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Resumen

La pérdida de suelo por erosidn es un uno de los mayores problemas
ambientales a escala global, siendo el proceso de degradacion del suelo mas
extendido mundialmente. Los paises europeos de la cuenca mediterranea
son especialmente susceptibles a la erosidon hidrica, con altas tasas de
pérdida de suelo debido a una menor cobertura vegetal y a la mayor
erosividad de las lluvias. Las practicas agricolas inapropiadas son una de las
principales fuerzas de degradacién del suelo, ocasionando tanto pérdida de
suelo como reduccién del contenido en materia orgdnica, siendo el laboreo
tradicional una practica en absoluto sostenible en la region mediterranea.

Los cultivos lefiosos, como el vifiedo, olivar y almendro sufren importantes
procesos de erosion debido al intenso laboreo y al uso de herbicidas que
eliminan la cobertura vegetal protectora del suelo. Esta situacién empeora
en suelos pobres, con bajo contenido en materia organica y estructura débil,
siendo este tipo de suelos erosionables frecuentes en los olivares espafoles.
En estas fragiles areas, la escasez y variabilidad de los recursos hidricos,
sumadas a la susceptibilidad a la desertificacion, comprometen Ila
productividad del suelo y hacen del cultivo del olivo una actividad con
potencial de degradacién del suelo en la mayor parte de Espania.

Espafia es el pais con mayor superficie de olivar de todo el mundo, con un
total de 2,5 millones de hectareas, de un total mundial de 10,3 millones de
hectdreas, de las que alrededor del 50% se labran. La Comunidad de Madrid
tiene una superficie de olivar cercana a las 28.000 ha, lo que supone un
pequefio porcentaje del total del pais pero una superficie importante del
sector agricola madrilefio, siendo el segundo cultivo en extensién. El olivar
de Madrid se ha situado en pendiente, sobre suelos pobres y delgados,
cultivdndose en secano el 98% de los olivares de la regiéon y estando
manejados por laboreo el 80% para reducir la competencia de la vegetacion
arvense por el agua y los nutrientes.

Las cubiertas vegetales vivas son una de las herramientas para controlar la
escorrentia en el sector agrario recogida en el “Inventario de tecnologias
disponibles en Espafia para la lucha contra la desertificacion”. Las cubiertas
vegetales son una de las técnicas mas eficientes de manejo sostenible del
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territorio para controlar la erosién y regenerar suelos degradados,
empledndose desde la década de los 90 en cultivos lefiosos, sobre todo en
suelos calizos, con resultados positivos en la reduccion de la pérdida de suelo
por erosidon, la mejora del almacenamiento de agua y de las propiedades
fisico-quimicas del suelo, siendo discutido su efecto sobre la produccién y
calidad del alimento.

El principal objetivo de esta Tesis Doctoral ha sido la evaluacién del efecto
de distintas cubiertas vegetales (dos anuales y una permanente) frente al
laboreo, sobre las pérdidas de suelo por erosion, la variaciéon de distintos
parametros edaficos y la produccién y calidad del Aceite de Oliva Virgen
(VOO, Virgin Olive Qil en sus siglas en inglés) en un olivar en pendiente en
condiciones de secano, desarrollado sobre margas vyesiferas y clima
semiarido.

La Tesis estd estructurada en siete capitulos. El capitulo 1 introduce la
problemadtica de la pérdida de suelo por erosion hidrica a nivel mundial. El
impacto de esta erosidn en los cultivos de olivar es de 4,61 Mg ha* afio™ de
pérdida media en Europa y una de las herramientas mas eficiente para luchar
contra este problema son las cubiertas vegetales, que reducen estas
pérdidas drasticamente. En el capitulo 2 se ha estudiado, a nivel de
microcuenca, las pérdidas de suelo que se han producido en las ultimas
décadas en un olivar en ladera manejado con laboreo y un cultivo de cereal
en llano empleando el radioisétopo ’Cs con distintos modelos de
redistribucion. EI MBM2 ha arrojado una pérdida bruta de suelo de 19 Mg
ha afio™, con una pérdida media en el olivar de 32,6 Mg ha afio™. Dichas
pérdidas son claramente insostenibles si se tiene en cuenta que el limite
tolerable de pérdida de suelo en Europa esta entre las 0,3y 1,4 Mg ha™ afio’
' En el capitulo 3 se han valorado las tasas erosivas empleando
microparcelas (1 m?) con distintas cubiertas vegetales (cebada, leguminosa y
Brachypodium distachyon) respecto al laboreo en las calles del olivar
(Noviembre de 2010 a Mayo de 2014). La pérdida de suelo del tratamiento

1 reduciéndose eficazmente con el

control ha sido de 6,8 Mg ha? afio
empleo de cubiertas vegetales. Las reducciones medidas han sido del 40, 60
y 80 % para la leguminosa, la cebada y el Brachypodium respectivamente. La
Unica cubierta que ha mantenido la pérdida de suelo dentro del limite de las

tasas sostenibles ha sido la de Brachypodium. Junto a los sedimentos,
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compuestos principalmente por arcillas, se arrastran importantes cantidades
de materia organica (con una tasa de enriquecimiento de 2,4) y nutrientes
(sobre todo de Mg, Ky P), lo que conlleva un empobrecimiento en las zonas
de erosidn. Alli donde los procesos erosivos han actuado con mas intensidad,
dando lugar a la eliminacidn del horizonte Ap superficial, aflora el horizonte
C rico en yesos y pobre en nutrientes. Ambos factores conducen a una
pérdida de fertilidad en el olivar y a una reduccién de la produccién.

Las estaciones del afo con lluvias mas erosivas en la zona han sido la
primavera y, en segundo lugar, el otofio; por tanto, las pérdidas de suelo han
sido superiores en ambas estaciones, por lo que seria necesario que el suelo
estuviera cubierto al menos en estas épocas. Se han encontrado pequefias
diferencias entre los resultados de redistribucién de suelo de los modelos de
B37¢s, siendo en todo caso superior a la medida con las microparcelas de
erosion. Esto se ha debido a que la magnitud de la pérdida de suelo varia con
la escala espacial y temporal de medicién y con la metodologia empleada: a
mayor escala se producen mads procesos erosivos (erosidon en carcavas y
regueros, no solo erosidén laminar), ademas de integrar eventos de alta
intensidad y baja frecuencia. En este capitulo también se ha puesto de
relieve que las cubiertas vegetales se emplean escasamente en la region de
estudio, y que los agricultores sélo parecen estar dispuestos a introducirlas
en sus olivares si hubiera beneficios econdmicos, ademas de los ambientales.

También se ha estudiado la influencia de los tratamientos ensayados sobre
distintos aspectos edaficos: fijaciéon de carbono en el suelo, contenido de
nitrégeno, evolucion de la estabilidad estructural de los agregados, cambios
en la porosidad (macro, meso y microporosidad) y densidad aparente,
evolucién de la infiltracién y de la humedad del suelo (economia del agua)
(capitulo 4). Los suelos yesiferos son fragiles y facilmente degradables, por lo
qgue las potenciales mejoras de las cubiertas vegetales anuales sobre este
tipo de suelos se han visto ralentizadas, siendo tres afios de manejo
insuficientes para observar mejoras significativas en la mayoria de los
parametros estudiados. El manejo con la cubierta vegetal permanente
Brachypodium si que se ha mostrado efectivo para la mejora de las
propiedades del suelo, principalmente para el secuestro de carbono (cerca
de 1 Mg ha™ afio™ respecto al control), el incremento del N del suelo hasta
1,44% frente al 1,28% del tratamiento control, la mejora de la estructura del
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horizonte superficial (con agregados mas estables) y la menor resistencia a la
penetracidon por debajo de 20 cm a pesar de una mayor densidad aparente
superficial. Los agregados de los suelos con cubierta vegetal aumentaron su
estabilidad entre un 20 y un 50% respecto al control, comprobandose que la
estabilidad se ha relacionado mas con el contenido en carbono de la fraccién
particulada del suelo -la mas Iabil- que con la densidad de raices. Ademas,
tanto las cubiertas vegetales anuales como la cubierta permanente han
incrementado la capacidad de almacenamiento de agua en el suelo a 30 cm
de profundidad frente al control (entre un 36 y un 55% mas en las cubiertas
respecto al control), lo que puede redundar en una mejora de la
productividad en los olivares de secano como consecuencia de un mejor
aprovechamiento de las lluvias.

En el capitulo 5 se ha estudiado la influencia de las tres cubiertas respecto al
laboreo sobre la produccién del olivar y la calidad analitica (acidez libre,
indice de perdxidos, color, pigmentos, polifenoles, perfil de acidos grasos,
etc.) y sensorial de los VOOs. La produccidon de aceituna y de aceite de la
variedad de olivo Cornicabra, tolerante a la sequia, han sido influenciadas
por la campania agricola pero no por el tipo de manejo del suelo en ninguna
de las tres campanfias estudiadas. El efecto de la campafia también ha sido
determinante en la calidad del aceite (todos ellos de la categoria Virgen
Extra), debido tanto a las diferencias entre afios en cantidad de precipitacion
como en la carga de los arboles. Se han encontrado pequefias diferencias
entre tratamientos en la calidad de los VOO, siendo estas diferencias mas
importantes en la campafia mas seca (2012/13) con una reduccién de la
acidez libre. Dada la intensa variabilidad climatica interanual y su fuerte
influencia sobre la produccion de los olivos y la calidad de los VOOs, para
establecer de forma concluyente el efecto que las cubiertas vegetales
ejercen sobre la cantidad y calidad del aceite se necesitan mds afios de
estudio, teniendo que ser incluidos en el estudio parametros nutricionales y
del estado hidrico de los arboles para lograr una vision mas completa.

El capitulo 6 aborda la discusién general de todos los resultados obtenidos
en los cuatro capitulos anteriores. Se concluye que para vencer la fuerte
reticencia de los agricultores madrilefios a emplear cubiertas vegetales la
Administracion Regional tiene que actuar. El Gobierno de la Comunidad de
Madrid cuenta en la actualidad con los mecanismos necesarios para el

Vi
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incentivo de las cubiertas vegetales a través de ayudas directas (Pago Basico
y Pago Verde) o mediante ayudas al desarrollo rural.

Finalmente, el capitulo 7 recoge las conclusiones generales derivadas de la
investigacion de la presente Tesis Doctoral.

Palabras clave: cultivos lefiosos, olivar, Olea europaea, cubierta vegetal,
cubierta permanente, Brachypodium, manejo sostenible, mejora de Ia
calidad del suelo, suelo yesifero, secuestro de carbono, control de la erosién,
produccién de aceituna, calidad del aceite, aceite de oliva virgen.
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Abstract

Soil loss due to water erosion is one of the main global environmental
concerns, being one of the most important and larger driving processes for
land degradation. European countries belonging to Mediterranean Basin are
especially vulnerable to water erosion, with high rates of soil loss due to less
soil coverage and high erosivity rainfalls in the area. Inappropriate
agricultural practices are one of the main driving forces for soil degradation,
causing soil erosion and a decline in organic matter content. Traditional
tillage is clearly unsustainable in Mediterranean region.

Woody crops, such as vineyards, olive and almond plantations, suffer from
important erosion processes due to the intense tillage and use of herbicides
to remove the plant cover which protects the soil. Soil erosion is even worse
in soils with low concentrations of organic matter and weak structure; these
erodible soils are common in Spanish olive groves. In this fragile areas the
scarcity and variability of water resources and its susceptibility to
desertification compromises soil productivity, and makes olive tree
cultivation a potentially land degradation activity in most of Spain.

Spain is the major olive producer worldwide, with a total area of 2.5 x 10° ha.
From a total of 10.3 x 10° ha in the world, 50% of them are usually tilled.
There are ca. 28,000 ha of olive groves in the Madrid region. Although this
area is not substantial in relation to the total surface area of Spanish olive
groves, it is considered important in Madrid agricultural sector, being the
second in extension according to cultive dedication. As it is the case with
other Spanish traditional olive groves, Madrid olive trees are grown in
sloping areas on poor and shallow soils. Ninety-eight percent of the olive
groves in the region are rainfed and 80 % are usually tilled to reduce weed
competition for water and nutrients.

Cover crops or groundcovers are a tool to runoff control in the agricultural
sector, being included in the “Inventory of available technologies in Spain to
combat desertification”. Cover crops are one of the most efficient tool of
sustainable land management practices to control soil loss and regenerate
degraded soils. Cover crops are employed since 90’s in woody crops, mainly
in calcic soils, where they have proved to be an effective tool in reducing soil
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erosion and improving water storage and physical properties, with its effect
on yield or food quality still being controversial.

The main goal of this Thesis has been the assessment of the behavior of
three cover crops (two annuals and one permanent) compared to tilling, over
soil loss rates, changes in different edaphic parameters and variations in
quantity and quality in the Virgin Olive Qils (VOOs) of a rainfed olive grove,
planted on gypsum and marl soils under semiarid climate.

The Thesis is structured in seven chapters. Chapter 1 introduces the
worldwide concern for soil loss by water erosion, the impact of erosion in
olive groves (4.61 Mg ha™ year™ of soil loss on mean in Europe), and cover
crops as one of the most efficient tool to fight against this problem. In
chapter 2, soil loss in a microcatchment has been estimated in the last
decades in an olive grove managed by tilling. The estimation has been
developed by means of the radioisotope **’Cs, employing different
redistribution models. Gross soil loss from the MBM2 with **’Cs data in the
microcatchment reached 19 Mg ha™ year™, with a soil loss from the sloping
olive grove of 32.6 Mg ha’ year™. These soil loss rates are clearly
unsustainable considering that the limit of tolerable soil erosion is between
1.4 and 0.3 Mg ha™ year™. In chapter 3 soil loss rates were measured in
microplots (1 m?) in three cover crops (barley, legume and Brachypodium
distachyon) regarding tillage in the interrows of the olive grove during almost
four crop seasons (November 2010 till May 2014). Soil loss of control
treatment measured in the microplot was 6,8 Mg ha™ year™. Cover crops
have efficiently reduced soil loss regarding control treatment. This reduction
in annual soil loss reached 40, 60 and 80 % for legume, barley and
Brachypodium respectively. Brachypodium treatment is the only one under
the limit of tolerable soil erosion. Regarding sediments, mainly composed by
clay, there is a mobilization of organic matter (2.4 of enrichment rate) and
some nutrients (mainly Mg, K and P) which lead to an impoverishment in
erosion areas. In places where erosive processes are stronger, Ap horizon
removal leads to the outcropping of C horizon, rich in gypsum and poor in
nutrients. Both factors lead to a loss of fertility in the olive grove and a
reduction of olive production.



Abstract

The most erosive seasons in the area were spring and autumn, with the
biggest soil losses happening in these moments. This is the reason why it
should be compulsory to protect soil against erosion at least in the spring

37¢cs models of

and autumn. Slight differences have been found between the
soil redistribution, and in any case the erosion rates were higher that soil loss
measured in the erosion microplots. This difference between methods is due
to the fact that soil loss depends on spatial and temporal scales besides the
method employed. More erosion processes happen in larger scales (rill and
gully erosion, as well as interrill), including low frequency-high magnitude
events. This chapter has highlighted that cover crops are rarely used in
Madrid region, and that change from tilling to cover crops would be possible

if there was an economic profit and not only an environmental benefit.

