements in soil quality can also increase soil
microbial diversity, thus protecting crops against pests and
diseases through competition by soil nutrients and water supply
(Brussaard et al., 2007).

However, long term no-till practices can also lead to soil
compaction, which could affect water infiltration and seed
germination. Therefore, the introduction of chisel or mouldboard
ploughing may solve those problems. Nevertheless, the effect of
soil tillage depends on its frequency, depth and soil texture (Six
et al., 2002; Cookson et al., 2008).

In this sense, scarce information have been published about the
effects of the implementation of mouldboard ploughing or
chiselling on the quality of soil managed by no-till practices for
a long time. Even though all physical, chemical, biological and
biochemical properties are involved in soil functioning, biological
and biochemical properties respond more quickly than other soil
properties to changes produced by different soil management
(Visser and Parkinson, 1992; Trasar-Cepeda et al., 2008). Also, the
labile fractions of total organic carbon (TOC), such as active carbon
are more available sources of carbon for soil microorganisms, and
therefore influence nutrient cycles and many biologically related
soil properties. Active organic C includes microbial biomass C
(MBC), particulate organic matter and carbohydrates (Weil et al.,
2003).

In general, the long-term effects of soil management practices
on the size and activity of the microbial biomass have been closely
related to soil organic matter content (Haynes and Beare, 1996),
whereas short-term effects are more complex and also depend on
soil conditions such as soil texture, climate, cropping system and
the kind of crop residue, as well as on the management itself
(Paustian et al., 1997; Al-Kaisi et al., 2005; Muiioz et al., 2007).

The objective of this work was to study the effects of a
mouldboard ploughing and chiselling application on soil proper-
ties of a not tilled field for 8 years. We hypothesised that
mouldboard ploughing and chiselling could affect soil quality. To
test this hypothesis, soil organic C fractions (total organic carbon,
active carbon and water soluble carbon) and biochemical
properties (microbial biomass carbon and microbial biomass
nitrogen and enzymatic activities (3-glucosidase and dehydroge-
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nase) were analysed in order to evaluate the possible damage that
those tillage systems could cause to soil quality.

2. Materials and methods
2.1. Site characteristics and tillage systems

This field experiment was established in 2008 at the “Las
Navas” dryland experimental farm in Jerez de la Frontera (Cadiz,
SW Spain) (36°50'29.92”N, 5°55’11”W) in a clay loam soil
(323 gkg ! sand, 315gkg! silt and 352 gkg ! clay) classified
as a Leptic Typic Xerorthents (Soil Survey and Staff, 2006), with a
carbonate content of 60%, pH of 8 and a organic carbon content of
1.5%. Leptosols (very widespread in the Mediterranean zone) are
soils characterized by shallow depth or high stoniness, and limited
soil volume makes them very vulnerable (Ryan et al., 2006). The
climate of the zone is typically Mediterranean, with mild rainy
winters (599 mm mean rainfall) and very hot and dry summers.
The mean annual daily temperature is around 17.5°C, with the
higher maximum and the lower minimum temperatures regis-
tered of 41°C and —4°C in July and January, respectively.
Temperature and rainfall during experiment are shown in Fig. 1.

This commercial farm has been managed by the Spanish
Association of Conservation Agriculture (AEAC.SV) under no tillage
system over the previous eight years (from autumn 1999 to spring
2008), except in 2006 when a shallow disc harrowing was used in
order to control weed. During this time the following crops were
grown: Wheat (Triticum aestivum L. (in 1999 and 2002); Triticum
durum Desf. (in 2001, 2004, 2006 and 2007) and sunflower
(Helianthus annuus (in 2000, 2003 and 2005).

In October 2008, the experimental site was divided into 9 plots
of 30m x 10 m, with a 2.5m corridor between plots. Three
treatments were established: traditional tillage (TT), reduced
tillage (RT) and no tillage (direct drilling) (NT), identical to the
procedure used during the last 8 years, which was used as control
treatment. The experiment was carried out in a completely
randomised block design with three replicates per treatment.

The TT consisted of mouldboard ploughing (to a 25 cm depth)
without residue, while RT consisted of the reduction of the number
of tillage operations (only chiselling, 10-15 cm depth) and in NT no
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Fig. 1. Mean maximum and minimum temperature and rainfall during experimentation period.
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tillage was used. In both conservation tillage (RT and NT) the soil g = - 33
was covered (>30% surface) with previous crop residues. 5 § § ﬁ § = f 23 % i
The crop rotation of this experiment was a legume-cereal 5 E|diiAd i% E = a & % N
rotation. The soil was fertilized similarly in all treatments. E ISRl Rl Dot pegeg Ba I A R i
T . . . . | ——— ON~NNN>NANT AN
Fertilization in vetch crop consisted of a basal dressing of 70 kg g = Mo~ =
P,0sha™!, whereas in wheat crop was a basal dressing of e
36 kg N ha~!and 92 kg P,05 ha~! and a top dressing of 250 kg ha™! =z s
1 of urea (46%), following the regular practices of the local farmers. = TAITRLT Saa
The seeds density was 125 and 220 kg ha~! and plants density was é FEE Y @ i > E 2 een 139
165 and 300 plants m~2 for vetch and wheat, respectively. In both E s Eluacndadd 308080583
crops, the distance between crop rows was 17 cm and the number E § % R § ) § E E § % E NQESTT
of rows was 36 per plot. v |z|” T
Weeds were controlled in TT by tillage and in RT and NT by the é; % P oo w
application of pre-emergence herbicides at a rate of 2Lha™! = = ey @:i @ soosaaT
glyphosate. 5 o TR cS i RS
2.2. Sampling and soil chemical and biochemical analysis E i‘j 2 ~N =0 =~ % 5 § IREgmm -
=
Soil samples were collected at three depths (0-5, 5-10 and 10- % ﬁﬁﬁﬁﬁﬁ o o
25 cm) and in three sampling periods: after tillage and seeding in = R 55885223
January 2009 and 2010 and after harvesting a vetch crop in June §D E \E% % % j:‘j’ \;i Kok ] i_i ii\mﬁ T,
2009 (Vicia sativa .L.). From e.ach plot three .5011 samp!es were takep g :i,l’ SS-h-g38s8LIsANS6SE
for further analysis. Each soil sample consisted of 9 individual soil g = MN®X®RBE DO
cores. The field-moist soil was sieved (2 mm), homogenized and é
then divided in two subsamples: one was air-dried for various 2 R wew S
chemical analyses; a second subsample was stored at 4 °C in plastic = R e N R R
bags for analysis of microbial biomass and enzymatic activities. S g|ddid e e AY o w
In air-dried subsamples, TOC was analysed by dichromate E ) § g E E 5 % g Egggggg ; § ERNEE
oxidation and titration with ferrous ammonium sulphate (Walkley ) SR T Toeeagae
and Black, 1934). WSC was determined in a (1/10) aqueous extract = §
by shaking at 150revmin~! 1h. The aqueous extract was é % 24
centrifuged at 48,400 x g for 10 min and measured using a TOC z | & f}g = PR S o
V-CSH Shimadzu analyzer (Bastida et al., 2007). Active carbon (AC) 28 g TN N2ARE]R % E @
was determined by oxidation of 5 g of dry weight soil with 2 ml of S lElglonnddddidiiiloTRor
0.2 M KMnO, in 1M CaCl, (pH 7.2) and non-reduced Mn”* was é Elo|RREZaRas8cBhesl ="
colorimetrically determined at 550 nm (Weil et al., 2003). £ 5 <lo -— —-«
In moist-field subsamples MBC and MBN content was deter- w8
mined by the chloroform fumigation-extraction. A Kgc of 0.172 was 5 E __m=a E N
used to calculate MBC (Gregorich et al., 1990) and a Kgy of 0.54 was E 2 P e S P R
used to calculate MBN (Brookes et al., 1985). Dehydrogenase = % Elddd it negqddd oo
P . . . njlntTomun—oc oo o cnonNY R
activity was determined according to Trevors (1984) after soil =5 Nl fannenng®yn ey
incubation with iodonitrotetrazolium chloride (INT) and measure- _§ ks = Qaear
ment of iodonitrotetrazolium formazan (INTF) absorbance at g8
490 nm. [-Glucosidase activity was measured as indicated by = -
Eivazi and Tabatabai (1988). Results were based on the oven-dried 'ﬁg EL NNSoeaosge. . —a=
weight of the soil. ol FHENIACSIBIRES
25| |E|aessnaciiiiiiscrens
2.3. Statistical analysis §c g T ePRAERRET T
EE|z
Statistical analyses were carried out using SPSS 15.0 for _12 3|2 -
Windows and the results were expressed as mean values. The E ElS ;%;25% i3 =)
results were analysed by ANOVA considering the management ; g,l’ ;:';n LTI TS §§§ Qg‘g Rt
systems (TT, RT and NT) as the independent variable. Significant g2 |E|g|lmanconddiddda o ]
statistical differences of all variables between the different CE|E|n|EEREEER8835RTE YT
management systems were established by the Tukey test at ] S|=<le inln
p < 0.05. =
The correlation matrix of different properties was based on % o %
Pearson correlation coefficients (p < 0.01 and p < 0.05). oS |E
c 2 ©
3, Results wfnh CEEEEEEREEREEEEEERE
g¢ _ o~
Values of TOC, WSC and AC were higher, although not always S 'E - T ~ T b
significantly, in NT and RT compared to TT in the 0-5 cm layer in g = § 1 o ® .- o o)
the most of samplings (Table 1). The implementation of TT, ~C E E 0 E 2 E E g
mouldboard ploughing, caused a decrease in all the C fractions in 25 o5 o 2 Y a g 2
soil that represented a reduction in TOC, WSA and AC at 23, 27 and sEsSE |5 = = < = = =
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12%, respectively related to the content in soil under NT at the first
layer (0-5 cm) in the last sampling (Table 1). Similar percentages of
decrease were recorded for the two first samplings. However,
values of TOC, WSC and AC obtained in soils under RT, chiselling,
were similar to those obtained in NT (Table 1).

Results of organic matter content (TOC, AC and WSC) in deeper
layers were very similar between NT and TT treatments and
significant differences between them were not found (Table 1).
Except in the second sampling (June 2009), in which the values of
AC were significantly higher under NT than TT in deeper layers
(5-10 and 10-25 cm).

C and N values of the microbial biomass in the first layer
(0-5 cm) were higher under NT and RT treatments than in TT,
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Fig. 2. Mean values of dehydrogenase activity. Significant differences between
treatments are indicated with different letter (p < 0.05). Vertical bars are standard
errors. NT: no tillage, RT: reduced tillage; TT: traditional tillage.

although significant differences between treatments were only
found in the last sampling (January 2010) (Table 1). Despite the
high decrease observed for the last sampling, values of MBC were
higher in NT and RT than in TT. Also, values of MBN were higher in
conservation tillage than in conventional tillage. As occurred for
organic carbon fractions values of MBC and MBN in deeper layers
were similar and significant differences between treatments were
not found (Table 1).

Values of MBC/TOC ratio were similar for all treatments and
samplings at the different depths studied. Values of the DHA and
Glu are presented in Figs. 2 and 3, respectively. For both activities,
and especially at 0-5 cm, values were significantly higher under NT
than under TT. Accordingly, with the decrease observed in the third
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Fig. 3. Mean values of Glucosidase activity. Significant differences between
treatments are indicated with different letter (p < 0.05). Vertical bars are standard
errors. NT: no tillage, RT: reduced tillage; TT: traditional tillage.
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Table 2
Correlation coefficients between the different soil chemical and biological
properties.

WSC AC MBC MBN DHA GLU
TOC 0.398" 0.495" 0.270" 0.327" 0.427" 0.708"
WSC 0.091 0.616" 0.354" 0.408™ 0.513"
AC —0.111 0.037 0.071 0419”7
MBC 0.686" 0.595" 0.315"
MBN 0475~ 0.342"
DHA 0.446"

n=243. TOC: total organic carbon; WSC: water soluble carbon; AC: active carbon;
MBC: microbial biomass carbon. MBN: microbial biomass nitrogen; DHA:
dehydrogenase activity; Glu: glucosidase activity.

*Correlation is significant at the 0.05 level.

™ Correlation is significant at the 0.01 level.

sampling for MBC values, a decrease of DHA values was recorded in
the same sampling. As for the other parameters analysed, values of
enzyme activities decreased with depth.

Bivariate correlations indicated that TOC showed a high
positive correlation with WSC, AC, microbial biomass carbon
and nitrogen and enzymatic activities (Table 2). Microbial biomass
was also found to be significantly and positively correlated with
WSC and enzymatic activities (DHA and Glu) and they were
correlated among each other. However, there was not any
correlation among AC and microbial biomass and WSC, which
are components of AC fraction.

4. Discussion

The maintenance and increase of quality and quantity of soil
organic matter is relevant in sustainable agriculture (Eswaran
et al,, 1993). Several years are necessary to have noticeable C
storage under conservation management. However conservation
tillage and especially no-tillage could lead, after long times of
implementation to some inconveniences, such as soil compaction,
water infiltration and problems in seed germination. When this
occurs, the farmer is faced with the dilemma of whether to plough
to restructure the soil (risking organic matter losses and killing soil
fauna) or to persist with the no tillage and suffer yield losses. This
situation has promoted many farmers in SW Spain to apply a
occasional tillage (mouldboard ploughing or chiselling) to prevent
those problems. Little information is available about the effects of
these tillage practices on the quality of soil especially when they
are vulnerable to erosion.

In general, our results are in agreement with our hypothesis
showing chiselling maintained the levels of soil organic carbon
accumulated during 8 years of no-till management. In contrast, the
implementing of mouldboard ploughing management in plots
under eight years of no tillage had an immediate negative effect on
soil organic carbon fraction contents and biomass and microbial
activity, especially in the first 5 cm of soil depth. These results are
in line with those obtained by other authors (De la Horra et al.,
2003; Muiioz et al., 2007; Madejon et al., 2007; Moreno et al., 1997;
Qin et al., 2010).

The highest accumulation of crop residues on the soil surface
and no soil disturbance under no-till residue-soil contact reduces
the decomposition of structural plant constituents by microorgan-
ism. However, ploughing modifies the soil structure by decreasing
soil bulk density and increasing aeration, the soil water content
which is evaporate and the accessibility of crop residues for soil
microbes, enhances soil organic matter mineralization (Doran and
Smith, 1987; Prosser, 2002; Roldan et al., 2005; Czyz and Dexter,
2008). Indeed, Sarathchandra et al. (1989) reported that minerali-
zation of organic matter is affected by macroclimate, the water
content of soil, soil temperature regimes, input of C through roots

and crop residues. Besides, the increase of carbon storage in no-till
soils may be related to better stabilisation and formation of
macroaggregates under conservation tillage, which offer protec-
tion of soil organic matter from its degradation (Paustian et al.,
2000; Six et al., 2002).

Several authors have reported higher microbial biomass
contents and enzymatic activities under soil conservation tillage
management than under traditional tillage management (Doran
1980; Eivazi et al, 2003; Madejon et al., 2007; Melero et al.,
2009a,b; Qin et al., 2010). These results may be also related to high
input of C sources through crop residues left on the surface, which
stimulate the growth and activity of soil microorganisms
(Steenwerth and Belina, 2008). Besides, those results could also
be related to the protection and stabilisation of organic matter by
soil microbial biomass and enzymatic activities (Pascual et al.,
1997). Indeed, our results indicated that soil microbial biomass and
enzymatic activities are closely correlated (p < 0.01) to organic
carbon fractions. Similar correlations were obtained by other
authors (Beyer et al., 1993; Eivazi et al., 2003). Soil conservation
management improved the organic matter status of soils, which
was in turn reflected in the higher enzymatic activity, especially
those related to the transformation of organic matter, such as 3-
glucosidase (De la Horra et al., 2003).

Also, differences in enzymatic activity values between tilled
and no-till soils may be due to changes in the populations of
aerobic and facultative anaerobic microorganisms. Thus, no-till
soils tend to have biochemical environments less oxidative than
tilled soils (Eivazi et al., 2003).

Several authors (Schloter et al., 2003; Feng et al., 2003) reported
that seasonal changes affected soil microbial communities in
agroecosystems. Schloter et al. (2003) found that in summer
microbial communities are reduced due to the low water content
and the high temperature in the topsoil. However, in our studies
we have found higher Glu activity and microbial biomass content
in early summer. In this case soil temperature was not very high
and the moisture content was adequate. Also, due to root exudates
and root and crop residues left in the soil after harvesting a
leguminous crop improve the microbiological status of the soil
(Feng et al., 2003). In fact, although MBC/TOC ratios did not vary
between tillage systems, a great increase in MBC/TOC values in
conservation tilled soils (RT and NT) was observed after harvesting,
especially at 0-5 cm depth. These results may be explained by the
fact that no- and reduce-tilled soils have more input of labile
organic substrates after harvesting, which allows a higher MBC per
unit of soil C compared to tilled soils. MBC/TOC is an indicator of C
availability by microorganisms and of input and losses of organic
matter, conversion efficiency to microbial biomass (Sparling,
1992).

A decrease in MBC/TOC ratio, MBC and DHA contents and MBC/
MBN ratio (data not shown) was observed in January 2010 in
comparison with January 2009. Rainfall previous to January 2010
was higher than that previous to January 2009 (Fig. 1). These
results could be related to several events, such as differences in soil
moisture conditions and changes in the composition of the
biomass with less efficiency in immobilization of C as could be
indicated by the low MBC/TOC ratio and DHA activity.

The maintenance of a surface cover of residue and soil no-till
management, in both conservation practices, produced a stratifi-
cation of organic carbon and microbial biomass content and
enzymatic activities, among the upper and deeper layers of the soil
(Doran, 1980; Dalal et al., 1991; Madejon et al., 2007). Such results
lead to an improvement in soil quality, particularly in the upper
layer, which is of great importance in soil function, since the
surface layer is fundamental as it is involved in gas interchange and
in water, nutrients, organic matter and biocide distribution in the
soil (Mrabet, 2002; Franzluebbers, 2004). Franzluebbers (2002)
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points out the importance of TOC stratification ratio (TOC upper
layer/TOC deeper layer) as a suitable indicator of soil quality. This
author reported that degraded soils never have a ratio >2. Our
results show a ratio (TOC 0-5/TOC 10-25) around 1.7 to
conservation tillage (RT and NT) in comparison to 1.5 to TT after
harvesting in 2010.

5. Conclusion

Implementation of mouldboard ploughing in plots after 8 years
under no-till had a negative outcome on organic carbon fractions
and on enzymatic activities related to its turnover, especially in
upper layer (0-5 cm depth), in which the benefits accumulated
over several year from soil no-till management. Our results
showed that in the short-term, traditional tillage produces losses
in organic matter and diminishes soil biochemical quality.
Therefore, occasional tillage would not be recommended, espe-
cially in these types of vulnerable soils (Leptosols). No-till is the
most appropriate system in our conditions in order to improve soil
quality and avoid erosion risks. If problems with soil compaction
appear in the longer term, chiselling might be a suitable soil tillage
practice without a direct negative effect on soil quality.
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V.2. MOLDBOARD PLOWING EFFECTS ON SOIL AGGREGATION AND
SOIL ORGANIC MATTER QUALITY ASSESSED BY *C CPMAS NMR
AND BIOCHEMICAL ANALYSES.

Resumen

Efectos del arado de vertedera sobre los agreqgados del suelo y la calidad de la

materia orgénica evaluados mediante **C CPMAS RMN vy anélisis bioguimicos.

Se evalué el efecto de dos practicas de laboreo (arado de vertedera, LT, y arado
chisel, LR) sobre el estado de los agregados del suelo de una finca que venia siendo
cultivada bajo la modalidad de no-laboreo (NL). El experimento se llevo a cabo en
la finca de secano “Las Navas” cuyo suelo se clasifica como Leptic Typic
Xerorthent, situada en Jerez de la Frontera (Cadiz, SO Espafia). Se analizaron varias
fracciones de carbono orgéanico como el carbono organico total (COT), el carbono
hidrosoluble (CH), el carbono activo ( carbono oxidable con permanganato POxC) y
el carbono de la biomasa microbiana (CBM), y dos actividades enzimaticas
relacionadas con el metabolismo oxidativo de la materia organica del suelo (MO):
deshidrogenasa (DHA) y B-Glucosidasa (B-glu). Se utilizd la espectrometria de
Resonancia Magnética Nuclear de **C en estado sélido por Polarizacién Cruzada
bajo Rotacién al Angulo de Giro Magico (*C CPMAS NMR) para caracterizar la
composicion de la MO y su estado de degradacion. Después de solo 2 afos de la
implementacién de las dos nuevas practicas de laboreo, los andlisis de la
distribucion de agregados en el suelo superficial (0-10 cm) mostraron que, a corto
plazo, LT favorecid la ruptura de los agregados. Los menores contenidos en COT,
POxC y CBM de las parcelas bajo LT, con respecto a las parcelas NL y LR,
pusieron de manifestd un empeoramiento aparente de la calidad del suelo en esas
parcelas. Ademas, los valores de B-glu fueron mas bajos en las muestras de LT. Los
analisis de *C CPMAS NMR mostraron que la MO de las fracciones bajo LT
presentaron una razén alquil-C/O-alquil-C maés elevada que en las correspondientes
fracciones bajo NL y LR. Una sefial tipicamente asignada a residuos de lignina se
encontrd en los espectros de las fracciones de mayor tamafio de NL, pero no en las
fracciones de LT y LR.

85



V — Publicaciones cientificas

A corto plazo, las muestras bajo LR no mostraron la misma tendencia a la
pérdida de calidad como la observada en el caso de LT. Por esa razon, la labor de
chisel parece ser una opcion viable en el caso de que los problemas originados a
largo plazo por el NL requiriesen labores esporadicas.
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The impact on soil aggregates status of two tillage practices (moldboard plowing, TT, and chisel plow-
ing, RT) applied to a farm previously cultivated under no-tillage (NT) was studied. The experiment was
carried out on a Leptic Typic Xerorthent soil at the “Las Navas” dryland experimental farm located in
Jerez de la Frontera (Cadiz, SW Spain). Several organic C pools such as total organic carbon (TOC), water
soluble carbon (WSC), permanganate oxidizable carbon (POxC), and microbial biomass carbon (MBC)

IT(_eljl’W"rds" were analyzed, together with two enzymatic activities related to soil organic matter (SOM) oxidiza-
Cl():iivmon agriculture tion metabolism: dehydrogenase activity (DH) and B-glucosidase activity (3-Glu). 1*C cross polarization
Dryland magic angle spinning nuclear magnetic resonance ('3C CPMAS NMR) spectroscopy was used to charac-

terize the composition of the SOM and its degradation status. Two years after the implementation of the
new management practices, analysis of the aggregate distribution of the topsoil (0-10 cm) showed that,
even after a short term, TT enhanced aggregate disruption. The apparent reduction in soil quality of TT
plots was evident from the lower contents of total organic carbon (TOC), permanganate oxidizable carbon
(POxC) and microbial biomass carbon (MBC) if compared with RT and NT. Moreover, TT soil showed also
a lower B-glucosidase activity. As confirmed by '*C CPMAS NMR, the SOM of the TT fractions revealed
higher alkyl C to O-alkyl ratios than their RT and NT counterparts. Also signals commonly referred to
lignin structures were absent in the spectra of the TT fractions, but were still present in those of the
larger fractions of the NT treatment.

After a short term evaluation, RT samples did not show the same declining trend as observed for the TT
treatment. For this reason, chisel plowing seems to offer a viable occasional management option when
required during long-term NT.

Microbial activities
Organic matter quality
Mediterranean soil
Organic carbon storage

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of human civilization has been widely
dependent on agricultural innovation. Nowadays, the principal
goals for agricultural researches are enhancing crop yields, improv-
ing soil quality, and reducing the emission of greenhouse gases.
These three aspects are strongly influenced by soil management
practices that can alter soil quality and structure.

Moreover, some of the most important parameters in determin-
ing soil structure are the micro/macro-aggregates abundance and
turnover. Soil aggregation is controlled by different factors such as
soil organic matter (SOM), biota, ionic bridging, clay and silt con-
tent, and the presence of carbonate and gypsum (Bronick and Lal,
2005; Plaza-Bonilla et al., 2010), which join together soil particles

* Corresponding author. Tel.: +34 954624711; fax: +34 954624711.
E-mail address: marco.panettieri@csic.es (M. Panettieri).

0167-8809/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agee.2013.05.025

of different size (Amézketa, 1999). The macroaggregate formation
is impeded by frequent and deep tillage operations that disrupt
aggregates and could cause compaction of lower layers of soil (Six
et al., 1999; Alvaro-Fuentes et al., 2009). Furthermore, frequent
tillage operations are commonly associated with either the physical
removal, burial or in some situations burning of crop residues which
greatly limit the accumulation of fresh SOM which during early
stages represents one of the main factors responsible for aggregate
formation (Jastrow, 1996).

In order to prevent soil erosion and carbon loss, the widespread
global trend is to avoid deep plowing practices and types of tillage
that include a high number of operations combined with soil inver-
sion such as in traditional tillage (TT). Instead, the use of different
degrees of conservation tillage (CT) is preferable which do not
involve moldboard plowing and consequently leave a high residue
amount after harvesting (at least 30% of soil surface covered by crop
residues) as described by Gajri et al. (2002).

Many studies have demonstrated an improvement of soil
surface quality in fields managed with CT if compared with
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corresponding TT fields, microbial activity and diversity were
enhanced and SOM quantity was augmented (Franzluebbers, 2002;
Madejon et al., 2007).

Moreover, CT can improve subsoil structure, due to the higher
SOM content left at surface and the minor number of tillage oper-
ation required, although it can also produce topsoil compacting
in other cases, due to the higher aggregation strength (Hamza
and Anderson, 2005). Previous studies demonstrated that the suc-
cess of CT depends on spatial and weather conditions (Lal et al.,
1989; Moreno et al.,, 1997). In rainfed semi-arid Mediterranean
conditions, it is definitely a recommended option. Those soils are
characterized by very low organic matter content and a high risk of
erosion, therefore the implementation of some kind of CT helps to
maintain and to improve soil quality and, consequently, crop yields
(Lépez-Garrido et al., 2011).

The parameters that can assess the benefits produced by CT
implementation may vary depending on soil characteristics, cli-
mate, crop type and time of establishment. Some works have
reported that microbial activities and parameters related to soil
microbiology are early response indicators assessing soil changes
(Nannipieri, 1994; Melero et al., 2008), whereas total organic car-
bon (TOC) takes more time to show significant augmentations or
decreases (Roldan et al., 2005). In order to elucidate the latter as
a mean to characterize soil status, the determination of perman-
ganate oxidizable carbon (POxC) was proposed as an easy and fast
method (Weil et al.,2003; Culmanetal.,2012). The respective stud-
ies demonstrated high correlation levels between POxC content and
the amounts of several organic C pools.

To go deeper into a structural characterization of SOM and to
interpret changes that are induced by the different management
practices, several authors have applied 13C cross polarization magic
angle spinning (CPMAS) nuclear magnetic resonance (NMR) spec-
troscopy (Knicker, 2011; Berns et al., 2008). This powerful tool has
a very high number of applications in almost all scientific research
areas. The fact that most of SOM compounds are poorly soluble
turns solid state NMR spectroscopy into a suitable option for their in
depth characterization. However, the high heterogeneity and com-
plexity of SOM leads to broad resonance lines with overlapping
peaks. Thus, rather than the identification of single compounds,
the main aim of 13C CPMAS NMR spectroscopy in soil science is
to obtain information about the relative contribution of different
C-groups to the total SOM of the sample.

In addition, paramagnetic substances present in soil, especially
iron oxides, can lead to signal suppression during a NMR exper-
iment, in particular, if the C/Fe ratio is below 1 (Arshad et al.,
1988). Several studies (Gongalves et al., 2003; Berns and Conte,
2011; Knicker, 2011) were carried out to test and improve qual-
ity and quantity of data obtained from a single spectrum. Most of
these studies confirmed that if correct acquisition parameters are
used and the content of paramagnetics is low, quantitative reli-
able CPMAS NMR spectra can be obtained (Knicker, 2011). Most
agricultural soils contain no or only few graphenic compounds, but
high content of paramagnetics can still be a problem that can be
circumvented by demineralization. One approach represents the
demineralization with hydrofluoric acid (10%) (Gongalves et al.,
2003), which was shown to efficiently remove Fe oxides and, at the
same time, increase the organic matter concentration by dissolv-
ing parts of the mineral phase. Unfortunately, this can lead to a C
loss due to removal of dissolved organic matter originally adsorbed
to the mineral phase. Whereas for most topsoils the latter can be
neglected, it can be a major concern in subsoil. On the other hand,
recent studies applying variable contact time measurements indi-
cated that this loss is not selective (Knicker, 2011). However, such
experiments are fairly time consuming and are not feasible for a
routine application. Testing if the C/N ratio before and after the HF-
treatment remains comparable is more practical (Schmidt et al.,

1997). For most published studies, this approach confirmed the
reliability of the demineralization approach.

The largest amount of scientific papers produced on compar-
isons between CT and TT regards samples collected as bulk soil. Only
a few papers discuss the effects on soil aggregates and even less
investigate the relationship between SOM and microbial activities
in soil aggregate fractions separated by size.

Therefore, the aim of the present work is the analysis of a wide
set of data obtained from a short term experiment on a highly erodi-
ble farm soil, which was previously cultivated under no tillage (8
years) on which both a type of conservation tillage (chisel) and a
highly aggressive moldboard plowing tillage were implemented.

Using only one soil type eliminates a further varying parameter.
However extrapolating our data to other soil types may be diffi-
cult and speculative, since variation in soil type implies variation
in texture, in water holding capacity, etc. all parameters that can
contribute to the sequestration of soil organic matter (Sollins et al.,
1996). Furthermore, the different tillages compared in this study
represent a typical example of practices commonly used. Neverthe-
less, the alternation of NT with sporadic tillage is normally used to
prevent weeds proliferation or topsoil compaction in the Mediter-
ranean area. Even if moldboard plowing has been identified as being
responsible for important negative effects on soil quality, it is still
used in many farms. Data from the European Conservation Agricul-
ture Federation (ECAF) reported that in 2008 only 13.1% of arable
lands in Spain were under conservation agriculture, whereas the
other European countries rarely exceed 20%.

Our hypothesis was that, even over the short term, TT would
provoke an extensive negative effect in the quantity and qual-
ity of SOM, especially if it is applied to highly vulnerable soils as
the one under evaluation. However, other types of less aggressive
tillage, such as reduced tillage (RT), could probably be suggested
as a solution, if used sporadically, to solve problems derived from
a continuous use of no-tillage practice. To test this, we analyzed a
wide set of datarelated to the quality of the soil, combining the anal-
yses of parameters that have a fast response to soil management
(water soluble carbon, permanganate oxidizable carbon, microbial
biomass carbon, dehydrogenase and [(3-glucosidase activities) with
parameters that have longer response times (TOC). Finally, SOM
composition in the aggregate size fractions, as well as its degrada-
tion status were revealed by CPMAS 13C NMR spectroscopy.

Note that, for this work, aggregate fractions were separated
depending on their sizes, and not depending on their densities.

2. Materials and methods
2.1. Experimental area and sample description

The experiment was carried out at the “Las Navas” dryland
experimental farm, located in Jerez de la Frontera (Cadiz, SW
Spain) (36° 50’ 29.92” N, 5° 55’ 11”7 W). The soil is a clay loam
(333gkg! sand, 315gkg™! silt and 352 ¢gkg™! clay) with a high
carbonate content (up to 60%), a pH (H,0)=8 and an organic car-
bon content, at the beginning of the experiment, of 15gkg~!. Its
classification, agreeing with Soil Survey Staff (1999), is Leptic Typic
Xerorthent.

The climate conditions of this area are typically Mediterranean,
with mild, but rainy winters (599 mm mean rainfall) and very hot,
dry summers. During the last 10 years, the mean daily temperature
was approximately 17.6 °C. The highest temperature was registered
in July (41°C) and lowest in January (—4°C).

2.2. Tillage operations

The farm has been managed by Spanish Association of Conser-
vation Agriculture (AEAC.SV) under no-tillage (direct drilling) since
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fall 1999. In 2006 a shallow (less than 5 cm deep) disk harrowing
was used in the whole farm in order to control excess weed growth.
The crop rotation used here included wheat (Triticum aestivum L. in
1999 and 2002; Triticum durum Desf. in 2001, 2004, 2006 and 2007)
and sunflower (Helianthus annuus L. in 2000, 2003 and 2005), which
is typical in this region.

In October 2008, a part of the farm was divided into 9 plots of
ca. 300 m? each with a completely randomized block design and a
corridor of 2.5 m between plots. Vetch (Vicia sativa L.) and wheat
(T. durum Desf.) were rotated on an annual basis. The last crop that
was cultivated before sampling was wheat, sown in December 2009
and harvested in July 2010. Three of the plots were always culti-
vated following the original no-tillage management (NT), in the
other plots two different tillages were implemented for the first
year of this experiment. The first was a type of reduced tillage (RT)
and the other was traditional tillage (TT), consisting of deep soil
management with a moldboard plough (25 cm depth) followed by a
single pass of disk harrowing at surface before seeding. After wheat
harvesting on the TT plots in summer 2008 and 2010, the crop
residues were removed for commercial use, while the less valu-
able vetch residues after the 2009 campaign were buried. Within
the RT plots, a sensible reduction of the number and depth of oper-
ations (only chiseling, 10-15 cm depth) was performed and high
amounts of crop residues were left on the soil surface (>30% of sur-
face covered). The NT plot surface was also covered by previous
crop residues and no tillage operations were performed. After the
first year, large erosion damages appeared in the TT plots and in
2009 both RT and TT plots were thus plowed using a single pass of
a cultivator at 10-15 cm depth, avoiding completely the moldboard
plowing. Further information is available in Melero et al. (2011).

In NT and RT the pre-emergence herbicide Glyphosate (2Lha~1)
was applied as weed control. For the TT plots the topsoil/subsoil
inversion produced by the tillage operation was sufficient to avoid
weeds proliferation.

2.3. Sampling

The sampling comprised the surface soil (0-10 cm) and was per-
formed in October 2010, after wheat harvest (July 2010) and before
subsequent tillage operations.

About 1.5 kg composite soil samples were obtained from five
predefined spots on each plot. Samples derived from plots with the
same treatment are considered as replicates.

Aggregate fractionation by dry-sieving was performed as
reported by Schutter and Dick (2002). After gentle manual disrup-
tion of larger soil clods, the samples were placed between brown
papers and dried at 4°C for several days.

This procedure has a lower impact on the microbial com-
munity’s physical habitat than wet-sieving, which completely
saturates soil pores, and therefore represents the more appropriate
option for assessing the influence of the habitat on soil microorgan-
ism studies.

In brief, 1 kg of the dried soil was sieved using several steel sieves
mounted on a CISA® Sieve Shaker (model Rp.09) and shaken for
8 min at 250 oscillations min—'. Larger soil clods and stones belong-
ing to the >5mm fraction were discarded. Five aggregate-size
fractions were obtained, 2-5 mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm
and <0.25 mm. Note that all the fractions except the <0.25 mm one
fall into the sand-sized particles fraction and that no textural frac-
tionation was carried out. Three replicates for each fraction and
treatment were obtained for a total number of 45 samples.

After soil fractionation, each fraction sample was divided into
two subsamples and one half was stored at 4°C for further use
for microbial biomass carbon analyses (MBC), 3-glucosidase (3-
Glu) and dehydrogenase (DH) activities. The other half was air
dried and subjected to further characterization of SOM through the

determination of the amount of TOC, WSC, POxC, as well as NMR
spectroscopic analysis.

The sand correction factor, used for other types of fractionation
processes (Elliott et al., 1991), has not been applied to the obtained
results, since no textural differences were found between treat-
ments.

2.4. Chemical analyses

In air-dried subsamples, TOC was measured by dichromate oxi-
dation and titration with ferrous ammonium sulphate (Walkley and
Black, 1934) and its water soluble carbon (WSC) was determined
in a (1/10) aqueous extract by horizontally shaking at 150 rpm for
1 h. The aqueous extract was centrifuged using a fixed angle rotor
in 40 mL tubes at 15,000 rpm for 10 min and measured using a TOC
V-CSH Shimadzu analyzer.

The content of POxC was determined by oxidation of 5 g of dry
weight soil with 2mL of 0.2M KMnO4 in 1M CaCl, (pH 7.2) and
18 mL of distilled water. After 2 min of shaking, the solution was
allowed to settle for 10 min and subsequently diluted (1:100, v:v)
with distilled water. Non-reduced Mn’* was colorimetrically deter-
mined at 550 nm (Weil et al., 2003) with a Perkin Elmer EZ210
spectrophotometer.

2.5. Enzymatic activities

In moist-field subsamples, microbial biomass carbon (MBC)
content was assessed by the chloroform fumigation—extraction
method modified by Gregorich et al. (1990). Concentration of C
in the extract was measured by a TOC-VE Shimadzu analyzer. An
extraction efficiency coefficient of 0.38 was used to convert the
difference in soluble C between the fumigated and the unfumi-
gated soil to MBC (Vance et al.,, 1987). Dehydrogenase activity
was determined according to Trevors (1984) after soil incuba-
tion with iodonitrotetrazolium chloride (INT) and measurement of
iodonitrotetrazolium formazan (INTF) absorbance at 490 nm with
a Perkin Elmer EZ210 spectrophotometer. 3-Glucosidase activity
was yielded as indicated by Eivazi and Tabatabai (1988). Results for
enzymatic and microbial parameters were based on the oven-dried
weight of the soil.

2.6. 13C nuclear magnetic resonance spectroscopy

Prior to NMR analysis, the soils were demineralized to increase
their sensitivity by removing the mineral phase and their paramag-
netics. Therefore, of each sample, three dried replicates were mixed
to obtain a composite sample, of which 10g were finely ground,
put into lockable polyethylene centrifugation vessels (250 mL)
and treated four times with 40 ml HCl (10%) to eliminate most
of the calcium carbonate content and to avoid the formation of
insoluble calcium fluoride during the subsequent demineraliza-
tion process. After centrifugation and discarding the supernatant
of the last HCl treatment, 40 mL 10% (v:v) HF solution was added.
The mixture was shaken in the closed vessels for 2 h, and subse-
quently centrifuged (10 min 3000 rpm using a fixed angle rotor).
The supernatant was removed and discarded very carefully, avoid-
ing any spills or skin contact, which can cause great harm to the
operator. After repeating the procedure four times, the sample
was washed with distilled water until the pH was higher than
5.

The HF-treated samples were analyzed with a Varian INOVA™
NMR unity operating at 7.05T (300MHz on 'H) and a 13C
resonance frequency of 75.4MHz. A wide bore broadband two-
channel Apex probe was used. Samples were placed in 6 mm MAS
zirconia rotors with custom made boron nitride bottom and top
spacers and Vespel® drive tips. The boron nitride spacers restricted
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Table 1
Assignments of the peaks in the solid state '3C NMR spectra to typical C groups in
geochemical samples (referenced to tetramethylsilane =0 ppm).

Chemical shift Assignments

range (ppm)

220-160 Carboxyl; carbonyl; amide carbons

160-110 Aryl COR or CNR groups; aryl C—H carbons; guaiacyl
Cy, C in lignin; olefinic carbons

110-60 Anomeric carbon of carbohydrates; Cg of
carbohydrates sugars; carbohydrate-derived
structures (C2-Cs ) in hexoses; Cy, Cg of syringyl units
of lignin; C, of some amino acids; higher alcohols

60-45 Methoxyl groups; C, of most amino acids, N-alkyl C

45-0 Methylene groups in aliphatic rings and chains;
terminal methyl groups

the samples to the homogeneous region of the coil (Berns and
Conte, 2011). The spectra were obtained with the cross polariza-
tion technique using a ramped 'H-pulse during a Hartmann-Hahn
contact time of 1.5 ms. The rotor spin rate was set to 8000 +1Hz
and spectra were collected by using 2k data points over an acquisi-
tion time of 20 ms and a recycle delay of 2s. About 20k scans were
accumulated.

The reproducibility of solid-state NMR spectra of soil material
depends largely on the obtained signal-to-noise ratio. Baldock and
Smernik (2002) estimated that, for spectra of a good quality, a 2%
limit of significance between the same resonance ranges of two dif-
ferent samples should be taken into account. Diekow et al. (2005)
calculated different limits of significance for each spectral region:
differences above 8.3% in the concentration of carbonyl C, 5.0% in
aromatic C, 2.2% in O-alkyl C and 4.9% in alkyl C were considered
as significant for their study. Other NMR studies on Brazilian soils
demonstrated absolute deviations between 1 and 25% for the dif-
ferent chemical shift regions of spectra of samples derived from
different sites with the same soil type and comparable soil man-
agement (Knicker et al., 2012). Therefore, in order to account for
possible variations of the organic matter composition throughout
the field, the NMR measurements were performed on composite
samples.

Spectra elaboration was conducted by MestReNova version
7 (Mestrelab Research, Santiago de Compostela, Spain). All the
FIDs were transformed by applying a zero filling and an expo-
nential filter function with a line broadening between 50 and
80Hz according to the sample under analysis. The baseline
correction was done with a multipoint baseline correction. Quan-
tification was performed by dividing the spectra into 5 different
chemical shift regions which are assigned to typical C groups
(Table 1).

2.7. Statistic

Statistical analyses were carried out using PASW Statistic 17.0
and results were expressed as mean values. Data were analyzed by
one-way ANOVA each fraction was separated and tillage systems
(TT vs. RT vs. NT) were considered as the independent variables.

Parameters significant differences between treatments were
established by Tukey test at p <0.05.

Matrix correlation between different properties was based on
Pearson correlation coefficients (p <0.01 and p < 0.05).

3. Results and discussion
3.1. Aggregate size distribution
Aggregate distribution may suffer small variations due to

antecedent moisture content of the samples (Le Bissonnais, 1996;
Vermang et al., 2009). In this experiment, samples were collected
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Fig. 1. Aggregate size distribution of sieved topsoils <5mm from a Leptic Typic
Xerorthent soil (dryland experimental farm in Jerez de la Frontera, Cadiz, SW
Spain). Significant differences between treatments are indicated with different let-
ter (p<0.05). Vertical bars are standard errors. NT, no tillage; RT, reduced tillage; TT,
traditional tillage.

after summer and after a long dry period. Since precipitation was
sporadic, the water content of the soil was low. Under these condi-
tions, aggregation induced by water is greatly reduced.

The aggregate distribution in the soils under different manage-
ment shows some significant differences: a higher content of the
2-5mm-fraction is found in NT and RT, and a significantly higher
content of the fraction with the size 0.5-1 mm is found in TT (Fig. 1).
The 2-5 mm fraction should be considered as the “large macroag-
gregates” fraction; it is the most important one to evaluate the
effect of management practices on soil aggregation, because its for-
mation is widely impeded by deep tillage (Jiao et al., 2006). This
result agrees with other studies (Six et al., 1999; Jiao et al., 2006;
Plaza-Bonilla et al., 2010) that reported that NT and RT generated
higher amounts of larger size aggregate fractions (2-5mm frac-
tion in our case). This suggested that NT and RT are more efficient
in preserving soil aggregate structure than the TT management.
Our data support the report of Six et al. (1999) who related soil
macroaggregate formation and SOM stabilization with tillage oper-
ations. According to their suggestions, shallow depth tillage results
in slower aggregate turnover and promotes SOM protection within
larger size aggregates, in which microaggregates occlude pores
present in macroaggregates.

On the other hand, the size of the aggregates is affected by the
content of SOM and biological activity (Tisdall and Oades, 1982;
Martens et al., 2004) thus, the higher input of crop residues by
the NT and RT managements also supports the formation of larger
size aggregates. Once macroaggregates are formed, they promote
plantlet germination and protect easily erodible soils by impeding
the dragging due to wind and water. Those aspects contribute to
enhance soil quality and crops yields especially in soil with low
organic matter content.

3.2. Total organic carbon

Total Organic Carbon is probably the most used parameter
to assess soil quality. Its quantity provides information on the
degradation status of soil since soils under forest stands are com-
monly characterized by higher TOC content if compared with highly
exploited agricultural soils.

Previous data obtained for bulk soil (<2 mm) collected in the
same area reported TOC contents of 19.3, 20.6, and 149 gkg~! for
NT, RT and TT respectively at 0-5cm depths and 17.5, 16.9, and
15.1gkg™! for the same treatments at 5-10cm depths (Melero
etal., 2011).
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Fig. 2. Mean values of total organic carbon, TOC (a), water soluble carbon, WSC (b)
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bars are standard errors. NT, no tillage; RT, reduced tillage; TT, traditional tillage.

As expected, the TOC values obtained for the fractionated soil
and multiplied for relative contribution of each fraction were close
to the TOC values obtained for bulk soil samples by Melero et al.
(2011).

All fractions of the soils under NT and RT showed significantly
higher TOC contents if compared to TT, except for NT 2-5 mm and
1-2 mm fractions (Fig. 2a). This is clear evidence that there is a
loss of organic matter in the top 10 cm due to the invasive tillage
procedures combined with the removal or burial of crop residues.

Whereas the TOC contents of all TT fractions are in the same
range, the TOC contents of the fractions of RT and NT increased with

decreasing size, although the contribution of the fine fraction to
the SOM of the soil <5 mm is lower than 11% (Fig. 2a). These results
support the findings of Melero et al. (2011), who, for the same plots,
reported a significant TOC loss for TT plots in bulk soil (<2 mm),
especially at the surface (0-5cm). For the bulk soil at a 0-10cm
depth, the carbon loss in TT plots, taking NT ones as a reference, was
approximately 5Mgha~!, whereas RT plots maintained the same
level as NT. This trend is even more evident with aggregate size
fractionation in our soil (0-10 cm).

Conservation tillage can surely promote carbon sequestration,
because crop residues represent additional sources to refill the
SOM pool. Concomitantly, the reduced reworking of the soil avoids
enhanced carbon mineralization and CO, emissions. As a con-
sequence, higher TOC values should be expected in plots under
conservation agriculture especially in surface layers. This data was
also confirmed for aggregate size fractionated soil (Jiao et al., 2006;
Plaza-Bonilla et al., 2010).

3.3. Water soluble carbon

The water soluble carbon fraction is formed by very labile
compounds such as carbohydrates and proteins derived from the
decomposition of crop residues (Van Ginkel et al., 1994). Most of it
represents an easily available source for microbial growth.

In our samples, the carbon concentrations of this pool of all soils
were comparable (Fig. 2b), although it showed a high variability for
small fractions. Comparing our data to those obtained by Melero
et al. (2011) for bulk soil samples, the latter found higher values
of WSC for conservation tillages in the same area, immediately
after harvesting, where lower values were found when sampling in
winter. Significant differences between treatments were detected
only in winter samples. This difference can be explained by the
fact that we sampled after a dry and hot summer in which, due to
the enhanced microbial activity stimulated by higher temperatures,
most of the WSC coming from crop residues after harvesting may
have been already metabolized. This could also mask the results
and hide the differences between treatments.

3.4. Permanganate oxidizable carbon

Several studies proposed another easy and fast method for esti-
mating changes in biologically active soil carbon using potassium
permanganate as an oxidizing agent. Weil et al. (2003) optimized
the method for field use, and since then several different names
have been used for this parameter. Recently, Culman et al. (2012)
published a wide review on the correlations between POxC and
other C fractions such as particulate organic matter (POM) obtained
both by density fractionation and by size fractionation, MBC, WSC
and TOC.

In our study, POxC showed a high sensitivity to detect early
changes occurring in the soil ecosystem originated by tillage. The
RT and NT plots showed significantly higher values for all fractions,
except NTin the 2-5 mm fraction, if compared with TT (Fig. 2c). This
supports the findings by Culman et al. (2012), who found strong cor-
relations between POXC and size fractionated particulate organic
matter. Moreover, Melero et al. (2011) found similar results for bulk
soil (<2 mm).

The POxC content augmented with decreasing fraction size,
especially for NT and RT, agreeing once more with Culman et al.
(2012) that reported a strong relationship between this parameter
and smaller size particles of POM.

3.5. Microbial biomass carbon

Several reports have been published on the importance of MBC
and its mutual interaction with SOM, in which each of these
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parameters contribute to enhance and stabilize the other
(Franzluebbers et al., 1995).

Soils under TT had lower MBC values for each fraction and,
even after the short establishment time of this experiment, differ-
ences were significant if compared with conservation treatments
(Fig. 3a). For all fractions except for the largest, MBC contents in
RT and NT were significantly higher than in TT. Microbial biomass
carbon assesses the abundance of microbial communities living
in soil. Conservation agriculture enhances and promotes micro-
bial settlement at the surface due to the higher SOM content and
the improved physical conditions (Doran, 1980; Eivazi et al., 2003;
Madejon et al., 2007).

Determination of MBC in bulk soils at different depths of the
plots also showed a negative influence of TT, but differences were
not statistically significant after sowing, though some significant
differences were found after harvesting (Melero et al., 2011). After
size aggregate fractionation, MBC turned into a significant marker
of the TT-induced deterioration of the soil.

This result is probably related to the sieving procedure, which
could have enhanced the sensitivity of the fumigation/extraction
method applied to the different size aggregate fractions. Some of
the macroaggregate pores, normally occluded in bulk soil samples,
were probably more accessible after soil sieving due to the separa-
tion of the different aggregate size fractions.

3.6. MBC/TOC ratio

The MBC/TOC ratio can provide a useful indicator of soil pro-
cesses. Changes in this ratio reflect alteration of organic matter
inputs to these soils, the efficiency of conversion to microbial C,
losses of C from the soil, and the stabilization of organic C by the
soil mineral fractions (Sparling, 1992).

Values commonly range from 1 to 5%. In our experiment
(Fig. 3b), the small fractions showed similar values (from 2.21 to
2.87%) for all treatments. Differences were obtained for the large
fractions, in which the absolute MBC/TOC values were higher for
all treatments (up to 3.71%) if compared with smaller fractions,
implying that in these fractions a larger amount of organic matter
is being conserved as MBC. Samples under NT showed higher values
for the 1st and 2nd fractions as compared with other treatments,
although in the 2nd fraction RT reached a MBC/TOC ratio similar to
NT.

3.7. B-Glucosidase activity

As several authors reported (De la Horra et al., 2003; Gil-Sotres
et al.,, 2005), the B-glucosidase activity shows an early response to
changes that occur in soil, produced both by anthropogenic prac-
tices and by natural events, especially if they altered SOM content.
Glucosidases belong to a large class of enzymes directly involved in
carbohydrates metabolism. The relationship between higher har-
vest residue amounts left on the soil surface in conservation tillage
and higher (-Glu values has been widely demonstrated (Schutter
et al., 2001; Acosta-Martinez et al., 2011).

All TT fractions (Fig. 3c) presented lower values of the activity
compared with the corresponding values of conservation tillages
(NT and RT). After harvesting, the elevated abundance of fresh plant
residues stimulates the synthesis of metabolic patterns that allow
the degradation of cellulosic and starch derived structures. The
presence of extracellular enzymes such as 3-Glu can last for several
weeks in soil after this stimulating input, even when lower values
for MBC and other activities are found.

Significant differences for this parameter were also found for
bulk soil until 10 cm depth during the study carried out by Melero
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Table 2
Pearson'’s correlation coefficients (r) between the different soil chemical and biological properties.
WSC POxC MBC MBC/TOC% DH B-Glu

TOC 0.228 0.875" 0.538" -0.395" 0.353" 0.804"
WsC - 0.217 —-0.007 -0.212 0.399 0.098
POXC - 0.448" -0.386" 0.360" 0.755"
MBC - 0.549” —0.041 0.580"
MBC/TOC% - —-0.398" -0.186
DH - 0.317"

n=45. TOC, total organic carbon; WSC, water soluble carbon; POxC, permanganate oxidizable carbon; MBC, microbial biomass carbon; MBC/TOC, microbial biomass
carbon/total organic carbon ratio; DH, dehydrogenase activity; 3-Glu, B-glucosidase activity.

" Correlation is significant at the 0.05 level.
™ Correlation is significant at the 0.01 level.

et al. (2011). This trend was well reflected after soil fractionation,
since these differences were still significant for all fractions. 3-Glu
values were higher for medium and small fractions, indicating that
a greater amount of fresh-C is present in those fractions.

3.8. Dehydrogenase activity

Dehydrogenase activity is another commonly used indicator of
intracellular activity of the microbial community and also an indi-
rect method to assess microbial abundance in soil. Values of this
activity tended to increase in small size fractions (Fig. 3d). This fact
is related to the degradation status of SOM, in which micro aggre-
gates are easily available for microbial oxidation and this condition
stimulates higher production of intracellular enzymes involved in
oxidation metabolism, such as DH. In these samples, as confirmed
by NMR spectra, the larger fractions contained a higher amount
of more stable organic molecules. Smaller fractions were therefore
richer in fresh-C substrates for enzymatic oxidation.

In general, no significant differences were observed between
treatments, except for the 1st fraction, in which NT was sig-
nificantly lower than for the other treatments, although the
magnitudes of the values were in the same range.

Thus, this parameter seems to be relatively insensitive for those
fractions, but significant differences were found for bulk soil at the
surface (0-5 cm) by Melero et al. (2011) during a leguminous crop
year. However, for the deeper soil layers, differences were not sig-
nificant. In the present study, the collected soil included material
derived from 0 to 10 cm depth and this could have masked potential
differences present at the soil surface.

Positive correlations between DH and changes occurring in soil
quality were reported by Gil-Sotres et al. (2005). Other authors
reported that seasonal changes (Schloter et al., 2003) and differ-
ent crop roots exudates (Feng et al., 2003) could affect enzymatic
activities and eventually hide differences.

3.9. Bivariate correlations

A strong relationship between different parameters was con-
firmed by Pearson’s bivariate correlations (Table 2), in which TOC
showed significant (p <0.01) correlations with all the other param-
eters, except for WSC. Particularly, POXC and [3-Glu were the two
parameters which showed positive values and the highest r tak-
ing TOC as a reference. These two parameters were also positively
and significantly (p <0.01) correlated to each other. Other param-
eters had significant (p <0.01) correlation levels to each other, but
lower r coefficients, such as POxC that showed positive correlations
with both DH and MBC, whereas DH had a negative correlation
(p<0.01) with MBC/TOC and a positive but less significant correla-
tion (p <0.05) with 3-Glu. The wide net of correlations obtained for
the present study confirms once more that SOM and biochemical
parameters are strongly connected among them, and even slight
benefits resulting from CT improved soil quality.

3.10. NMR results

Fig. 4 shows the solid-state 13C NMR spectra of the HF-treated
0.5-1 mm-fraction of the soils under the three different manage-
ments. Spectra with a comparable pattern were obtained from the
remaining fractions. They are dominated by a strong signal in the
chemical shift region between 110 and 60 ppm, assigned to carbo-
hydrates derived mostly from cellulose and bacterial biomass. The
high intensity in the alkyl C region (45-0 ppm) and the carboxyl C

O-Alkyl  N-Alkyl Alkyl SSB
0O-Alkyl

SSB Carboxylic Aromatic
aromatic region region region  region region

7260 240 220 200 180 160 140 120 100 80 60 40 20 0O
Chemical Shift (ppm)

Fig. 4. 13C CPMAS NMR superimposed spectra of the HF-treated 0.5-1 mm-fraction

of topsoil material collected from an agriculturally used Leptic Typic Xerorthent soil

managed with different treatments. (* = 1st and 2nd order spinning side bands). NT,
no tillage; RT, reduced tillage; TT, traditional tillage.
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Fig. 5. Relative intensities of the different chemical shift regions given in Table 1 of the '*C NMR spectra obtained from the HF-treated aggregate fractions of the topsoil of
an agriculturally used Leptic Typic Xerorthent soil. NT, no tillage; RT, reduced tillage; TT, traditional tillage.

region (220-160 ppm) are in accordance with a higher degradation
state of the SOM. The chemical shift region of aryl C (160 to
110 ppm) contains the signal of lignin residues, aromatic amino
acids or black carbon. The presence of the first is supported by a
signal in the chemical shift region of O-aryl C (160-140 ppm). This
signal at 152 ppm is strongest in the spectra acquired from the two
largest fractions of the NT soils. This resonance line occurs in the
typical chemical shift area of O-aryl C and is commonly assigned
to lignin (Lidemann and Nimz, 1973) or carbon in condensed
tannins (Czochanska et al., 1980). Its presence confirms the input
of relatively fresh plant residues. In the spectra of the smaller
fractions, however, this signal becomes less pronounced and its
intensity comparable for all treatments. In accordance with this,
some of the intensity between 60 and 45 ppm can be assigned to
methoxyl C (55 ppm) of such lignin residues. However, N-alkyl C,
as they occur in peptides or amino acids is also contributing to this
chemical shift region.

Comparing the spectra of the different fractions, the relative
contribution of O-alkyl C tends to increase with decreasing size
of the aggregate fractions for soil under NT and RT. However, this
trend was not observed in samples coming from TT plots (Fig. 5).
This demonstrated that an important part of organic C in the small
size fractions in NT and RT treatments was formed by fresh SOM
whereas the TT treatment resulted in an accumulation of more
oxidized SOM in the same fractions.