The influence of the treatments in the soil parameters has been also studied:
carbon sequestration, total nitrogen content, stability of aggregates, changes
in porosity (macro, meso and microporosity) and bulk density, infiltration
evolution and soil moisture (water economy); special attention has been paid
to soil-water relationship (chapter 4). Gypsiferous soils are the fragile and
easily degraded, these properties delayed in time the positive effects on soil
quality of cover crops. Three years were not enough to find improvements in
most of the studied parameters. Permanent cover crop (Brachypodium
distachyon) management has been effective to improve soil properties,
mainly in: carbon sequestration (over 1 Mg ha™ year™ regarding control); N
content, which increased up to 1.44% vs. 1.28% in control treatment;
recovery and improvement of soil structure with more stable soil aggregates;
less penetration resistance below 20 cm in depth, despite a higher
compaction in the upper layer. Soil aggregates of cover crops treatments
increased their stability between 20 and 50% regarding control treatment
aggregates. In gypsiferous soils it has been proved that aggregate stability is
correlated to carbon content of particulate fraction -the most labile- rather
than to root density. Moreover, annual and permanent cover crops have
increased soil volumetric water content at 30 cm depth regarding control
(between 36 and 55% more soil water content of cover crops than control),
which might lead to an increase in yield in rainfed olive groves due to a
better exploitation of rainfall water.
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In chapter 5 the influence of the three cover crops vs. control on olive yield
and sensorial and physico-chemical (acidity, peroxides index, colour,
pigments, total polyphenols, fatty acid profile) quality have been studied.
Olive and oil yield of Cornicabra cultivar, drought-resistant, has been
influenced by the cropping season but not by soil management for the three
cropping seasons. Cropping season effect has been also important in the
VOOs quality (all of them belonging to the Extra Virgin category), due to
differences in rainfall amount and the load of the olives. Slight differences in
VOO quality have been found, mainly in the driest season. Cover crops have
slightly influenced some VOO parameters in the driest season (2012/13)
reducing free acidity; thus cover crops seem to influence water and/or
nutritional status of the olive tree. In order to conclusively assess the
influence of cover crops in yield and quality VOOs, more years of research
are required, and nutritional and hydric parameters of olive tree have to be
simultaneously studied to get a whole vision.

Chapter 6 includes the general discussion with the main findings of the
former chapters. Considering that cover crops are scarcely employed in the
region of study, and that farmers only will change to cover crops if there was
an economic profit and not only an environmental benefit, an advice has
been included: Due to farmers of Las Vegas’ shire are reluctant to change
from traditional tillage to cover crops the Regional Government has to act.
Nowadays, Comunidad de Madrid Government has the tools to stimulate the
use of cover crops through direct aids to agricultural producers (direct
payments and green payment) or Rural development aid.

Finally, chapter 7 comprises the main conclusions drawn from the research
performed throughout this Thesis.

Keywords: woody crops, olive grove, Olea europaea, cover crop,
groundcover, permanent cover crop, Brachypodium, sustainable land
management, soil quality improvement, gypsiferous soil, carbon
sequestration, erosion control, olive yield, olive oil quality, virgin olive oil.
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Capitulo 1. Introduccidon general

Antecedentes y situacion actual
La erosion hidrica

El concepto de erosién cambia segun el enfoque desde el que se realice
(Garcia-Ruiz et al. 2017). Una definiciéon generalizada de erosion es el
balance neto a largo plazo de todos los procesos que desprenden material y
lo mueven de su localizacién original (Lupia-Palmieri 2004), y cuando esto
sucede debido a la accidn del agua se le denomina erosidn hidrica. La pérdida
de suelo por erosiéon hidrica es uno de los mayores problemas ambientales a
escala global (Karamesouti et al. 2015, Ligonja & Shrestha 2015, Novara et al.
2016, Ochoa et al. 2016, Garcia-Ruiz et al. 2017), siendo el proceso de
degradacion del suelo mas extendido mundialmente (Pimentel 2006, Lal
2014) como puede apreciarse en la Figura 1.1.

Figura 1.1. Mapa de la vulnerabilidad del suelo a la erosion hidrica. Fuente:
Nachtergaele et al. (2011).

Se estima que la pérdida de suelo mundial por erosién hidrica se encuentra
entre las 20 y 30 Gt afio™, siendo la erosion debida al laboreo cercana a las 5
Gt afio™ (FAO and ITPS, 2015). Ligados a los sedimentos movilizados por la
erosion hidrica se pierden nutrientes esenciales para las plantas, ademas de
materia organica, y se reduce el espesor del suelo disponible para las raices.
Todos estos factores limitan el desarrollo de las plantas dejando el suelo
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descubierto y vulnerable a los procesos de erosién hidrica (Pimentel 2006,
Martinez-Mena et al. 2012), retroalimentando los procesos erosivos.

Mas alld del problema ambiental de la erosién, la pérdida de suelo en
terrenos agricolas es una amenaza para la produccién mundial de alimentos
(Pimentel & Burgess 2013, Garcia-Ruiz et al. 2017), asi como para la fijacién y
mantenimiento del carbono en el suelo (Schmidt et al. 2011), con las
negativas consecuencias de su liberacidn para el cambio climatico global. Es
por todo ello que el problema de la erosiéon hidrica presenta dimensiones
ambientales, econdmicas y sociales (Martinez-Casasnovas & Ramos 2006,
Pimentel 2006, Telles et al. 2011, Garcia-Ruiz et al. 2017).

Mas del 25% de la superficie de la Unién Europea sufre altas tasas de erosion
hidrica (EEA 2015), con una pérdida media de suelo en tierras agricolas,
forestales y dreas seminaturales de 2,46 Mg ha™ afio™ (Panagos et al. 2015b).
En la figura 2 puede verse como los paises europeos de la cuenca
mediterranea son especialmente susceptibles a la erosién hidrica, con altas
tasas de pérdida de suelo (4,61 Mg ha™ afio” de media), debido a una menor
cobertura vegetal y mayor erosividad de las lluvias en estas areas (Panagos et
al. 2015b).

En la regidn mediterrdnea, la interaccion entre clima, topografia,
caracteristicas del suelo y actividades humanas puede conducir a corto y
medio plazo a la insostenibilidad de muchos paisajes (Garcia-Ruiz et al.
2013). Las practicas agricolas inapropiadas son una de las principales fuerzas
de degradacién del suelo en Europa, ocasionando tanto pérdida de suelo por
erosion como reduccidon del contenido en materia organica (Jones &
Montanarella 2003, Gucci et al. 2012). En la cuenca mediterrdnea numerosos
paises tienen un alto porcentaje de superficie agricola respecto a su
superficie total (Espafia 57%, Grecia 55%, Turquia52%, Italia 50%, FAOSTAT
2015). En todos estos paises se produce un desequilibrio entre las tasas de
erosién debido a las practicas de la agricultura convencional (estimada entre
10 y 20 Mg ha™ afio™) y la tasa media de formacién del suelo, estimada en
0,15 Mg ha™ afio™ (FAO and ITPS, 2015). Estas altas tasas de pérdida de suelo
de la agricultura convencional no son en absoluto sostenibles (Verheijen et
al. 2009).
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Figura 1.2. Pérdida de suelo
por erosion hidrica en la
Union  Europea. Fuente:
European Soil Data Centre
(ESDAC) (2015).

La reconciliacion de la agricultura con la conservacién del suelo es compleja,
sobre todo en ambientes mediterraneos (Garcia-Ruiz et al. 2013), cuando se
emplean practicas agrarias convencionales que generan las mencionadas
tasas insostenibles de pérdida de suelo (Cerda et al. 2009, Taguas et al.
2015b, Zema et al. 2016). Los cultivos lefiosos, como el vifiedo, olivar,
almendro, melocotonero, etc., frecuentemente sufren importantes procesos
de erosién debido al intenso laboreo y al uso de herbicidas que eliminan la
cobertura vegetal protectora del suelo (Cerda et al. 2016, Keesstra et al.
2016, Prosdocimi et al. 2016b, Rodrigo Comino et al. 2016). Esta situacién
empeora en suelos pobres, con bajo contenido en materia orgdnica y
estructura débil (Panagos et al. 2014), siendo precisamente este tipo de
suelos erosionables frecuentes en los olivares espafioles (Taguas & Gomez
2015).

En la Unidn Europea el vifiedo y el olivar producen las tasas mas altas de
pérdida de suelo (9,47 Mg ha afio™ de media para ambos cultivos) debido a
su habitual localizacién en laderas en pendiente y en zonas con alta
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erosividad de la lluvia (Panagos et al. 2015b). En estas fragiles areas, la
escasez y variabilidad de los recursos hidricos, sumadas a la susceptibilidad a
la desertificacion, comprometen la productividad del suelo (Taguas et al.
2015a) y hacen del cultivo del olivo una actividad con potencial de
degradacion del suelo en la mayor parte de Espafia (Garcia-Ruiz 2010,
Fernandez-Romero et al. 2016a). Una de las practicas culturales tradicionales
en los olivares mediterraneos es la eliminacién de la vegetacién arvense con
varios pases de labor anuales (Xiloyannis et al. 2008), lo que deja un alto
porcentaje de suelo desnudo gran parte del afio expuesto a la erosividad de
la lluvia. La amenaza mas visible del laboreo es la pérdida de suelo por
erosion (Fleskens & Stroosnijder 2007, Gémez et al. 2009b), pero ademas
esta prdctica tradicional reduce el contenido de materia orgdnica debido a
un incremento de la tasa de mineralizacién (Garcia-Ruiz 2010, Garcia-Diaz et
al. 2016), reduce la capacidad de infiltracion como consecuencia de un
deterioro de la estructura del suelo (Palese et al. 2014) y destruye las raices
en la capa arable (Gémez et al. 1999) lo que limita la capacidad del arbol de
tomar agua.

Las pérdidas de suelo por erosién hidrica pueden medirse de diferentes
modos. Boardman (2006) y Garcia-Ruiz & Lépez Bermudez (2009) hacen una
revisiéon de los principales métodos con sus alcances y limitaciones. Una
sintesis de dichos métodos se puede encontrar en Porta et al. (1999) para
procesos de erosion laminar y por regueros:

— medidas experimentales: con estaciones de aforo o parcelas de
erosion. Las parcelas de erosién que se emplean tienen tamafios
muy diferentes (Moreno-de las Heras et al. 2010, Nadal-Romero et
al. 2015) y sirven para comparar tratamientos o manejos pero
adolecen de ciertas limitaciones como el escalado de las medidas,
debido a que proceden de un pequeiio espacio delimitado en el que
no se dan todos los procesos de erosidn, y al corto periodo de
tiempo de seguimiento,

— medidas con simulador de lluvia: también para comparar manejos y
tratamientos (Meyer 1994, Sharpley 2001), incluso en laboratorio,
cuyos resultados pueden ser dificil de transferir a parcelas reales e
incluso dificiles de interpretar,
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— modelos de prediccién de la erosién potencial: como la USLE y RUSLE
(Wischmeier & Smith 1978, Renard et al. 1997, Kinnell 2010), SWAT
(Gessesse et al. 2015, Napoli & Orlandini 2015), WEPP (Soto & Diaz-
Fierros 1998, Tiwari et al. 2000, Nearing 2006), EUROSEM (Morgan et
al. 1998) o SERT (Lopez-Vicente et al. 2013) que requieren de gran
cantidad de datos de campo para la calibracién y validacion. Dentro
de los modelos de prediccidn, una herramienta atil para estimar la
pérdida de suelo por erosidon a escala de ladera o de cuenca es la
tecnologia basada en el uso de radionucleidos: cesio-137 (**’Cs),
plomo en exceso-210 (**°Pbex) y berilio-7 ('Be) (Walling et al. 2011,
Dercon et al. 2012).

En esta Tesis Doctoral se han utilizado dos métodos para la estimacion de la
pérdida de suelo: (1) las microparcelas para comparar tratamientos, y (2) el
B37Cs a escala de microcuenca. La medida experimental de la microparcela
(€1 m?) es una técnica que ofrece informacion relevante de los efectos que
distintos manejos del suelo pueden producir sobre la erosién y las
propiedades de los sedimentos, como la textura, materia organica y
nutrientes arrastrados (Barthes et al. 2000, Bagarello & Ferro 2004, Boix-
Fayos et al. 2006, Boix-Fayos et al. 2007). Las microparcelas tienen la
limitacion de no recoger todos los procesos erosivos que se dan a escala de
ladera o cuenca, principalmente la erosién en regueros o carcavas, por lo que
se da una infraestimacion de la pérdida de suelo (Boix-Fayos et al. 2006) o
una sobreestimacion segun Garcia-Ruiz et al. (2017) que establecen que las
tasas de erosion se reducen segun se incrementa el d4rea de
experimentacién. También hay una importante limitacién temporal. Garcia-
Ruiz et al. (2017) estiman que este tipo de estudios deberian durar al menos
20 afios y no los 3-7 afios que suelen durar, ya que con ello se verian menos
influenciados por los eventos extremos que pudieran acontecer.

Las técnicas basadas en radionucleidos solventan en parte los problemas
anteriores, con representacién a escala de ladera o superior, abarcando

1 . .
| ’Cs es con diferencia el

periodos medios de tiempo (Zapata 2003). E
radionucleido mas utilizado en investigacién de erosidon y sedimentacion
debido a su alta afinidad por las particulas finas que componen el complejo
de cambio (arcilla y materia organica), una vida media relativamente larga

(30,2 afios) y una medicidon relativamente sencilla, asi como tener un patrén
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temporal bien definido de su deposiciéon (Ritchie & McHenry 1990, Walling &
Quine 1992). El ®Cs es un elemento no natural que tiene su origen en las
pruebas con armamento nuclear realizadas en las décadas de los 50s y 60s,
lo que le hace un indicador Unico para la estimacion de la erosién y
sedimentacion (Zapata 2003), siendo utilizado en muchas partes del mundo
para estimar la redistribucién de suelo ligada tanto a los procesos de erosiéon
laminar y splash como a los procesos de erosidn en regueros y carcavas
(Schoorl et al. 2004, Fang et al. 2012, Porto et al. 2016, Quijano et al. 2016,
Rabesiranana et al. 2016).