The decrease of 0-alkyl C commonly occurs concomitantly with
an increase in the relative contribution of alkyl C and carboxylic C.
The latter is in accordance with a higher oxidation status of organic
matter which is expected to result from on-going microbial degra-
dation. Based on this observation, the alkyl C to O-alkyl C ratio
was suggested as an index for the degradation or oxidation sta-
tus of SOM (Baldock and Preston, 1995). However, using this index
one has to consider that differences in input material may affect
this ratio, thus it should be used only if samples are derived from
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comparable soils with comparable SOM sources. In our experiment,
a common trend for all fractions was revealed: NT and RT sam-
ples resulted in similar ratio values, while TT samples always show
higher ratios, especially for the 2nd, 3rd, and 4th fractions (Fig. 6).
The highest value was detected for the fraction 0.5-1 mm of TT.

The intensity in the alkyl C region originates mostly from CH,
CH, and CH3 of peptides, lipids, waxes or cutins and suberins, repre-
senting more stable structures derived from microbial metabolism
and from incomplete degradation of more recalcitrant plant
residues (Preston and Trofymow, 2000). Its abundance is higher in
highly exploited soil with low residue inputs, in which most of the
SOM has already been mineralized and included in cell structures
(Kogel-Knabner and Ziegler, 1993; Baldock and Preston, 1995).

On the other hand, in spectra of SOM, the O-alkyl C region is
mainly represented by compounds occurring in fresh residues at an
early state of decomposition, such as carbohydrates, with a minor
contribution of ethers and proteins (Preston and Trofymow, 2000).
This region tends to have higher intensities in soil with a great
amount of crop residues left on the soil surface (i.e. conservation
tillage).

In soils under conservation agriculture, fresh SOM derived from
harvest residues left at the surface adds mostly to the intensity of
the O-alkyl C region in the respective NMR spectra, therefore they
tend to maintain lower alkyl C to O-alkyl C ratios. Furthermore, CT
also improves SOM protection against mineralization, by including
it in macroaggregates and creating a less oxidative environment
around SOM cores, which contributes further to lower alkyl C to
0-alkyl C ratios of soil under CT compared with TT ones, as was
confirmed in the present experiment. Note that the lowest pro-
tection of SOM was observed for the macroaggregates 0.5-1 mm,
which are the most abundant in our TT soils.

3.11. General discussion

A global view of the obtained results confirms our hypothesis
that the use of TT under Mediterranean conditions reduces soil
quality over short time scales.

A significant disruption of larger aggregates was registered for
TT plots if compared with NT ones. The lack of SOM protection
carried out by larger size aggregates enhanced oxidation process, as
confirmed by NMR analyses. This factor, combined with the lower
amount of residues left at surface, led to a loss of organic carbon of
approximately 5 Mgha~! in TT surface soil (0-10 cm) if compared
with NT. Nevertheless, RT samples did not show significant differ-
ences in the relative abundance of macro-aggregates if compared

to both NT and TT, and no evident carbon losses were registered
over the short term.

Solid-state 13C NMR analyses demonstrated that tillage prac-
tices caused changes also in the characteristics of SOM, not only in
its quantity. Higher amounts of 0-alkyl C were detected in NT and
RT samples if compared with TT, while the opposite trend was regis-
tered for alkyl C. While peaks of O-alkyl region are mainly assigned
to compounds related to fresh plant residues such as carbohydrates,
with a minor contribution of ethers and proteins, peaks in the alkyl
C region are assigned to alkylic chains of more stable compounds
that could derive from microbial metabolism and/or incomplete
degradation of more recalcitrant plant structures (Preston and
Trofymow, 2000). The peak at 152 ppm, commonly assigned to
lignin (Lidemann and Nimz, 1973), confirmed the presence of
fresher residues in larger fractions of NT. These findings resulted in
higher alkyl to O-alkyl ratios, up to 50%, for TT samples that identi-
fied a more oxidized status of SOM (Baldock and Preston, 1995), if
compared with conservation tillages.

These changes in SOM quantity and quality and the differ-
ent micro to macro-aggregates ratio altered also other early
response factors analyzed. Conservation treatments showed signif-
icant higher POxC and MBC contents in both NT and RT if compared
with TT, except for 2-5 mm fraction. POxC content was higher in
the smaller fractions of conservation tillages, and it followed the
same trend as O-alkylic fresh residues. Our findings agreed with
Culman et al. (2012) who found a relationship between POxC and
smaller size particles of POM.

This study reveals that even the occasional use of moldboard
plowing on NT plots provokes rapid depletion of SOM pools and
enhances the risk of erosion of the arable layer of highly vulnerable
soils at short term (L6pez-Garrido et al., 2011).

4. Conclusion

The present work confirmed that even on a short time scale and
in one single application, moldboard plow can radically change soil
status, leading to the selective preservation of more degraded soil
organic matter. The disruption of macroaggregate, the high degra-
dation status of soil organic matter assessed by solid-state 13C NMR
together with the reduced input of fresh plant residues left on soil
surface dramatically worsened the soil quality in TT samples. This
effect was evident, as expected, for parameters that have a fast
response to soil management, such as POxC, MBC and -glu, but
also lower values of TOC at surface were observed for TT.

For these reasons, moldboard plowing should be completely
avoided, in particular under conditions comparable to those in our
study. On the other hand chisel plowing did not produce similar
negative short-term effects even when analyzing soil aggregates
and no significant deterioration were found for reduced tillage plots
Therefore, chisel may be considered as a viable option in case some
type of tillage is sporadically required to solve eventual crop prob-
lems. In these cases, TT should be substituted by other types of less
aggressive tillage such as chisel plow that did not demonstrate the
same worsening effects at short term.
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V.3. SOIL ORGANIC MATTER DEGRADATION IN AN AGRICULTURAL
CHRONOSEQUENCE FARM UNDER DIFFERENT  TILLAGES
EVALUATED BY ENZYMATIC ACTIVITIES AND *C CPMAS NMR.

Resumen

Evaluacidn de la degradacion de la materia organica en una ““cronosecuencia’

agricola de una finca bajo distintos laboreos mediante actividades enzimaticas y
13C CPMAS RMN.

Las operaciones de laboreo interactdan intensamente con las propiedades fisicas,
quimicas y biologicas del suelo.

Bajo condiciones mediterraneas, la agricultura de conservacion (AC) mejora la
calidad del suelo en superficie y limita la mineralizacion de la materia organica del
suelo (MO). Las actividades enziméticas, el carbono orgénico total (COT) y las
fracciones labiles de carbono han sido propuestos como indices de la calidad del
suelo. El objetivo de este articulo es evaluar las conexiones que existen entre estos
parametros y como el laboreo puede afectar a los ciclos de acumulacién y
degradacion de la MO. Para ello, se evaluaron cinco actividades enzimaticas
distintas, el COT, el carbono hidrosoluble (CH) y el carbono de la biomasa
microbiana (CBM) en muestras de suelo procedentes de una fina experimental
situada en el SO de Espafia. Se compararon tres experimentos con distinta
antigliedad: 21, 8 y 4 afios desde su establecimiento, y tres tipos de laboreos. El
estado de degradacion de la MO se evalué mediante anlisis de **C CPMAS RMN
en muestras de suelo masivo (“bulk soil”), materia organica particulada y acidos
hdmicos.

El laboreo de conservacion mejord la calidad del suelo en superficie, donde se
encontraron valores mas altos de las actividades fosfatasa alcalina y B-glucosidasa
por todos los ensayos, mientras que COT, MBC vy actividad arylsuphatasa mostraron
diferencias significativas solo en los ensayos de medio y largo plazo.

Los anélisis de *C CPMAS RMN demostraron que los laboreos de conservacion

favorecieron la acumulacion de una MO menos degradada y revelaron una elevada
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concentracion de material peptidico protegido de la mineralizacion en las muestras
de suelo masivo y en los acidos humicos.

Este trabajo evidencia la alta fiabilidad del COT de la fosfatasa alcalina y de la
B-glucosidasa como indices de calidad del suelo y propone el utilizo de los analisis
de *C CPMAS NMR de las fracciones de materia organica particulada para evaluar

los cambios que se originan en el suelo.
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Soil organic matter degradation in an agricultural chronosequence farm under
different tillages evaluated by enzymatic activities and *C CPMAS NMR.
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Abstract

Tillage operations widely interact with soil physical, chemical and biological
status. Conservation agriculture (CA) improves soil quality at surface under
Mediterranean conditions and limits the mineralization of soil organic matter
(SOM). Enzymatic activities, total organic carbon and labile carbon pools were
proposed as soil quality indexes. The aim of this manuscript is to evaluate how
these indexes are connected among each other and how tillage could affect cycles
of storage and degradation of SOM. To reach this objective, five different
enzymatic activities, total organic carbon (TOC), water soluble carbon and
microbial biomass carbon were evaluated on soil samples collected in an
experimental farm situated in SW of Spain. Three experiments with three different
tillages that were established at different times were compared. SOM degradation
status was assessed by *C CPMAS NMR analyses in bulk soils (BS), their
particulate organic matter (POM) and their humic acids (HAC).

Conservation tillages enhanced soil quality at surface, where higher values of APA
and B-glucosidase were found for the three experiments, furthermore values of
TOC, MBC and ASA were higher for the mid- and long-term experiments.

3C CPMAS NMR analyses demonstrated that conservation tillages led to a
preservation of less degraded SOM and revealed a high amount of peptideous
material in BS and HAc samples preserved from degradation.

This study evidenced the high reliability of TOC, B-glucosidase and alkaline
phosphatase activities as soil quality indexes and proposes the *C CPMAS NMR
analyses of POM fraction as a way to evaluate changes that occur in soil status.

Keywords: Conservation Agriculture - Humic Acids - Particulate Organic Matter
— Total Organic Carbon.
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1. Introduction.

The environmental benefits of implementing
a sustainable agriculture regard, among
others, the soil quality maintenance or
improvement, the reduction of greenhouse
gases, and the optimization of crop vyields.
The use of deep plowing tools (e.g.
moldboard) that produce the soil inversion
is commonly defined as “traditional tillage
(TT)”. This tillage is a sum of practices that
also includes the crop residues removal,
burial or burning and it has been widely
related with erosion problems and organic
carbon losses (Lal 2005).

Several studies suggested the adoption of
some type of conservation tillage (CT) in
order to keep an ecological balance between
economic and environmental targets (Lal et
al. 2007; Moreno et al. 1997; Franzluebbers
2004). These tillages do not involve the use
of moldboard and strongly reduce the
number of tillage operations; in addition, CT
leaves at least a 30% of soil surface covered
by crop residues after harvesting (Gajri et al.
2002).

The assessment of soil status under different
tillage systems has been carried out by using
several indicators referred to physical,
chemical or biochemical properties of soil
(Franzluebbers et al. 1995; Madejon et al.
2007). The quantity of soil organic matter
(SOM) and total organic carbon (TOC) and
their distribution among the soil profile are
the most common indexes used in the
experiments of tillages comparison. These
parameters do not present rapid responses to
changes that occur in soil and they need
more time to show significant differences
(Roldan et al. 2005). Furthermore, the
quantification of SOM or TOC is not giving
any information about the degradation status
of the SOM and its metabolism. To
overcome these limitations, other pools of
SOM have been used as soil quality
indicators, such as water soluble carbon
(WSC) and microbial biomass carbon
(Alvaro-Fuentes et al. 2008; Melero et al.
2009) that could quantify the amount of
easily available organic matter and the
microbial community dimension,
respectively. In contrast to TOC content,
WSC and MBC values depend widely on
meteorological conditions, crop types, and
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methodology which could limit their
reliability (Melero et al. 2011).

Enzymatic activities represent the most used
early-response factors to evaluate soil
quality (Nannipieri 1994; Melero et al.
2008). Several aspects of carbon, nitrogen
and nutrient cycles are often evaluated by
enzymatic essays. Although some enzymatic
activities have been reported as trustworthy
indexes of soil status, several studies
evidenced a strong seasonal and crop-
depending variability (Feng et al. 2003).

The use of *C cross polarization magic
angle spinning (CPMAS) nuclear magnetic
resonance (NMR) spectroscopy has been
proposed by several authors as a valuable
tool to assess the degradation status of SOM
(Preston 1996; Knicker et al. 2012; Baldock
and Preston 1995; Golchin et al. 1994a),
since it allows the characterization of the
SOM composition in its solid state without
the use of solvent. However, the
heterogeneity and complexity of SOM leads
to broad resonance lines with overlapping
peaks. Thus, rather than the identification of
single compounds, the main aim of **C
CPMAS NMR spectroscopy in soil science
is to obtain information about the relative
contribution of different C groups to the
total SOM of the sample.

In order to obtain reliable composite
samples, it is important to limit the spatial
variability throughout the field (Knicker et
al. 2012). Since interaction between
paramagnetic compounds and soil organic
matter can affect the detectability of the
respective carbons, this interference is often
avoided by demineralization with HF
(Gongalves et al. 2003; Knicker 2011;
Schmidt et al. 1997). This also leads to an
increase of the sensitivity of the NMR
experiment due to an enrichment of SOM.
Other methods of concentrate the organic
matter in the samples represent the isolation
of humic acids (HAc) and the extraction of
particulate organic matter samples (POM)
(Kolbl and Kogel-Knabner 2004). Whereas
the first is expected to have minor impact on
the chemical composition of SOM, HAc and
POM have to be seen as specific fractions
which only represent a certain part of the
total SOM.
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Humic acids are defined as an aged fraction
of SOM which is soluble in alkaline
solutions. Recent studies have demonstrated
that the lower turnover of the HAc is not
due to an intrinsic recalcitrance of these
molecules, but it is more related to (i) their
heterogeneity in size and chemistry (ii)
association with soil mineral and (iii)
physical protection due to the occlusion of
SOM in aggregates that impedes the
microbial degradation (Marschner et al.
2008; Kleber et al. 2011).

The particulate organic matter of SOM is
separated by a density fractionation and is
commonly described as a highly reactive
portion of SOM. The fraction not associated
to any minerals is mostly composed of
fresh plant residues that act as easily
degraded high-energy organic materials
(mostly carbohydrates and amino acids),
whereas the occluded part of POM is strictly
bond to the clay fraction of the soil and
represents a more aged and stabilized
fraction of SOM (Golchin et al. 1994b;
Jastrow 1996; John et al. 2005).

The aim of this work was to evaluate
changes produced by 3 different tillage
forms on SOM in soils of a dryland
experimental farm located in south-west of

Spain by wusing different soil quality
indicators and °C CPMAS NMR
spectroscopy. The novelty of this

experiment consists in the evaluation of a
chronosequence of 3 different tillage
comparison experiments started at 3
different times on the same experimental
area; this could provide an assessment on
how chemical and biochemical parameters
react to tillage practices and how tillage can
influence the cycles of storage/degradation
of SOM at different times after
establishment. The soil of the experimental
area is a Xerofluvent (Soil Survey Staff,
1999). Three commonly used chemical and
biochemical parameters (TOC, WSC, and
MBC) and five enzymatic activities (j-
glucosidase, B-glu; dehydrogenase, DHA;
alkaline phosphatase, APA; arylsulphatase,
ASA,; and protease, PRA) were evaluated. A
3C CPMAS NMR analysis was performed
on bulk soil samples (BS), HAc, free POM
samples (f-POM) and occluded POM
samples (0-POM).

This work helps to select the most reliable
soil parameters under our conditions and we
hypothesized that the deeper
characterization of SOM by NMR
techniques could be used as a further
trustworthy soil quality index.

2. Materials and methods.

2.1. Experimental and

rotation.

area crop

The present experiment was carried out at
the “La Hampa” dryland experimental farm
of the “Instituto de Recursos Naturales y
Agrobiologia de Sevilla (IRNAS-CSIC)”
(37°17'N, 6°3'W), located 13 km southwest
of the city of Seville (Spain).

The soil under evaluation is an Entisol
(Xerofluvent, Soil Survey Staff, 1999) with
a sandy clay loam texture (240 g kg™ clay,
180 g kg™ silt and 580 g kg™ sand). At a
depth of 0-25 cm the soil has a calcareous
PH@20) Of 7.8, an Olsen phosphorus content
of 18.8 mg kg, a content of alkaline-earth
carbonates of about 280 g kg™, and the
organic carbon content is approximately of
9gkg™

The climatic conditions are typically
Mediterranean with mild rainy winters (496
mm mean annual rainfall) and very hot and
dry summers. The mean annual daily
temperature at the experimental site is
around 19 °C, with maximum and minimum
mean monthly temperatures of 33.5 °C and
5.2 °C registered in July and January,
respectively.

Since 1991, a wheat (Triticum aestivum L.)
— sunflower (Helianthus annus L.) crop
rotation was established. Subsequently, in
2005, a fodder pea crop (Pisum sativum L.)
was included in the rotation.

Wheat receives deep fertilization with 400
kg ha' of a complex fertilizer (15N-
15P,05-15K,0) before sowing and a top
dressing with 200 kg ha™* urea (46% N),
whereas sunflower and fodder pea crops
were not fertilized . Since 2002, fertilization
has been reduced to 100 kg ha™* (fertilizer
complex) with no top dressing fertilizer.
Weeds are controlled by tillage or by the
application of pre-emergence herbicides
depending on the tillage treatment. A rate of
2 L ha* trifluraline (18%) was applied to
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the sunflower crop and 4 L ha ‘glyphosate
(18%) was applied to the wheat and fodder
pea crop.

2.2. Tillage comparison experiments

An area of about 6000 m* of this farm is
destined to 3 different experiments of tillage
comparisons. Since 1991, an area of about
2500 m? was divided into 6 plots of
approximately 300 m? (22 m x 14 m) each
in a completely randomized experimental
design (3 replicates per treatment). For this
trial traditional tillage (TT.) and reduced
tillage (RT.) were compared. Hereafter, the
definition long-term () experiment will be
referred to this experiment.

During autumn 2004, a different area of
about 1500 m® was divided into 6 plots of
approximately 200 m? (20 m x 9 m) each
following the same completely randomized
experimental design (3 replicates per
treatment) as for the long-term experiment.
In these plots, a no-tillage management
(NTy) is compared to a traditional tillage
(TTw). Hereafter, the definition mid-term
experiment () will be referred to this trial.
Finally, during autumn 2008, a further area
of about 2000 m? was divided into 9 plots of
approximately 200 m? (20 m x 9 m) each in
a completely randomized experimental
design (3 replicates per treatment). For this
trial, 3 tillage treatments are under
comparison:  traditional tillage (TTs),
reduced tillage (RTs) and no-tillage (NTs).
Hereafter, the  definition  short-term
experiment (s) will be referred to this
experiment.

2.3. Tillages description

The TT for each experiment consisted of a
deep (25-30 cm) moldboard plowing with
soil flip (topsoil/subsoil inversion) followed
by two cultivator passes to 15-20 cm depth
and a disc harrowing to 15 cm depth. The
previous crop residues were burned until
2003, when it was forbidden by the local
government, even if residues were burned
also in 2004 and 2005 in TT plots thanks to
a special permission. Actually the residues
are buried into the soil due to the action of
the moldboard tool.

Within the RT plots for both long and short-
term experiments, the number and depth of
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tillage operation is sensibly reduced,
retaining only chiseling at a depth of 15-20
cm, every other year and a yearly disc
harrowing to 5-7 cm depth, and high
amounts of crop residues were left on the
soil surface. The NT plot surface was also
covered by previous crop residues (except
for sunflower stalks that were crumbled into
small pieces before sowing), no tillage
operations were carried out and sowing was
performed by direct drilling.

The percentage of the soil surface covered
by residue in both the RT and NT treatments
was evaluated as described by Plaster
(1992) and it was greater than 60%,
showing that conservation tillages were
established correctly.

2.4. Sampling

For all the experiments, soil samples were
taken in early January 2011, right before
fodder pea sowing. For each plot, one
composite sample (made of 5 different
sampling points) was collected for each of
the three different depths: 0-5 cm, 5-10 cm
and 10-25 cm, for a total amount of 63
samples. The moist field soil was sieved (<2
mm) and divided into two subsamples. One
was immediately stored at 4°C in plastic
bags loosely tied to ensure sufficient
aeration and to prevent moisture loss before
assaying for enzymatic activities.

The other subsample was air dried and used
for chemical analyses and for NMR samples
preparation.

2.5. Chemical analyses

In air-dried subsamples, total organic carbon
(TOC) was measured by dichromate
oxidation and titration with ferrous
ammonium sulphate (Walkley and Black,
1934). Water soluble carbon (WSC) content
was determined in a 1:10 (v:v) aqueous
extract by horizontally shaking at 150 rpm
for 1 h. The aqueous extract was centrifuged
using a fixed angle rotor in 40mL tubes at
15000 rpm for 10 min and measured using a
TOC V-CSH Shimadzu analyzer.

2.6. Enzymatic activities

In the moist-field subsamples, microbial
biomass carbon (MBC) and 5 different
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enzymatic activities were evaluated. The
content of MBC was assessed by the
chloroform fumigation—extraction method
modified by Gregorich et al. (1990).
Concentration of C in the extract was
measured by a TOC-VE Shimadzu analyzer
and an extraction efficiency coefficient of
0.38 was used to convert the difference in
soluble C between the fumigated and the
unfumigated soil to MBC (Vance et al.
1987).

Dehydrogenase activity (DHA) in soil was
determined according to Trevors (1984) by
the reduction of 2-p-iodo-nitrophenyl-
phenyltetrazolium chloride (INT) to iodo-
nitrophenyl formazan (INTF) and its
absorbance at 490 nm was measured.
B-glucosidase activity (B-glu), alkaline
phosphatase activity (APA) y arylsulphatase
activity (ASA) were determined with similar
mechanisms, as described by Eivazi and
Tabatabai (1988), Tabatabai and Bremner
(1969) and Tabatabai and Bremner (1970),
respectively. Briefly, soil was incubated for
1h with the corresponding substrate: i) p-
nitrophenyl-B-D-glucopyranoside for B-glu,
ii) p-nitrophenyl phosphate disodium for
APA, and iii) p-nitrophenylsulphate for
ASA. The p-nitrophenol produced by the
hydrolysis of these substrates was measured
spectrophotometrically at 400 nm
absorbance.

Protease activity (PRA) was measured after
incubation of soil with casein and
measurement of the absorbance of the
extracted tyrosine at 700 nm (Ladd and
Butler 1972).

All the spectrophotometrical measurements
were carried out on a Perkin Elmer Lambda
EZ210 spectrophotometer. Results for
enzymatic and microbial parameters were
based on the oven-dried weight of the soil.

2.7. Isolation of SOM fractions

Four different sets of samples were prepared
for NMR analyses: i) bulk soil (BS), ii)
humic acids (HAc), iii) particulate organic
matter (POM) both as free and occluded
fractions (f-POM and 0-POM respectively).
Due to the low organic carbon content of
deeper layer samples, only superficial
samples (0-5 cm depth) were analyzed by
NMR. Air dried subsamples were accurately

mixed in order to obtain a composite sample
for each treatment and time of
establishment, for a total of 7 samples.

In order to increase the NMR sensitivity of
the bulk soil samples, they were
demineralized allowing the removal of
paramagnetics (Gongalves et al. 2003).
Briefly, 10g of soil were finely-ground, put
into lockable polyethylene centrifugation
vessels (250 mL) and treated four times with
40 ml HCI (10%) to eliminate most of the
calcium carbonate content and to avoid the
formation of insoluble calcium fluoride
during the subsequent demineralization
process. After centrifugation and discarding
the supernatant of the last HCI treatment, 40
mL 10% (v:v) HF solution was added. The
mixture was shaken in the closed vessels for
2 hours, and subsequently centrifuged (10
min 3000 rpm using a fixed angle rotor).
The supernatant was removed and discarded
very carefully, avoiding any spills or skin
contact, which can cause great harm to the
operator. After repeating the procedure four
times, the sample was washed with distilled
water until the pH was above 5.

Humic acids extraction was realized placing
20 g of soil in a 250 mL centrifuge vessel
and adding 1M NaOH free of CO,. The
mixture was sonicated for 5 min, and
subsequently centrifuged. The supernatant
was collected and the extraction was
repeated several times until total
discoloration of supernatant. The humic acid
fraction was isolated by lowering the pH to
1 adding HCI (10%) under N, flow and
leaving the solution for 8 hours to allow the
precipitate to settle down. The latter was
separated from the solution by decanting
after centrifugation (5 min, 3500 rpm using
a fixed angle rotor) and contained the humic
acids which are insoluble at low pH. The
supernatant containing fulvic fraction and
most of the paramagnetic compounds was
discarded. Afterwards the isolates were
placed into a 10-12 kDa cut-off membrane
and dialyzed into milliQ water until the
conductivity become constant and lower
than 50 uS cm®(Wander 2004).

The POM samples were obtained by density
fractionation of bulk soil. In a wide plastic
vessel, 50 g of soil were accurately scattered
and slowly submerged by 250 mL of a
solution of  sodium polytungstate
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(H,W1,04, MW: 2986,12 g mol™) at a
density of 1.8 g cm™. The mixture was
gently shaken and allowed to settle down for
24 hours. The floating f-POM was carefully
collected, while the 0-POM bound to clay
fraction was released by sonication (450 J
mL™") and separated from the mineral
fraction by centrifugation (10 min 4000 rpm
using a fixed angle rotor). In order to
eliminate polytungstate residues, both f-
POM and 0-POM samples were washed
with milliQ water until the conductivity was
below 5 uS cm®(Kolbl and Kégel-Knabner
2004). Subsequently, BS, HAc and POM
samples were freeze-dried and grinded
before analysis.

2.8. Solid-state 13C NMR spectroscopy

The samples were analyzed using a *C
cross polarization magic angle spinning
sequence (CP MAS) with a Bruker
AVANCE 11 400 spectrometer, operating at
a "*C frequency of 100.62 MHz and a 'H
frequency of 400.13 MHz. Approximately
50-100 mg of sample was placed into a
zirconium oxide rotor with a diameter of 4
mm and Kel-F caps and measured with a
Bruker triple resonance during magic
spinning at 12 kHz. Contact time and
recycle delay were set to 1.5 ms and 1 s,
respectively. About 20k scans were
accumulated.

A good signal-to-noise ratio is the main key
to provide a good reproducibility of solid-
state. NMR spectra of soil material. For
spectra of a good quality, Baldock and
Smernik (2002) assessed that a 2% limit of
significance between the same resonance
ranges of two different samples should be
taken into account. However, Diekow et al.
(2005) calculated different limits of
significance for each spectral region:
differences above 8.3% in the concentration
of carbonyl C, 5.0% in aromatic C, 2.2% in
O-alkyl C and 4.9% in alkyl C were
considered as significant for their study.
Other NMR studies performed by Knicker
et al. (2012) on Brazilian soils demonstrated
absolute deviations between 1 and 25% for
the different chemical shift regions of
spectra of samples derived from different
sites with the same soil type and comparable
soil management. Therefore, in order to

104

account for possible variations of the
organic matter composition throughout the
field, the NMR measurements were
performed on composite samples.

Spectra were elaborated with MestReNova
version 8 (Mestrelab Research, Santiago de
Compostela, Spain). All the FIDs were
transformed by applying a zero filling and
an exponential filter function with a line
broadening between 50 and 100 Hz
according to the sample under analysis. A
multipoint baseline correction was used.
Quantification was performed by dividing
the spectra into 5 different chemical shift
regions comprising 0 to 45 ppm, 45 to 60
ppm, 60 to 110 ppm, 110 to 160 ppm and
160 to 220 ppm, assigned to alkyl C,
methoxyl/N-alkyl C, O-alkyl C, aromatic C
and carbonyl/amide C, respectively.

2.9. Statistic

Data normality was tested prior to analysis.
Significant differences between treatments
originated by tillage in the long and mid-
term experiments (RT,_ vs. TT,, and NTy
vs. TTy) were shown by a Student’s t-test at
p<0.05. Soils differences for short-term
experiment were analyzed by running a
univariate analysis of variance (ANOVA) to
test whether there was a significant effect of
the treatments (tillage) on each one of the
studied variables. Statistical analyses were
carried out using IBM SPSS Statistics 19.0
(SPSS Inc., Chicago, IL).

3. Results.
3.1. Chemical analyses.

The conservation tillages increased the
superficial TOC content and the increments
became higher and significant with
progressing time (Table 1). In RT, after 20
years of establishment, a significant
augmentation of approximately 30% of
TOC at surface (0-5 cm) and at 5-10 cm was
observed if compared with TT_ (Table 1). In
the mid-term experiment, NTy showed
significantly higher TOC contents than TTy,
but only at the surface (0-5 cm) and with
lower magnitude than in the long-term
comparison. No significant differences in
TOC contents were found for the short-term
experiment, although NTs was the most



V — Publicaciones cientificas

effective treatment for TOC accumulation at
surface, whereas TT showed higher TOC
values at deeper layers if compared with
conservation treatments.

No significant differences in WSC were
observed between the treatments or
experiments. A similar  pattern  of
stratification could be identified among the
three experiments, in which WSC content

was higher at 0-5 cm and 5-10 cm and lower
at deeper layer (Table 1).