137

Las primeras cantidades detectables de ~>'Cs se depositaron en 1954, con un

maximo en 1963 (Zhang et al. 1990), siendo este Ultimo afio el que se toma

B¥7¢cs en

como referencia para datar el método. La ultima deposicion de
Europa sucedid en 1986, debido al accidente de la planta nuclear de
Chernobyl (UNSCEAR 2012). El “'Cs que cayé desde la atmdsfera, se
adsorbi6 a los componentes del complejo de cambio del suelo
principalmente a la materia organica y a las particulas de arcilla (Navas et al.
2011). De este modo, el radionucleido es transportado por el agua, lo cual
depende del tipo de manejo de suelo, de la intensidad con que actian los
procesos erosivos y de los procesos de transporte de sedimentos, siendo
cuantificado en laboratorio por espectrometria gamma y comparado con los
valores de referencia para obtener las tasas de redistribucion del suelo. El
método tiene las siguientes ventajas: 1) las estimas derivadas de las tasas de
redistribucion del suelo lo son a medio plazo; de este modo, los datos
medios estdn menos influenciados por los eventos extremos; 2) las tasas de
redistribucion del suelo representan el efecto integrado de todos los
procesos del paisaje que influyen en el movimiento de las particulas de suelo
bajo determinados manejos o practicas del territorio; 3) proporciona
informacién respecto a la erosion o deposicion en la misma cuenca,
ofreciendo estimaciones de las tasas netas de exportacién de sedimentos; y
4) la interpretacion de los datos permite la cuantificacién de procesos tales
como redistribucion del suelo por laboreo y la pérdida o ganancia asociada a
la erosion del suelo.
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El cultivo tradicional del olivo

El cultivo del olivo (Olea europea L.) tiene su origen en la cuenca
mediterranea hace unos 7000 afios (Breton et al. 2009), y es en esta zona
donde se extiende la mayor superficie de olivar (Fig. 1.3) con 10,08 millones
de hectdreas de un total mundial de 10,27 (FAOSTAT 2015). La lluvia y los
recursos hidricos subterrdneos disponibles para el olivo son los Unicos
aportes de la mayor parte de los olivares de la cuenca mediterranea (Palese
et al. 2010), por lo que tradicionalmente se han empleado marcos de
plantacién amplios (<100 arboles ha™), tanto mas cuanto mas escasas fueran
las precipitaciones. Ademas, en los olivares de secano se realiza: (1) un
control del volumen de copa reduciéndolo mas en zonas con escasas lluvias
(Connor 2005), y (2) un laboreo frecuente para evitar la competencia de la
vegetacion arvense por el agua y los nutrientes (Gémez et al. 2009a, Palese
et al. 2015) y asi incrementar la produccidon de aceitunas. Estos laboreos
frecuentes resultan en amplias superficies de suelo desnudo, propenso a los
procesos de erosion.
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Figura 1.3. Zona biogeografica del olivar en la cuenca Mediterranea. Fuente: Gaussen &
De Philippis (1955).

Espafia es el pais con mayor superficie de olivar de todo el mundo, con un
total de 2,5 millones de hectdreas (FAOSTAT 2015) localizadas
principalmente en Andalucia. En la actualidad, alrededor del 50% de esa
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superficie es labrada (MAGRAMA, 2015). La Comunidad de Madrid tiene una
superficie de olivar cercana a las 28.000 ha (MAGRAMA, 2013). Aunque esta
superficie no es muy importante respecto a la superficie total de olivar en
todo el pais, si que es importante en la regién. El olivar supone un 20% de la
superficie total agricola de la Comunidad de Madrid, siendo el segundo
cultivo en extensién detras de los cereales de invierno (IECM, 2015). Como
otros olivares tradicionales espanoles, el olivar de Madrid se ha situado en
zonas en pendiente, sobre suelos pobres y delgados (Gomez et al. 2009b). El
98% de los olivares de la regidén se cultivan en secano, estando un 50%
plantados en baja densidad (menos de 100 olivos ha™) y un 80% manejados
con laboreo para reducir la competencia de la vegetaciéon arvense por el
agua (MAGRAMA 2015).

En zonas semiaridas la disponibilidad de agua es uno de los principales
factores limitantes en la produccién de los cultivos. El olivo es una de las
especies arbdreas del mundo mas resistentes a la sequia (Connor & Fereres
2005), siendo capaz de tolerar una baja disponibilidad de agua en el suelo
gracias a distintas adaptaciones morfoldgicas y fisiologicas (Connor 2005,
Tataranni et al. 2015). Pero que el arbol resista la falta de agua no implica
gue la produccién no se vea resentida, por lo que la produccién de aceituna
se incrementa considerablemente cuando se le aportan cantidades
suficientes de agua (del Rio & Vallejo 2012). Con el objeto de no sufrir
mermas en la cosecha de aceituna hay que tener en consideracién que en el
ciclo anual del olivo hay tres periodos de mayor sensibilidad a la falta de
agua segun Fernandez (2014): 1) floracidn; 2) crecimiento del fruto, de 6 a
10 semanas después de la floracién; y 3) fase de acumulacion de aceite, de
18 a 22 semanas después de la floracién. El estrés hidrico en el primer
periodo reduce el nimero total de frutos, mientras que en los otros dos
periodos reduce el peso fresco de la aceituna, con una pérdida al final de
produccién de aceite (Connor 2005). Por otro lado, debe tenerse también en
cuenta que se han descrito relaciones positivas entre el estrés hidrico en el
olivo y un aumento del contenido en compuestos fendlicos (Patumi et al.
2002, Gémez-Rico et al. 2009), del perfil de compuestos volatiles (Servili et
al. 2007, Gomez-Rico et al. 2009), incremento del nivel de &acidos grasos
monoinsaturados y mejora de las caracteristicas sensoriales (Berenguer et al.
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2006), aspectos todos ellos de calidad en los Aceite de Oliva Virgen (VOO,
Virgin Olive Qil en sus siglas en inglés).

La variedad de olivo existente en las parcelas de estudio en la presente Tesis
Doctoral es la Cornicabra, la mas comun en el centro de Espafia y la segunda
en extension de toda la Peninsula Ibérica (Rallo et al. 2005) con una
superficie total de 270.000 ha (Barranco et al. 2005). Aunque esta variedad
estd considerada como una de las mas tolerantes a la sequia de todas las
variedades de Espafia (Barranco et al. 2005), la falta de agua reduce la
cantidad de aceitunas y de aceite (Gomez-Rico et al. 2007, del Rio & Vallejo
2012). El aceite de Cornicabra es valorado por su alta estabilidad y sus
caracteristicas sensoriales (Salvador et al. 2001b), con un picor y amargor
medios debido a los abundantes polifenoles (Uceda et al. 2008), alto
contenido en acido oleico y bajo en acido linoleico (Salvador et al. 2001a).
Los compuestos fendlicos, el dacido oleico y los demds 4cidos grasos
monoinsaturados (MUFA, Monounsaturated Fatty Accids en sus siglas en
inglés) del VOO tienen efectos beneficiosos en la salud humana (Lépez-
Miranda et al. 2010), por lo que son deseable aceites con un mayor
contenido en polifenoles y una alta relacion de acidos grasos
monoinsaturados respecto a poliinsaturados (PUFA, Polyunsaturated Fatty
Acids en sus siglas en inglés).

Las cubiertas vegetales

Dentro del “Inventario de tecnologias disponibles en Espafia para la lucha
contra la desertificacion” (MAPAMA 2017) se incluyen las cubiertas vegetales
vivas como una herramienta para controlar la escorrentia en el sector
agrario. Taguas & GAOmez (2015) han encontrado que a pesar del uso de
distintas técnicas de manejo del suelo en olivares andaluces y de las
obligaciones agro-ambientales de la Politica Agraria Comun (CAP), se siguen
produciendo tasas de pérdida de suelo insostenibles. Estos autores
concluyen que es necesaria la aplicacién de otras técnicas de conservacién
del suelo en los requerimientos de la CAP, por lo que el uso eficiente de las
cubiertas vegetales (CC), debe ser estudiado en detalle. Las CC son una de las
técnicas mas eficientes de manejo sostenible del territorio (SLM, Sustainable
Land Management) para controlar la erosién y regenerar suelos degradados
(Duran-Zuazo & Rodriguez-Pleguezuelo 2008, Marqués et al. 2016). Desde la
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década de los 90, diferentes estudios en olivar han demostrado la eficiencia
de las CC en comparacion con el laboreo tradicional (CT) en la reduccién de
la pérdida de suelo por erosidn y la mejora del almacenamiento de agua y de
las propiedades fisico-quimicas del suelo.

Las CC reducen la escorrentia y la erosidn del suelo (Fleskens 2007, Kairis et
al. 2013) por la interceptacion de las gotas de lluvia. Francia Martinez et al.
(2006) midieron pérdidas de suelo entre 1,0 y 10,4 t ha™ afio™ en CT y entre
1,7y 2,4 t ha™ afio™ en CC con cebada en un suelo franco. Gémez et al.
(2009b) obtuvieron resultados similares (0,8 t ha™ afio™) en un suelo muy
arcilloso empleando cebada como CC respecto al CT (2,9 t ha™ afio™). En otro
trabajo del mismo grupo (Gémez et al. 2011), empleando CC de gramineas
espontaneas en un olivar sobre suelo franco-arcilloso y en otro olivar sobre
suelo arenoso se observaron pérdidas de suelo de 0,04 y 0,4 t ha? afio™
respectivamente, mientras que con CT las pérdidas fueron de 1,3y 19,4t ha™
afio™. Marquez-Garcia et al. (2013) estiman la reduccién de pérdida de suelo
de una CC de gramineas respecto al LT en de un 80%, con una mejora de la
funcion del suelo como sumidero de carbono por parte de las gramineas.
Duran-Zuazo & Rodriguez-Pleguezuelo (2008) han medido pérdidas de suelo
de 2,10 t ha™ afio™ al utilizar cebada como CC y5,70t ha afio™ con CT.

En Italia, Palese et al. (2014) observaron una mejora en la estructura del
suelo con vegetacidn espontanea como CC, la cual incrementa la capacidad
de almacenamiento de agua del suelo respecto al CT permitiendo un mejor
aprovechamiento del agua de las lluvias de otofio-invierno. Marquez-Garcia
et al. (2013) han medido un incremento del contenido del carbono organico
de 12,3 Mg ha™ afio™ del suelo debido a las CC frente al CT.

En los ultimos anos, la superficie de olivar con cubiertas vegetales se ha ido
incrementando, prevaleciendo el uso de la vegetacién espontanea
(Gonzélez-Sanchez et al. 2015). En Espafia, la zona donde mas se utilizan las
cubiertas vegetales en olivar es Andalucia, siendo generalmente aceptadas
por los agricultores (Franco & Calatrava-Leyva 2006, Calatrava-Leyva et al.
2007). Sin embargo, en la zona centro de Espafia su uso es escaso a pesar de
estudios previos que han determinado la necesidad de emplear practicas
alternativas de manejo —como son las cubiertas vegetales— para otros
cultivos lefiosos como el vifiedo, con el objeto de reducir las pérdidas de
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suelo por erosién (Ruiz-Colmenero et al. 2013). Su eficiencia depende de las
condiciones climaticas, edaficas y practicas agricolas concretas de la zona
(Francia Martinez et al. 2006, Ruiz-Colmenero et al. 2013), aunque debe
apuntarse que su uso es controvertido en ambientes aridos debido a la
escasez de disponibilidad de agua (Gémez et al. 2009a, Alcantara et al.
2011), habiéndose registrado mermas de produccidon en vifiedos de la
Comunidad de Madrid debido al empleo de cubiertas vegetales que
redujeron el agua disponible para el cultivo (Ruiz-Colmenero et al. 2011).

Como se ha indicado, las cubiertas vegetales han probado su eficiencia
reduciendo la erosion del suelo, mejorando el almacenamiento de agua y las
propiedades fisicas del suelo (Palese et al. 2014) pero su posible efecto sobre
la produccién de aceituna es materia de discusién. Un efecto negativo de las
cubiertas vegetales sobre la produccién de oliva fue descrito por Gucci et al.
(2012) en un olivar superintensivo y por Caruso et al. (2011) en un olivar
joven en marco intensivo. Sin embargo, otros autores (Gémez et al. 1999,
Corleto & Cazzato 2008, Ferraj et al. 2011, Palese et al. 2014) no han hallado
una reduccion significativa de la produccion de aceitunas en olivares
maduros con cubiertas vegetales.

La influencia de las cubiertas vegetales en la calidad de los alimentos
producidos ha sido estudiada en vifiedos (Lopes et al. 2008, Perez-Alvarez et
al. 2015, Jordan et al. 2016, Karl et al. 2016), manzanos (Kuhn & Pedersen
2009), berenjenas (Radicetti et al. 2016), cerezos (Usenik et al. 2009) ) vy
citricos (Abdel-Aziz et al. 2008). En olivar, la influencia del manejo del suelo
sobre algunos parametros de calidad del aceite ha sido escasamente
estudiada (Corleto & Cazzato 2008, Hugqi et al. 2009, Gucci et al. 2012, Caruso
et al. 2014) y segun la informacién de que disponemos, no existen estudios
previos sobre el efecto de las cubiertas vegetales en las caracteristicas del
VOO.

Los suelos de la zona de estudio de esta Tesis Doctoral estan desarrollados
sobre material yesifero en un clima semidrido, dentro de la categoria de
zonas secas de la UN-CCD (Arnold 1992). Los suelos yesiferos estan formados
bajo condiciones aridas o semiaridas, cubriendo unos 100 millones de ha en
el mundo (Verheye & Boyadgiev 1997). Este tipo de suelos se encuentra en la
Region Mediterranea (Zdruli et al. 2010), principalmente en Espafia (Virto et
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al. 2015), el norte de Africa y el este de Asia (Zdruli 2014). Asi, los olivares
sobre suelos yesiferos no son raros en ambientes mediterrdneos. A pesar de
este hecho, la mayor parte de la bibliografia sobre cubiertas vegetales en
olivar se ha centrado sobre suelos calizos, por ejemplo Gomez et al. (2009a),
Espejo-Pérez et al. (2013) y Marquez-Garcia et al. (2013) en Espafia, Kairis et
al. (2013) en Grecia y Palese et al. (2015) en ltalia. Las conclusiones de estos
estudios sobre suelos calizos no pueden ser aplicadas a los suelos yesiferos,
debido a las muy distintas propiedades de ambos tipos de suelo, por lo que
es de interés generar conocimiento sobre el comportamiento de las CC en
olivares de la zona mediterranea implantados en suelos yesiferos. Estos
suelos se caracterizan por tener una limitada capacidad de retencién de
agua, falta de plasticidad y cohesién, degradacién estructural, capas
endurecidas, desequilibrio en las relaciones de iones, bajo contenido en
materia organica y media capacidad de intercambio catidénico (Van Alphen
& Rios Romero, 1971; Verheye & Boyadgiev, 1997).

Debido a las graves consecuencias del laboreo tradicional en suelos yesiferos
€N zonas con escasas precipitaciones y a la falta de informacién previa, existe
por tanto la necesidad de una investigacion especifica para este tipo de
suelos y clima, que muestre los efectos ambientales y sobre el cultivo de las
CC frente al CT, para poder realizar la transferencia de los resultados a los
agricultores de olivar en secano de zonas semiaridas como herramientas de
SLM.
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Area de estudio
Localizacion

Los ensayos que se han realizado en el marco de la presente Tesis Doctoral
se han llevado a cabo en el Centro de Olivicultura de la Comunidad de
Madrid en la finca experimental “La Chimenea”, dependiente del IMIDRA.
Este Centro se encuentra situado al sur de la regién madrilefia (UTM 30N,
ETRS89: X= 455654, Y= 4435959, Fig. 1.4b) en la Comarca Agraria de Las
Vegas, entre los municipios de Aranjuez y Colmenar de Oreja, a una altitud
media de 540 masl localizado 2 km al norte del rio Tajo, en su margen
derecha. De las trece parcelas de experimentacién con las que cuenta el
Centro de Olivicultura, se ha trabajado sobre dos de ellas (Fig. 1.4c): en la
parcela 10 se ha llevado a cabo la experimentacion relacionada con las
cubiertas vegetales, mientras que parte de la parcela 11 se ha empleado para
la evaluacién de la pérdida de suelo a medio plazo a escala de microcuenca.