Significant differences for MBC were found
only for RT_ at 0-5 cm depth if compared
with TT_.. For long and mid-term
experiments, MBC content was always
higher but not at a significant level in the
conservation tillage treatments, whereas a
clear trend was not recognizable for short-
term experiment (Table 1).

Table 1. Mean values of total organic carbon (TOC, g kg™'), water soluble carbon (WSC, mg kg™?), microbial
biomass carbon (MBC, mg kg™), dehydrogenase acivity (DHA, mg INTF kg™ h™* DW soil), B-glucosidase
activity (B-glu, mg p-nitrophenol kg™* h™* DW soil), alkaline phosphatase activity (APA, mg p-nitrophenol kg™ h
! DW soil), arylsuphatase activity (ASA, mg p-nitrophenol kg™ h™ DW soil), and protease activity (PRA, mg
tyrosine kg h™* DW soil) in soil under no tillage (NT), reduce tillage (RT) and traditional tillage (TT) at three
depths (0-5, 5-10 and 10-25 cm) for the three experiment of long-, mid-, and short-term. Significant differences
between treatments are indicated with an asterisk or different letters (p < 0.05).

Time of

establishment ~ D€Pth Treatment TOC WSC MBC DHA g-glu APA ASA PRA
0.5 RT 139* 112 580* 1.25* 225* 362* 36.3* 129
-5¢cm
TT 10.8 107 474 0.53 101 259 18.9 99
RT 13.0* 119 627 0.89 132 * 246 29.0* 53
Long term 5-10 cm
TT 10.4 100 530 0.61 75 228 16.9 70
RT 8.2 94 588 0.32 41 216 18.8 39
10-25cm
TT 9.4 90 524 0.41 54 208 19.8 60
05 NT 108* 118 687 1.05 160* 306* 336* 126
-5¢cm
TT 8.9 103 670 0.79 81 222 121 102
. NT 9.4 119 719 0.66 137 246 29.0 68
Midterm  5-10cm
TT 8.6 111 604 0.61 80 217 27.0 65
NT 6.7 90 644 0.44 29 209 23.4 47
10-25 cm
TT 8.1 82 626 0.43 23 146 25.4 54
NT 10.1 117 746 1.17 116b 310b 55.0 153
0-5cm RT 9.0 104 958 1.04 87ab 191a 394 152
TT 9.1 128 753 0.71 63a 260ab 37.5 107
NT 8.5 103 667 0.38a 38a 183a  46.3 105
Shortterm 5-10cm RT 8.2 102 881 051ab 55ab 252b 438 80
TT 9.0 119 868 0.69b 76b 244ab 420 125
NT 6.8 92 581 044 30ab 171 50.2b 51
10-25 cm RT 6.3 85 740 0.41 14a 154 38.8ab 50
TT 7.1 80 689 0.44 45b 185 35.3a 62

3.2. Enzymatic activities

All the activities under evaluation showed
significant higher values for the topsoils of
RT_ than those of TT_ except for PRA that
showed slightly but not significantly higher
values than RT,.. Moreover, significant
differences for RT, were found also at 5-10

cm depth for B-glu and ASA. At deeper
layer (10-25 cm), all the measured activity
values under TT_ were slightly but not
significantly higher than for RT_ (Table 1).

For the mid-term experiment, NT,, surface
soils showed significant differences for [-
glu, APA and ASA. At deeper layers (5-10
and 10-25 cm) no significant differences
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were found, although higher activity levels
were measured for NTy samples if
compared with TT),. Exceptions were found
for ASA and PRA at 10-25 cm (Table 1).
Significant differences for the short-term
experiment were sporadically found. At
surface layer, NTs showed higher B-glu
values if compared with TTs and higher
APA if compared with RTs. The values of
other enzyme activities were higher for NTs
but not significant compared with the other
treatments were found (Table 1).

The RTs samples had significantly higher
APA values at 5-10 cm depth if compared
with NTs that in its turn had higher ASA
values than TTs at 10-25 cm depth.
Generally, a stratification trend can be
identified for all the treatments, in which
activity levels are higher at surface and
diminished with depth, although this trend
was less clear for plots under traditional
tillage. Significant differences for the
enzymatic activities were mainly found at
surface, where the activity levels were
higher (Table 1).

3.3. ®C Nuclear Magnetic Resonance
Spectroscopy

The superposed *C CPMAS NMR spectra
obtained for BS, HAc, 0-POM and f-POM
shown in Fig. 1 are referred to the samples
of RT_. Spectra with comparable intensity
distributions were obtained for the other
treatments. The relative intensity
distributions among the different chemical
shift regions of the spectra are presented as
histograms (Fig. 2, 3 and 4).

The dominant signal in the spectra of BS
and of both POM fractions, especially for
the f-POM, is identified in the region
between 60-110 ppm, which is assigned to
O-alkyl C.

High intensities corresponding to the alkyl
C (45 to 0 ppm) and aromatic C (160 to 110
ppm) were detected for 0-POM, HAc and
BS samples. HAc and, in a minor extent, o-
POM showed a clear phenolic C signal (160
to 140 ppm) that typically derives from
lignin. A strong signal between 60 and 45
ppm corresponding to N-alkyl C and
methoxyl C, was found for BS, 0-POM and
HAcC.
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Comparing the organic matter composition
of the BS samples in relation to the soil
management, higher aromatic C
concentrations were evidenced for the
traditional tillage of long- and mid-term
experiment if compared with the
correspondent conservation treatments, even
if differences were more expressed for the
long-term experiment. No major differences
are revealed for the N-alkyl C and Carboxyl
C contents of the long- and mid-term
experiments (Figure 2).

The intensity O-alkyl C region was higher
for NTy if compared with TTy, whereas
RT. and TT_ had the same intensities. TT
treatments showed a higher intensity of
alkyls at mid-term and a lower intensity for
the same region in the long-term
experiment. For the short-term samples,
only few differences were found between
treatments. TTs had the lowest N-alkyl and
O-alkyl intensities and the highest content in
aromatic, whereas NTs showed the highest
content of O-alkyls and the lowest intensity
for the alkylic region.

For HAc samples from the long-term
experiment (Figure 3), RT_ showed higher
intensities for carboxyl and aromatic C
regions if compared with TT,, whereas the
latter had higher intensity for O-alkyl C
region. No differences were found for N-
alkylic C regions. For the mid-term
experiment, NTy, showed a higher content
of alkyls and lower intensities for aromatic
and carboxylic C regions, if compared with
TTwm. For O-alkyls and N-alkyls no
differences were found. The short-term
experiment confirmed the tendencies for
alkyls, N-alkyls, and aromatic regions found
for long- and mid-term experiments, in
which NT had higher values of alkyls and
RT had the highest intensity for aromatic C,
whereas no differences were found for N-
alkyls region. Despite to the other
experiments, NTs had more carboxylic and
RTs had more O-Alkyls at short-term if
compared with corresponding TTg samples.
The spectra obtained for f-POM samples
showed a clear pattern. Conservation
tillages had the highest O-alkyl intensities at
mid- and long-term if compared with TT,
whereas at short time, differences became
less noticeable for this region. Alkyl region
inverted its pattern with time, since values
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obtained were higher for TT at short- and
mid-term but not at long-term, were RT_
had higher values than TT,. Aromatic and
carboxylic regions were greater for TT at
long- and mid-term but not at short term,

found for N-alkylic region were less evident,
except for 0-POM at short-term, where NTs
showed a 2% lower intensity than TTs
(Figure 4).

where TTs had the lowest values if
compared to NTs and RTs. Differences
Carboxylic Aromatic  O-Alkyl N-Alkyl Alkyl
region region region region region
| | A i \
I | I | )
| 28 |
171 /

Humic Ac.

69
§ 21

g\

|5

(8 ppm)

Figure 1. *C CPMAS NMR superimposed spectra of the topsoil (0-5 cm) collected from the RTL plot of “La
Hampa” dryland experimental farm. Bulk: bulk soil demineralized with HF; Humic Ac.: humic acid fraction; o-
POM: particulate organic matter-occluded fraction; f-POM: particulate organic matter-free fraction. 8: chemical

shift.

*Aromatic C region spinning side bands. **O-Alkyl C region spinning side bands.
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Figure 2. Relative intensities of the different chemical
shift regions given in Table 1 of the *C NMR spectra
obtained from the bulk soil (0-5 cm) treated with HF
of “La Hampa” dryland experimental farm. The three
different times of establishment experiments are
compared. NT: no tillage, RT: reduced tillage; TT:
traditional tillage.

4. Discussion.

Several studies reported that enzymatic
activities are early-response factors and
useful indicators in order to evaluate
anthropogenic and natural changes that
occur in soil (Benedetti and Dilly 2006;
Nannipieri 1994; Melero et al. 2008). Due to
the characteristics of the soil, enzymatic
activities respond in a more reliable way at
soil surface, where the micro-environment is
richer in oxygen content and organic matter
derived from plant residues degradation

108

(Franzluebbers 2004; Mrabet 2002), as
confirmed also by this work.

The enzymes production is widely
influenced by several factors, and their
evaluation is always depending by the soil
characteristics, microbial population, plant
residues, roots exudates, and micro- or
macro-climatic conditions (Feng et al. 2003;
Melero et al. 2011).
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Figure 3. Relative intensities of the different chemical
shift regions given in Table 1 of the *C NMR spectra
obtained from the humic acids extracted from the
topsoil (0-5 cm) of “La Hampa” dryland experimental
farm. The three different times of establishment
experiments are compared. NT: no tillage, RT:
reduced tillage; TT: traditional tillage.
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Figure 4. Relative intensities of the different chemical shift regions given in Table 1 of the 3C NMR spectra
obtained from the particulate organic matter fractions separated from the topsoil (0-5 cm) of “La Hampa”
dryland experimental farm. The three different times of establishment experiments are compared. NT: no tillage,
RT: reduced tillage; TT: traditional tillage; f-POM: particulate organic matter-free fraction; o-POM: particulate
organic matter-occluded fraction.

In our study, only some of the evaluated differences between the two tillages under
activities showed significant differences at evaluation; RT_ had significantly higher
surface for all the three experiments. The values for enzymatic activities but also for
long-term experiment, showed the biggest MBC and for TOC at surface. The latter is
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considered a parameter that takes more time
to give a significant response (Roldan et al.
2005). This result confirms that the use of
conservation  tillage improves TOC
accumulation in the topsoil and promotes a
stratification of organic carbon that could
highly enhance soil quality (Franzluebbers
2002). As reported by several authors
(Alvaro-Fuentes et al. 2008; Six et al. 2000;
Franzluebbers 2002), a higher organic
carbon content in the topsoil is responsible
for a higher level of microbial activity,
Furthermore, as time proceeded, some
parameters (TOC, B-glu and ASA) showed
significant differences also at a depth of 5-
10 cm, due to the partial redistribution of
surface soil operated by chisel plow in RT,
plots. All the parameters that showed
significant differences have already been
suggested as possible indicators of soil
quality even if in our conditions, B-glu has
been suggested as the most reliable one
(Madejon et al. 2007; Melero et al. 2011;
Panettieri et al. 2013). Comparably in our
study, differences with respect to B-glu,
were significant for the topsoil both in NTy,
and in NTs if compared with TTy and TTs,
which reinforces the previous findings.

For the mid-term experiment, TOC values
were higher for NTy, samples than for the
corresponding TTy samples. No- tillage
provoked an enhancement of TOC at
surface even at mid-term, due to the high
quantity of residues that covers the plots and
the total absence of tillage operation. These
factors strongly slow down the degradation
of SOM by forming large aggregates that
protect SOM from microbial and chemical
oxidation.

This effect is also observed in other types of
CT, but soils under NT have the highest
tendency to form macroaggregates (Plaza-
Bonilla et al. 2010; Six et al. 1999).
Activities like APA and ASA maintained
their significance at mid-term, and may also
be considered as viable soil quality
indicators since both activities were
described as being strongly related to SOM
augmentations (Deng and Tabatabai 1997).
The significant differences in APA values
for the short term experiment, in which NTs
had significantly higher values than for RTs,
demonstrate that this activity rapidly
reflected changes in TOC concentration
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even if those changes are not significant,
yet. On the contrary, ASA did not show
significant difference at short time, due to
the high variability of the data. After this
results, further analyses on the metabolism
of phosphorous and sulfur by *P and *S
NMR could add important information,
even if the latter encounters some major
methodological problems if applied to soil
samples.

The significantly higher values of DHA and
B-glu found at deeper layer for TTs samples
compared with NTs may be explained by
soil inversion produced by moldboard. NTs
maintained constant ASA values at deeper
layer whereas other treatments showed a
diminishing of this value with depth, which
provoked a significantly higher value of
ASA for NTg than for TT, at 10-25 cm
depth,

As reported by Melero et al. (2011) MBC
and DHA could be influenced by
meteorological fluctuations and external
conditions. Significant differences for these
parameters were found only for the long
term experiment.

Values registered for PRA activity can be
related to the strong signal at 53 ppm of the
BC CPMAS NMR spectra especially for
HAc samples, but also for BS, of all the
treatments. This signal is partly derived
from N-alkyl C most tentatively of peptides.
FT-IR spectroscopy (data not shown)
confirmed this assignment by a wide
absorption band at 3700-3500 cm®,
typically assigned to the amide N-H
stretching vibration (amide A band) and
other typical peptidic bands (amide | and 1I)
at ~1650 and ~1540 cm™ (Krimm and
Bandekar 1986). Since NaOH is commonly
use also to extract proteins from soil
samples, the HAc isolation process could
have led to an enrichment of peptides in
HAc samples. However, the high peptidic
intensity found in bulk soil samples could
be related to a high presence of incapsulated
or protected peptides that are more
recalcitrant to its oxidization. Lignin
residues, indicated by the resonance line at
155 ppm, also contributes with their
methoxyl C to the intensity of the signal at
56 ppm in the NMR spectra, but the relative
low intensity between 160 and 140 ppm
confirms a preferential assignment of the
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latter to peptideous C (Knicker and Hatcher
1997). Possibly, such peptideous material
has been protected by adsorption to minerals
(0-POM) or in the humic acid network from
a rapid degradation due to PRA activity;
Miltner et al. (2012) proposed the
entrapment in patchy fragments derived
from cell walls as a possible protection
mechanism of cytoplasmic material. The
PRA values found for this experiment were
similar to those found for other studies
(Ladd and Butler 1972; Marinari et al. 2006;
Trasar-Cepeda et al. 2000).

Chemical and biochemical analyses
demonstrated that compared to soils under
TT, the implementation of CT progressively
improved the quality of superficial soil as
time went. Due to these results, the
molecular analyses of SOM provide some
useful information. The storage and the
preservation of SOM in CT, together with a
different level of enzymatic activities could
lead to a selective enrichment of different
classes of organic compounds in soils from
the same area under different tillages.

These results indicated that the composition
of bulk soil is more similar to the pattern
found for HAc than to the one found for
POM samples. The five spectral regions
contain a certain number of peaks that could
be normally assigned to the main class of
compounds present in each region (Fig. 1).
The signals in the O-alkyl C region (60-110
ppm) are typically assigned to carbohydrates
derived mostly from cellulose and bacterial
biomass, with a minor contribution of ethers
and proteins (Preston and Trofymow 2000).
This  material is commonly easily
metabolized by soil organisms. The fact that
the O-alkyl C region dominated the spectra
of POM samples (Fig. 4) confirms that f-
POM is defined as SOM at an early state of
decomposition (John et al. 2005; Golchin et
al. 1994a).

The aromatic C region embraces intensities
of C in lignin residues, aromatic amino
acids and black carbon. For the BS samples
of our study, the spectra indicate an increase
of the aromaticity with progressing time of
the experiment, and particularly in TT
samples (Fig. 2). This could be related to
two different factors that occur in different
extent for RT_ and TT.: i) the continuous
agricultural practices of RT leads to fast

degradation of fresh material rich in O-alkyl
C leading to a relative enrichment of lignin
residues and ii) the accumulation of
pyrogenic organic matter, since after harvest
burning was carried out until 2005 on the
TT plots of the long-term experiment and to
a smaller also on the plots of mid-term
experiments (Knicker 2007; Gonzalez-Pérez
et al. 2004). The short term experiment did
not suffer any recent burning event and
values of aromatic contents are comparable
between the treatments, although one has to
consider that fire management had been
practiced before establishment of the
experiments.

A lower O-alkyl C content was revealed for
the BS samples of the NTy, than for those of
TTw, indicating that the SOM of the latter
was more degraded  The relative
contribution of alkylic compounds tends to
increase in highly exploited soils with low
litter inputs, rich in cellulose (Kdgel-
Knabner and Ziegler, 1993; Baldock and
Preston, 1995). However, for the long term
experiment, alkyl region intensity was lower
for TT, than for RT., most likely because
the input of aromatic structure with the
burned residues was higher than the relative
preservation of alkyl C in TT_ samples.

Table 2. Alkyl to O-Alkyl ratios obtained for the
different samples.

Time of Treatment Alkyl/O-
establishment Alkyl
RTL 1.05
Long-Term
TTL 0.86
. NTM 0.86
Mid-Term
TT™M 1.08
NTS 0.87
Short-Term RTS 0.97
TTS 1.01
The alkyl C to O-alkyl C ratio was

suggested as an index for the degradation or
oxidation status of SOM (Baldock and
Preston, 1995). However, this index is
viable only for comparisons between
samples from analogous areas and with
comparable SOM sources. For the samples
of the studied experimental area, the alkyl C
to O-alkyl C ratio ranged between 0.84 and
1.08 (Table 2). NTy, NTs, and TT_ samples
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showed the lowest ratios confirming that
more fresh litter is entering and
accumulating in the soils of the NT
treatments under similar  conditions
(Panettieri et al. 2013). A selective
enrichment of black C compounds that are
difficultly metabolized by microorganism
and that connect intimately with the clay
fraction of mineral soil was found for TT,_
plots  (Marschner et al 2008).
Concomitantly, TT,_ showed a lower content
in alkyls than the same treatment at short
and mid-term. This could be related to the
effect of residues burning and to the lower
MBC content found in previous year for
TT, if compared to RT_ (Madejon et al.
2009; Lopez-Garrido et al. 2009; Murillo et
al. 2004; Madejon et al. 2007). Plaza et al.
(2013) have recently pointed out the
importance of soil biomass and necromass
for the C storage, and a lower amount of
“patchy” fragments rich in lipid membranes
derived from cell walls could have provoked
a depletion of alkyl C content (Miltner et al.
2012).

The better physical quality of soils under
NT and the higher SOM quantity resulted in
an overall improving of soil quality and in a
better ~ preservation of SOM, as
demonstrated by enzymatic activities related
with SOM degradation, such as B-glu and
APA, by the higher TOC contents found in
NT samples and by the less degraded SOM
present in NT plots.

Humic acids from RT, and RTs were richer
in carboxyl and aromatic C than
corresponding TT plots, probably due to the
higher amount of partially decomposed
plant residue that could embed a higher
quantity of degraded lignin into the humic
acids net (Von Litzow et al. 2008). The
same pattern for aromatic C was not
observed for NTy, and NTs plots against TT
plots, since the absence of tillage could have
limited the interaction of fresh plant
residues with humic substances and clays.
The higher abundance in alkyl C for NTy
and NTs than for TT plots is mainly due to
the higher microbial biomass content that
could have enriched the humic acids
fraction with necromass residues and cell
wall fragments (Miltner et al. 2012).
Analyzing the evolution in time of the HAc
proceeding from TT plots, a depletion of

112

alkyl C was observed followed by an
enrichment of carboxyl C at mid-term and
O-alkyl C at long term. This could suggest a
possible microbial oxidation pattern of
alkanes in absence of an easier
metabolizable substrate.

The greater residues quantity left at surface
for conservation treatments confers fresh
SOM substrate to the soil; this was reflected
by the higher abundance of O-alkylic in f-
POM samples from RT, and NTy if
compared with TT_ and TTy, respectively,
while differences are less evident for short-
term experiment, probably due to the minor
time of establishment. Traditional tillages
had a greater abundance of aromatic at long-

and mid-term, and greater alkylic
abundances at short-and mid-term if
compared  with  the  correspondent

conservation tillages.

As expected, O-alkyl C contents of 0-POM
samples decreased, since 0-POM is a more
degraded SOM fraction strongly connected
to the clay fraction of the soil, probably
derived from the roots residues (Golchin et
al. 1994a). On the contrary, alkyl and
aromatic C regions increased their relative
abundances in 0-POM compared with f-
POM (Plaza et al. 2012).

As for f-POM samples, 0-POM samples of
RT_ and NTy, had higher intensities for O-
alkyl C region if compared with
correspondent TT treatments and even for
the short-term experiment, NTs and RTs
followed the same pattern if compared with
TTs. The opposite tendency was registered
for aromatic C region, which showed higher
intensities for TT samples at longer times of
establishment. The aromatic compounds
could have been derived from the residues
burning practices carried on in the long- and
mid-term experiment, and once more, the
evidences of burning events are confirmed
by the NMR spectra (Knicker 2007,
Gonzélez-Pérez et al. 2004). Following the
chronosequence for both POM fractions, it
seems to rapidly respond to changes in soil
management, especially its O-alkylic C
region, suggesting the analyses of this
fraction as a viable indicator of soil quality.

5. Conclusion
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This experiment confirmed the viability of
some enzymatic activities such as B-glu,
APA and in a minor extent ASA, as early
indicators of soil quality at surface, whereas
some others showed a elevate variability.
Some fractions of SOM, such as TOC and
MBC needed more time to respond to
changes in soil management.

Evidences of burning events were found in
BS and POM samples of TT plots especially
for the long term experiment, with an
accumulation of aromatic structures. The
high amount of proteinaceous material
indicates a wide protection of the peptides in
BS, HAc, and 0-POM fractions.
Conservation tillages confirmed once more
their positive effect on surface soil quality;
enzymatic activity level, TOC, MBC were
improved at long-term, and lower alkyl to
O-alkyl C ratio were found at mid- and
short-term for bulk soil, evidencing higher
inputs of fresh SOM . Moreover, the results
obtained for *C CPMAS NMR suggested o-
POM and f-POM as the most relevant soil
fractions in order to evaluate the
degradation status of soil under different
tillages.
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V.4. GLYPHOSATE EFFECT ON SOIL BIOCHEMICAL PROPERTIES
UNDER CONSERVATION TILLAGE.

Resumen

Efectos del Glifosato sobre las propiedades bioguimicas del suelo bajo laboreo

de conservacion.

En el laboreo de conservacion (LC) se requiere frecuentemente el uso de
herbicidas. El glifosato (CsHgNOsP, N-fosfonometilglicina) es uno de los herbicidas
mas utilizados. Dado que los parametros bioquimicos se utilizan frecuentemente
como indicadores de la calidad del suelo, la estimulacion de esos indicadores
producida por el LC puede ser mal interpretada debido a la necesaria aplicacion de
herbicida. El objetivo de este trabajo fue establecer el efecto del glifosato sobre los
parametros bioquimicos del suelo y cuanto tiempo pueden perdurar esos efectos en
un Entisol franco-areno-arcilloso bajo distintos sistemas de laboreo en el SO de
Espafia.

Se llevaron a cabo dos experimentos: i) Uno realizado en condiciones
controladas de temperatura, humedad e irradiacion en microcosmos de suelos de
parcelas bajo no-laboreo (NL) y laboreo reducido (LR) en presencia o en ausencia
de glifosato, después de la siembra de girasol (Helianthus annus L.); ii) Otro en el
que las muestras se recogieron directamente en una finca experimental después de la
siembra del cultivo de trigo (Triticum aestivum L.); Se tomaron muestras de suelo
LR y NL, donde se aplicé el glifosato, a distintos tiempos y se compararon con las
muestras de las parcelas bajo laboreo tradicional (LT) en ausencia de herbicida. En
ambos experimentos, se analizd el carbono hidrosoluble (CH), el carbono y el
nitrogeno de la biomasa microbiana (CBM y NBM) asi como las actividades
dehidrogenasa (DHA) y B-glucosidasa (B-glu).

Los resultados demostraron que el glifosato actu6 como una fuente de carbono
orgénico en ambos los ensayos, aunque la estimulacion de CBM, NBM, DHA y B-
glu fue mas evidente y perdurd mas en el ensayo de incubacion. En este ensayo, los
valores maximos para CBM, NBM y DHA se registraron entre los 18 y los 37 dias

después de la aplicacion del herbicida, mientras que los valores mas altos de -glu
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en las muestras de LR se registraron después 101 dias. En el ensayo bajo
condiciones de campo, este efecto fue mucho menos pronunciado.

Bajo las condiciones experimentales descritas (Entisol, clima Mediterraneo,
agricultura de secano, rotacion trigo-girasol-guisante forrajero), es aconsejable dejar
pasar un intervalo de tiempo estandar de al menos 30 dias entre la aplicacion del
glifosato y el muestreo del suelo, para evitar interpretaciones erréneas de los datos.
No obstante, es necesario evaluar caso por caso las diferencias que se pueden

originar en el metabolismo del glifosato debidas a diferentes condiciones y cultivos.

118



Soil & Tillage Research 133 (2013) 16-24

journal homepage: www.elsevier.com/locate/still

Contents lists available at SciVerse ScienceDirect

Soil &Tillage

Research

Soil & Tillage Research

Glyphosate effect on soil biochemical properties under conservation tillage

M. Panettieri *, L. Lazaro, R. Lopez-Garrido, ].M. Murillo, E. Madejon

Instituto de Recursos Naturales y Agrobiologia de Sevilla, IRNAS-CSIC, PO Box 1052, 41080 Sevilla, Spain

ARTICLE INFO

Article history:

Received 6 February 2013

Received in revised form 20 May 2013
Accepted 22 May 2013

Keywords:

Herbicide

Enzymatic activities
Conservation agriculture
Microbial biomass carbon
Soil quality

ABSTRACT

In conservation tillage (CT) the use of herbicides is often required. Glyphosate (C3HgNOsP, N-
phosphonomethylglycine) is one of the most used herbicides. Since biochemical parameters are often
used as soil quality indexes, the stimulation effects on these indexes induced by CT could be
misinterpreted due to the required application of herbicide. The objective of this work was to establish
the effect of glyphosate on soil biochemical parameters and how long did these effects last on a sandy
clay loam Entisol in SW Spain under different tillages.

To test the hypothesis that glyphosate could lead to an erroneous evaluation of biochemical
parameters when different tillages are compared, two experiments were carried out in 2011: (i) the first
one was conducted under incubation conditions; no-tillage (NT) and reduced tillage (RT) pots with and
without herbicide addition were compared, after sunflower (Helianthus annus L.) sowing, during 101
days; (ii) in the second one, samples were directly collected from an experimental farm after wheat
(Triticum aestivum L.) sowing; NT and RT soil samples where glyphosate was applied were compared for
60 days with plots under traditional tillage in the absence of glyphosate.

Biochemical parameters such as water soluble carbon (WSC), microbial biomass carbon (MBC) and
nitrogen (MBN), as well as dehydrogenase (DHA) and B-glucosidase (3-Glu) activities were analyzed in
both experiments.

Results showed that glyphosate acted as a source of organic carbon in both experiments, however,
stimulation effects on MBC, MBN, DHA and (3-Glu were more evident and lasted longer for the incubated
samples. In this experiment, the maximum values for MBC, MBN and DHA were registered between 18
and 37 days after application, while higher 3-Glu values under reduced tillage were still registered after
101 days. Those effects were less noticeable in the on-field experiment.

Under our experimental conditions (Entisol, Mediterranean condition, rainfed agriculture, wheat-
sunflower-fodder pea rotation), an interval of at least 30 days between glyphosate application and soil
sampling should be adopted as a standard to avoid data misinterpretation. Differences in glyphosate
metabolism are expected for different conditions and crops and should be evaluated case by case.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

minimum tillage or ridge-tillage to denote that the specific practice
has a conservation goal of some nature.

Conservation agriculture (CA) constitutes the most important
change in soil management in modern agriculture (Lal et al., 2007).
FAO define CA as “the agriculture that aims to achieve sustainable
and profitable methods that improves livelihoods of farmers
through the application of three main principles: minimal soil
disturbance, permanent soil cover and crop rotations”. Among
conservation agriculture, conservation tillage is the collective
umbrella term that is commonly given to no-tillage, direct drilling,

* Corresponding author. Tel.: +34 954624711; fax: +34 954624711.
E-mail addresses: marco.panettieri@csic.es, marcopanettieri@gmail.com
(M. Panettieri).

0167-1987/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/].still.2013.05.007

Normally, the retention of 30% surface cover by residues
characterizes the lower limit of classification for conservation
tillage but other objectives include time, fuel and water savings,
and improvement of soil quality.

Numerous researches have pointed out the positive effects of
CA in soil quality under rainfed conditions in the Mediterranean
basin (Alvaro-Fuentes et al., 2008; Melero et al., 2011; Mrabet
et al, 2001). The CA increases soil organic carbon (SOC) by
preventing carbon losses operated by erosion and mineralization
(Engel et al., 2009) and by adding fresh carbon sources proceeding
from crop residues. Carbon storage has several environmental
benefits since agriculture is responsible for 20% of CO, emission
(Lal, 2004). Soils under CA also showed higher microbial activities
and better physical properties compared with corresponding soils


http://dx.doi.org/10.1016/j.still.2013.05.007
mailto:marco.panettieri@csic.es
mailto:marcopanettieri@gmail.com
http://www.sciencedirect.com/science/journal/01671987
http://dx.doi.org/10.1016/j.still.2013.05.007

M. Panettieri et al./Soil & Tillage Research 133 (2013) 16-24 17

under traditional tillage (TT) (Franzluebbers, 2004). Furthermore,
water infiltration and water loss prevention displayed higher
values under CA and these characteristics are particularly relevant
under Mediterranean conditions that could turn into semi-arid
conditions, like those in the southwest of Spain (Moreno et al.,
1997). However, one of the common problems under CA is the
absence of a preliminary tillage that eliminates weeds before
seeding procedures. In these conditions, farms always need
herbicides to prevent weeds proliferation. This practice causes
contamination and chemical persistence in soil, and groundwater
pollution after percolation. Glyphosate (C3HgNOsP, N-phosphono-
methylglycine) is one of the most important herbicide in the
world and the most sold in the USA. Glyphosate mode of action
is to inhibit the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase, which catalyses the reaction of shikimate-3-phosphate
and phosphoenolpyruvate to form 5-enolpyruvyl-shikimate-3-
phosphate. That results in the total inhibition of the synthesis
pathway of three fundamental amino acids: phenylalanine,
tyrosine and tryptophan. The shikimate pathway is not present
in vertebrate metabolism and this makes glyphosate relatively
non-toxic for human, reptiles and mammalians.

Many soil enzymes can be used as indicators of soil quality for
sustainable management because they are sensitive to ecological
stress and land management (Benedetti and Dilly, 2006). Enzymes
may react to changes in soil more quickly than other physic-
chemical variables and therefore may be useful as early indicators
of biochemical changes (Melero et al., 2008; Nannipieri, 1994).
Evidence of the stimulation effect of herbicides on soil biochemical
properties has been reported (Benitez et al., 2006; Garcia-Ruiz
et al,, 2008; Reinecke et al., 2002), even if herbicides are not
designed to directly interact with soil enzymes (Speir and Ross,
2002). However, other authors defined as negligible the effect of
glyphosate on soil microbial communities (Busse et al., 2001).
Gianfreda and Rao (2008) reported that this effect is concentration-
dependent and herbicide type-dependent and Zabaloy et al. (2008)
described glyphosate as the herbicide with the most pronounced
stimulation effect on soil biochemical properties if compared with
2,4-dicholorophenoxyacetic acid and metsulfuron-methyl. The
main objective of this work was to evaluate the effect of glyphosate
on various biochemical indicators of soil quality in soils under
conservation tillage in Mediterranean, rainfed conditions. We
hypothesize that the herbicide presence could have a time
dependent effect on soil biochemical properties. To test the
hypothesis two different experiments were carried out: one under
controlled conditions and another one directly under field
conditions. Parameters like water soluble carbon (WSC), microbial
biomass carbon (MBC) and nitrogen (MBN) and the activity of two
enzymes (dehydrogenase, DHA, and [3-glucosidase, 3-Glu) were
determined.

2. Materials and methods
2.1. Experimental area

The selected plots were situated on “La Hampa” experimental
farm of the “Instituto de Recursos Naturales y Agrobiologia de
Sevilla (IRNAS-CSIC)” (37°17" N, 6°3’ W), located 13 km southwest
of the city of Seville (Spain). Since 2008, 9 plots on the farm were
managed under different tillage practices, in order to evaluate the
changes originated by tillage on soil quality. The soil is an Entisol
(Xerofluvent, Soil Survey Staff, 1999) with a sandy clay loam
texture (clay content of about 250 gkg™!, 210gkg™! silt and
540 g kg~ ! sand), pH of around 7.8 (calcareous), Kjeldahl nitrogen
concentration of 950 mg kg~!, Olsen phosphorus concentration of
18.8mgkg™! and alkaline-earth carbonates concentration of
280 gkg~!. The climate of the zone is typically Mediterranean,

with mild rainy winters (484 mm mean annual rainfall) and very
hot and dry summers. The mean annual temperature at the
experimental site is around 17 °C, the maximum and minimum
mean monthly temperatures were 33.5 °C and 5.2 °C registered in
July and January, respectively.

For the on-field experiment, samples collected from three tillage
treatments were directly compared: traditional tillage (TT), reduced
tillage (RT) and no-tillage (NT). The experiment was carried out in a
completely randomized block design with three replicates per
treatment. For the incubation experiment, soil cores proceeding
from the same plots were used to fill the incubation pots.

The TT consisted of a pass of mouldboard plough (to a depth of
25-30 cm) and two or three cultivator passes at a depth of 15-20 cm
and a disc harrow pass at a depth of 15 cm. RT was characterized by
the lack of mouldboard ploughing and by a reduction in the number
of tillage operations (only chisel plough at a depth of 20-25 cm,
every two years and a yearly disc harrowing at a depth of 5-7 cm
were retained) as well as by leaving the crop residue on the soil
surface. NT was characterized by the absence of tillage (direct
drilling) in which the residue is left on the soil surface until it decays,
except sunflower stalks, which were broken into smaller pieces
before the next crop was sown. The percentage of the soil surface
covered by residue in both the RT and NT treatments was
determined by stretching a 10 m cord (marked every 10cm)
diagonally across several rows of each conservation tillage (CT) sub-
plot as reported by Plaster (1992). The number of marks touching a
piece of crop residue gave the percentage of coverage. In our case, the
percentage of residues covering the soil surface was greater than 60%
in both CT treatments, and this confirmed that conservation tillage
was established correctly in both cases.

A wheat (Triticum aestivum L.)-sunflower (Helianthus annus L.)-
fodder pea (Pisum arvense L.) crop rotation was established. The
sunflower and fodder pea crops were not fertilized (as it is
traditional in this zone), while wheat received 100 kgha~'
(fertilizer complex) with no top dressing fertilizer. Weeds were
controlled by tillage in TT and by the application of pre-emergence
herbicides in CT, at a rate of 4 L ha~! glyphosate (36%).

2.2. Incubation experiment

For the incubation experiment, a week after fodder pea harvest
on May 2011, two different areas of 1 m? were delimited at random
in each one of the 6 plots corresponding to conservation tillage
systems (3 plots under NT and 3 under RT), for a total of 12 selected
areas. In one of this area for each plot, the herbicide was applied
(GLYFOS Ultra, Agrodan, which contains 36% glyphosate) at a dose
equivalent to 10Lha~! that corresponds to the maximum
recommended by the manufacturer’s label. To ensure the
homogeneity of the application a sprayer was used. The second
area for each plot was used as a control, for a total of 6 areas with
glyphosate application and 6 control areas, equally distributed
between NT and RT plots.

After the application of the herbicide, undisturbed soil samples
coming from each one of the 12 areas were taken using PVC
cylinders. These cylinders contained approximately the top 15 cm
of the soil profile and were immediately transferred to 12 pots of
similar diameters; a total amount of 600 cm® (about 750 g) was
placed in each pot. The soil profile (0-15 cm depth) remained
unaltered after this operation.

The pots with soil samples were brought to the laboratory, and
they were placed at random in a chamber under controlled
conditions (between 22 and 24 °C, photoperiod of 18 h light and 6
of dark and light intensity: 111 wE m 2 s~!) where they remained
throughout the time that the experiment was developed.

In order to prepare the sowing, distilled water was added to
bring the water content of soil to 70% of its total water holding
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capacity (0,295 cm® H,0 cm~3). Five sunflower seeds were sown
by hand in each pot, at a depth of 4-6 cm, and they were placed at
the maximum possible distance from each other.

The pots were watered several times a month simulating
natural rainfall from the 20th of February to the 10th of June
(normal time of crop development). The total amount of water
applied was 206 Lm 3 divided into 3 big precipitation events
(from the 13th to the 23rd day of incubation: 55 L m~>; from the
58th to the 63rd day of incubation: 40 L m—3; and from the 68th to
the 71st day of incubation: 40 L m~3) and 6 smaller precipitation
events. Surface soil samples (0-5 cm) in each pot were collected 0,
17,37,57 and 101 days after the application (DAA) of the herbicide.

2.3. On-field experiment

The on-field experiment started in December 2011, immediately
after glyphosate application (GLYFOS Ultra, Agrodan, which contains
36% glyphosate). The herbicide dose applied was raised in order to
equal the one used for the incubation experiment (10 L ha™!).

Samples were collected at three different times: immediately
after application (T=0), 30 (T=30), and 60 (T=60) days later,
while wheat was sown 10 days after glyphosate application. Three
treatments were evaluated for this experiment, NT and RT where
glyphosate was applied, and TT, in which there was no glyphosate
application. Three soil cores were collected from each plot at two
depths (0-5 and 5-10cm) to create a composite sample per
replicate, treatment and depth for a total of 18 samples. The moist
soil coming from the field was sieved (<2 mm) and divided into
two sub-samples. One was immediately stored at 4 °C in loosely
tied plastic bags to ensure sufficient aeration and prevent moisture
loss prior to assaying for biochemical analyses. The other was air-
dried for chemical analysis. Biochemical analyses were carried out
within 2 weeks.

2.4. Biochemical analyses

In sub-samples, the microbial biomass carbon content (MBC)
and nitrogen content (MBN) were determined by the chloroform
fumigation-extraction method modified by Gregorich et al. (1990)
and Brookes et al. (1985), respectively. Concentrations of C and N in
the extract were measured by a TOC V-CSH Shimadzu analyzer
equipped with a total-N analyzer unit.

In air-dried subsamples, at the beginning of the experiment,
total organic carbon (TOC) concentration was measured by
dichromate oxidation and titration with ferrous ammonium
sulfate (Walkley and Black, 1934).

Dehydrogenase (DHA) was determined according to Trevors
(1984) after soil incubation with INT (2(p-iodophenyl)-3-(p-
nytrophenyl) 5-phenyl tetrazolium chloride) and the produced
iodonitrotetrazoliumformazan (INTF) absorbance at 490 nm was
measured with a Perkin Elmer Lambda EZ210 spectrophotometer.
B-Glucosidase activity (3-Glu) was measured as indicated by
Eivazi and Tabatabai (1988), after soil incubation with p-
nitrophenyl-f3-p-glucopyranoside and the produced p-nitrophenol
absorbance at 400 nm was measured.

Table 1

Water soluble carbon (WSC) was determined in a (1/10)
aqueous extract by shaking at 150 rpm for 1 h. The aqueous extract
was centrifuged at 15,000 rpm for 10 min and measured using a
TOC V-CSH Shimadzu analyzer.

2.5. Statistic

Data normality was tested prior to analysis. Significant
differences originated by glyphosate application during the
incubation experiment were shown by a Student’s t-test at
p < 0.05, in which soil samples with glyphosate were individually
compared with corresponding samples without glyphosate.

Soil differences before glyphosate application and for field
experiment were analyzed by running a univariate analysis of
variance (ANOVA) to test whether there was a significant effect of
the treatments (tillage) on each one of the studied parameters.

The correlation matrix of the variables studied was based on
Pearson correlation coefficients (p < 0.05 and p < 0.01). Statistical
analyses were carried out using IBM SPSS Statistics 19.0 (SPSS Inc.,
Chicago, IL).

3. Results and discussion
3.1. Preliminary data

Tillage already showed an important effect on biochemical
properties at the beginning of this experiment (Table 1). That
means that the “in situ” quality of the surface soil was higher in
plots under NT than those in TT at initial time. Other studies have
demonstrated the increase of the biochemical parameters in soils
under conservation agriculture and especially under no-tillage
(Doran, 1980; Eivazi et al., 2003; Madejon et al., 2007), whereas
other studies have related CA successes to specific climatic
conditions (Lal et al., 1989; Moreno et al., 1997).

In this experiment, the preliminary data showed that NT
was the most efficient practice to enhance TOC, MBC, MBN, and
DHA, whereas data for (-glucosidase showed no significant
differences between treatments. In soils under RT, differences
with TT were not significant, except for WSC content, probably
due to the short time of establishment of the experiment, indeed
Kladivko et al. (1986) and Madejon et al. (2007) demonstrated
that RT improves soil quality at the surface in long-term
experiments.

3.2. Incubation experiment

The experiment under controlled conditions has pointed out
that, as time proceeds, biochemical properties, except MBN and
DHA, have decreased (Figs. 1 and 2).

Overall, for both types of conservation tillages, higher WSC
values were observed for treatments with glyphosate until 57 DAA
(Fig. 1a and b). Glyphosate itself is a source of water soluble and
easily available carbon and the application of the herbicide may
have slightly increased WSC content. Several authors reported
that some of glyphosate most important metabolites such as

Mean values and standard errors of total organic carbon (TOC), water soluble carbon (WSC), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial
biomass carbon to nitrogen ratio (MBC/MBN), dehydrogenase activity (DHA) and B-glucosidase activity (3-Glu), in soil under no-tillage (NT), reduce tillage (RT) and

traditional tillage (TT) at the beginning of the experiment (0-5cm depth).

Treatment  TOC (gkg™!) WSC MBC (mgkg™!)  MBN (mgkg~') MBC/MBN  [B-Glu DHA
(mgkg™ 1) (mg p-nitrophenolh~'kg~! DW soil)  (mg INTFkg~' DW soil)
NT 10.55 4+ 0.66b 73.1+6.5ab 609 + 15b 73.6 +24.4b 8.39a 175+ 14a 1.81+£0.25b
RT 8.65+0.87a 93.1+4.9b 495 +22a 23.7+1.7a 21.0b 134 +15a 1.63+0.31ab
TT 7.72 +0.26a 66.8 +4.8a 529+ 12a 28.1 +4.6a 19.7b 130+ 10a 1.15+0.12a

n=9. Significant differences between treatments are indicated with different letters (p < 0.05).
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Fig. 1. Mean values and standard errors (referred to dry weight soil) after 0, 18, 37, 57 and 101 days of incubation for water soluble carbon (WSC), microbial biomass carbon
(MBC), microbial biomass nitrogen (MBN), microbial biomass carbon to nitrogen ratio (MBC/MBN) in soil under no-tillage with glyphosate, NT + Gly, and without, NT (a, c, e,
g), and under reduced tillage with glyphosate, RT + Gly, and without, RT (b, d, f, h). Significant differences between paired values are marked by an asterisk (p < 0.05), n = 60.

sarcosine (Kishore and Jacob, 1987), glyoxylic acid and especially
aminomethylphosphonic acid (AMPA) (Dick and Quinn, 1995)
were very persistent in soil and could be responsible for most of the
effects observed after glyphosate application (Obojska et al., 1999;
Roberts et al., 1998).

The presence of glyphosate increased MBC contents in both
treatments under conservation tillage (Fig. 1c and d), however,
significant differences were only found in the analyses performed
at 18 DAA in NT and at 37 DAA in RT. From 57 DAA differences

between treatments with and without herbicide were not
significant. The increase of MBC contents in the treatments with
glyphosate may be related to the increase of labile C sources,
however no significant correlations were found between this
parameter and the WSC (Table 2).

For the MBN, a clear pattern was not observed. After an initial
negative effect of glyphosate in both conservation treatments,
values in soils with and without glyphosate were very similar
(Fig. 1e and f).
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Fig. 2. Mean values and standard errors (referred to dry weight soil) after 0, 18, 37, 57 and 101 days of incubation for dehydrogenase activity, DHA, and for 3-glucosidase
activity, 3-Glu, in soil under no-tillage with glyphosate, NT + Gly, and without, NT (a and c), and under reduced tillage with glyphosate, RT + Gly, and without, RT (b and d).
Significant differences between paired values are marked by an asterisk (p < 0.05), n = 60.

Several authors have studied the effects of glyphosate on soil
microorganisms, with controversial results. While, Gomez et al.
(2009) observed a decrease of MBC, Haney et al. (2000) observed
no effect on either the MBC or MBN contents, and yet, Wardle and
Parkinson (1990) found a slight increase in these parameters in the
first days after application of herbicide.

The ratio MBC/MBN showed a decrease during the first two
samplings of the incubation period followed by a plateau (Fig. 1g
and h). This ratio was higher in soils with glyphosate at the
beginning of the experiment, and it demonstrated the positive
effect of the herbicide on biomass carbon just after the glyphosate
application. After 37 DAA values of this ratio were very similar for
all treatments with and without glyphosate. Most bacteria have
lower MBC/MBN ratios than fungi (Sarathchandra et al., 1988) and
our results showed a decrease in the MBC/MBN ratio between the
beginning and the end of the incubation, which could have been
due to a change in population caused by the experimental
conditions. Indeed, Aradjo et al. (2003) reported a stimulation
effect of glyphosate on fungi rather than on bacterial community.
This effect normally evolves in a higher MBC/MBN ratio due to the
higher MBC contained in fungal cells. In our study, water content of
soil was not constant and incubation was carried out with artificial

Table 2
Correlation coefficients between the different soil chemical and biochemical
properties of incubated soil.

MBC MBN B-Glu DHA

WSC 0.208 0.403" 0.364" 0.220
MBC - 0.167 0.403” 0.041
MBN - 0.153 0.189
B-Glu - 0.133

n=60. WSC: water soluble carbon; MBC: microbial biomass carbon; MBN:
microbial biomass nitrogen; DHA: dehydrogenase activity; B-Glu: B-glucosidase
activity.

" Correlation is significant at the 0.01 level.

lightning. Consequently, these different conditions may have led to
different results from the Aradjo et al. (2003) experiment.

In general, DHA values were higher in treatments with
glyphosate, especially in the second and third samplings
performed (17 and 37 DDA) (Fig. 2a and b). After this time, DHA
values were similar for all treatments. These results agree with
those found by other authors in experiments of application of
glyphosate to assess its effect on soil enzymatic activities. De
Andréa et al. (2003) and Gomez et al. (2009) observed an increase
in activity in the first weeks after application of glyphosate while
Zabaloy et al. (2008) found controversial effects of glyphosate on
DHA depending on soil type. De Andréa et al. (2003) also found
significant differences in DHA after a second glyphosate applica-
tion, and they confirmed that the herbicide can stimulate oxidative
processes in the soil. However, as in our experiment, two months
after application no significant differences were detected and this
data demonstrated that the effect of the herbicide in the DHA is
temporary. This result shows that the activity is not inhibited by
the herbicide and even experienced some stimulation. Several
papers have shown an increase in this activity in soils under
conservation tillage practices (Doran, 1980; Eivazi et al., 2003;
Madejon et al., 2007). Since conservation tillage treatments often
require herbicide application, we must take into account the
possible stimulation effect when conservation treatments are
compared with others in which glyphosate was not applied, as in
case of TT.

For both conservation tillages, 3-Glu was also stimulated by
the presence of glyphosate (Fig. 2cand d). In the case of soils under
NT, although values were generally higher in presence of
herbicide, significant differences were only found at 37 DAA. In
soils under RT the effect of glyphosate becomes clearer:
significant differences were found after 18, 37 and 57 DAA,
whereas no differences were found after 101 DAA. This
corroborates the hypothesis of the influence of herbicide on 3-
Glu. Glyphosate degradation is co-metabolically performed and
the decomposition rate should depend on the general activity of
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Fig. 3. Mean values and standard errors (referred to dry weight soil) obtained 0, 30 and 60 days after the application of glyphosate on field for water soluble carbon (WSC),
microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial biomass carbon to nitrogen ratio (MBC/MBN) in soil under no-tillage (NT) reduced tillage (RT)
and traditional tillage (TT) at two depths: 0-5 cm (a, ¢, e, g) and 5-10 cm (b, d, f, h). Significant differences between paired values are marked by different letters (p < 0.05),

n=>54.
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Table 3
Correlation coefficients between the different soil chemical and biochemical
properties of incubated soil, limited to treatments with glyphosate.

MBC MBN B-Glu DHA

WSC 0.362" 05717 0.498" 0.309
MBC - 0.195 0.229 0.094
MBN - 0.029 0.266
B-Glu - -0.015

n=30. WSC: water soluble carbon; MBC: microbial biomass carbon; MBN:
microbial biomass nitrogen; DHA: dehydrogenase activity; B-Glu: B-glucosidase
activity.

* Correlation is significant at the 0.05 level.

™ Correlation is significant at the 0.01 level.

soil microorganisms (Gimsing et al., 2004). Biodegradation
products of glyphosate can be sarcosine - as the effect of direct
activity of C-P lyase - and/or aminomethylphosphonic acid
formed as the result of the activity of glyphosate oxidoreductase
and glyoxylic acid (Obojska et al., 1999; Roberts et al., 1998).
These compounds can act as a source of C and P for microorgan-
isms to increase their activity. Moreover, 3-Glu is an extracellular
enzyme that has an impact beyond the life of the organism and
lasts longer in time.

The results obtained by Pearson bivariate correlations between
all the incubated soil samples (Table 2) showed that 3-Glu was
significantly correlated to WSC and MBC; furthermore, an unusual
correlation between WSC and MBN was found for incubated soil
samples. A better explanation of these results was obtained by
separating samples on the basis of glyphosate application
(Table 3): the correlation between MBN and WSC was stronger
for this set of data, while it was not significant for samples without
glyphosate (data not shown). Moreover, 3-Glu maintained its
correlation with WSC too; these data support our hypothesis that
the herbicide application, considered as an addition of WSC source,
could stimulate some enzymatic activities and also modify
nitrogen cycles as reported by Ratcliff et al. (2006).
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3.3. On-field experiment

After the results obtained during the incubation experiment, an
on-field experiment was carried out in order to ensure whether or
not glyphosate application was influencing microbial activities
values up to 60 DAA also in agricultural plots.

Normally, results obtained for on-field experiments carried out
in agricultural plots differ from those obtained for incubated soil,
since meteorological factors such as temperature variations, light
intensity, wind and rain strength could affect the degradation of
many agrochemical products. Those changes could be related to
stimulation or inhibition of microbial communities and/or to
activation of other chemical oxidation patterns.

First of all, glyphosate could have caused a significant augment
of WSC in NT superficial samples at the beginning of the
experiment, since the herbicide itself is a source of water soluble
carbon (Fig. 3a). A similar trend was detected in RT samples with a
lower intensity, but not in TT samples, where glyphosate was not
applied. For both conservation treatments, WSC values decreased
with time. In NT samples, the same pattern was observed at 5-
10 cm depth (Fig. 3b), probably due to a stimulation effect by the
glyphosate on WSC during the first 30 days. Furthermore, for
others on-field experiments, Ara(jo et al. (2003) and Veiga et al.
(2001) confirmed that the persistence of herbicide and its
metabolites (aminomethylphosphonic acid and glyoxylic acid)
seemed to last about 30 days.

For the other parameters analyzed, no differences were found in
5-10 cm depth samples except for DHA activity at T = 30 (Fig. 34, f,
h; Fig. 4b and d). Values observed for MBN were highly dispersed
and no evident trend was found (Fig. 3e and f). Although NT
samples showed higher but not significant values of MBC at the
surface, the evolution in time followed the same pattern of TT
samples and both were comparable to RT ones and glyphosate did
not seem to affect this organic C pool (Fig. 3¢ and d). Fig. 4 shows
that the herbicide application in NT and RT plots did not produce
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Fig. 4. Mean values and standard errors (referred to dry weight soil) obtained 0, 30 and 60 days after the application of glyphosate on field for dehydrogenase activity, DHA,
and for B-glucosidase activity, 3-Glu, in soil under no-tillage (NT) reduced tillage (RT) and traditional tillage (TT) at two depths: 0-5 cm (a, ¢) and 5-10 cm (b, d). Significant

differences between paired values are marked by different letters (p < 0.05), n=54.
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Table 4
Correlation coefficients between the different soil chemical and biochemical
properties of soil under on-field conditions.

MBC MBN B-Glu DHA
WSC 0.370" —0.087 0.204 0.531"
MBC - 0.171 0.402" 0.389"
MBN - —0.003 —0.146
B-Glu - 0.719”

n=54. WSC: water soluble carbon; MBC: microbial biomass carbon; MBN:
microbial biomass nitrogen; DHA: dehydrogenase activity; B-Glu: B-glucosidase
activity.

™ Correlation is significant at the 0.01 level.

the same stimulation effects on enzymatic activities as in the
incubated samples. Values of DHA activity at the surface were
significantly higher under NT for all the samplings, but DHA
intensity decreased with time and became constant after 30 days.
These differences appeared to be more related to tillage than to
glyphosate application, since the stimulation induced by herbicide
for the incubation experiment occurred several days after the
application and RT showed no differences when compared to TT.
Significant differences at 5-10 cm depth were observed only at
T=30 for NT if compared with TT, and once again could be
principally related to tillage effects since both trends followed the
same pattern along the experiment.

As observed for DHA, 3-Glu values were significantly higher for
NT surface samples when compared with TT and RT, however no
differences were found at 5-10 cm depth. An upward trend for
surface samples values was observed as time went, even for TT
samples where glyphosate was not applied and this exclude the
possibility of a stimulation effect directly attributable to the
herbicide.

The coefficient obtained for the bivariate correlation (Table 4)
reported a high positive correlation between both enzymatic
activities studied, and also between DHA and WSC, DHA and MBC.
Moreover, WSC and MBC were positively correlated among them,
but B-Glu showed a positive correlation only with MBC and not
with WSC. This latter result is difficult to explain, since 3-Glu often
showed a positive correlation with WSC in similar studies
(Madejon et al., 2009; Melero et al., 2011) and further analyses
are required to assess if glyphosate was responsible for WSC
content alteration under field conditions.

Some authors (AraGjo et al., 2003; Veiga et al., 2001) have
shown that the persistence of glyphosate in soil ranged between 30
and 35 days in both on-field and incubation essays. However, this
period may be longer in soils with high clay content. The soil of
this experiment is a loam soil with moderate clay content and
perhaps the persistence time of glyphosate goes something
beyond these 35 days. This was especially true in the case of RT,
whereas in NT the possible stimulation effect was not noticeable
after 35-50 days.

The evaluation of these data demonstrated that the glyphosate
could affect some biochemical parameters but the magnitude of
the effect strongly depends on soil characteristic, crop type and
climatic conditions. Extrapolation of these results could be difficult
since previous studies ranged from a negligible effect of glyphosate
on soil biochemical properties of ponderosa pine (Pinus ponderosa)
plantations in north California (Busse et al., 2001) to a pronounced
stimulation effect on the same properties in Argentinian agricul-
tural soils (Zabaloy et al., 2008).

4. Conclusion
The present study confirmed our hypothesis that glyphosate

affects soil biochemical parameters. Results obtained for dehydro-
genase and [3-glucosidase activities in the incubation assay suggest

that glyphosate could cause a time dependent stimulation of both
of these activities, probably by acting as a source of easily available
carbon.

The presence of glyphosate should be taken into account in
order to ensure that significant differences are due to the tillage
effect and not to the herbicide stimulation, when the biochemical
status of soils under different tillage systems is evaluated.

The magnitude and duration of this stimulation effect varied
from the incubation experiment to the on-field experiment, where
biodiversity, atmospheric and climatic conditions could enhance
the glyphosate degradation.

These results suggest leaving time between glyphosate
application and soil sampling in order to avoid data misinterpre-
tation: the interval should be of about 50 days in case of
dehydrogenase and up to 90 days under incubation conditions,
while an interval of at least 30 days should be implemented for the
on-field essays, for our experimental conditions. Due to the high
variability of this stimulation effect, the interval should be adapted
case by case depending on the soil and climate characteristics.
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V.5. EFFECT OF PERMANENT BED PLANTING COMBINED WITH
CONTROLLED TRAFFIC ON SOIL CHEMICAL AND BIOCHEMICAL
PROPERTIES IN IRRIGATED SEMI-ARID MEDITERRANEAN
CONDITIONS

Resumen

Efectos del cultivo en lomos permanentes combinados con el trafico controlado

sobre las propiedades quimicas y bioguimicas del suelo en una finca de regadio en

condiciones mediterrdneas semiaridas.