4436000

e
=] Microcuenca
" (1 Parcela 10
455000 458000
Sistema de coordenadas. ETRS 1989 UTM Zone 30N

Proyeccion: Transverse Mercator
Datum: ETRS 1569

Figura 1.4. Mapas de localizacion de la zona de estudio, a) Comunidad de Madrid en
Espana; b) mapa fisiografico de la Comunidad de Madrid: el punto rojo marca la zona
de estudio; c) ortofoto de 2014 de la microcuenca y la parcelal0.
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Climatologia

La finca de “La Chimenea” cuenta con una estacion meteoroldgica
automadtica en continuo a intervalos de 10 minutos, con registros desde 1995
hasta la actualidad. Para la caracterizacidon del clima de la zona se han
tomado ademads los datos de la estacidn meteorolégica mdas préxima
perteneciente a la AEMET, situada también en la misma finca “La Chimenea”
a 2 km de la zona de estudio, con el fin de disponer de una serie mas larga de
datos.

El clima de la zona de estudio es mediterraneo continental con una
temperatura media anual de 13.62C. Los inviernos son frios (el mes mas frio
es enero con una temperatura media de las minimas de -72C), con frecuentes
heladas que pueden producirse desde octubre a mayo. Las nevadas son muy
poco habituales debido a su baja cota. Durante los meses de julio y agosto
las temperaturas superan frecuentemente los 359C.

Las lluvias en la zona son escasas, siendo la precipitacion media anual para
una serie de 35 afos de 395 mm, con una gran variabilidad interanual (de
237 a 452 mm afio™). Estos valores de precipitacién indican que la zona de
estudio se corresponde con una regién semiarida (Verheye 2006) por estar
entre los 200 y 500 mm anuales. En los ultimos afios se ha detectado un
cambio en el patrén de precipitacion, con lluvias mas escasas y a la vez mas
intensas (Garcia-Diaz et al. 2015) incrementando su erosividad. Se ha
elaborado un diagrama ombrotérmico con los datos mds recientes de
temperatura y precipitacion (Fig. 1.5). Las temperaturas medias mensuales
mas altas coinciden con los meses de menor precipitacidon, haciendo que
haya un periodo de déficit hidrico de Junio a Septiembre, tipico del clima
mediterraneo. Las lluvias se concentran en primavera y otofio, con una
media anual para el periodo 2002-2016 de 310 mm mm (datos de la estacién
meteoroldgica automatica de la finca).
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Figura 1.5. Diagrama ombrotérmico (serie de datos 2002-2016). Elaboracién propia
con los datos estacion meteoroldgica automatica de la finca.

La evapotranspiracion de referencia (ET;) media segun el método Penman-
Monteith (Allen et al. 1998) es de 1.239 mm para el periodo 2002-2016. La
ET, mas alta se produce en los meses de junio y agosto, con un maximo en
julio de 211 mm (Fig. 1.6).
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Figura 1.6. Precipitacion y Evapotranspiracion de referencia (ETo). Serie de datos 2002-
2016). Elaboracion propia con los datos de la estacion meteorolégica automatica de la
finca.

Los afios que abarca el proyecto (2010-2014) han sido muy similares en
cuanto a temperaturas medias mensuales (Fig. 1.7a), mientras que las
precipitaciones han sido altamente irregulares (Fig. 1.7b) como es usual en
las condiciones de clima mediterraneo. El afio mds seco de la serie fue 2012
con 237 mm, mientras que 2010 fue el mas humedo, llegando a 452 mm.
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Figura 1.7. Gréficos de temperatura (T, figura 1.7a) y precipitacion (P, figura 1.7b)
media mensual para los afos de estudio (2010-2014). Elaboracion propia con los datos
estacion meteorologica automatica de la finca.

Geologia y litologia

La zona de estudio se sitda en la Cuenca Terciaria de Madrid (Fig. 1.8), donde
el agua ha ido excavando el relieve, dando paso al afloramiento de
materiales mas antiguos procedentes del Mioceno y dejando en las cimas de
los pequefios cerros restos de material fluvial como son las gravas. Los
materiales del Mioceno sobre los que se encuentra corresponden a la parte
central de las denominadas facies evaporiticas basales. Estos materiales
comprenden una sucesidn de yesos masivos grises y yesos especulares, con
delgadas intercalaciones de margas yesiferas gris verdosas (IGME 1997). Se
denomina serie gris al estrato inferior, que es el propiamente yesifero,
siendo la formacién sobre la que se asientan los ensayos de la presente Tesis
Doctoral; y serie blanca para el estrato superior, carente de yeso cristalino.
Los depdsitos mas recientes (limos, arcillas yesiferas y margosas) se

18



Capitulo 1. Introduccidon general

encuentran en el fondo de los valles de los afluentes secundarios del rio Tajo
(IGME 1975).
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Figura 1.8. Mapa geologico y litologico con la microcuenca y la parcela 10.

Geomorfologia

La morfologia de la regidn se corresponde con un modelado fluvial. Al norte

de la zona de estudio se encuentra una meseta elevada de la superficie del

Paramo, donde se sitdan Chinchdn y Colmenar de Oreja con una altitud entre

750 y 800 masl, y forma la divisoria entre el rio Tajo y el Tajufia. Al sur se

dispone el sistema de terrazas del rio Tajo, cuya altitud se halla entre los 520

y 580 masl. Entre ambas zonas, los sedimentos del Mioceno han sido

afectados por la erosion fluvio-torrencial, que ha dado lugar a un relieve de

laderas suaves y cerros redondeados de escasa altitud, entre 525 y 600 masl

(Silva et al. 1988). La parcela 10 se encuentra entre las cotas 546 y 528 masl y

la microcuenca entre 559 y 524 masl (Fig. 1.9).
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Figura 1.9. Modelo digital de elevaciones con la microcuenca y la parcela 10.
Elaboracion propia a partir de las curvas de nivel a 5 m.

Las parcelas de estudio se situan entre estas dos formaciones
geomorfoldgicas, en laderas cuyas pendientes oscilan entre 9 y 17 % en la
parcela 10 y entre 2 y 20 % en la microcuenca (Fig. 1.10). La pendiente es un
factor que afecta a la erosividad del agua de escorrentia (Porta et al. 1999),
siendo elevada en la zona, lo que hace que el suelo sea mas vulnerable a la
erosion hidrica y por tanto a la pérdida de suelo fértil.
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Figura 1.10. Mapa de pendientes y curvas de nivel a 5 m con la microcuenca y la
parcela 10. Elaboracion propia a partir de las curvas de nivela 5 m.

Edafologia

El suelo se clasifica como Gypsic Haploxerept (Soil Survey Staff 2014) o Haplic
Gypsisol (arzic siltic) (IUSS Working Group WRB 2014) con un régimen de
humedad del suelo xérico. Estos suelos estan desarrollados sobre margas
yesiferas con un alto contenido en sales y limo y bajo en materia organica y
arcilla, ademas de una estructura edafica débil del horizonte superficial y
baja resistencia de los agregados al impacto de la gota de agua, lo que
conduce a la formacién de costras superficiales por splash. Estos suelos
ocupan una amplia zona al sureste de la provincia de Madrid y norte de la
provincia de Toledo, con una fisiografia de campifia caracterizada por un
paisaje ondulado. Dichos suelos limosos presentan una baja capacidad de
generar macroporos (Stengel et al. 1984).
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La presencia de yesos esta asociada a la composicion del sustrato y a
regimenes con bajas precipitaciones y elevada evaporacién. De esta manera,
el agua del suelo asciende, se evapora en su ascenso y precipitan en
superficie las sales previamente disueltas. En los suelos con abundante yeso
la resistencia a la penetracion de las raices es alta, con baja capacidad de
retenciéon de agua disponible para las plantas y al secarse se incrementa
enormemente su compacidad (Porta et al. 1999). Esta dificultad de las
plantas para absorber agua seria equivalente a que el clima fuera mas arido
de lo que indican los parametros climaticos.

Para describir el suelo se procedié a la apertura de una calicata en el centro
de la parcela 10 (Fig. 1.11) a comienzos de esta Tesis Doctoral.

Figura 1.11. Fotografia de la calicata. La escasa profundidad de la calicata se debe al
afloramiento del sustrato yesifero con abundantes fragmentos de gran tamafio de
yeso cristalino.

En la tabla 1.1 se incluye una ficha completa de la calicata, con la descripcion
morfoldgica de los horizontes principales del perfil del suelo. Se trata de un
perfil permeable, sin apenas evoluciéon donde los procesos formadores no
han actuado con intensidad. Hay dos horizontes de diagndstico, el écrico en
el Ap y el gipsico en el By.
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Tabla 1.1. Descripcion morfologica del perfil del suelo.

Caracteristicas de la zona

Provincia:
Localidad:
Coordenadas
(WGS 84):

Altitud:

UTM

Pedregosidad:

Drenaje:
Pendiente:
Erosién:
Fisiografia:
Topografia cir

cundante:

Microtopografia:

Litologia:

Vegetacion natural:

Uso del suelo:

Madrid
Colmenar de Oreja
HUSO 30
X:455.628 m
Y:4.435.973 m
540 m
2%
Bueno
10-12%
Leve a moderada
Loma
Ondulado
Suavemente ondulada por laboreo
Margas yesiferas y yesos
Eliminada
Olivar intensivo

Horizonte
FAO

Profundidad
(cm)

Descripcion

Ap,;

Color: h) 10YR 4/3 y s) 10YR 6/3,5. Elementos gruesos: pocos (5%).
Raices: Pocas muy finas. Estructura granular fina débil. Escasa
actividad de fauna. No se observan peliculas, moteados o
concreciones. Consistencia friable en hiumedo. Limite inferior neto
plano. Bajo contenido en materia organica bien humificada.

Ap,

12-26

Color: h) 10YR 4,5/3. Pocos elementos gruesos. Raices muy pocas,
finas y gruesas que se horizontalizan en el limite inferior. Estructura
maciza. No se aprecia actividad de fauna, ni peliculas, ni moteados, ni
concreciones. Consistencia firme en humedo. Bajo contenido de
materia organica bien humificada.

By

26-43

Color: h) 5Y 6/2,5. Muy pocos elementos gruesos. Raices
inapreciables. Estructura masiva. No se aprecia actividad de fauna, ni
peliculas, ni moteados. Nédulos calizos aislados (1%). Presencia de
yeso secundario visible en al menos el 1% en volumen. Consistencia
muy friable en himedo. Muy bajo contenido de materia organica.

Cy

43->55

Color: h) 5Y 4/2,5. Elementos gruesos frecuentes a abundantes (15-
20%) constituidos por cristales de yeso de gran tamafio. Raices
inapreciables. Estructura maciza. No se aprecia actividad de fauna, ni
peliculas, ni moteados, ni concreciones, pero si bloques de yeso de la
roca madre. Consistencia muy friable a friable en humedo.
Inapreciable contenido de materia organica.

Los horizontes de diagndstico presentes son el dcrico y el gipsico,
Clasificacion: Gypsic Haploxerept (Soil Survey Staff 2014)
Haplic Gypsisol (arzic siltic) (IUSS Working Group WRB 2014)
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Se han tomado muestras de cada uno de los horizontes de la calicata para
proceder al andlisis quimico del suelo (Tabla 1.2) y del extracto de saturacion
(Tabla 1.3) en laboratorio. La conductividad eléctrica se ha medido por
conductimetria, el pH por potenciometria, la materia orgdnica oxidable con
el método de digestion humeda de Walkley & Black (1934), el fésforo
disponible con el método de Olsen et al. (1954), los carbonatos por
calcimetria (calcimetro de Bernard), la capacidad de intercambio catidnico
mediante el empleo de una solucidon tamponada con pirofosfato-sodio, el
calcio y magnesio intercambiables se han determinado mediante
espectrometria de absorcidon atdomica y el potasio y sodio intercambiables
por espectrometria de emisién atémica (MAPA 1994). Los métodos
empleados en el analisis del extracto de saturacién para las determinaciones
distintas del apartado anterior han sido: volumetria para los bicarbonatos y
carbonatos, potenciometria para cloruros, espectrometria de masas con
fuente de plasma ICP-MS para calcio, magnesio, sodio y potasio, y
cromatografia iénica para los sulfatos.

Los resultados de los analisis del perfil (Tabla 1.2) muestran que el contenido
de materia orgdnica oxidable esta entre medio y bajo. El pH es ligeramente
basico en todas las muestras, lo que facilita la absorcién de nutrientes tales
como el nitrégeno, potasio, azufre, calcio y magnesio, pero dificulta algo la
del fdsforo. Por el contrario, micronutrientes tales como el hierro, el
manganeso, el boro, el cobre y el zinc, pueden ver dificultada su asimilacion,
pudiendo presentarse carencias ligeras de escasa importancia en alguno de
estos micronutrientes. Este suelo tiene un contenido muy alto en fésforo y
potasio asimilables, por lo que en principio no requiere de fertilizacién con
estos nutrientes. El horizonte Ap tiene una CEC normal, pero es baja en los
horizontes subsuperficiales por lo que el cultivo tomara la mayoria de los
nutrientes de los 26 cm superiores.

Se detecta un marcado desequilibrio catidnico en el complejo de cambio, con
una relaciéon Ca/Mg excesivamente alta que pone de manifiesto una acusada
carencia de magnesio. La relacién Ca/K es alta, muy superior a la deseable, lo
que puede dar lugar a problemas como consecuencia del antagonismo
calcio-potasio. En consecuencia, la asimilabilidad del potasio puede verse
interferida por una impermeabilidad de la membrana celular provocada por
un contenido alto de calcio. Por el contrario, la relacion K/Mg es adecuada.
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Los valores de conductividad eléctrica en el extracto 1:5 son elevados (Tabla
1.2), manteniéndose practicamente constantes en todo el perfil y en torno a
2,1dS m™, por lo que se hace imprescindible la determinacidn del analisis del
extracto de saturacion de la Tabla 1.3. La conductividad eléctrica del extracto
no supone limites al crecimiento del olivar al estar por debajo de los 3,8 dS
m™ (Bienes 2013). El contenido en calcio es elevado mientras que en el resto
de cationes es bajo. El contenido en sulfatos en el horizonte Ap; son algo
elevados (el limite estd en 1440 mg L") y superiores a los registrados en Ap, y
By, lo que indica un aporte secundario de yeso, ya sea como consecuencia
de la erosidn hidrica o edlica. El contenido en bicarbonatos es bajo.

La caracteristica mds notable de éste perfil es su alto contenido en yeso, lo
gue no ha permitido separar el limo de la arcilla al realizar la textura en el
horiezonte Cy con el método de la pipeta (MAPA 1994). El contenido en
arenas fue alrededor del 45-60% en todas las muestras (Fig. 1.12). La clase
textural de todos los horizontes es “Franca” excepto en el horizonte Ap, que
es “Franco limosa”. El porcentaje de elementos gruesos varia entre un 10%
en el horizonte mas superficial, y progresivamente va aumentando hasta un
45% en el horizonte Cy.
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26



Capitulo 1. Introduccidon general

Vegetacion

Se trata de un drea muy antropizada con grandes extensiones de cultivos
lefiosos, principalmente olivar (Fig. 1.13) junto a vifiedo, almendro, huerta y
cereal.

Figura 1.13. Fotografia desde la parcela 10 hacia el Sureste.

La vegetacidon natural estd dominada por el esparto (Stipa tenacissima) y la
retama (Retama sphaerocarpa) con una escasa cobertura dado el caracter
semidrido de la zona (Fig. 1.14). A estas especies les acompafian tomillos
(Thymus sp.), albardin (Lygeum spartum), ontina (Artemisia herba-alba),
santolina (Santolina chamaecyparissus), saponaria (Saponaria sp.), etc.