En condiciones semiaridas es necesario mejorar la calidad del suelo agricola para
reducir la erosion del suelo y optimizar la utilizacion del agua. La agricultura de
conservacion (AC) puede incrementar la biodiversidad y la calidad del suelo, y
también reducir los costes de gestién tanto en secano como en regadio, sin que los
cultivos pierdan productividad. No obstante, son escasos los estudios cientificos
sobre las propiedades quimicas y bioquimicas del suelo en fincas de regadio bajo
AC en la region mediterrdnea. Los lomos permanentes con retencion de residuos
(LP) se propusieron como una alternativa a los lomos labrados convencionalmente
con la incorporacion de residuos en el suelo (LT). A lo largo de 2 campafias de
cultivo (2009 y 2010), estos dos sistemas de manejo, combinados con el control de
trafico de la maquinaria, se compararon en un suelo de tipo franco aluvial Typic
Xerofluvent bajo una rotacion Maiz (Zea mais, L.) - Algoddn (Gossypium hirsutum,
L.) establecida en el afio 2007. Después de la cosecha, en surcos y lomos, se
analizaron los contenidos de carbono organico total (COT), carbono hidrosoluble
(CH), nitrogeno Kjeldahl (N-Kjel), actividades deshidrogenasa (DHA) y B-
glucosidasa (B-glu) y carbono y nitrégeno de la biomasa microbiana (CBM y NBM).
Los resultados evidenciaron que el N-Kjel, el COT vy las actividades enzimaticas
fueron significativamente mas altas en las muestras de suelo de los surcos del
tratamiento LP, que en las de LT, pero practicamente no se encontraron diferencias
en las muestras de los lomos. Ademas, el tréfico de la maquinaria no produjo ningun
efecto en los pardmetros quimicos y biogquimicos, pese al efecto de compactacion

que ejerce. Las diferencias mas evidentes se encontraron entre muestreos, debido a
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la diferente cantidad y tipologia de los residuos (maiz y algoddn). El analisis de
componentes principales confirmé que en esta finca de regadio bajo condiciones
mediterraneas, COT, N-Kjel y pB-glu (y DHA en menor medida) son indicadores
viables de los cambios originados por el manejo del suelo en la calidad del mismo;
sin embargo, el CH, un buen indicador de calidad del suelo en agricultura de
secano, no resulto serlo en este caso. Los resultados confirmaron que la agricultura
de conservacion es la mejor opcion para mejorar la calidad biolégica y bioquimica

del suelo en fincas de regadio bajo condiciones mediterraneas semiaridas.
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Improving agricultural soil quality in semi-arid regions is necessary for reducing soil erosion and improving
water use. Conservation agriculture (CA) can increase soil quality and biodiversity, and reduce operational
costs without losing crop productivity both under irrigated or rainfed conditions. However, few studies on
soil chemical and biochemical status in irrigated farms under CA in the Mediterranean region are available.
Permanent beds with crop residue retention (PB) have been proposed as an alternative to conventionally
tilled beds with residue incorporation into the soil (CB). These two soil management systems combined
with controlled traffic were compared during two different seasons (2009 and 2010) in a loamy alluvial
Typic Xerofluvent soil under a maize (Zea mais L.)-cotton (Gossypium hirsutum L.) crop rotation trial
established in 2007 in Southern Spain. Total organic carbon (TOC), water soluble carbon (WSC), Kjeldahl
nitrogen (Kjel-N), dehydrogenase (DHA) and 3-glucosidase (3-Glu) activities and microbial biomass carbon
(MBC) and nitrogen (MBN) were analysed in soil from beds and furrows after crop harvest. Results indicated
that Kjel-N, TOC and enzymatic activities were significantly higher in soil from furrows in PB than in CB, but
practically no differences were found in soil from the bed zone. Moreover, traffic did not affect chemical and
biochemical parameters in spite of its compacting effect. Major differences were found between samplings
due to different quantity and nature of the residues (maize vs. cotton). Principal component analysis
confirmed that TOC, Kjel-N and 3-Glu (and DHA to a less extend) are useful indicators of soil management
impact on soil quality in this irrigated Mediterranean conditions; however, this is not the case of WSC, a com-
mon indicator in rainfed conditions. Results confirmed that conservation agriculture is the better option to
increase soil biological and biochemical quality in irrigated farms under Mediterranean semi-arid conditions.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Conservation agriculture (CA) has been proposed as a management
strategy to improve the sustainability and profitability of the farming
system in semi-arid regions (Kassam et al., 2009). The adoption of CA
could in principle reduce irrigation water needs, risk of soil erosion
and production costs (Jones et al., 2006; Sayre and Hobbs, 2004). De-
spite its potential benefits, CA adoption has been undertaken mainly
by large scale farmers and for rainfed cropping (Sayre and Hobbs,
2004). However, irrigated agriculture accounts for about 40% of agricul-
tural production (Molden et al., 2007). In the future, if enough food
should be produced to fill global food needs, irrigation systems are
expected to increase their contribution by improving their efficiency
(Rosegrant et al., 2009). In view of this pressure, CA can play a key
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E-mail addresses: marco.panettieri@csic.es (M. Panettieri), inma@ias.csic.es
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0341-8162/% - see front matter © 2013 Elsevier B.V. All rights reserved.
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role for improving sustainable intensification of irrigated cropping
systems.

In irrigated Mediterranean agriculture, lack of adoption of CA is asso-
ciated to the management of excessive crop residues and/or the possible
soil compaction problems (Gémez-Macpherson et al., 2009). On a wet
clay soil, one single wheel pass can compact the soil severely (Alakukku
and Elonen, 1995) and such compaction has been associated with
reduced yields (Raper et al.,, 2000). The traditional solution for soil com-
paction is tillage, an approach to be avoided under CA systems which
aims at minimal soil disturbance. To avoid compaction, CA farmers may
use low pressure wheels and restrict their traffic to specific paths by
using GPS-controlled devices (Tullberg et al., 2007). When crops, such
as cotton and maize, are planted on beds, traffic can be restricted to
specific furrows, which can occasionally be deep-ripped (Boulal and
Gomez-Macpherson, 2010). This avoids the requirement for special
GPS-controlled machinery though all the equipment has to be adapted
to fit the distance between furrows.

Several methods are used for maize and cotton crops under irrigation,
ranging from intensive tillage such as deep ripping, disc-ploughing, chisel
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ploughing, and bed preparation, to minimum tillage or permanent beds
(Gémez-Macpherson et al., 2009; McKenzie et al., 2003; Schoenfisch,
1999). By definition, a permanent bed implies that the bed stays in
place for several seasons. The term permanent bed does not, however,
imply that all soil disturbances are totally excluded as reforming may
be needed before sowing. Maize and cotton crops have been cultivated
on permanent beds successfully in Mexico and Australia (Hulugalle and
Daniells, 2005; Sayre and Hobbs, 2004) but rarely in the Mediterranean
basin countries (Boulal and Gomez-Macpherson, 2010).

Numerous researches have pointed out the positive effects of CA
in soil quality under rainfed conditions in the Mediterranean basin
(Alvaro-Fuentes et al., 2008; Madején et al., 2009; Melero et al.,
2011; Mrabet et al., 2001); however, little is known about these effects
under irrigation. To define soil quality, the simple operational defini-
tion of Gregorich et al. (1994) may be used: ‘The degree of fitness of a
soil for a specific use’. In this sense, soil quality depends on the use
and the management of the soil (Singer and Ewing, 2000). In terms
of agricultural production, high soil quality equates to the ability of
the soil to maintain a high productivity without significant soil or
environmental degradation (Govaerts et al., 2006) and to promote
plant and animal health. Interest in defining soil quality has focused
on identifying some properties that affect soil health and quality
(Doran and Parkin, 1994) but a more appropriate approach could be
the use of indices based on a combination of different soil properties
(Trasar-Cepeda et al., 2000). For example, microbial biomass and soil
enzymes have been suggested as potential indicators of soil quality
because of their relationship to soil biology, ease of measurement,
rapid response to changes in soil management and high sensitivity
to temporary soil changes originated by management and environ-
ment factors (Jiménez et al., 2002; Marx et al., 2001).

The aim of this work was to assess the effects of a permanent bed sys-
tem combined with controlled traffic on several soil chemical and bio-
chemical properties related to soil quality. Both furrow and bed zones
in an irrigated maize-cotton rotation under semi-arid Mediterranean
conditions were evaluated. Results were compared to those obtained
under conventional tillage also combined with controlled traffic. We
hypothesized that: i) CA could have a positive effect in increasing soil
fertility by enhancing soil organic matter and soil biological status
3 years after the introduction of the system; ii) soil biochemical proper-
ties could be bioindicators of the impact of management systems on soil
quality also under irrigation.

To prove these hypothesis soil chemical properties such as total
organic carbon (TOC), Kjeldalh-N (Kjel-N), and water-soluble carbon
(WSC), and soil biochemical properties like microbial biomass carbon
(MBC) and nitrogen (MBN), dehydrogenase (DHA) and 3-glucosidase
(B-glu) activities were measured in furrows, with and without traffic,
and in the centre of the beds in two cropping seasons. Some of these
parameters provide a fast response to changes that originated by till-
age, such as WSC, MBC, MBN, DHA and p-glu, whereas others needs
more time to express differences, such as TOC, and Kjel-N.

2. Materials and methods
2.1. Study site and experimental design

The study was conducted at the Alameda del Obispo experimental
farm (latitude 38°N, longitude 5°W, altitude 110 m), Cordoba, Spain.
The climate is Mediterranean with a mean annual rainfall of 595 mm,
most of it occurring from late autumn to early spring. Accumulated
rainfall during agricultural seasons included in this study (September
2008-September 2009 and September 2009-September 2010) was
526 and 992 mm, respectively. The amount of irrigation water applied
during the same years was 357 and 438 mm, respectively. The maxi-
mum and minimum mean temperatures were similar in both seasons
(Fig. 1).

The soil is a loamy alluvial, Typic Xerofluvent (Soil Survey Staff, 1999),
Eutric Fluvisol according to FAO system (Fitzpatrick, 1980). Particle-size
distribution in the upper soil layer (0-15 cm) is 351 g kg~ ! sand,
443 g kg~ ! silt, and 206 g kg~ ! clay. The pH (1:2.5 water extract) and
the electrical conductivity were 8.4 and 0.3 dS m™ !, respectively.

2.2. Crop rotation and management

Since the start of the trial, cotton (Gossypium hirsutium L.) and maize
(Zea mays L.) production was rotated every year (cotton: 2007 and 2009,
maize: 2008 and 2010). No crops were planted during the winter fallow
periods. Crop management from 2007 to 2009 has been described in de-
tail by Boulal et al. (2012). For this experiment only 2009 and 2010 crops
were evaluated. In 2009, cotton (cv. Juncal) was sown on the 14th of May
and hand-harvested on the 29th of September. This crop did not receive
fertilizers, according to local recommendations. In 2010, a few days after
cotton residues were chopped up, maize (cv. Sancia) was sown on the
9th of April and hand-harvested on the 6th of September. The maize
crop fertilization consisted of 90 kg ha™! each of N, P and K broadcasted
6 days after sowing and one top dressing application of urea 46%
(280 kg ha—!) on 10th May 2010. Pre-sowing, pre-emergence and
post-emergence herbicide treatments were applied to control weeds.
Hand weeding was necessary 2 or 3 times in some areas of both crops.
Treatments for insect control were applied when necessary. In the case
of cotton, integrated pest-management practices were followed.

2.3. Soil management systems

The experimental plot (0.78 ha) was initially ploughed April 2007
using a double pass of a disc harrow approximately 15 cm deep, a single
pass of a chisel plough 25 cm deep, and a single pass of a rotavator 15 cm
deep. Raised beds spaced 0.85 m apart were created three days later. In
early 2008 the plot was divided into three 18x 144-m blocks, which
were each subjected to two tillage treatments: 1) permanent beds not
subjected to tillage with crop residues left on the soil surface, hereafter
referred to as “PB”; and 2) conventional beds formed annually and crop
residues ploughed into the soil, hereafter referred to as “CB”. Every
year, following crop harvest, crop residues were mowed and left on the
soil surface. In the case of CB, residues were incorporated into the soil
under a ploughing regime that differed slightly from year to year. In Feb-
ruary 2008, the CB plots were ploughed with a double pass of a disc har-
row followed by a single pass of a chisel plough. In February 2009,
residues in CB were incorporated into the soil with a single pass of a chis-
el plough followed by a single pass of a rotavator. In April 2010, residues
in CB were incorporated during soil preparation that consisted of a single
pass of subsoiling (60 cm deep) and a single pass of a disc harrow
followed by a single pass of both a chisel plough and a cultivator
(kongskilde).

Traffic was strictly controlled in the experimental plots. Ten furrows
were formed in each plot, with five furrows subject to wheeled traffic
(+T) alternating with five furrows not subject to wheeled traffic (—T).
The separation width between two trafficked furrows was 1.70 m,
which was imposed by the width between the rear tires (2.08 m) and
the rear tire width (0.38 m) of the tractor used. Following the initial
ploughing in April 2007, non-trafficked furrows in PB (PB—T) were not
traversed with wheeled equipment during the study. In CB, after tillage
and bed formation, the two types of furrows (4T and —T) were marked.
CB—T furrows were not traversed by wheeled equipment until the soil
was ploughed the following year. In +T furrows the number of wheeled
passes per year varied between 5 and 9. For further details on the type of
equipment used in each treatment see Boulal et al. (2012).

2.4. Residue measurements

Crop residues were collected from four random points on furrows
with and without traffic (F4T and F—T, respectively) and on the bed.
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Fig. 1. Monthly precipitation (rainfall and irrigation) and average maximum and minimum temperature (Tmax and Tmin, respectively) between April 2007 and October 2010.

The area sampled at each point was 0.59x0.50 m? and 0.26 x 0.50 m?
in the furrows and bed, respectively. Residue samples were washed to
remove soil. Standing residues were collected separately. All compo-
nents were dried at 75 °C to constant weight and mass per unit area
was calculated. Samples were taken once after planting and once after
harvest: on 31st March and 28th of November in 2008, on 19th of
June and 14th of October in 2009 and on 23th of March in 2010. Data
for 2008 and 19 June 2009 were taken from (Boulal et al., 2012).

2.5. Soil sampling and chemical and biochemical analysis

Soil samples were taken at the end of each cropping season in
2009 and 2010 (Sampling 1C and Sampling 2M, respectively) following
harvest. At the time of sampling period 1 (26th of October), cotton
stalks were left standing on the beds, while the furrows contained
mostly maize residues from the previous year. By sampling period 2
(4th of November), maize plants (stalks and leaves) were still standing
on the beds while the furrows contained cotton crop residues from the
previous year mixed with a small quantity of maize residues from 2008.

Three samples were taken per treatment and block in the centre of
beds and in adjacent F+T and F—T furrows, 9 samples for each treat-
ment and sampling area for a total of 54. Soil samples were collected
at 0-10 cm depth in furrows and 0-20 cm in beds. The soil was sieved
(2 mm) and stored at 4 °C for a few days to prevent moisture loss before
assaying for microbiological analysis. One sub-sample was air dried for
chemical analysis.

In air-dried subsamples, total organic carbon (TOC) was analysed by
dichromate oxidation and titration with ferrous ammonium sulphate
according to Walkley and Black (1934) and Kjeldahl-N by the method
described by Hesse (1971). Water soluble carbon (WSC) was deter-
mined in an (1/10) aqueous extract using a TOC-VCSH/CSN Shimadzu
analyser.

In moist-field subsamples, the microbial biomass carbon content
(MBC) and nitrogen content (MBN) were determined by the chloroform
fumigation-extraction method modified by Gregorich et al. (1990) and
Brookes et al. (1985), respectively. Dehydrogenase activity was deter-
mined according to Trevors (1984) after soil incubation, with INT
(2(p-iodophenyl)-3-(p-nytrophenyl) 5-phenyl tetrazolium chloride)
as the electron acceptor and measurement of iodonitrotetrazolium
formazan (INTF) absorbance at 490 nm. 3-glucosidase activity was mea-
sured as indicated by Tabatabai (1982) after soil incubation with
p-nitrophenyl glucoside and measurement of p-nytrophenol absorbance
at 400 nm. Results were based on the oven-dried weight of the soil.

2.6. Statistical analysis

Analyses were carried out separately for furrows and beds. Data
normality was checked prior to analysis. In both zones, significant dif-
ferences between systems were tested by a Student's t-test at p<0.05.
To check the effects of tillage system and traffic a multifactor analysis
of variance (MANOVA) was performed. From this analysis, the signifi-
cance level of each variable was obtained. The correlation matrix of all
soil parameters in furrows was based on Pearson correlation coeffi-
cients (p<0.01 and p<0.05). Data from furrows were also treated by a
Principal Component Analysis (PCA) to examine variation with respect
to the different measured parameters. PCA was forced to generate only
three eigenvalues. Statistical analyses were carried out using SPSS 19.0
(SPSS Inc., Chicago, IL).

3. Results
3.1. Crop residues

Grain in maize and lint (and seeds) in cotton crops were removed at
harvest. The rest of the maize and cotton crops (stover) were left in the
field (1290 g m? in 2008 maize for both systems and 445 and
345 g m~2 in PB and CB, respectively, in 2009 cotton) according to
Boulal et al. (2012). In CB plots, crop residues were incorporated into
the soil, whereas in PB plots they were left on the ground. Fig. 2 shows
the evolution of residue's biomass on the ground in PB plots. As a rule,
a higher amount of residues was found in the furrows than in bed
zones, except at the beginning of the 2008 maize season. The highest
amount was observed after maize harvest (November 2008 sampling):
nearly 1200 g m~2 on the furrows and 330 g m~2 on the beds. These
residues decayed during the winter season to around 50% when com-
pared to values determined after cotton sowing in 2009 (June sampling).
A similar pattern took place with post-harvest residues of cotton in 2009
(October sampling), which were reduced around 35% in furrows when
compared to the values determined after maize sowing in March 2010
(Fig. 2).

3.2. Soil quality: Nitrogen, soil TOC fractions and enzymatic activities

Results obtained in furrows showed a great influence of tillage
system on some of the analysed parameters (Table 1). Kjel-N, TOC
and enzymatic activities (3-Glu and DHA) were significantly higher
in soil under permanent beds (PB) than in conventional beds (CB)
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Fig. 2. Crop residues’ biomasses in furrow and bed sections in the permanent bed system.
For each date, values followed by different letter in the same bar differ significantly at
p<0.05. Vertical bars indicate the standard error.

in both seasons (Table 2). On the contrary, wheel traffic did not have a
significant effect on any chemical or biochemical soil property studied
(Table 1). No significant interaction between tillage and traffic was
observed.

Moreover a clear influence of the sampling time was detected in
almost all the parameters analysed in soil sampled in furrows
(Table 2). The differences between the two samplings were especially
noticeable for biochemical parameters (MBC, MBN, DHA and 3-Glu)
compared to those found in chemical parameters. Contents of MBC,
DHA and 3-Glu were higher in the first sampling after cotton harvest
(Sampling 1C) than in the second after maize harvest (Sampling 2M)
whereas the opposite was observed for MBN. The decrease between
both samplings accounted (p<0.05) between 48-83% for MBC, be-
tween 266-522% for DHA and between 61-92% for p-Glu. Values of
TOC and N-Kjel were similar in both samplings.

Except for MBN in Sampling 1C, the tillage system did not have
any effect on the analysed soil parameters in samples from bed centre
(Table 3). In general, values of chemical and biochemical parameters
obtained in PB were not statistically different than those obtained in
CB. However, a remarkable decrease of MBC and enzyme activities
was also observed in the second sampling (2M). Contents of MBN,
as it occurred in furrows, were higher in the second sampling. Values
of chemical parameters in beds were similar in both samplings, although
a slight increase of TOC and a decrease of WSC were observed in Sam-
pling 2M.

Among the chemical parameters measured in soil sampled in fur-
rows, TOC and Kjel-N were highly correlated (r=0.816, p<0.01)
whereas WSC was not correlated with any other variable. Among the
biochemical parameters, 3-Glu was significantly correlated (p<0.001)
with Kjel-N (r=0.834), DHA (r=0.683), MBC (r=0.530) and TOC
(r=0.683). DHA was correlated with Kjel-N, 3-Glu, MBC (r=0.662,
p<0.01) and MBN (r=0.266, p<0.05).

3.3. Principal component analysis

Fig. 3 shows the graphical representation of chemical and bio-
chemical properties in both samplings projected on the plain defined
by the three first principal components. In Sampling 1C, eigenvalues
from the PCA analysis indicated that the first three principal compo-
nents (PC) accounted for 88.71% of the variance of data (PCl: 58.07%,
PCII: 18.55%, PCIII: 12.09%). The first component was highly positively
correlated with Kjel-N, 3-Glu, DHA and TOC. The second component
was positively correlated with Nitrogen and Carbon of microbial bio-
mass (MBN and MBC) and the third component was only positively
correlated with WSC (Table 4).

In Sampling 2M, the PCI, PCII and PCIII explained 55.21%, 19.20%
and 12.56%, respectively, of the total variance (86.97%). Moreover,
the correlations between principal components and the soil chemical
and biochemical properties were similar to Sampling 1C.

4. Discussion

Little research on CA under irrigation in the Mediterranean region
has been published. Results of this work show that the PB system con-
served and increased soil total organic carbon in furrows compared to
the conventional system (CB), and that obtained values were similar
to those found after 26 years of no tillage in a rainfed wheat-based
trial in a nearby location (Melero et al., 2009). The increase of organic
matter under CA has been widely observed in rainfed conditions in
the region (Alvaro-Fuentes et al, 2008; Cantero-Martinez et al.,
2003; Madejoén et al., 2009). Several works have demonstrated that
organic matter increases under CA as a result of physical protection
of soil organic matter within more stable aggregates, reduced aera-
tion and reduced plant residue contact with the soil (Mikha and
Rice, 2004; Puget and Lal, 2005). The residues in PB protect the soil
from raindrop impact whereas in CB the lack of a protective cover
increases soil susceptibility to further disruption (Boulal et al.,
2011a; Six et al., 2000). Moreover, surface residues tend to decom-
pose more slowly than soil-incorporated residues (CB), because of
greater fluctuations of temperature and moisture in surface and re-
duced availability of nutrients to microbes colonising the residues
(Schomberg et al., 1994). However, Verhulst et al. (2011) did not
find an effect of the CA system on soil organic carbon after 3 years
of establishing a similar trial that compared irrigated PB and CB in
northern Mexico. In their case, the soil was a Vertisol in which the
organic carbon in CB might have been relatively protected (compared
to our loamy soil) and the wheat monocropping probably produced
less than half of the stover produced in our study.

The effects of PB on total soil nitrogen generally reflect those of organic
matter as the nitrogen cycle is closely linked to the carbon cycle. An accu-
mulation of organic matter in soil confers important improvements in soil
quality, soil fertility and carbon sequestration (Six et al., 2000). Further-
more, tillage reduces micro and macrofauna populations in comparison
with systems without tillage (Kladivko, 2001), thus decreasing their po-
tentially positive effect on physical properties (Six et al., 2004). In our
study, the tillage system had also an effect on soil biochemical properties
in furrows and this effect was especially remarkable for 3-Glu activity.

Table 1
Tillage system and traffic effects on the studied soil chemical and biochemical properties in furrows.
Treatment TOC MBN MBC WSC Kjel-N B-glu DHA
(gkg™") (mg kg™ ") (mg kg™ 1) (mg kg™ 1) (gkg™ 1) (mg p-nitrophenol kg ~' dw soil) (mg INT kg ="' dw soil)
(M) ok ns ns ns ook ook *
Traffic (Tr) ns ns ns ns ns ns ns
TxTR ns ns ns ns ns ns ns

TOC: total organic carbon; MBN: microbial biomass nitrogen; MBC: microbial biomass carbon; WSC: water soluble carbon; Kjel-N: Kjeldahl nitrogen; DHA: dehydrogenase activity;
[-glu: B-glucosidase activity. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ***Significant at the 0.001 probability level. ns: not significant.
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Mean values + standard deviation of the studied soil chemical and biological properties in soil in the centre of furrows in the permanent bed (PB) and conventional bed (CB) performed
after cotton harvest (Sampling 1C) and after maize harvest (Sampling 2M).

Tillage system TOC MBN MBC WSC Kjel-N B-glu DHA
(gkg™ 1) (mg kg™ 1) (mg kg™ 1) (mg kg™ 1) (gkg™ 1) (mg p-nitrophenol kg~ dw soil) (mg INT kg~ ! dw soil)
Sampling 1C PB 10.943.05a 20.54+7.87a 461 +220a 1184+23a 1.4+0.32a 328+113a 4.654+1.33a
CB 7.14+1.04b 17.84+8.61a 484 +216a 107 £27a 1.14+0.17b 169+ 44b 3.98+1.21a
Sampling 2M PB 11.1+£1.18a 33.1+16.4a 3114+100a 81+40a 1.3+0.13a 204 +54a 1.27+0.31a
CB 8.4+1.04b 26.94+4.73a 264+49a 1094 53a 0.94+0.10b 88 +22b 0.644+0.21b

TOC: total organic carbon; MBN: microbial biomass nitrogen; MBC: microbial biomass carbon; WSC: water soluble carbon; Kjel-N: Kjeldahl nitrogen; DHA: dehydrogenase activity;

3-glu: B-glucosidase activity. Values followed by different letters for each tillage system and sampling are significantly different (P<0.05).

p-glucosidase belongs to a group of enzymes that catalyzes the hydrolysis
of various glycosides resulting in the release of smaller sugars. This en-
zyme has a central role in the carbon balance in soils because it degrades
carbohydrates and provides substrate to the soil (De la Horra et al., 2003)
and it is highly correlated with total organic carbon. Other authors have
reported similar effects of tillage in p-Glu activity in annual wheat-
based rainfed systems in the region (Madejon et al.,, 2007; Melero et al.,
2009, 2011). Differences in B-Glu between samplings were probably re-
lated to the rotation as found by Melero et al. (2011).

For the rest of the biochemical properties analysed, the tillage system
had little influence (Table 2). Longer time may be required to show up
differences. For example, in Mexico, Lim6n-Ortega et al. (2006) found
higher microbial biomass in PB compared to CB in a wheat-based irrigat-
ed system only ten years after the establishment of the trial. Otherwise
biochemical properties seem to be more affected by the nature of the
most abundant residue (maize in Sampling 1C and cotton in Sampling
2M). Crop residue type plays an important role in organic matter cycling
due to differences in C/N ratio or quality and quantity of residue (Potter
et al,, 1998). In our study, maize and cotton residues differed in their
capacity to affect soil organic matter cycling and quality. Maize residues
were the most effective in increasing soil microbiological status. On the
one hand maize produced more stover and residues on the ground
compared to cotton (Fig. 2). On the other hand, cotton residues are
poorer in easily-utilizable sugars and proteins, but richer in cellulose
and hemicelluloses. Furthermore, cotton roots have a larger diameter
and double C/N ratio than maize roots (Ghidey and Alberts, 1993). As
a consequence, the organic carbon from cotton residues may have
been more slowly incorporated within the soil organic matter than in
the case of maize residues.

The PCA procedure allowed us to examine changes in chemical and
in biochemical variables in relation to soil management. Multivariate
analysis has proven to be effective in identifying soil properties that re-
spond to agronomic practices (Monreal and Bergstrom, 2000). Results
obtained for this analysis suggested that TOC, Kjel-N, p-glucosidase
and, to a less extend, dehydrogenase were useful as indicators of man-
agement practices impact on soil quality. Additionally, dehydrogenase
and P-glucosidase were useful indicators to reflect changes in soil total
biological activity and biochemical status involved in the carbon cycle.
The activities of both dehydrogenase and B-glucosidase showed a posi-
tive correlation with organic matter in both seasons. Microbial biomass

Table 3

Cand N had an important contribution in PCII but seemed to be worse
indicators of soil quality than enzyme activities. The large amount of res-
idues produced by maize probably had masked their contribution to PCA
(Limén-Ortega et al,, 2006). Additionally, sampling took place several
months after soil preparation and the tillage effect may have been
weak by then and overridden by the residue type effect (Feng et al,
2003). Although WSC content has been suggested as a reliable soil qual-
ity indicator for assessing the impact of different soil management in
rainfed conditions (Madejon et al., 2007; Roldan et al.,, 2005), results
from this experiment did not confirm this behaviour under irrigation.
In general, the WSC was much lower than the values obtained in rainfed
wheat-based experiments in the region (Madejon et al., 2009) and may
reflect a rapid microbial response to irrigation (Reicosky et al., 1999).
However, Roldan et al. (2005) did not find an effect of irrigation on
WSC except in the no-tilled top 5 cm layer in a maize monocrop system
in Mexico. In the present experiment, samples were collected from a
0-10 cm deep layer and this may have masked some differences at
shallower depths between treatments. In addition, divergences in po-
rosity and water permeability between the Vertisol studied by Roldan
et al. (2005) and the Fluvisol studied in this experiment could have led
to a different WSC distribution among soil profiles.

The differences due to the management system observed in furrows
were not detected in the centre of the beds in which soil parameters
were similar in both tillage systems (Table 3). The low organic matter
in the centre of the PB beds was probably the result of the reduced
amount of residues falling on this section as they tended to roll and ac-
cumulate in the furrows (Fig. 2). On the contrary, most roots will be in
the bed section and they seemed to provide enough substrate in PB
bed soil to reach similar values of measured parameters as in both the
CB beds and furrows where all residues were incorporated into the soil.