Figura 1.14. Fotografia de la vegetacion natural del entorno desde la parcela 10 hacia
el Norte.
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Clase agroldgica

Segln el mapa de clases agroldgicas (Consejeria de Medio Ambiente vy
Ordenacién del Territorio de la Comunidad de Madrid 2008) la parcela se
encuadra en la Clase 6, que indica que los suelos tienen severas limitaciones
gue los hacen normalmente inadecuados para el cultivo y que restringen su
uso a prados, pastizales, bosques o areas naturales. Dentro de esta clase se
corresponde con la Subclase 6e, donde se concreta que la limitacion mas
importante es debida a problemas de erosidn y escorrentia.

Las parcelas de estudio y los tratamientos de cubiertas vegetales

La parcela donde se ha llevado a cabo el estudio con las cubiertas vegetales
(parcela 10) tiene una superficie de 3,08 ha con una pendiente de entre el 13
y 17 % Noreste-Suroeste (Fig. 1.15a). Esta vaguada determina las principales
vias de escorrentia superficial dentro de la zona de estudio. El estudio de la
pérdida de suelo a medio plazo tuvo que realizarse en la microcuenca (Fig.
1.15b) de la que forma parte la parcela 11 debido a la ausencia de zona de
sedimentacion en la parcela 10.

El olivar de la parcela 10 es de la variedad Cornicabra en marco de plantacion
intensivo, con una distancia entre olivos de 6 m y entre filas de 7 m
(densidad: 238 &rboles ha™), manejado en condiciones de secano. Fue
plantado en la primavera de 2004 con plantones de vivero de un afio y
medio. El olivar esta dotado de un sistema de riego por goteo que no se ha
empleado durante todo el periodo de la Tesis Doctoral ya que uno de los
objetivos ha sido estudiar el efecto de las cubiertas sobre la humedad del
suelo vy, finalmente, sobre la produccién y calidad del VOO, por lo que era
imprescindible que no hubiera aportes de agua diferentes de las lluvias.

En la parte alta de la microcuenca (Fig. 1.15b) se encuentra parte del olivar
de la parcela 11. Este olivar fue plantado en 2006 con plantones de la
variedad Cornicabra de un afio y medio. El marco de plantacién es de 7 x 7
m, con una densidad de 204 olivos ha™, algo inferior al olivar de la parcela
10. Este olivar desde su plantacidn estd sin riego y se maneja como olivar
ecoldgico, con varios pases de labor anuales. En la zona llana de la
microcuenca se siembra cereal de invierno en secano.
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Figura 1.15. Dos vistas de las parcelas de estudio sobre ortofoto de 2012 en 3
dimensiones (forzado de Z=1,5 para magnificar el relieve de la zona). El recinto verde
se corresponde con la parcela 10 (a) y el rosa con la microcuenca (b). Las flechas azul
claro marcan el sentido de la escorrentia en la zona de las microparcelas y de la
vaguada de la microcuenca. La flecha verde marca el norte, la roja el este y la azul la
perpendicular.

Tratamiento de cubiertas vegetales

El estudio comenzd en noviembre de 2010, momento en que se labraron
todas las calles con un cultivador tipo chisel (labor de unos 15 cm de
profundidad) y se procedio a la siembra en las calles con cubierta.

Los tratamientos de cubiertas objeto de la presente Tesis Doctoral han sido:

a) Cubierta anual de gramineas: Cebada (Hordeum vulgare L.), graminea
con un sistema radicular fasciculado muy ramificado (Fig. 1.16a). Esta
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b)

planta resiste tanto las condiciones climaticas como las edaficas de la
zona, siendo facil de encontrar en el mercado, de manejo sencillo y
conocido. La variedad elegida ha sido de ciclo largo, con siembra
otofial. La dosis de siembra empleada ha sido de 130 Kg ha™ (precio de
0,70 € Kg"), que es inferior a la dosis habitual cuando lo que se
pretende es un cultivo de cebada. El sencillo manejo y bajo coste de
esta cubierta facilita la futura aplicacién por un agricultor.

Cubierta anual de leguminosa: las tres primeras campafias se ha
sembrado esparceta (Onobrychis viciifolia Scop.), pero debido a su
escaso crecimiento a partir de la campafia 2013/14 se ha procedido a
la siembra de yeros (Vicia ervilia Willd.) (Fig. 1.16b). Las leguminosas
aportan nitrégeno al suelo cuando son incorporadas “en verde” al
mismo, debido a la simbiosis con bacterias fijadoras de nitrégeno
atmosférico que evita o reduce el aporte de fertlizantes nitrogenados.
Por ello se considera que aumenta el contenido de este nutriente en el
suelo. Ambas especies resisten suelos poco fértiles y secos, pero en el
caso de estudio, la adaptacién de los yeros a la zona fue mucho mejor.
La dosis de siembra empleada fue de 42 Kg ha™ (a 2,75 € Kg) para la
esparceta y 72 Kg ha™ de yeros (a 0,60 € kg). Estas dosis son muy
inferiores a las empleadas cuando se trata de implantar el cultivo (100
Kg ha™ para la esparceta y 120 Kg ha™ para los yeros). Los yeros
ademas tienen la ventaja de no ser predados por los abundantes
conejos de la zona.

Cubierta permanente de graminea: Brachypodium distachyon (L.)
Beauv., graminea de bajo porte (no supera los 20 cm) de ciclo anual
con distribucion mediterranea, por lo que esta bien adaptada a las
condiciones edafoclimaticas de la zona de estudio (Fig. 1.16c). Su raiz
de tipo fasciculado al igual que la de cebada, favorece la infiltracién y
sujeta el suelo evitando su pérdida. Se agosta al comenzar el verano,
segada adecuadamente permite la autosiembra, por lo que reduce los
costes de operacidn. La dosis de siembra ha sido de 40 Kg ha™ con un
coste de 6,80 € Kg'. Comercialmente recibe el nombre de “Vegeta
olivar”.
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d) Control: se ha realizado una labor con cultivador chisel cada otofio. El
objetivo ha sido romper la costra superficial que limita la infiltracién y
eliminar la vegetacion arvense desarrollada durante la campaiia
agricola anterior (Fig. 1.16d). No se ha tratado de imitar las labores
que aplican los olivicultores de la zona, ya que ellos suelen dar entre 2
y 4 pases en funcion de la climatologia del afio y aqui ha sido labor
Unica debido a la elevada erodibilidad del suelo.

Figura 1.16. Fotos de los tratamientos ensayados tomadas en la primavera de 2013,
excepto los yeros que se tomo en la primavera de 2014.

Tareas en las cubiertas vegetales

La cronologia de las principales tareas en el olivar de la parcela 10 durante
las cuatro campafias agronédmicas se encuentra en la tabla 1.4. La figura 1.17
recoge algunas imdagenes de dichas operaciones. Tras el pase del cultivador
con el que se daba una labor superficial al suelo, se procedia a la siembra de
la cubierta en la calle en un ancho de 6 m, dejando 50 cm sin sembrar en
cada margen. Esta franja de un metro de ancho en las lineas de olivo se ha
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tratado con herbicida (glifosato) cada primavera para facilitar la recogida de
aceituna y la eliminacién de las varetas de los olivos.

La siega se ha efectuado una vez cada primavera (primera quincena de
mayo), excepto en el afio 2013 ya que debido a una mayor precipitacién la
vegetacion siguid creciendo tras el primer corte, siendo necesario segar de
nuevo un mes después. La maquinaria utilizada para la siega fue una
desbrozadora de martillos en las calles y una desbrozadora de hilo en las
microparcelas. La altura de corte ha sido de 15 cm en todas las calles,
excepto en Brachypodium que fue algo mads alta con el objeto de dejar
aproximadamente un 15-20 % de espigas sin segar y permitir asi la resiembra
(cada afio se seleccionaba la altura adecuada, oscilando entre 15y 20 cm).

La recogida de aceituna se ha realizado en 10 olivos de cada tratamiento
seleccionados cada afio al azar en el momento de envero (finales de
noviembre/primeros de diciembre) utilizando un peine vibrador y tendales
para evitar el contacto del fruto con el suelo. La produccién de cada olivo se
pesaba individualmente. En el mismo dia de la recogida se transportaban en
cajas de 20 kg al laboratorio de la finca experimental “El Encin” donde se
procedia a la extraccién del aceite con el sistema Abencor en 24 o 72 horas,
estando refriegeradas (42C) hasta ese momento.
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Disefio experimental

Cada tratamiento del suelo se ha establecido en 3 calles consecutivas del
olivar, con el objeto de tener dos lineas de olivo con el mismo tratamiento a
cada lado (Fig. 1.18). En las calles centrales se instalaron las microparcelas de
erosion tipo Gerlach, tres por cada tratamiento, dispuestas al azar en el
sentido de la maxima pendiente (hacia la vaguada). En estas microparcelas se
han tomado los datos de pérdida de suelo tras cada evento lluvioso y se ha
realizado la estimacion de la cobertura vegetal. Las muestras de suelo para
analisis en laboratorio y los pardmetros de suelo (resistencia a la penetracion
e infiltracién) se han realizado en puntos al azar fuera de la zona de la
microparcela en las mismas calles centrales. Los olivos muestreados estaban
situados en las lineas adjuntas a las calles centrales.

[ Cebada

2 Esparceta / Yeros

[ Brachypodium distachyon
B Control

== \icroparcelade erosion

Figura 1.18. Situacion de las microparcelas de erosion en las calles del olivar de los
distintos tratamientos. La flecha negra representa el reguero hacia el que drenan las
calles del olivar.
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Objetivos e hipdtesis

El objetivo general de esta Tesis Doctoral es la evaluacion del efecto de
distintas cubiertas vegetales (dos anuales y una permanente) frente al
laboreo sobre las pérdidas de suelo por erosidn, la variacion de distintos
parametros edaficos y la produccién y calidad del Aceite de Oliva Virgen
(VOO) en un olivar en condiciones de secano, desarrollado sobre margas
yesiferas y clima semidrido. La hipdtesis de partida es que la pérdida de suelo
producida por las practicas agricolas tradicionales en los olivares de secano
es insostenible, y que las cubiertas vegetales son una alternativa de manejo
gue reducirdn esta pérdida a la vez que mejoraran distintas propiedades del
suelo, sin que tengan un efecto significativo sobre la cantidad y calidad del
VOO. El principal fin de esta investigacidn es ofrecer una vision completa de
los beneficios ambientales y de produccién y calidad del VOO que suponen
las cubiertas vegetales frente a la préctica tradicional del laboreo. Todo ello
supondra una practica y valiosa informacidn para la toma de decisiones en
favor de esta herramienta de manejo sostenible del territorio por parte de
los olivicultores y de los técnicos y politicos que desarrollan normativa de
conservaciéon del suelo, tanto en esta regidn como en otras zonas
edafoclimaticas similares con olivar.

Los objetivos especificos de la presente Tesis Doctoral son:

1. Estudiar a nivel de microcuenca las pérdidas de suelo que se han
ocasionado en las ultimas décadas en una ladera con olivar empleando
radioisétopos (**’Cs), lo que evidenciara hasta qué punto el manejo
actual puede potenciar los procesos erosivos y en qué medida los
nuevos manejos de suelo planteados pueden controlar la pérdida de
suelo.

2. Valorar las tasas erosivas de distintas cubiertas vegetales (cebada,
leguminosa y Brachypodium distachyon) respecto al laboreo en las
calles del olivar.

3. Estudiar la influencia de los tratamientos ensayados sobre distintos
aspectos edaficos: fijacién de carbono en el suelo, nitrégeno del suelo,
evolucién de la estabilidad estructural de los agregados, cambios en la
porosidad (macro, meso y microporosidad) y densidad aparente,
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evolucién de la infiltracidn y de la humedad del suelo (economia del
agua), prestando especial atencidn a la relacidn suelo-agua.

4. Estudiar la influencia de las distintas cubiertas respecto al laboreo
sobre la produccién del olivar y la calidad analitica (acidez, indice de
perdxidos, color, pigmentos, polifenoles, perfil de acidos grasos) y
sensorial del VOO.

La presente Memoria de Tesis Doctoral se compone de siete capitulos. El
capitulo 1 esta dedicado a la Introduccidn general. Los capitulos 2-5 exponen
los resultados de la presente investigacion reproduciendo exactamente el
contenido de los articulos publicados o enviados a diferentes revistas
cientificas internacionales indexadas. Tanto los aparatados de material y
métodos como resultados se encuentran incluidos dentro de cada uno de
esos cuatro capitulos, por lo que no se ha procedido a su desarrollo en
capitulo aparte.

El capitulo 6 aborda la discusién general de los resultados obtenidos en toda
la investigacion desarrollada, y el capitulo 7 presenta las conclusiones mds
relevantes de esta Tesis Doctoral.

Una sintesis de los contenidos de la Memoria de la Tesis con las
publicaciones que los integran y los objetivos a los que responden se
presenta en la Tabla 1.5.
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Estimacion de las tasas de
redistribucion del suelo en
s 137
una ladera agricola con ~'Cs

Este capitulo reproduce integramente

el texto del siguiente manuscrito:
Blanca Sastre, Ramon Bienes, Andrés Garcia-Diaz.

Estimating soil redistribution rates in an agricultural hillside by
37Cs: case study in Central Spain on gypsiferous soil. En revisién

en Journal of Environmental Radioactivity

(ver Anexo 1)
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Resumen

La pérdida de suelo en cultivos agrarios mediterraneos es una de las
principales preocupaciones debido a los impactos econdmicos, sociales y
ambientales. Los métodos empleados para medir pérdidas de suelo por
erosion de parcelas de erosion y lluvia simulada sufren de limitaciones
espaciales y temporales, y los modelos de erosidn tienen que hacer frente a

la calibracidon y validacion. Los métodos basados en las medidas de *’C

s
pueden resolver estas limitaciones. Para estimar las tasas de redistribucion
del suelo en una microcuenca del centro de Espafia sobre suelo yesifero en
clima semidrido, se han empleado tres modelos de conversidn, el Modelo
Proporcional (PM), Modelo del Balance de Masas (MBM1) y Modelo
Refinado del Balance de Masas (MBM2). La microcuenca tiene dos zonas
diferenciadas, una en pendiente donde se planté un vifiedo en 1975 que fue
reemplazado por un olivar en 2006, siendo ambos manejados por laboreo en
las calles; y otra zona llana a la salida de la microcuenca con cereal de
invierno. Se encontraron pequefias diferencias entre los resultados de los
modelos, pero una tasa de pérdida de suelo mayor que las medidas con
parcelas de erosion (1 m* y 80 m?) en estudios previos en la misma zona. La
pérdida neta de suelo obtenida con el MBM2 fue de 19 Mg ha™ afio, una
pérdida claramente insostenible.

Palabras clave: erosién hidrica, olivar, agricultura convencional, laboreo.
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Abstract

Soil loss in Mediterranean agricultural lands is a major concern due to the
economic, social and environmental impacts. The erosion plots and
simulation rainfall methods employed to measure soil loss suffer from space
and time-scale limitations and empirical erosion models have to cope with
calibration and validation. Methods based on **’
resolve those limitations. Three conversion models, Proportional model
(PM), Mass Balance Model (MBM1) and Refined MBM (MBM2), were used to
derive soil redistribution rates in a microcatchment of central Spain in

Cs measurements can

gypsiferous soils under semiarid climate. The microcatchment has a sloping
area with a vineyard since 1975 replaced by an olive grove in 2006, both
were managed by tilling the interrows; and a flat area with winter cereal at
the exit of the microcatchment. There were slight differences between the
results of the models, but a higher soil loss rate was measured than that
reported in previous studies with erosion plots (1 m® and 80 m?) in the same
area. The net soil loss obtained with MBM2 was of 19 Mg ha™ year™, a clearly
unsustainable rate.