Wheel traffic did not have a significant effect on any of the soil pa-
rameters studied (Table 1). This was unexpected as traffic results in
soil compaction and lower water infiltration (Boulal et al., 2011b) and
therefore would have influenced soil microbial activity. The size of the
sampled soil layer (10 cm) may have reduced any existing difference oc-
curring in the top soil. Runion et al. (2004) found higher MBN and DHA
content in trafficked areas than in non trafficked area only in the top
4 cm in no-till plots but not in deeper layers or in the conventional sys-
tems. Besides, Lee et al. (1996) did not find a consistent effect of traffic
on MBC, probably because of the coarse textured soil they studied.

Mean values 4 standard deviation of soil chemical and biological properties in soil in the centre of the permanent beds (PB) and conventional beds (CB) performed after cotton

harvest (Sampling 1C) and after maize harvest (Sampling 2M).

Tillage system TOC MBN MBC WSC Kjel-N B-glu DHA
(gkg™ ) (mg kg™ 1) (mg kg™ 1) (mg kg™ 1) (gkg™ 1) (mg p-nitrophenol kg~ dw soil) (mg INT kg~ dw soil)
Sampling 1C PB 7.1+£1.30a 14.04+4.90b 381+182a 1144+42.5a 1.004+0.15a 119+29a 2.56+1.11a
CB 7.1+£0.92a 22.7+5.04a 436+ 206a 93+20.1a 1.064+0.13a 139+ 18a 2.95+0.67a
Sampling 2M PB 8.0+0.71a 30.3+7.67a 3094+47a 67 +23.5a 0.96 +0.08a 89+17a 0.66+0.18a
CB 79+1.20a 28.244.24a 283+67a 89+57.7a 0.96+0.13a 994+ 13a 0.664+0.17a

TOC: total organic carbon; MBN: microbial biomass nitrogen; MBC: microbial biomass carbon; WSC: water soluble carbon; Kjel-N: Kjeldahl nitrogen; DHA: dehydrogenase activity;
-glu: B-glucosidase activity. Values followed by the same letter for each treatment and sampling are significantly different (P<0.05).
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Fig. 3. Projected loadings of the soil chemical and biochemical properties measured in
Sampling 1C (cotton) and Sampling 2M (maize) on the plain defined by the three first
PCs. Kjel-N: Kjeldahl nitrogen; MBN: microbial biomass nitrogen; MBC: microbial biomass
carbon; WSC: water soluble carbon; TOC: total organic carbon; DHA: dehydrogenase
activity; 3-GLU: p-glucosidase activity.

5. Conclusion

This study enriches the scarce literature regarding the effect of con-
servation agriculture on soil quality in irrigated maize-based systems
in the Mediterranean region. The introduction of PB clearly resulted in
an increased soil organic carbon in those zones where falling residues
concentrated, i.e. furrows, and enhanced those enzymatic activities
related with organic compounds metabolism, i.e. 3-glucosidase, only
3 years after establishing the trial. These results complemented previous
findings in this trial in which runoff in PB furrows had few sediments
compared to runoff in CB furrows.

Moreover, significant results were found in furrows, while beds did
not show important differences between tillage systems. This suggested
that sampling under permanent beds should be taken in furrows zones
to appreciate the improving effect of conservation agriculture under
irrigation.

However, traffic did not affect any chemical or biochemical parameter,
even if wheel passes have compacted the soil and reduced water infiltra-
tion. Residues' nature and their decomposition pattern influenced bio-
chemical parameters more than other factors such as tillage and traffic.
Furthermore, irrigation appears to affect WSC making it an unreliable

Table 4
Correlation matrix of principal components with the soil chemical and biological properties
studied.

Sampling 1C Sampling 2M

PCI PCIL PCIII PCI PCIl PClII
TOC 0.894 —0.343 —0.163 0.858 —0.325 0.080
MBN 0.595 0.623 0.196 0.491 0.697 0.269
MBC 0.705 0.616 0.097 0.531 0.726 0.126
WSC 0.339 —0.457 0.821 —0.446 —0.285 0.841
Kjel-N 0.887 —0.268 —0.240 0.935 —0.186 —0.033
p-glu 0.889 —0.306 —0.191 0.900 —0.282 —0.092
DHA 0.850 0.196 0.076 0.850 —0.175 0.260

TOC: total organic carbon; MBN: microbial biomass nitrogen; MBC: microbial biomass
carbon; WSC: water soluble carbon; Kjel-N: Kjeldahl nitrogen; DHA: dehydrogenase
activity; B-glu: B-glucosidase activity. Sampling 1C: after cotton harvest; Sampling
2M: after maize harvest.

soil quality indicator for assessing the impact of different soil manage-
ments. Nevertheless, further research is needed on the evolution of soil
chemical and biochemical properties in the long-term.
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VI — Discusion

VI.1. DISCUSION GENERAL.

Establecer un equilibrio entre produccién agricola y calidad medioambiental es
un objetivo dificil de conseguir. ElI aumento de la poblacion mundial estimula la
agricultura intensiva para fines alimentarios, a lo que se suma la necesidad de
obtener biomasa vegetal para obtener biocombustibles (compitiendo muchas veces
con la produccién de alimentos, Valentine et al., 2012), papel y otros materiales de
uso comun en la vida moderna. El presente trabajo de Tesis se ha llevado a cabo en
tres fincas de Andalucia Occidental, una region donde la agricultura extensiva
constituye todavia el primer pilar econdmico y social. De ahi que disponer de
sistemas agricolas sostenibles desde un punto de vista medioambiental, que eviten
los problemas de desertificacion y erosion de suelos que afectan a extensas areas de
nuestro planeta, incluida Espafia (Cerda, 2008), resulta fundamental para conseguir
producciones agricolas rentables a largo plazo y asegurar un minimo de bienestar
social en amplios sectores de nuestra region.

Conseguir un buen rendimiento supone disponer no sélo de variedades
productivas sino también de suelos de buena calidad. Es de sobra conocido que las
malas practicas agricolas pueden deteriorar de forma irreversible la calidad de un
suelo (Lal, 2000), de ahi que cada vez sean mas numerosos los estudios orientados a
disponer de indices sencillos que permitan evaluar la calidad del mismo (Doran et
al., 1994; Puglisi y Trevisan, 2012; Velasquez et al., 2007; Weil y Magdoff, 2004;
Zornoza et al., 2008). Entre estos indices, pH y materia organica (MO) aparecen
siempre en los distintos modelos propuestos, especialmente la MO como variable
integradora de la mayoria de propiedades fisicas, quimicas y bioldgicas de un suelo
(Weil y Magdoff, 2004). En general, la mayoria de estudios cientificos sobre la
dinamica de la MO y su valor como indice de calidad de suelos agricolas tratan el
tema desde un punto de vista cuantitativo, determinando el secuestro o la pérdida de
carbono organico (CO) segun las practicas agricolas establecidas, entre las que el
tipo de laboreo tiene un papel fundamental. A pesar de la importancia que puede
tener la acumulacion de MO (Franzluebbers, 2004; Melero et al., 2011; Weil y
Magdoff, 2004) su caracterizacién a nivel molecular merece un esfuerzo adicional.
Las pérdidas de MO se deben principalmente a la degradacion de los restos

vegetales que la componen por parte de los microorganismos del suelo, y a las
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reacciones de oxidacion quimica y fotoquimica, hasta llegar a compuestos mas
estables o estabilizados mediante la asociacion con la fase mineral o la inclusion en
agregados, como las fracciones himicas, con la consecuente emision de CO; y otros
gases. Antes de producirse la completa oxidacion a CO,, las moléculas que
componen la MO atraviesan varias etapas, pasando de un estado altamente reactivo
y “atractivo” para los microorganismos, a estados mas recalcitrantes o protegidos
que tienden a acumularse en el suelo. Seguir esas etapas de degradacion puede
proporcionar datos muy interesantes sobre los cambios que una determinada practica
agricola, laboreo en especial, origina en la estructura de la MO, indicando qué
compuestos se ven mas afectados por el sistema agricola establecido. El desarrollo
de nuevas técnicas y el estudio de los procesos bioquimicos que tienen lugar en el
suelo nos permiten profundizar en el conocimiento de como el laboreo puede influir
sobre la degradacién de los residuos vegetales y en la sucesiva formacion de materia
orgdnica mas o menos estable (Kleber et al., 2011; Kdgel-Knabner et al., 2008;
Simpson et al., 2011).

Una herramienta extremadamente potente para la caracterizacion de la MO es la
resonancia magnética nuclear (RMN). Aungue la técnica en si no se puede definir
como novedosa, si lo es su aplicacion en la ciencia de suelo y ain méas en el tema del
laboreo. La evaluacion del estado de degradacion de la MO puede proponerse como
un indicador més de calidad del suelo, junto con otros indicadores como el carbono
orgénico total (COT) o las actividades enziméaticas. Comparado con estos otros
pardmetros, los resultados obtenidos mediante RMN pueden proporcionar una
respuesta a mas corto plazo que el COT, siendo ademas menos sensibles a las
variaciones climaticas, estacionales y de manejo que pueden experimentar las
actividades enzimaticas. Por ejemplo, los xenobioticos (herbicidas) que se utilizan
normalmente en las parcelas bajo laboreo de conservacion (LC) pueden alterar el
equilibrio  bioguimico, inicialmente, de forma que se pueden interpretar
erroneamente los resultados obtenidos si el muestreo de suelo no se realiza en el
momento adecuado (Araujo et al., 2003; Reinecke et al., 2002; Zabaloy et al.,
2008).

Este aspecto, junto los estudios realizados sobre la influencia de distintos
sistemas de laboreo (tanto en secano como en regadio) sobre la estructura molecular

de la MO vy, en general, calidad del suelo, se han plasmado en diversos articulos
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cientificos que constituyen el cuerpo central de este trabajo de Tesis Doctoral, los

cuales se comentan a continuacion.

Vi2. EFECTOS DE UNA LABOR INTENSIVA SOBRE UN SUELO
EROSIONABLE PREVIAMENTE CULTIVADO BAJO NO-LABOREO.

» Implementation of chiselling and mouldboard ploughing in soil after 8 years

of no-till management in SW, Spain: Effect on soil quality.

En el primer articulo (apartado V.1) se ha demostrado el efecto tan negativo que
puede tener una labor ocasional de vertedera aplicada en un suelo con alto riesgo de
erosion, cultivado bajo no laboreo (NL) desde su transformacion en suelo agricola a
partir de bosque Mediterraneo. En general, la bibliografia especializada se centra en
las mejoras introducidas por el laboreo de conservacion, respecto al tradicional, en la
calidad de los suelos (Lal et al., 2007; Madejon et al., 2007; Moreno et al., 2010).
Sin embargo, son pocos los estudios cientificos que evaltan el caso contrario, como
el que presentamos en este trabajo.

El NL se caracteriza por la ausencia total de labores, salvo el pequefio surco que
origina la rejilla de la maquinaria de siembra directa durante esta operacion, y por
dejar cubierta la superficie del suelo con los residuos del cultivo anterior (Gajri et
al., 2002; Plaster, 1992). Esto conlleva un consumo minimo de combustible, un
aumento de calidad del suelo a nivel bioquimico y una mayor fertilidad. Sin
embargo, bajo las condiciones Mediterraneas tipicas del suroeste de Andalucia, la
adopcion de NL puede llevar a una elevada compactacion del suelo, que perjudica la
germinacion, y a una proliferacion excesiva de malas hierbas. Por esta razdn, es
frecuente que los agricultores efectden una labor ocasional de vertedera, chisel o
subsolado, para paliar los efectos negativos que pudiera tener la compactacion del
suelo.

En la finca “Las Navas” (provincia de Cadiz), cultivada bajo NL en toda su
extension, se han evaluado los efectos de una labor de chisel y de vertedera sobre la
calidad del suelo, tanto a nivel quimico como bioquimico. Este estudio (tres
profundidades de suelo y tres muestreos a lo largo de un afio) ha demostrado la
cuantiosa pérdida de materia organica que puede llegar a producirse a nivel

superficial con un simple pase de vertedera, ademas de la pérdida de actividad
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bioldgica, reflejada por la disminucion de las actividades enzimaticas estudiadas.
Por el contrario, una labor de chisel (laboreo reducido, LR), que también serviria
para paliar problemas potenciales de compactacion, no provocOd los mismos
descensos en las variables evaluadas. En las parcelas bajo LR, los valores de COT, y
actividades B-glu y DHA se mantuvieron en niveles similares a los medidos en las
parcelas bajo NL.

Todavia mas importante que la pérdida de calidad, fue el efecto erosivo que
ocasiono el pase de vertedera, reflejado por la aparicion de amplias carcavas (Figura
1.8, 111.9 y IV.1), que motivaron la inmediata suspension del LT en las parcelas
experimentales para evitar dafios mayores. Las caracteristicas del suelo de esta finca
(Leptosol), con un horizonte “A” bastante superficial y la cercania de la roca madre,
caliza, a la superficie, junto con la presencia abundante de colinas (pendientes
medianamente elevadas), hacen que se trate de un entorno con un elevado riesgo de
erosion. La decision de limitar cualquier tipo de labores en esa finca, adoptando el
NL desde el inicio de su puesta en cultivo, contribuyo a establecer un equilibrio
razonable frente a la erosion, equilibrio que se reveld extremadamente fragil ante
cualquier labor agresiva, como puede ser la vertedera, dado que se estimd una
pérdida de alrededor de 5 T ha™ de carbono orgénico en los primeros 10 cm de suelo
en las parcelas experimentales bajo LT.

En el caso de este experimento, la cosecha de veza del afio 2008 resultd similar
en todos los tratamientos (1,67 T ha™* bajo NL, 1,69 T ha® en LR y 1,66 T ha™ en
LT), comprendidas, a su vez, en los intervalos normales que facilitan diversos
autores para este cultivo (Hycka, 1980; Sanchez Giron et al., 2004; Hernanz et al.,
2002). Los cambios drasticos originados por el LT en el equilibrio bioquimico y las
pérdidas de COT no ocasionaron pérdidas de cosecha. Sin embargo, conviene
puntualizar que los datos presentados se refieren a rendimientos potenciales, ya que
fueron obtenidos a partir de la biomasa recolectada en pequefias superficies
(cuadrados de 1 m de lado), desgranandose los frutos (legumbres) a mano, en
laboratorio (no se tiene en cuenta por tanto la pérdida de grano que siempre se
produce en campo). Ademas, no se tuvieron en cuenta las carcavas que la vertedera
ocasion6 en las parcelas correspondientes, que hubieran disminuido la cosecha,
respecto a los restantes tratamientos, como consecuencia de la reduccién de

superficie cosechada.
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> Moldboard plowing effects on soil aggregation and soil organic matter

quality assessed by *C CPMAS NMR and biochemical analyses.

Tras conocerse la pérdida notable de calidad de suelo ocasionada por el LT, era
I6gico preguntarse por qué un Unico afio de tratamiento habia ocasionado cambios
tan profundos a corto plazo. Segun los datos bibliograficos, el LT es responsable de
la ruptura de los macroagregados, tanto por la accion mecéanica de la vertedera como
por la disminucion de la MO superficial (Alvaro-Fuentes et al., 2009; Six et al.,
1999). En el proceso de formacion de agregados del suelo, los residuos vegetales y
la MO mas humificada funcionan como nucleos y como agentes cementantes. La
remocion y enterramiento de los residuos, junto con la elevada oxidacion de MO
ocasionada por la inversion del suelo bajo LT, perjudican la formacién de agregados
de mayor tamario (Jastrow, 1996).

Teniendo en cuenta estos aspectos, en el trabajo “Moldboard plowing effects on
soil aggregation and soil organic matter quality assessed by *C CPMAS NMR and
biochemical analyses” se evaluaron los efectos del LT sobre distintas fracciones de
agregados del suelo. Después de realizar un fraccionamiento fisico, se analizaron
diversos indicadores bioquimicos de calidad de suelos, junto con el analisis por
RMN.

Se comprobd que la distribucion del tamafio de agregados variaba en funcién
del tipo de laboreo establecido. La utilizacion de vertedera se tradujo en la
destruccion de los macroagregados de mayor tamafio (@ 2-5 mm), coincidiendo con
los resultados obtenidos en otros trabajos (Jiao et al., 2006; Plaza-Bonilla et al.,
2010; Six et al., 1999). Por el contrario, la distribucion de agregados en las parcelas
bajo LR fue similar a la obtenida bajo NL.

Los espectros obtenidos por *C CPMAS RMN fueron muy similares entre los
tratamientos, en las fracciones de mayor tamafo de las parcelas NL un pico a 152
ppm, ausente en las otras muestras, confirmé la presencia de derivados de lignina
correspondientes a residuos de cultivo mas frescos.

Después de la evaluacion cualitativa, se procedio a la integracion de las regiones
espectrales identificadas en la tabla 111.1. Gracias a este analisis semicuantitativo, se
pudieron apreciar diferencias sobre todo en las regiones alifatica y O-alquilica. Los

espectros correspondientes a LT se caracterizaron por una mayor cantidad de
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alcanos comparado con los de LR y NL. Los alcanos son en general compuestos mas
recalcitrantes, que tienden a acumularse en el suelo y derivan del metabolismo
microbiano o de la degradacion incompleta de estructuras méas estables de las
plantas. Por el contrario, los espectros correspondientes a NL y LR se caracterizaron
por una mayor abundancia de compuestos O-alquilicos, normalmente identificados
como carbohidratos (con una menor contribucion de éteres y péptidos), tipicos de
residuos de cultivos frescos (Baldock y Preston, 1995; Kdgel-Knabner y Ziegler,
1993; Preston y Trofymow, 2000).

Un indicador utilizado con frecuencia para evaluar los cambios que se originan
en el suelo por acciones externas es la razén alquilicos/O-alquilicos. Un suelo que
evolucione hacia valores mayores de esta razon tiende a conservar la MO en forma
de estructuras mas humificadas, mientras que valores mas bajos de esta razon son
tipicos en suelos con un mayor aporte de MO fresca, como pueden ser los residuos
del cultivo (Baldock y Preston, 1995). Bajo LT se obtuvieron razones hasta 50%
mas altas que las correspondientes razones obtenidas para NL y LR. Las diferencias
mayores se obtuvieron para la fraccion de @ 0,5-1 mm, la méas abundante en LT y
con la que obtuvo el valor mas alto para la razén alquilicos/O-alquilicos. Estos datos
confirmaron que a corto plazo, la vertedera rompié los agregados de mayor tamafio,
exponiendo la MO mas fresca a la oxidacion por parte de los microorganismos, que
condujo a un enriquecimiento porcentual de MO mas recalcitrante. Este fendmeno
se fue acentuando debido a la falta de residuos frescos en la superficie de las
parcelas bajo LT.

Estas diferencias en la composicion de la MO se tradujeron en valores menores
de COT, POxC, CBM y B-glu, en las parcelas bajo LT en todas las fracciones
estudiadas, en comparacion con las correspondientes parcelas bajo LR y NL. Todos
esos parametros estan fuertemente relacionados con el metabolismo de la MO y su
disminucion confirma que el empobrecimiento de los “pools” mas frescos de MO

puede originar un descenso global de la calidad del suelo (Johnston et al., 2009).

Los resultados cientificos aportados por los dos trabajos descritos demostraron
gue la aplicacion de la vertedera en fincas con suelos facilmente erosionables no
puede ser considerada una alternativa viable, aunque sélo se hiciera ocasionalmente.

En casos de problemas de compactacion o de proliferacion de malas hierbas, es
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aconsejable llevar a cabo labores menos agresivas, como podria ser el “chisel”, que

en este ensayo no provocd dafios considerables ni a nivel fisico ni bioguimico.

VI.3. RELACION TEMPORAL ENTRE ACTIVIDADES ENZIMATICAS Y
DEGRADACION DE LA MATERIA ORGANICA EN UN SUELO BAJO
DISTINTOS SISTEMAS DE LABOREO: ESTUDIO DE UNA
CRONOSECUENCIA.

La finca “La Hampa” viene siendo utilizada como area experimental en un
numero elevado de trabajos cientificos, entre los cuales destacan cinco proyectos de
investigacion con financiacion ministerial (CICYT), 16 trabajos en revistas incluidas
en el SCI, 32 comunicaciones en congresos, una tesis doctoral y cinco capitulos de
libros.

La amplia caracterizacion que se viene realizando desde el afio 1991 ha
producido una gran cantidad de datos de tipo climatico, fisico, quimico, bioquimico
y agronomico. El establecimiento de tres experimentos de distinta duracion, en los
gue se comparan distintos sistemas de laboreo, ha permitido evaluar los cambios que
éstos ocasionan en el suelo, no sélo en funcidn del manejo, sino también del tiempo
de actuacion. Este trabajo de tesis se centra principalmente en la parte fisica,
quimica y bioquimica de esa investigacion, considerando conjuntamente los tres
experimentos, aspecto que no se habia abordado hasta el momento. Los aspectos
agrondémicos han sido presentados en otros trabajos (Lopez-Garrido, 2010; LApez-
Garrido et al., 2009; Madejon et al., 2007; Melero et al., 2009; Moreno et al., 1997;
Murillo et al., 2004).

En general, los trabajos realizados hasta el momento en las parcelas
experimentales de la finca “La Hampa” han evidenciado que el establecimiento del
LC (modalidades LR y NL) aumenta la MO y mejora el equilibrio bioquimico del
suelo (Madejon et al., 2007; Melero et al., 2009; Murillo et al., 2004). También se
han detectado menores emisiones de CO, en las parcelas bajo LC en ensayos a
medio y largo plazo (Lépez-Garrido, 2010; Lépez-Garrido et al., 2009).

La mayor acumulacion de carbono en las parcelas bajo laboreo de conservacion
descrita en la tabla IV.2 confirma que el NL y el LR son dos tipos de laboreo que

pueden promover el secuestro de C en las capas superficiales del suelo.
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En la finca “La Hampa” a medio y largo plazo se observd un secuestro de 4y 5
toneladas de carbono orgénico por hectdreas en LR_. y NLy, respectivamente,
comparado con los correspondientes laboreos tradicionales, mientras que a corto
plazo el NL¢ secuestro 3 toneladas de carbono por hectareas mas que el LT¢ y 2 mas
gue el LRc¢. Junto con los datos similares obtenidos en la finca “Las Navas”, esos
resultados se traducen en una mejora de la calidad del suelo superficial y de la
calidad medioambiental en general, limitando las emisiones de CO, y otros gases.
Aunque aln se necesita una mayor investigacion, efectuando muestreos a mayor
profundidad para evaluar la redistribucion de la MO producida por la vertedera,
otros estudios anteriores en las parcelas de medio y largo plazo no han demostrado
una acumulacion de carbono en capa mas profundas de las parcelas LT (Lopez-
Garrido et al., 2011)

A pesar de que en la bibliografia existen trabajos que describen efectos negativos
sobre el desarrollo y rendimiento de los cultivos del laboreo de conservacion, en los
ensayos realizados en la finca “La Hampa” nunca se obtuvieron cosechas menores
en las parcelas bajo LR_ y NLy en relaciéon con los rendimientos con las parcelas
bajo LT. EI NL y, en menor medida el LR, provocaron cierto retraso de la
germinacién y emergencia de las plantulas, aunque sin llegar a afectar al crecimiento
y rendimiento de los cultivos. Muy al contrario, bajo las particulares condiciones
climatoldgicas de 1995, el afio mas seco desde el establecimiento del ensayo de
larga duracion, el LR limito los dafios causados por la escasez de agua, manteniendo
mayor contenido de humedad en el suelo y permitiendo alcanzar valores cercanos a
la normalidad en términos de altura de las plantas, area foliar, peso de las semillas y
rendimiento del cultivo de girasol. En las parcelas bajo LT se produjo una pérdida
casi total de la cosecha (Moreno et al., 1997).

Como se indicO anteriormente, es necesario un esfuerzo adicional para
caracterizar a nivel molecular la MO y profundizar en el conocimiento de su
degradacion. Por ello, y de forma similar a lo realizado en el trabajo anterior, finca
“Las Navas”, se llevo a cabo un fraccionamiento fisico de los distintos agregados
gue componen el suelo. En las fracciones asi obtenidas, procedentes de las parcelas
experimentales de los tres ensayos mencionados, se realiz6 un analisis quimico y

bioquimico, ademas de una caracterizacion por *C CPMAS RMN de la MO.
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Los resultados obtenidos en este trabajo parecen demostrar que la degradacion
de la MO en esta finca difiere de lo observado en la finca “Las Navas”. El
establecimiento de los dos tipos de LC (LR y NL) en estas parcelas experimentales
no ocasiono los cambios repentinos y cuantiosos que se registraron en el ensayo de
“Las Navas”, probablemente porque el equilibrio de formacion/degradacién de la
MO que establecié el NL en una finca altamente erosionable tuvo un caracter
extremadamente mas inestable que el equilibrio que el LR y el NL originaron en una
suelo con un bajo contenido de MO y menor riesgo de erosion, como es el caso del
de la finca “La Hampa”.

No obstante, la distribucion de agregados en los dos muestreos, realizados a lo
largo de un afio, puso de manifiesto una tendencia similar a lo observado en la finca
“Las Navas” (apartado 1V.2, Fig. 2). Las diferencias significativas solo se
encontraron en el muestreo de septiembre 2010, en época seca, cuando la formacion
de pseudo-agregados bajo ambiente humedo es menor; el LR, ocasion6 mayor
cantidad de macroagregados (@ > 2mm) que LT, mientras que en el ensayo de
media duracion, LNy origind mas agregados de las fracciones 1-2 mm y 0,5-1 mmy
menos micro-agregados que el LTy. Estos resultados confirman que el laboreo de
conservacion favorece la formacion de agregados de mayor tamafio (Jiao et al.,
2006; Plaza-Bonilla et al., 2010; Six et al., 1999).

El analisis de los parametros quimicos y bioquimicos (apartado 1V.2, Fig. 3,4 y
5) de los agregados separados por tamafio confirmé que el laboreo de conservacion
presenta mayor capacidad que el tradicional para secuestrar carbono organico en
forma de COT, CH, POXC, y generar un mayor nivel de actividad enzimatica (DHA
y B-glu).

La razdn alquilicos/O-alquilicos de las fracciones de tamafio medio (@ 1-2 mm y
@ 0,5-1 mm) del ensayo de media duracion no presentd diferencias notables,
mientras que en las restantes fracciones de este ensayo, y en todas las fracciones del
ensayo de larga duracion, los resultados fueron razonablemente similares a los
obtenidos en “Las Navas”, presentando el LR una MO mas fresca y rica en
carbohidratos que el LT, en todas sus fracciones (apartado 1V.2, Fig. 6).

Cabe destacar que, en este ensayo, el POxC y B-glu fueron los pardmetros que
mostraron diferencias significativas en todas las fracciones y en los dos muestreos,

lo que evidencia su idoneidad como indices de calidad del suelo.
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> Soil organic matter degradation in an agricultural chronosequence farm

under different tillages evaluated by enzymatic activities and **C CPMAS
NMR.

En la MO del suelo se pueden distinguir varias fracciones segtn la densidad o

las propiedades quimicas. Después de observar los cambios originados por
diferentes tipos de laboreo en las fincas “Las Navas” y “La Hampa”, se plantearon
varias hipotesis sobre los cambios cualitativos que la MO puede sufrir debidos al
laboreo.

En concreto, se quiso evaluar si el LT acelera simplemente la degradacion de los
compuestos organicos debido a los cambios en la estructura y a la falta de material
vegetal fresco en superficie, 0 si estos cambios originaban otras “vias alternativas”
de degradacion y la acumulacion selectiva de otras clases de compuestos organicos.

Los resultados obtenidos (apartado V.3, tabla 2) confirmaron que no siempre los
parametros bioquimicos responden a corto plazo a los cambios originados por el
laboreo y que deben de elegirse los mas adecuados segun las condiciones
edafoclimaticas. En nuestras condiciones, la B-glu se ha mostrado como un indice de
calidad del suelo fiable (Madejon et al., 2007; Melero et al., 2011) h confirmado en
nuestro estudio, donde se obtuvieron valores significativamente mas altos en las
muestras superficiales de los tratamientos de conservacion en todos los
experimentos. Debido a su accion hidrolitica de los enlaces glucosidicos, esta
actividad esta fuertemente relacionada con la abundancia de residuos de cultivo y
por consiguiente con la cantidad de COT en superficie. Este ultimo parametro
requiere un tiempo mayor para mostrar diferencias significativas (Roldan et al.,
2005), que se obtuvieron en los ensayos de larga y de media duracion. En el ensayo
de corta duracion, el COT fue mayor en los tratamientos de conservacion, pero sin
llegar a una significacion estadistica. La actividad PA también mostrd diferencias
significativas en las muestras superficiales de los tres experimentos y también otros
autores (Deng y Tabatabai, 1997) encontraron correlaciones positivas entre los
valores de PA y la cantidad de COT del suelo. En el caso de los restantes
parametros, la ASA mostro diferencias en las muestras RT, y NTy, comparadas con
los correspondientes tratamientos TT, mientras que a corto plazo mostro valores mas

altos bajo NTs, pero sin alcanzar significacion estadistica. Teniendo en cuenta el
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interés de los resultados obtenidos para las actividades PA y ASA, se sugiere que
también se optimicen y se apliquen las técnicas de RMN para evaluar los ciclos de
fosforo y azufre, y poder obtener asi un cuadro completo de los ciclos de
degradacion y acumulacion de la MO.