Keywords: water erosion, olive grove, conventional agriculture, tillage.
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1. Introduction

Soil erosion is one of the major environmental problems all over the world.
(FAO and ITPS, 2015) estimate that global soil erosion by water ranged 20-30
Gt yr, while tillage erosion may amount to ca. 5 Gt yr™. Inappropriate
agricultural practices are one of the main driving forces of soil degradation in
Europe, causing soil erosion and a decline in organic matter content (Jones &
Montanarella 2003, Gucci et al. 2012). Furthermore, cropland soil loss
threatens global food production (Pimentel & Burgess 2013).

In Mediterranean basin several countries have a high percentage of
agricultural land area of total land area, e.g. Spain 57%, Greece 55%, Turkey
52% and ltaly 50% (FAOSTAT 2015). In these places there is an imbalance
between erosion rates under conventional agriculture (10-20 Mg ha™ yr)
and the rate of soil formation estimated in 0.15 Mg ha™ yr* (FAO and ITPS,
2015). Therefore, in Mediterranean areas soil erosion is one of the most
important land degradation driving processes (EEA 2015, Panagos et al.
2015a) and the impact of agriculture results in high and non-tolerable soil
losses (Verheijen et al. 2009).

Soil erosion rates can be determined in different ways: 1) using experimental
erosion plots at different scales (Moreno-de las Heras et al. 2010, Nadal-
Romero et al. 2015) that are useful to compare managements or sites, but
suffer from the limitation of upscaling the measurements from the small
plot, and short time of measurements, usually ranged 2 to 7 years
(Rabesiranana et al. 2016); 2) rainfall simulations, that are the most
predictable and cost-effective means to compare runoff and sediment yields
between sites, but which extrapolation to larger areas and natural
rainstorms is difficult (Meyer 1994); and 3) empirical erosion models, such as
USLE and RUSLE (Renard et al. 1997, Kinnell 2010), SWAT (Gessesse et al.
2015, Napoli & Orlandini 2015), WEPP (Soto & Diaz-Fierros 1998, Tiwari et al.
2000, Nearing 2006) or SERT (Lopez-Vicente et al. 2013) that have the
problem of the calibration and validation .

A useful tool to estimate soil erosion is the technology based on the use of
radionuclides: Caesium-137 (**’Cs), excess lead-210 (**°Pbe,) and beryllium-7
(’Be) (Dercon et al, 2012; Walling et al, 2011). **’Cs is by far the most widely
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used radionuclide in soil redistribution research because of its high affinity
for fine particles, relatively long half-life (30.2 years) (Dercon et al. 2012) and
relative ease of measurement and the well-defined temporal pattern of its
fallout input (Ritchie & McHenry 1990, Walling & Quine 1992). This isotope
has been used all over the world to estimate soil redistribution linked to
sheet and rill erosion processes (Schoorl et al. 2004, Fang et al. 2012, Porto
et al. 2016, Rabesiranana et al. 2016).

37Cs is not natural; it arose from the nuclear weapons tests that occurred

during the 1950s and 1960s, which makes it a unique indicator for the
estimation of erosion and sedimentation (Zapata 2003). The first detectable
amounts of *’Cs were deposited in 1954, and the maximum were deposited
in 1963 (Zhang et al. 1990), being the former year used as the reference year
for the radionuclide dating. The last European deposition of **’Cs was in 1986
after the Chernobyl accident (UNSCEAR 2012). Different studies have
reported that this accident resulted in almost no radionuclide deposition in
Spain (Navas & Walling 1992, Garcia-Ledn et al. 1993), thus the Chernobyl
event was not consider to be relevant to the present study.

137C

The method is based on the relationship between the long-term
|.137

s
concentration and the loss or gain of soi Cs falls from the atmosphere and
is adsorbed by soil components, such as organic matter or clay particles
(Navas et al. 2011), resulting in its participation in the soil exchange complex.
Therefore, this radionuclide can be transported in accordance with the soil
management, water erosion and sediment transport processes. The method
has some advantages and limitations (Mabit et al. 2008). Some of the
advantages are: 1) estimations arising from soil redistribution rates are
included in the medium term, therefore the mean data are less influenced by
extreme events; 2) redistribution rates of soil represent the integrated effect
of all of the landscape processes resulting from the movement of soil
particles under certain land management/use practices; 3) this technique
provides information regarding erosion and deposition in the same basin,
resulting in the estimations of the net rates of sediment exportation; and 4)
data interpretation allows for the quantification of processes such as soil
redistribution by tillage and loss or deposition associated with soil erosion.
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37Cs models represent great potential for the study of erosion

Therefore, the
and deposition at hillside and catchment scales. The aim of this study was to
assess soil redistribution at mid-term in a sloping cultivated microcatchment
in gypsiferous soils of Central Spain under semiarid conditions, employing
different conversion models of **’Cs. In the hillside there is a perennial crop

managed by tilling almost the last four decades.

2. Materials and methods

2.1 Study area

The study area is located in Central Spain, in southern Madrid (UTM 30N,
ETRS89: X= 455329, Y= 4435954). The elevation ranged from 525 to 555
m.a.s.l.. The climate is Mediterranean semiarid, with long hot summers and
cold winters. The mean annual temperature is 13.62C and reference
evapotranspiration (ETo) is 1112 mm (Penman-Monteith method). The
annual precipitation is 390 mm with high inter and intra-annual variability.

The main characteristics of the pit opened in the area are reported in Table
2.1. A high silt percentage was measured in all the horizons, with a low CEC,
medium to high EC and low soil organic carbon and total nitrogen content.
These properties make gypsiferous soils prone to degradation and erosion.
The soil is classified as Haplic Gypsisol (IUSS Working Group WRB 2014), with
a xeric moisture regime. The microcatchment can be divided in two part, the
upper sloping part with a surface of 2.7 ha (13% of slope), and the flat part
where almost all the sediments were deposited, with an extension of 2.9 ha
(3% of slope).

The microcatchment used to be covered by gypsiferous rangeland, with
species like esparto grass (Stipa tenacissima L.), common stork's bill (Erodium
ciconium L.), common horehound (Marrubium vulgare L.) and Limonium sp.,
which today are placed in the hills around. In 1975 the microcatchment was
tilled and a vineyard was established in the upper part and cereal in the flat
part. The vineyard was pulled up in 2004 and an olive grove was planted in
2006 with trees in 7 x 7 m* spacings. Both the vineyard and the olive grove
were managed by tilling the inter-rows to remove weeds; and in the flat part
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a winter cereal, usually barley (Hordeum vulgare L.), was seeded each
autumn and harvested in summer.

Table 2.1. Basic physical and chemical properties of the soil. CE: Coarse elements, Sand
(2000-20 pm), Silt (20-2 um), Clay (<2 pm), B: bulk density, CEC: cation exchange
capacity, EC: electrical conductivity of a saturated soil extract, SOC: soil organic carbon,
SN: soil nitrogen.

_ CE Sand Silt Clay B CEC EC SOC SN
Horizon Depth (cm) 3 1 1

(%) (%) (%) (%) (Mgm~) (cmolkg™) (mScm’) (%) (%)
Ap; 0-12 10 53 36 11 1.2 20.2 26 072 012
Ap, 12-26 16 41 47 12 1.4 16.8 1.9 093 0.11
By 26-43 27 49 39 13 1.2 8.1 22 0.17 0.04
Cy 43-55 45 58 42 nd 13.3 25 017 0.02

nd: no data; * In Cy-horizon silt and clay flocculated so there was no feasible to separate them

137

2.2. Soil sampling, analysis and ~°'Cs determination

2.2.1. Reference points

Two undisturbed hillslope were selected as reference sites. In each one, one
reference point (RP) was selected on the flat part at the top of the hill. RP-A
was located 100 m away from the study area at 569 m.a.s.l.; and RP-B was
350 m apart, at 568 m.a.s.l. Following the recommendations of Zapata (2003)
selected points were not under important net erosion or deposition since
1946 according to the available information and historical orthophotos (Fig.
2.1). For each RP a profile up to the parent rock in sections of 5 cm were
collected by excavating a soil pit and then collecting carefully 1 kg of soil
from each depth increment, similar to Petrovic et al. (2016). The depths were
30 cm in RP-A and and 25 cm in RP-B. Cylindrical corers (5 cm @) were taken
in each point and depth to determinate soil bulk density.
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2.2.2. Sampling points

At the cultivated sites along the slope, the concentration of 137¢s exhibits a
homogenization along the Ap-horizon (the ploughed horizon), where nearly
all of the **’

2016). Below this horizon, the activity decreases substantially (Hrachowitz et

Cs activity is found (Navas & Walling 1992, Rabesiranana et al.

al. 2005) and can be considered negligible in the Mediterranean region. In
the study area, this agricultural soil was ploughed with disks up to 25 or 30
cm, thus soil samples were taken from the Ap-horizon, up to the base of the
ploughed horizon, along the hillslope in a single profile. Fourteen sampling
points (SP) were selected to obtain a representative coverage of the study
plot (Fig. 2.2): watershed limit (SP 1), erosion area (SP 2 to 9) and deposition
area in the flat part of the plot (SP 10 to 14). Although SP-9 has a low slope,
its characteristics make it more similar to sloping SP. The sampling procedure
was the same as for the RP, including cylindrical corers for bulk density.

) .
Figure 2.2. Reference
ﬁ::mcamhmem points (red ~ circles),
@ Reference point sampling points
. Sampling point (yellow triangles) and
DEM (m) the microcatchment
e over the digital
—Lr  Im w519 elevation model
o S0 100 200 (DEM].

Reference and sampling points were geographically referenced (GPS Garmin)
with the UTM coordinates and altitude; slope was also determined with an
inclinometer. All samples were taken in summer 2012, air-dried, sieved to 2
mm and homogenized before analyzed.
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2.2.3. Soil analysis and *’Cs determination

For each sample, one part was used to physico-chemical analysis: coarse
elements (>2 mm fraction), texture (Robinson pipette method, Robinson
1922), pH (potenciometric method), carbonates (Bernard calcimeter method,
(Muller & Gatsner 1971), organic carbon (wet oxidation method, Walkley &
Black 1934), total nitrogen (Kjeldahl method, Kjeldahl 1883), phosphorous
(Olsen et al. 1954) and cations (calcium and magnesium by atomic
absorption spectrometry; sodium and potassium by atomic emission
spectrometry).

The other part of the sample was used to determine the mass activity of **’Cs
(Bq kg') by gamma-ray spectrometry with a germanium detector in the
Service of Radioisotopes of the University of Seville. The measurements were
acquired at 661.6 keV, with an error + 6% and 95% confidence, following the
procedure by Hurtado et al. (2004). ™’
calculated multiplying **’Cs mass activity (Bq kg™) corrected by stoniness, by

Cs areal activity (Bq m?) was

bulk density (kg m?®) and depth (m). Areal activity was the value used in the
conversion models to estimate soil redistribution.

2.3. Conversion models

There are different models to estimate soil redistribution rates from *’C

s
inventories in cultivated soils (Zapata 2003). The models employed in this
study were three, from less to more complexity: Proportional model (PM),
Mass Balance Model 1 (MBM1) and refined Mass Balance Model (MBM2).
For each model, the redistribution rate per point was calculated and also the
gross rate of erosion, the net rate of erosion and the sediment delivery ratio
for the microcatchment. According to Quine et al. (1992) the gross rate of
erosion is equal to the mass of soil eroded each year within the field (some
may be redeposited inside the microcatchment) divided by the field area; the
net rate of erosion is the mass of soil exported from the field each year
divided by the field area; and the sediment delivery ratio is equal to the net
rate divided by the gross rate, expressed as a percentage.
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2.3.1. Proportional model

PM from Walling & Quine (1990) has been widely used to estimate soil

1¥7¢s inventories. This model assumes

137

erosion in agricultural land considering
two premises. The first premise is that “>’Cs is uniformly homogenized with
the soil; this can only be assumed in cultivated soils in which tillage has
mixed the surface layer. The second premise is that the decrease in **’Cs is

proportional to the loss of soil, which is a simplistic view. The equation is:
(Eqg. 2.1) Y = (10 BdX)/100TP

Where Y is the mean annual soil loss (Mg ha™ yr'); B is the bulk density of
soil (kg m™); d is the depth of plough layer (m); X is the percentage reduction
in total **’Cs inventory; T is the time elapsed since the initiation of “*’Cs
accumulation (1963) or the commencement of cultivation; and P is the
particle size correction factor. The percentage reduction in total **’Cs
inventory is calculated as:

(Eq. 2.2) X = ((A_ref—A)/A_ref)100

where A_ref is the local **’Cs reference inventory (Bq m?) and A is the
measured total **’Cs inventory at the sampling point (Bq m™).

P and P’ were developed by He & Walling (1996), corresponding to points of
erosion and sedimentation respectively, and based in its specific surface. P
and P’ are defined by these equations:

(Eq. 2.3) P = (S_ms/S_sl)*vand P' = (S_ds/S_ms)"v

where S_ms is the area of the specific surface of mobilized sediment (m?* g™);
S_sl is the area of the specific surface of the original soil (m* g*); S_ds the
specific surface of the deposited sediment (m* g?); and v is a constant with a
value close to 0.65. S_ms was calculated from the texture of the mobilized
samples collected in a Gerlach trought in a near plot in a previous study
(Sastre et al. 2017c). S_sl and S_ds were calculated with the texture of the
samples taken in this study.

2.3.2. Mass balance model 1

MBM1 considers all of the inputs and outputs of **’Cs in the soil profile since

37Cs began to be deposited (Walling et al. 2011). The equation for MBM1 is:
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(Eq. 2.4) Y = 10Bd/P [1 — (1 — X/100)*(1/T) ]

2.3.3. Refined mass balance model

MBM?2 incorporates the possibility of experiencing **’Cs losses before it is
incorporated into the arable layer (Walling et al. 2011); it is more realistic,
although it requires a deeper knowledge of the study area. Equation 2.5
expressed the model:

(Eq. 2.5) dA(t)/dt = (1 — D)I(t) — (A + P R/DA(D)

where A(t) is the cumulative **’Cs activity per unit area (Bq m™); I is the
percentage of the freshly deposited 137Cs fallout removed by erosion
before being mixed into the plough layer; /(t) is the annual *’Cs deposition

B7¢s (yr'"); Pis the particle size

flux (Bg m?yr); A is the decay constant for
correction factor; R is the erosion rate (Mg m™ yr™); and d is the cumulative

mass depth representing the mean plough depth (Mg m?).
The variable I is calculated as:
(Eg. 2.6) I' =Py(l —exp”"(—R /H))

where y is the proportion of the annual 137Cs inputs that could be
eliminated by erosion; and H, the relaxation mass depth, related to the
depth that recently deposited **’Cs can reach (kg m?). Mabit et al. (2012)
considered that H was very difficult to calculate; therefore, they used a
constant value of 4 kg m™.

2.4. Statistical, redistribution models and GIS softwares

The mean annual soil erosion or deposition rates for the sampling points
were calculated using the excel add-in developed by Walling et al. (2006).
ANOVA test and correlations were made using the software SPSS 19 (IBM
Corp. 2010). ArcMap 10.2 and ArcScene 10.2 software were used with the

f *Cs inventories (Bq m™) and the

GPS data to create spatial distributions o
pattern of soil redistribution (Mg ha™ yr™) through the kriging interpolation

method.
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3. Results and discussion
3.1. Reference sites profile

The depth distribution of *’Cs mass activity for the two reference sites was
quite similar, with a penetration depth around 15 cm. Figure 3 shows the
mean of both RP, depicted a dramatic decrease with increasing depth. This
distribution, that fits to an exponential function, is typical of an undisturbed
site, e.g. Du & Walling (2011), Fang et al. (2012) and Mabit et al. (2012).
Mabit et al. (2008) reported that the greater proportion of *’Cs inventory
was contained within the top 15 cm of the soil, similar to our results.

137Cg (Bq kg-l)

0 10 20 30 40 50
- 5
g 10 Figure 2.3. Mean
< 15 depth distribution
B 20 i of "'Cs for the
& s Total inventory: 1001 Bgm™ two reference
sites.

The reference inventory value was estimated to be 1001 Bg m™ with a
standard deviation of 202 and a coefficient of variation of 21%. This value is
consistent with previous literature in uncultivated semiarid areas, taking

onto account that global **’

Cs fallout deposition increases with annual
precipitation and that the mean precipitation of the area is 390 mm. For
example, in North-eastern Spain (Navas et al. 2007) measured 1715, 1213
and 993 Bgq m™ in three places where the annual precipitation was 500, 450
and 300 mm respectively; and in Southern Spain (Mabit et al. 2012)

measured 1925 Bq m™ with a precipitation of 630 mm yr™.

3.2. Sampling points

Fourteen sampling points (SP) were selected along the microcatchment (Fig.
2.4). The physical and chemical properties are described in Table 2.2.
Activities ranged from 1.27 to 3.13 Bq kg™. The sloping SP had on mean,
lower bulk density, less carbonates, organic carbon, P, Mg, Na and K, and
more Ca.
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Figure 2.4. Sampling points (white circles) and the microcatchment (black line) over a
picture taken from a zeppelin after a high intensity rainfall in October 2007. As can be
seen a big rill was formed in the olive grove (1-9) and sediment deposition coloured in
white the soil (10-14). Blue arrows show the flow direction.

3.3. Soil redistribution as a result of different models

The parameters employed in the different models were:

— PMand MBM1: B=1419 kg m?; d=0.3 m; P=1.15; P’=0.88; X=1001 Bqg
m2; sampling year=2012; year of initial tillage=1975.

—  MBM2: B=1419 kg m™; d=425 kg m™ (0.3 m x 1419 kg m™); P=1.15;
P’=0.88; A(t)=1001 Bgq m™; sampling year=2012; year of initial
tillage=1975; y=0.55, H=4 kg m™.

The values of **’

Cs inventories of the 14 samples with the soil redistribution
for each model are listed in table 2.3. The lowest values corresponded to the
points located at the hillslope, while the points in the flat area had values
higher to the reference inventory, meaning deposition points. The three
models showed similar results, with higher variations in the erosion points
than in deposition points. Gross erosion rate ranged from 15.5 to 19.5 Mg

-1

ha™ yr', and the net erosion rate from 3.2 to 5.9 Mg ha™ yr’, with a

sediment delivery ratio between 21 and 32%.
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Table 2.3. Erosion/deposition rates calculated using the different models. SP: sampling
poing, PM: Proportional model; MBM1: Mass Balance Model 1; MBM2: Refined mass
balance model.

137

Cs Soil erosion (-) or deposition (+)
SP inventory (Mg ha™ yr_l)
(Bgm™) PM MBM1 MBM2
Watershed 1 1000 -0.1 -0.1 -1.0
2 967 -3.4 -3.5 -4.0
3 736 -26.5 -30.7 -29.0
4 749 -31.4 -37.5 -36.0
Erosion points 5 900 -10.1 -10.7 -10.0
6 586 -41.7 -53.4 -51.0
7 913 -8.9 9.3 -9.0
8 501 -50.1 -68.7 -66.0
9 555 -44.8 -58.8 -56.0
10 1463 60.1 66.6 62.5
Deposition 11 1373 48.6 53.9 50.6
points 12 1056 7.2 8.0 7.5
13 1388 50.3 55.6 52.1
14 1048 6.1 6.7 6.3
Gross erosion rate (Mg ha " year ') -15.5 -19.5 -19.0
Net erosion rate (Mg ha™* year ") -3.2 -5.8 -5.9
Sediment delivery ratio (%) 21 30 32

As PM is the simplest model, it does not considerer some fact that leads to
underestimate both soil erosion and deposition. MBM1 and MBM2 were
very similar in their results, despite that MBM2 included more information.
Due to the small differences between both MBM, in case that not enough
information would be available to use MBM2, MBM1 could be used with
similar results. PM should be avoided because of underestimating soil
redistribution, despite that PM and MBM1 models use the same parameters.

At the hillslope the mean of soil erosion was 27.1, 34.1 and 32.6 Mg ha ™" yr™*
in PM, MBM1 and MBM2 respectively; while in the flat area the mean of
deposition was of 34.5, 38.2 and 35.8 Mg ha™ yr ' in PM, MBM1 and MBM2
respectively. Most of the mobilized sediments remained in the flat area as
can be appreciated in the picture of Fig. 4, with a delivery ratio of 21 to 32 %
on mean (Table 3) that went out of the microcatchment to the road ditch.

Figure 2.5 shows the microcatchment in 3d representation with RP and SP
(Fig. 2.5a), the slope map (Fig. 2.5b) and the soil redistribution map (Fig. 2.5c)
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for MBM2. Higher erosion rates happened in the sloping area, close to the
rill, while the deposition points were very influenced by the distance to the
beginning of the sedimentation zone. This pattern was similar to those
described by Rabesiranana et al. (2016) in which the cultivated field was
located at the upper part of the hillslope, accentuating sediment transport
capacity of surface runoff during rainy events.

The erosion rates were higher than that measured by our team in the study
area in erosion plots. From microplots (2 x 0.5 m?) 6.8 Mg ha™ yr* of soil loss
were measured during four hydrological seasons (Sastre et al. 2017a) and
from USLE erosion plots (20 x 4 m?) 10.3 Mg ha™ yr* on mean during four
years (Bienes et al. 2010). Despite those data, our team also recorded a
single event (P = 43 mm, | = 55 mm h™) in October 2007 which yielded 93.5
Mg ha™* of soil loss (Bienes et al. 2012). Thus, 32.6 Mg ha™ yr' of erosion on
mean estimated in the hillslope with MBM2 could be an actual rate, due to
the occurence of normal and extreme rainfall events during thirty-seven
years at microcatchment scale. One of the major constraints of erosion plots
is time scale, that can cut out extreme event, and therefore, underestimate
the mean soil loss, or recording an extreme event in a short period of time
that overestimate the mean soil loss. Other constraint is the size of the plots,
Boix-Fayos et al. (2007) stated that the smaller the plot, the larger the
hydrological disconnection within the system and the lower the energy flows
due to short distances. For instance, microplot scale (< 1 m?) only measures
interrill soil surface area (Poesen et al. 1994) leaving out rill and gully erosion
which can carry 60-70% of all sediments (Valentin et al. 2005). Gémez et al.
(2014) found that the greatest soil loss in an olive grove was due to rill and
gully processes (16.1t ha ' year™ in a 5-year period).

Moreover, around seventy percent of the sediments were remaining in the
flat part of the plot, while the other 30% went out the plot to the road ditch,
having to be removed periodically. In the sedimentation area the cereal
plants were partially or entirely buried by sediments, with a yield reduction
that implies an economic cost. These are two of the off-site impacts of soil
erosion, other impacts are ‘muddy flooding’ of properties and infrastructure,
pollution of water bodies, filling lakes or reservois, etc. (Boardman 2006, de
Vente et al. 2008, Boardman 2009, Ledermann et al. 2010, Mullan 2013). All
of them mean environmental, social and economic impacts.

56



Capitulo 2. Estimacién de las tasas de redistribucion del suelo en una ladera agricola
137
con ~'Cs
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(Mghatyear?)
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Figure 2.5. Reference points (in red), sampling points (in purple) in the microcatchment
(in pink line) a) over the ortophoto of 2012; b) with the slope map in %; and c) with the
soil redistribution rates map (- erosion area, + deposition area) in Mg ha' yr".
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3.4. Relationships between soil redistribution and soil properties

Due the low differences among models, and as MBM2 was the most
complete model, the results of soil redistribution obtained with this model
were correlated to soil properties. Soil redistribution rate was highly
correlated with several properties (Table 2.4). Soil erosion was greater with
higher slopes and was positively correlated to clay and sand percentage,
while soil deposition was positively correlated to silt, carbonates, organic
carbon, total N, available P and the cations Mg, Na and K. As was expected,
more erosion is mainly linked to greater slopes, and sediments carry
nutrients and organic carbon, similar to the results of Bienes et al. (2010) and
Garcia-Diaz et al. (2017) for phosphorus and nitrogen, respectively. Martinez-
Mena et al. (2012), Marquez-Garcia et al. (2013) and Sastre et al. (2017a)
described a sediment enrichment in organic matter.

Table 2.4. Spearman’s correlations between soil properties and soil redistribution rate

of MBM2. Redistribution rate (R); Mass activity (137Cs); Bulk density (B); Coarse
elements (CE); Organic carbon (OC); Total nitrogen (N); Available phosphorus (P).

Properties R

Slope 0.71%*
B 0.52
Clay -0.65*
Silt 0.60*
Sand -0.58*
CE -0.10
pH -0.25
Carbonates 0.70**
Organic carbon  0.71**
N 0.73**
P 0.80**
Ca -0.29
Mg 0.74%*
Na 0.64*
K 0.86**

* p<0.05; ** p<0.01

These significant correlations between soil redistribution and soil properties
evidence that the erosion and deposition points are physico-chemically
different. In order to compare both type of soil redistribution points, two
groups were splitted according to its condition of deposition or erosion point
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(Table 2.5). Erosion points were placed in slopes of four folds higher than
sediment points. Bulk density increased near 20% in deposition points which
could be attained to a higher soil compaction of the cereal. Almost no
differences in texture appeared, although a trend to increase silt and reduce
clay in deposition points was found. This fact evidences that the finest
fractions of soil (clay) have been deposited beyond the barley plot, and thus,
they have been lost, while there is an enrichment in silt fraction in the cereal
plot. This enrichment in silt and sand is the reason of the increase in bulk
density in deposition points regarding erosion points as was described in 3.3
section of this paper. The reduction in fine fractions in deposition points is
due to clay is mainly eroded under high-intensity events (Martinez-Mena et
al. 2002). Therefore, a high rate of the sediments delivery is formed by these
fine-fractions, which migrate away from the sedimentation study area.

Table 2.5. Mean and standard deviation of physical and chemical soil properties for

erosion or deposition points and the p-value of the ANOVA. Bulk density (B); Coarse
elements (CE); Organic carbon (OC); Total nitrogen (N); Available phosphorus (P).

Erosion points  Deposition

Soil properties (N=8) points (N=5) p-value
Slope (%) 12.3+4.2 3.0£2.0 0.01
B(gcm™) 1.33+0.11 1.57+0.09 0.01
Clay (%) 13.3+2.1 9.0+5.1 0.05
Silt (%) 31.7+10.7 46.71£16.9 0.07
Sand (%) 55.0+9.0 44.3+12.2 0.10
CE (%) 6.742.5 7.742.3 0.48
pH 7.7+0.1 7.7+0.2 0.64
Carbonates (%) 7.1+43.3 18.7+4.1 0.00
0OC (%) 0.35+0.13 0.81+0.08 0.00
N (%) 0.07+0.02 0.09+0.02 0.10
P (ppm) 6.840.7 54.0+25.6 0.00
Ca (cmol kg™ 125.8+8.7 81.8429.9 0.00
Mg (cmol kg™) 0.09+0.02 1.54+1.24 0.01
Na (cmol kg™) 1.12+0.07 0.19+0.11 0.17
K (cmol kg™) 0.31+0.11 0.89+0.19 0.00
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The content on carbonates, and organic matter was double in deposition
points than in erosion points due to a sediment enrichment in both
compounds. Magnesium and potassium content also was double in
deposition points, while the increase in phosphorus was sevenfold higher
possibly due to the inorganic fertilization of the cereal crop. A mobilization of
organic matter and some nutrients with sediments has been described by
other authors (Gémez et al. 2009a, Bienes et al. 2010, Martinez-Mena et al.
2012, Garcia-Diaz et al. 2017). This impoverishment in nutrients of erosion
areas lead to fertilization problems in the crops, being chemically fertilized in
order to maintain the production. The fertilizers in this upper plots, mainly
nitrogen compounds, are adsorbed onto soil particles and produce
eutrophication in water bodies (Mullan 2013). Olive groves in this region are
scarcely fertilized so the impoverishment in nutrients will redound in loss of
yield.

Lower content in calcium was detected in deposition points than in erosion
points. This fact is due to the emergence of C-horizon in the eroded area by
the erosion of Ap-horizon. C-horizon is saturated in calcium sulphate and
carbonate that arrived at the surface by tilling, contributing to increase
calcium content. Similar results were described by Switoniak (2014) who
highlighted that the evidence of erosion from the topsoils was mainly the
decrease in the content of organic matter and calcium carbonate
enrichment. The white colour of the upper part of the microcatchment is due
to this emergence of C-horizon, whilst the white colour of the flat part is due
to silt particles deposition.

4. Conclusions

137Cs measures has been tested as an accurate tool

Conversion models using
to estimate soil loss at medium term at microcatchment scale in gypsiferous
soil. This technique encompasses all the mechanisms in soil loss (splash,
interrill, rill and gully) and the larger time-scale allow the occurrence of
normal and extreme rainfall events. For both reasons soil loss estimations
h **’Cs method than that obtained by other methods as

erosion plots or rainfall simulations. Soil loss in central Spain is larger than

are more actual wit
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the rates described in previous studies by the use of erosion plots, that suffer
from the constrains of upscaling and the short-time considered.

Net soil loss rates obtained by different models based on **’

Cs were similar,
ranged between 15.5 and 19.5 Mg ha™ yr'. This soil loss is clearly
unsustainable, with an erosion rate greater than soil formation and a
significant nutrient and organic carbon loss in eroded areas. Conventional
agriculture practises should be shifted in order to protect the soil avoiding
that sediments arrive to roads or reservoirs with the economic and

environmental consequences.
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Resumen

La erosién del suelo es una amenaza a la sostenibilidad de la produccion de
los cultivos en todo el mundo, y los olivares es donde se alcanzan las
mayores tasas de erosién. Este estudio tiene por objeto (1) evaluar las
pérdidas de suelo por erosidn hidrica en microparcelas (1 m?) baja eventos
de lluvia natural en un olivar manejado con laboreo y 3 tipos diferentes de
cubiertas vegetales; (2) determinar los principales factores climaticos en la
pérdida de suelo y el transporte selectivo; y (3) entrevistar a los agricultores
sobres su disponibilidad a emplear cubiertas vegetales.