Los pardmetros DHA y CBM mostraron valores mas altos en los tratamientos de
conservacion, con diferencias significativas respecto a LT en el ensayo de larga
duracion. La alta variabilidad observada en estos pardmetros bajo nuestras
condiciones experimentales (Melero et al., 2011) puede depender de la también alta
variabilidad que caracteriza a las condiciones climaticas bajo clima Mediterraneo; en
estas condiciones, es dificil para los microorganismos encontrar un optimum de
temperatura y humedad por para su crecimiento.

Los resultados obtenidos para la actividad PR parecen indicar la existencia de
una falta de substrato disponible, originada por la permanencia de una elevada
cantidad de material peptidico en las fracciones de suelo masivo, himicas y de
MOP-O. Ese material puede estar constituido por exoenzimas o proteinas
encapsuladas (Knicker y Hatcher, 1997) o de material citoplasmico atrapado en
fragmentos de membrana celular (Miltner et al., 2012), que substraen parte del
sustrato de la actividad microbiana, lo que se refleja en los resultados obtenidos. No
obstante, los valores de PR pueden considerarse normales, similares a los limites
inferiores obtenidos en otros suelos (Ladd y Butler, 1972; Marinari et al., 2006;
Trasar-Cepeda et al., 2000).

Los analisis de RMN evidenciaron que las muestras de suelo masivo tienen una
composicién mas parecida a la de los acidos humicos que a la de la MOP-L, es
decir, que la MO del suelo presenta un estado de degradacion méas avanzado, rica en
estructuras alquilicas, carboxilicas y aromaticas (apartado V.3, figura 1). En las
muestras de suelo masivo y de MOP de los tratamientos LT de larga y, en menor
medida, de media duracién se encontr6 una elevada cantidad de compuestos
aromaticos (apartado V.3, figuras 2 y 4). En estas parcelas, los residuos del cultivo
se quemaron hasta el afio 2005, lo que condujo a la aparicion de compuestos
aromaticos de tipo “black carbon”, que se forman a causa de la incompleta
combustion de estos residuos (Gonzalez-Pérez et al., 2004; Knicker, 2007, 2011). La
falta de residuos frescos en estos tratamientos, ricos en O- y N- alquilicos, aumento

el porcentaje de intensidad de la region aromatica.
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En los ensayos de corto y medio plazo se confirmé lo obtenido en la finca “Las
Navas” bajo no laboreo, donde se obtuvo una mayor cantidad de O-alquilicos y
menor cantidad de alquilicos en suelo masivo superficial (apartado V.3, figura 2). En
consecuencia, las razones alquilicos/O-alquilicos fueron menores en las parcelas NL
que en las correspondientes parcelas LT. Estas caracteristicas son tipicas de una MO
que recibe constantemente inputs de carbono fresco aportado por los residuos del
cultivo, mientras que una acumulacion de alquilicos es tipica de una MO mas
degradada (Baldock y Preston, 1995; Kogel-Knabner y Ziegler, 1993; Preston y
Trofymow, 2000). En el ensayo de larga duracién se obtuvieron resultados
diferentes. Esto puede ser debido a diferentes factores: i) el NL es el tratamiento que
produce la mayor tasa de acumulacion de COT, mientras que el LR se sitla un
escaldn por debajo; ii) después de 21 afos de manejo bajo LR, las muestras de HAc
presentan un elevado grado de humificacion, con una abundancia de estructuras
aromaticas y carboxilicas superior a lo observado en las muestras LT, LTy Yy NL,
(apartado V.3, figura 3) que afectaria a la composicion de las muestras de suelo
masivo iii) la abundancia de compuestos aromaticos en las muestras de suelo masivo
de LT, (apartado V.3, figura 2) puede haber disminuido la aportacion relativa de
otras regiones espectrales, como la alifatica.

En conclusion, las muestras de MOP, tanto en su fraccion libre como en la
ocluida, parecen resumir de manera eficaz todas las caracteristicas de las parcelas
gue se evaluaron. En los tres ensayos, la MOP-L se caracteriz6 como una fraccion
de MO rica en compuestos O-alquilicos procedentes de residuos de los cultivos
recientes (Golchin et al., 1994; Jastrow, 1996; John et al., 2005). Los tratamientos
de conservacion mostraron un mayor contenido de O-alquilicos y un menor
contenido de alquilicos. También se pudieron observar las consecuencias de la
guema de los residuos en las parcelas LT, y, en menor medida, LTy, con una
acumulacién de compuestos aromaticos que no se observd en las parcelas de corta
duracion donde nunca se quemaron los residuos.

Los mismos resultados se obtuvieron para las fracciones de MOP-O, aunque las
intensidades relativas de cada region fueron diferentes si se comparan con las de la
MOP-L. La fraccion ocluida de la MOP se caracteriza por ser una MO mas
degradada y unida a las arcillas del suelo. Segin Golchin et al. (1994), esta fraccion

puede proceder de los restos de las raices de los cultivos y acaba siendo fuertemente
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perturbada por las labores agricolas. En ella, las regiones O-alquilica, aromatica y
alquilica llegan a tener intensidades comparables a las de los tratamientos de
conservacion, que siguen teniendo una mayor cantidad de compuestos facilmente
degradables, mientras que LT se caracteriza por una mayor abundancia de
compuestos mas recalcitrantes. Estudios recientes han propuesto un método
alternativo de separacion de las fracciones de MO, que permite distinguir entre MO
contenida en los micro y macroagregados (Plaza et al., 2012). Analisis sobre estas
fracciones han destacado la importancia de los microrganismos adheridos a la
superficie de las particulas de arcilla para explicar los mecanismos de secuestro y
degradacion de la MO (Courtier-Murias et al., 2013; Plaza et al., 2013).

Junto con los datos de RMN, las muestras de &cidos humicos y fulvicos se
analizaron por espectrometria de masas FT-ICR (fig. IV.7). Estos datos preliminares
parecen ser muy prometedores, dado que la técnica permitié identificar en las
muestras de HAc unos 200 compuestos mas en LR, que en las de LT.. En las
muestras de fulvicos se identificaron 100 compuestos mas en las muestras
correspondientes a LR que en las de LT,. Esto parece indicar que la abundancia de
residuos provoca la creacion de diferentes patrones metabdlicos.

Combinar estos analisis de RMN y MS de alta definicion con los analisis
quimicos y bioquimicos y ampliar los ensayos incluyendo andlisis de fosforo,
nitrogeno y azufre son aspectos sobre los que se debe incidir para profundizar el
conocimiento de los ciclos de acumulacion y degradacion de la SOM, y establecer,
bajo diferentes condiciones edafoclimaticas, qué parametros son mas fiables como
indices de calidad del suelo. Después de analizar los resultados de este trabajo, la -
glu, la PA y el COT parecen ser los indices de calidad més relevantes en nuestras
condiciones de suelo y clima. Ademas, y a pesar de su elevado coste y tiempo de
preparacion de muestras, las técnicas espectrofotométricas proporcionan resultados
que destacan por su cantidad, fiabilidad y resolucion, lo que permite una evaluacion

global de la calidad de la MO muy precisa.
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VI.4. LABOREO DE_ CONSERVACION Y USO DE_ HERBICIDAS:
INFLUENCIA DEL GLIFOSATO SOBRE LOS BIOINDICADORES DE
CALIDAD DEL SUELO.

> Glyphosate effect on soil biochemical properties under conservation tillage.

Para evaluar los beneficios que puede producir un tipo de laboreo es necesario
tener en cuenta todos los aspectos, tanto positivos como negativos, relacionados con
su implementacion. En los trabajos “Implementation of chiselling and mouldboard
ploughing in soil after 8 years of no-till management in SW, Spain: Effect on soil
quality” y “Moldboard plowing effects on soil aggregation and soil organic matter
quality assessed by *C CPMAS NMR and biochemical analyses” se ha detallado la
necesidad de unas labores esporadicas por parte de los agricultores que adoptan el
NL cuando surgieran problemas de compactacion, y/o proliferacién de malas
hierbas, ya que podria verse perjudicada la germinacion de las plantulas con la
consecuente péerdida parcial de cosecha en los casos mas extremos (Lal et al., 2007).
Para obviar el problema de las malas hierbas, los laboreos de conservacion pueden
requerir, ademas, la aplicacion de métodos de manejo integrado, que
fundamentalmente se traduce en la aplicacion de diversos tipos de biocidas.

Si bien se conocen los posibles problemas de contaminacién medioambiental
que pueden provocar algunas de esas moléculas (Giesy et al., 2000; Solomon y
Thompson, 2003), el trabajo “Glyphosate effect on soil biochemical properties
under conservation tillage” se ha enfocado esencialmente en la interaccion del
herbicida glifosato con los microrganismos del suelo y con sus actividades
enzimaticas. Aunque los herbicidas modernos estan disefiados para evitar cualquier
interaccion con el metabolismo microbiano y de los vertebrados (Speir y Ross,
2002), su aplicacion puede resultar, o bien nociva, o incluso generar un aumento de
fuentes de nutrientes que pueden alterar los equilibrios bioquimicos en el suelo
(Busse et al., 2001; Gianfreda y Rao, 2008; Reinecke et al., 2002; Zabaloy et al.,
2008). Dado que las actividades enzimaticas se consideran como bioindicadores de
la calidad de suelo, y por tanto de la actividad de su microfauna, los cambios que se
pueden producir a causa de la aplicacion de un herbicida pueden conducir a una

interpretacion errénea de los resultados, sobre todo si se comparan parcelas donde se
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aplica normalmente el herbicida, como es el caso del LC, con otras que no prevén
esa aplicacion, como en el caso del LT.

Los resultados demostraron que, en el ensayo de incubacion, el glifosato tuvo un
efecto estimulador sobre DHA, B-glu y MBC, actuando como fuente de carbono
hidrosoluble, efecto que, sorprendentemente, alcanzo los 50 dias en el caso de DHA
y 90 en el de la B-glu. Las condiciones del ensayo pudieron haber prolongado la
persistencia del glifosato o de sus metabolitos en el suelo, alterando el equilibrio
bioquimico normal. Otros autores (Aradjo et al., 2003; Veiga et al.,, 2001)
encontraron una persistencia de 30-35 dias, mucho menor que la que se detect6 en
este ensayo.

El efecto estimulante que el glifosato tuvo sobre las propiedades bioquimicas del
suelo se puede identificar con lo que algunos autores han denominado “priming
effect” (Fontaine et al., 2003; Kuzyakov et al., 2000). La adicién de un compuesto
organico que puede actuar como una fuente de carbono y nutrientes se traduce en un
aumento de la actividad microbiana, que conduce a su vez a un aumento de la
mineralizacion de la MO o de su ‘turnover’, (Blagodatskaya y Kuzyakov, 2008;
Blagodatskaya et al., 2007).

Segun el trabajo de De Andréa et al. (2003), lo efectos estimulantes del glifosato
son mas evidentes y persistentes en suelos que reciben aplicaciones repetidas del
herbicida, confirmando la teoria de que los microorganismos pueden utilizar el
glifosato como fuente de nutrientes y desarrollar patrones de oxidacion que
optimicen su degradacion en el tiempo.

Por el contrario, en el ensayo de campo, el glifosato parecid seguir un proceso de
degradacion mas répido, probablemente gracias a la influencia de la temperatura, el
viento y la luz solar, o a su percolacion hacia estratos mas profundos del suelo, lo
que limitaria el tiempo de permanencia del herbicida en la capa superficial del suelo
(Dick y Quinn, 1995). Los efectos estimulantes sobre las propiedades bioguimicas
fueron por tanto de menor intensidad, con lo que las diferencias significativas entre
tratamientos estuvieron mas relacionadas con los efectos de los laboreos en si, que
con la aplicacién del glifosato.

Debido a la variabilidad que presentaron los resultados de estos dos ensayos, y al
hecho de que las actividades enzimaticas se utilizan normalmente como

bioindicadores de calidad del suelo, es necesario evaluar en cada escenario en
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particular si las diferencias que se registran en un suelo bajo distintos laboreos
pudieran pudieran verse afectadas por efecto del glifosato. Para evitar este efecto
colateral, siempre es aconsejable dejar pasar un periodo de tiempo de al menos 30
dias entre la aplicacion de herbicida y el muestreo del suelo, sobre todo cuando se
aborde un estudio comparativo de indicadores bioquimicos, evitando asi

interpretaciones erroneas de los resultados.

VI. 5. LABOREO DE CONSERVACION EN UNA PARCELA DE REGADIO.

> Effect of permanent bed planting combined with controlled traffic on soil

chemical and biochemical properties in irrigated semi-arid Mediterranean

conditions

Las fincas de regadio son responsables del 40% de la produccién agricola
mundial. Para tener un mayor conocimiento de los beneficios que la AC produce en
los suelos agricolas, parecia Gtil examinar sus efectos en una parcela experimental de
regadio, en colaboracion con el Instituto de Agricultura Sostenible de Cérdoba (1AS-
CSIC), una vez estudiados exhaustivamente sus efectos en secano. Para ello, se
establecio el experimento descrito en el articulo “Effect of permanent bed planting
combined with controlled traffic on soil chemical and biochemical properties in
irrigated semi-arid Mediterranean conditions”.

En este ensayo se realizaron dos muestreos a lo largo de dos campafias de cultivo
(algoddn y maiz), y se analizaron muestras de suelos procedentes tanto de los lomos
como de los surcos de labranza. La practica normal de labrar los lomos después de
cada campafa (laboreo tradicional o lomo tradicional, LT) aumenta los gastos
operacionales de la finca y el consumo de combustible, ademas de que el pase de la
maquinaria puede provocar compactacion en los surcos sujetos a trafico (Boulal et
al., 2011b). Para evitar estos problemas, se pueden adoptar técnicas donde los lomos
permanecen en el suelo hasta la siguiente campafia y las labores se reducen al
minimo (lomo permanente, LP). Se evaluaron las diferencias bioquimicas y
agronomicas entre los dos tipos de tratamientos presentes en la finca “Alameda del
Obispo”. Se controlé ademaés el tréfico de la maquinaria circunscrito a determinados

surcos (+T) para compararlo con los surcos no sujetos a trafico (-T).
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El anélisis de componentes principales confirmé que en esta finca de regadio
bajo condiciones mediterraneas, pardmetros como COT, N-Kjel y B-glu (y DHA en
menor medida) son indicadores fiables de los cambios originados por el manejo del
suelo en la calidad del mismo. De forma similar a lo observado en fincas de secano,
la mayor cantidad de residuos en superficie produce aumentos del COT y una mayor
actividad metabdlica de los enzimas que degradan los residuos organicos frescos,
como la B-glu; sin embargo, esto no se confirmd para el CH, un indicador muy
comun en agricultura de secano ni para la DHA, que se mostraron de nuevo como
pardmetros sometidos a cierta variabilidad dependiendo de las condiciones
climaticas y de cultivo (Feng et al., 2003).

En las muestras tomadas en los lomos no se encontraron diferencias
significativas entre tratamientos para ninguno de los parametros analizados, debido
probablemente al hecho que los residuos de cultivo tienden a deslizarse y
acumularse en los surcos. Para evaluar los efectos del laboreo en una finca en
regadio es pues aconsejable muestrear en los surcos.

Segun un ensayo previo, el pase de la maquinaria agricola produjo compactacion
del suelo y redujo la infiltracion del agua (Boulal et al., 2011a), sin embargo en este
ensayo no se observaron diferencias significativas en los parametros bioquimicos
entre los surcos +T y —T, probablemente debido al corto tiempo de establecimiento

(3 afnos) del experimento.

VL.6. INDICES DE CALIDAD APLICADOS EN FINCAS COMERCIALES.

La evaluacion de los datos presentados en el apartado V.4 requiere un atento
analisis preliminar de las labores efectuadas en cada finca analizada. La rotacion de
cultivo seleccionada (trigo-girasol) es tipica de la zona meridional de Andalucia,
pero presenta cierta problematica debida a la escasa disponibilidad de maquinaria
para llevar a cabo la siembra directa del girasol.

Normalmente, los agricultores definen el manejo de una finca como “laboreo
minimo” cuando la campafia del trigo se lleva a cabo en régimen de siembra directa
y de no-laboreo, pero en la campafia siguiente, de girasol, efectian unas labores pre-
siembra mediante un pase de grada, cultivador o ‘chisel’ para superar la

problematica derivada de la falta de la maquinaria de siembra directa para el girasol.
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Las labores en el afio de girasol se efectian también para prevenir la compactacion
excesiva del suelo bajo no-laboreo durante los meses que preceden a la siembra, que
en afios particularmente secos podria afectar a la germinacion de la semilla y
producir importantes pérdidas de cosecha.

El conjunto de labores efectuadas en las fincas denominadas por los agricultores
como de “laboreo minimo” hace que los limites entre “laboreo de conservacion” y
“laboreo convencional” sean muy difusos, ademas de que no siempre se realiza un
seguimiento adecuado de la superficie de suelo que queda cubierta por residuos. Y
todo ello a pesar de que actualmente es cada vez menos frecuente la utilizacion de la
vertedera con volteo del suelo, que los agricultores valoran como poco rentable
econdémicamente y que conlleva problematicas de erosion. Pero lo cierto es que la
separacion de “laboreo minimo” y “laboreo convencional” se hace cada vez mas
complicada, dado que el mismo agricultor declara practicar uno u otro sin saber a
ciencia cierta si cumple adecuadamente los requisitos que exige el laboreo de
conservacion.

Segun se ha indicado, el manejo de los residuos es quizas unos de los principales
requisitos del laboreo de conservacion. La recogida de residuos para uso comercial,
como venta de la paja de trigo para alimento de la ganaderia, implicaria un
establecimiento erroneo de las practicas de laboreo de conservacion, al mantener una
cantidad insuficiente de residuos cubriendo la superficie del suelo

Por esta razdn, cabe pensar que en estas condiciones los analisis del COT y B-glu
no son concluyentes, dificultando la evaluacion de la calidad de los suelos
analizados. Conviene insistir, no obstante, en que al menos se ha logrado que el pase
de la vertedera ya no sea una practica comun, lo que demuestra que los agricultores
son receptivos a la experimentacion cientifica que se viene desarrollando durante
décadas. Sin embargo, aln queda camino por recorrer en este sentido, como lo
demuestra el hecho de que con frecuencia no se consigue establecer adecuadamente
un laboreo de conservacion, lo que demuestra, a su vez, la importancia que se le

debe dar a la divulgacion cientifica.
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CONCLUSIONES.

Este trabajo de Tesis se ha desarrollado con el objetivo de profundizar en el

conocimiento de las mejoras que el laboreo de conservacion puede aportar a la

calidad del suelo. Se evaluaron distintos parametros quimicos y bioquimicos del

suelo y se analizaron mediante técnicas de espectrometria las muestras de materia

organica del mismo. Los ensayos se llevaron a cabo en tres fincas diferentes, dos

experimentales y una comercial, con la intencién de establecer que indices de

calidad del suelo son maés fiables para futuras evaluaciones en fincas comerciales, asi

como para caracterizar los mecanismos de acumulacion/degradacion de la materia

organica del suelo bajo distintos laboreos.

A continuacion se exponen las conclusiones mas relevantes:

» Los resultados obtenidos han confirmado un aumento general de la calidad del

suelo bajo laboreo de conservacién, en su modalidad de laboreo reducido y no-
laboreo, caracterizado por niveles méas altos de distintas fracciones de carbono

orgénico y actividades enziméticas tanto en regadio como en secano.

Los laboreos de conservacion han demostrado una mayor efectividad en el
secuestro de carbono organico, sobre todo en las capas superficiales del suelo.
Este efecto se puede apreciar en los ensayos de corto plazo, pero alcanza su
mayor magnitud en los suelos altamente erosionables y en los ensayos de larga

duracion.

En los experimentos en secano, la erradicacion de labores intensivas bajo
laboreo de conservacion permite la formacién de un mayor nimero de macro-
agregados que protegen la materia organica y limitan su degradacion microbiana.
El aumento de materia organica, que actia como agente cementante, favorece

aun mas la formacién de macro-agregados.

Las labores intensivas (uso de vertedera con volteo del suelo) tipicas del laboreo
tradicional provocan la ruptura de los agregados y ocasionan enormes dafios en

fincas con elevado riesgo de erosion (formacion de céarcavas). En estos casos el
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no-laboreo es el sistema mas adecuado; si fueran necesarias labores esporadicas
para solventar problemas de compactacion y proliferacion de malas hierbas
nunca se debe recurrir a la vertedera. El laboreo reducido, con la utilizacién de

‘chisel’, puede ser suficiente.

» El carbono organico total constituye un indice de calidad fiable, especialmente
en el caso de ensayos a medio- y largo-plazo. A corto plazo, resultan mas
eficaces las proprieades bioquimicas, como las actividades enzimaticas, que
responden de forma temprana a variaciones de manejo del suelo. Bajo nuestras
condiciones experimentales, B-glucosidasa y fosfatasa alcalina fueron las mas
fiables, como indices de calidad, de todas las analizadas. No obstante, este tipo
de parametros suele presentar cierto nivel de variabilidad en funcién de las
condiciones experimentales (época, suelo y cultivo), condiciones que deben ser

especificadas con precision.

» Los analisis de RMN confirmaron que el laboreo tradicional, con el uso de la
vertedera y enterramiento de los residuos, aumenta la degradacion de la materia
organica superficial del suelo, favoreciendo la acumulacién de compuestos
menos reactivos como los alquilicos, en detrimento de compuestos de mas facil

oxidacion como los O-alquilicos.

» Las técnicas espectrométricas de RMN y FT-ICR MS poseen una gran
potencialidad para la caracterizacion de la materia organica del suelo a nivel
molecular. A pesar de su elevado coste y tiempo necesario de preparaciéon de
muestras, los datos obtenidos destacan por su cantidad, fiabilidad y resolucién,
lo que permite confirmar las hip6tesis generadas a partir de la medida de otras
variables, quimicas y bioquimicas, sobre la dinamica de degradacion de la

materia organica.

» En regadio, las mayores diferencias entre tratamientos tradicionales y de
conservacion suelen observarse en los surcos de labranza, donde los residuos
tienden a acumularse. A corto plazo, la  maquinaria puede producir
compactacion del suelo en los surcos, aunque sin alterar los valores de

actividades enzimaticas. El carbono organico total y la [-glucosidasa
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confirmaron que también pueden ser indices de calidad fiables bajo estas

condiciones.

> La necesidad de utilizar herbicidas en los tratamientos de conservacion (sobre
todo en el no-laboreo) puede estimular la actividad microbiana (efecto
“priming”) y aumentar asi los niveles de actividades enzimaticas y fracciones
labiles de carbono organico. En concreto, el glifosato demostro alterar los
parametros bioguimicos varios dias despues de su aplicacion durante un ensayo
de incubacién. En condiciones de campo, este efecto fue menos acusado. Dado
que los tratamientos tradicionales prescinden de la aplicacion de herbicidas, para
llevar a cabo una comparacion entre diferentes tratamientos es aconsejable dejar
un intervalo de 30 dias como minimo entre la aplicacion del herbicida y el

muestreo de suelo.

> En las fincas comerciales seleccionadas se detectd que el uso de la vertedera ya
es practicamente inexistente, a causa de los problemas medioambientales que
genera y del elevado coste operacional que conlleva. Sin embargo, se ha
detectado que, con frecuencia, los agricultores no establecen adecuadamente los
sistemas de laboreo de conservacion, debido fundamentalmente a un inadecuado
manejo de residuos. Esto ha motivado que indices de calidad de suelos muy
fiables a nivel de parcela experimental hayan tenido una respuesta muy limitada

a nivel de finca comercial.

En conjunto, los resultados obtenidos, tanto a nivel bioquimico como molecular
confirman la idoneidad de los sistemas de laboreo de conservacién para nuestras
condiciones de suelo, clima y manejo (secano y regadio, con distintas rotaciones de
cultivos). Las técnicas de alta resolucién utilizadas permitieron evaluar aspectos
poco estudiados sobre los ciclos de acumulacion/degradacion de la materia organica.

Sin embargo, es necesario realizar un mayor esfuerzo en transmitir estos
conocimientos a los agricultores para conseguir una mayor optimizacion de los
beneficios que pueden derivarse de la implantacion de la Agricultura de

Conservacion en Andalucia.
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CONCLUSIONS.

The present Thesis work has been carried out in order to enhance the knowledge
about the benefits that conservation agriculture could provide to soil quality.

Several soil chemical and biochemical parameters have been evaluated and soil
organic matter has been characterized by high resolution spectrometric techniques.

The experimental part has been performed in two experimental farms and in one
commercial farm with the aim of choosing the most reliable soil quality indexes for
future application on commercial farms. The obtained data have been used for a
deeper characterization of the accumulation/degradation cycles of soil organic
matter under different tillages.

The most relevant conclusions are listed below:

» The obtained results confirmed that conservation tillages, no-tillage and reduced
tillage, produced a general improvement of soil quality, defined by higher levels

of soil organic carbon pools and enzymatic activities.

» Conservation tillages demonstrated a better efficacy for soil organic carbon
sequestration, especially at surface. This effect could be noticeable even for short
term experiments, but it reaches the higher magnitude for highly erodible soil

and for long term essays.

» The eradication of intensive plowing practices under conservation tillage allows
the formation of a higher amount of macro-aggregates that protect soil organic
matter and limit its microbial degradation. In turn, the augment of soil organic
matter quantity enhance the formation of macro-aggregates by binding together
soil particles.

> Intensive plowing practices (moldboard plow with soil inversion) of traditional
tillage provoke the aggregates disruption and could create large erosion gullies
in erosion-prone farms. No-tillage is the most adequate soil management type for
these farms; moldboard is not even an option in case of a sporadic tillage is
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necessary in order to solve soil compaction or weeds proliferation problems,
whereas chisel plow constitutes a better option.

Total organic carbon is a reliable soil quality index, especially for long- and mid-
term essays. For short-term experiment, biochemical parameters such as
enzymatic activities are considered most effective as early responding indexes.

For our experimental conditions, B-glucosidase, and alkaline phosphatase were
the most representative and reliable soil quality indexes among the other
analyzed parameters. Nevertheless, these parameters could present a high

variability depending on soil and crop type, and climatic conditions.

NMR analyses confirmed that the moldboard plowing and the residues burial of
traditional tillage enhanced the soil organic matter degradation at surface. This
type of tillage favored the accumulation of more recalcitrant compounds, such as

alkyls, to detriment of easily oxidizable O-alkyls compounds.

High resolution techniques of spectrometry, such as CP MAS NMR and FT-ICR
MS, have a great potential for soil organic matter characterization at a molecular
level. In spite of high costs and time needed to prepare samples, these
instruments provide a great quantity of reliable and highly resolved data that can
enhance the characterization of soil organic matter and confirm the hypotheses

developed after the analyses of other parameters.

The major differences between conventional and conservation tillages in a farm
under irrigation were found in furrows, where residues tend to accumulate. At
short- term, the wheel passes of the machinery could produce soil compaction in
furrows but enzymatic activities were not affected by traffic. Total organic

carbon and B-glucosidase confirmed their reliability also for irrigated farms.

The required use of herbicide for conservation tillage (especially under no-
tillage) could stimulate microbial activity (priming effect) and increase the levels
of enzymatic activities and labile organic pools. In an incubation experiment,
glyphosate altered soil biochemical parameters up to several days after its
application; this effect was less noticeable for the on-field essay. Since the use of

herbicides is not required for traditional treatments, it is recommendable to leave
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an interval of at least 30 days between glyphosate application and soil sampling,

when a tillage comparison experiment is being carried out.

» In the commercial farms evaluated, environmental problems and high costs are
turning the use of moldboard plowing into an infrequent tillage practice.
Nevertheless, an uncorrected establishment of conservation tillages by the
farmers has been frequently detected, especially due to an inadequate crop
residues management. Due to these conditions, the response of the indexes of
soil quality selected for experimental farms has been limited in the commercial

farms evaluated.

Globally, the obtained results confirmed the suitability of conservation tillage
systems under our soil, climate and crop rotation conditions. High resolution
techniques of spectrometry permitted the evaluation of new aspects of accumulation
and degradation cycles of soil organic matter.

Nevertheless, a greater effort is necessary for outreach this knowledge to the
farmers in order to optimize the benefits that conservation agriculture

implementation could provide in Andalucia.
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