Durante unos cuatro afios hidrolégicos (2010 a 2014) se han evaluado los
tratamientos de laboreo y 3 cubiertas vegetales en un olivar en pendiente en
el drea Mediterranea, bajo clima semiarido y suelo yesifero. Los tratamientos
fueron: laboreo (una vez al afio), dos cubiertas anuales (cebada vy
leguminosas) y una cubierta permanente (Brachypodium distachyon).
Después de cada lluvia se recogieron los sedimentos, se secaron y pesaron.
Se registraron los datos de cada una de esas lluvias y se determind la
cobertura del suelo. Se midid el contenido en carbono organico (OC) y la
textura de los sedimentos del tratamiento laboreo para estudiar el
transporte selectivo. Se entrevistd a agricultores locales respecto a su
conocimiento sobre los factores biofisicos que afectaban a la conservacién
del suelo, sus practicas de manejo y su disponibilidad a adoptar practicas
sostenibles de manejo del territorio, como las cubiertas vegetales.

El tratamiento de laboreo fue el que produjo las mayores pérdidas de suelo
(6.8 t ha™ afio™). Las cubiertas vegetales redujeron significativamente las
pérdidas de suelo: un 40 % las leguminosas, un 60 % la cebada y hasta un
80 % de reduccidn la cubierta permanente (1.4 t ha™ afio™). Las pérdidas de
suelo dependieron principalmente de la cobertura del suelo y de la energia
cinética de los eventos Iluviosos. Una cobertura de suelo superior al 40 % en
otofio y primavera fue esencial para limitar la pérdida de suelo con lluvias
fuertes. Los sedimentos movilizados se enriquecieron 2.4 veces en OCy 1.6
veces en la fraccion arcillosa. A pesar de los bien conocidos beneficios de las
cubiertas vegetales en la conservacion del suelo, los agricultores locales no
las utilizan. Se ha detectado una falta de educacién ambiental y de
preocupaciéon por el medio ambiente.
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El laboreo de los olivares ha producido tasas de pérdida de suelo
insostenibles, mientras que la cubierta permanente ha demostrado una alta
eficiencia. Los suelos yesiferos son vulnerables a los procesos de erosién
hidrica si no se protegen con vegetacion. Los agricultores deberian adoptar
practicas de proteccidn del suelo a medida durante la primavera y el otofio,
cuando las pérdidas de suelo son mayores. La realidad es que muy pocos
agricultores han cambiado sus técnicas de manejo y las cubiertas vegetales
son raras en el centro de Espafia debido a que los agricultores son reticentes
al cambio.

Palabras clave: cubiertas vegetales, erosion, Olea europaea, practicas SLM,
aproximacion socioldgica.
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Abstract

Soil erosion is a threat for the sustainability of the groves production all over
the world, and olive groves are where the highest erosion is achieved. This
study aimed to (1) evaluate soil loss from water erosion in microplots (1m?)
under natural rainfall events in an olive grove managed with tillage and 3
different cover crops; (2) determine the main climatic factors on soil loss and
selective transportation; and (3) survey the willingness of local farmers to
adopt cover crops.

Over four hydrological years (2010 to 2014), tillage and 3 cover crop
treatments have been assessed in a sloping olive grove in the Mediterranean
area, in a semiarid climate and Gypsiferous soil. The treatments were: tillage
(once a year), two annual covers (barley and legumes) and a permanent
cover (Brachypodium distachyon). Soil loss was collected after each rainfall
event, dried and weighted. Rainfall data was recorded and soil cover was
determined. Organic carbon (OC) and texture were measured for sediments
of tillage treatment to study the selective transportation. Local farmers were
polled regarding their knowledge of the biophysical factors that affect soil
conservation, their management practices, and their willingness to adopt
sustainable land management practices as cover crops.

The tillage treatment exhibited the highest soil loss (6.8 tha™year™). Cover
crops significantly reduced soil loss: 40% for legumes, 60% for barley and
permanent cover led to an 80% decrease (1.4 tha™year). The soil loss
depends mainly on the soil cover and kinetic energy of rainfall events.
Vegetation cover higher than 40% in autumn and spring was essential to
limiting soil loss, even under heavy events. Mobilised sediments were
enriched 2.4 times in OC and 1.6 in the clay fraction. In spite of the well-
known benefits of cover crops in soil conservation, local farmers do not use
them. A lack of environmental education and awareness has been detected.

Tillage in olive groves produced unsustainable rates of soil loss, while
permanent cover demonstrated high efficiency. Gypsiferous soils are
vulnerable to water erosion processes if they are not protected by
vegetation. Farmers should adopt tailored soil cover practices during spring
and autumn, when the soil loss is higher. Reality is that are very few farmers
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who have changed soil management techniques, and the cover crops in olive
groves are rare in Central Spain because farmers are reluctant to change.

Keywords Cover crops, Erosion, Olea europea, SLM practices Social approach

68



Capitulo 3. Pérdida de suelo en un olivar del centro de Espafia con tratamiento de
cubiertas vegetales y laboreo

1. Introduction

Soil erosion is a worldwide concern (Gessesse et al. 2015, Karamesouti et al.
2015, Ligonja & Shrestha 2015, Ochoa et al. 2016) and one of the most
important land degradation driving processes in Mediterranean areas (EEA
2015, Panagos et al. 2015a). Although forest lands used to have sustainable
soil erosion rates, the impact of agriculture results in high and non-tolerable
soil losses (Verheijen et al. 2009, Zema et al. 2016). Vineyards, olive, citrus,
persimmon and apricot plantations are seeing as the source of sediments
due to the intense tilling, the use of herbicides and the lack of vegetation
cover (Keesstra et al. 2016, Prosdocimi et al. 2016a, Rodrigo Comino et al.
2016). Soil erosion is even worse in soils with low concentrations of organic
matter and weak structure (Panagos et al. 2014); these erodible soils are
common in Spanish olive groves (Taguas & Gémez 2015).

Spain is the major olive producer worldwide with a totalarea of 2.5 x 106 ha,
primarily in Andalusia (Southern Spain), from a total of 10.3 x 106 ha in the
world (FAOSTAT 2015). There are more than 28,000 ha of olive groves in the
Madrid region (MAGRAMA 2013). Although this area is not substantial in
relation to the total surface area of Spanish olive groves, it is considered
important in the southern section of Madrid. Olives occupy 20 % of the
agricultural area of the region, being second in agriculture extension after
winter cereals (IECM 2013).

As with other Spanish traditional olive groves, the Madrid olive trees are
grown in sloping areas on poor and shallow soils (Gémez et al. 2009b).
Ninety-eight percent of the olive groves in the region are rainfed, 50 % are
planted at low densities (less than 100 trees ha™') and 80 % are usually tilled
to reduce weed competition for water (MAGRAMA 2013). In this semiarid
area, water availability is a major flaw, production limitations have been
found for vineyards in this regidon (Ruiz-Colmenero et al. 2011) and the
effects of cover crops in olive grove production are considered in an on-going
Project (Sastre et al. in preparation). Conventional practices involving tillage
result in a large area of bare soil that is prone to erosion processes.

Since the 1990s, several studies have demonstrated the efficiency of cover
crops in comparison with conventional tillage in olive groves to reduce soil
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erosion and improve water storage and physical properties. Table 3.1
summarises soil loss results of several studies under different management:
conventional tillage and cover crops. Different studies stated that high-
energy storms determined the annual soil loss (e.g. (Jacinthe et al. 2004,
Bienes & Marques 2008, Martinez-Mena et al. 2012, Taguas et al. 2013). Soil
loss also depends on soil cover; for example, (Marques et al. 2008) found
that when cover exceeds 60 %, rainfall erosivity declined drastically. When
linked to the sediments generated by water erosion, certain nutrients and
types of organic matter are also lost according to the study conditions (e.g.
(Bienes et al. 2010, Martinez-Mena et al. 2012).

In Andalusia, cover crops in olive groves appear to be accepted by farmers
(Franco & Calatrava-Leyva 2006, Calatrava-Leyva et al. 2007). In spite of the
benefits of cover crops in soil as have been verified in the abovementioned
studies and also by some studies in vineyards (Ruiz-Colmenero et al. 2013),
this is not an extended sustainable land management (SLM) practice among
the land users of Central Spain due to the risk of competition for water and
nutrient resources (Celette et al. 2008, Gomez et al. 2009a, Alcantara et al.
2011). In the few cases that cover crops have been adopted, the decision is
related to economic and labour savings in the short term instead of
environmental concerns (Calatrava-Leyva et al. 2007). This fact reveals the
need to strengthen environmental education and SLM capacitation in the
region. On this matter, the agrarian extension services of the area play an
important role in the dissemination of benefits and constraints about cover
crops.

Cover crops were tested in a trial performed in a sloping rainfed olive grove
under semiarid conditions on a degraded Haplic Gypsisol. The study plot is
located in the shire with most olive groves of Madrid Region (IECM 2013),
under representative edaphoclimatic conditions. Due to the extreme climatic
conditions that occur periodically in the area, the adoption of cover crops
can be controversial; therefore, possibilities of adoption are examined in the
present study. It is hypothesised that cover crops can reduce soil loss mainly
under high-intensity rainfall events and that the most effective cover crop
would be the permanent one.
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2. Material and methods

2.1. Study area

This study was performed in an experimental olive grove (Olea europaea L.)
located in Central Spain, in southern Madrid (40° 4' 21" N, 3° 31" 11" W). The
average elevation is 540 m.a.s.l., and the slope ranges from 9 to 12 %. The
soil is classified as a Haplic Gypsisol (IUSS Working Group WRB 2014), with a
xeric moisture regime. This soil has a high silt concentration (29 %), and it is
low in organic carbon (0.62 %) and clay (12 %). The climate is semiarid
Mediterranean, with long hot summers (quite often above 35 °C in July and
August) and cold winters (2.7 °C on average in December). The average
annual temperature is 13.6 °C. The annual precipitation is approximately 390
mm with high inter and intraannual variability (Elias-Castillo & Gimenez Ortiz
1965, Urbano 1992). During the last 17 years, the total precipitation has
strongly decreased (40 %) in comparison with a previous period (1933-1969),
and at the same time, rainfall intensity increased (60 %) in the study area
(Garcia-Diaz et al. 2015).

The olive plantation was established in 2004 with trees in 6 x 7 m spacings,
with an area of approximately 3 ha. The cultivar is Cornicabra, the most
common in Central Spain (Rallo et al. 2005). The average tree size measured
with a surveying rod in 10 olive trees was 1.9 m high and 2.8 m in crown
diameter. The crown projection was calculated using the ellipse model and
measuring two diameters: maximum projection axis and its perpendicular
axis; thus, the soil Surface covered by the tree’s crown is close to 8 %. Before
this study, the olive grove was managed by tillage (using a chisel up to 0.30
m deep, in spring and autumn) to decrease weed competition, and it was
grown in rainfed conditions. The study started in autumn (November) 2010
and lasted until October 2014.

There is an automatic weather station in the olive grove to record the
temperature, rainfall amount, relative humidity, solar radiation, wind speed
and direction and atmospheric pressure every 10 min. For each rainfall
event, the following measures were determined: total rainfall amount (P),
maximum 15-min rainfall intensity (115), maximum 30-min rainfall intensity
(130), maximum hourly rainfall intensity (I), storm kinetic energy (KE) and
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rainfall erosivity (R). The KE and R were calculated as follows (Wischmeier &
Smith 1978):

(Eq.3.1.) KE M] ha™! =0.119 + 0.0873 X Log;,l
(Eq.3.2.) R MJmmhath ! =KE x I3,

The classification of rainfall events based on KE data from (Jacinthe et al.
2004) was used. Thus, the rainfall events were divided into (i) class 1, in
which KE < 2 MJ ha™ are low amount and low intensity; (ii) class 2, in which 2
< KE < 4 MJ ha™ are moderate-to-high amount and moderate intensity; and
(iii) class 3, for which KE > 4 MJ ha™' are high amount and high-intensity
storms. The seasons were considered as follows: spring, from 21 March to 21
June; summer, from 21 June to 21 September; autumn, from 21 September
to 21 December; and winter, from 21 December to 21 March.

2.2. Olive grove management

In November 2010, the whole area was ploughed with a chisel to a depth of
approximately 0.30 m to follow the traditional management practice in the
area. The tillage was performed in 6-m-wide inter-rows, at the centre of the
rows between the olive trees (Fig. 3.1). Each treatment was performed in
three consecutive inter-rows. The treatments consisted of the following: two
annual covers, (1) Hordeum vulgare L., barley (HOR) that was seeded each
autumn at 70 kg ha™, and (2) legume (LEG), sainfoin (Onobrychis viciifolia
Scop.) that was seeded each year between 2010 and 2013 (42 kg ha™).
However, because of a progressive decline in the soil cover in dry seasons,
the sainfoin was replaced in the last year by another leguminous plant,
namely bitter vetch (Vicia ervilia Willd.), at 75 kg ha™. The seeding took place
at the same time as that of HOR. (3) Brachypodium distachyon (BRA)
treatment consists of permanent grass cover with purple false brome (B.
distachyon L. P. Beauv.) at 40 kg ha™. B. distachyon is a grass species native
to southern Europe, northern Africa and southwestern Asia, which sprouts in
early spring, being already mature and dry by late June, at which point it is
self-sowed and sprouted spontaneously again the following autumn. (4)
Control (CON) consisted of one passper year with a chisel at 0.15—-0.20 m
deep in mid-November, to control weeds. Cover crops were seeded (the
annual cover crops were seeded once a year and purple false brome was
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seeded once during the study period) with a grain drill that had harrow tines
and without fertilisation. To maintain bare soil along the olive tree line, a
contact herbicide (glyphosate) was applied to the soil only in the rows of
olive trees twice per year. As a result, 1-m width along the line was bare to
facilitate olive harvesting. All the treatments were mowed once in the spring
(during the first fortnight of May), except in 2013, when the vegetation was
mowed twice (the second cut was by the end of May) due to a high
vegetation growth resulting from the abundant rains of that spring. Plant
debris was left spread on the surface.

Cover crop and soil variables were studied in microplots established at the
centre of the olive rows. Microplots are metal sheet-bounded plots that
cover 1 m” (0.5-m wide and 2-m long; Fig. 3.1). Three microplots were set up
per treatment (4 treatments x 3 plots = 12 in total).

Microplot L
Gerlachtroughl

O o

)
=
2
el

=

5
jany

_ Slope (9-12%)

G Figure 3.1. Layout of olive trees
O Olive tree positions, primary operations and
S Inter-row microplot locations in the olive
grove.

”<Operations direction | e

2.3. Soil cover

The soil cover in each microplot was determined bi-monthly with 25-cm x
25-cm quadrats. Cover was estimated by six trained observers, and the
average value of the six observations was obtained. The results of this
method are similar to those obtained by Garcia-Estringana et al. (2005)
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employing digital image analysis of coloured orthogonal photos of vegetation
cover and are cost and time effective.

2.4. Sediment analysis

A Gerlach trough (Gerlach 1967) was placed at the base of each microplot to
collect sediment yield. Sediments (from January 2011 to September 2014)
were collected from the Gerlach trough after each rainfall event. The
sediments were oven-dried at 105 °C and weighed.

To study the particle size-selective transport, we assessed the texture
composition and organic carbon (OC) from 4 points along the Apl horizon
(approximately 0.12 m deep) in the study area (hereafter known as reference
soil) at the beginning of the study. The samples were taken randomly in the
olive grove, in locations near the microplots. The texture and OC from ten
sediment samples of the CON treatment were also analysed. This treatment
was chosen because it provided sufficient sediment to carry the analysis. The
selected samples were set after mixing three sediment replicates. Five of
these samples were produced by moderate-intensity rainfall events (I <
20mmh™) according to the classification by Porta et al. (1999), and the other
five came from high-intensity events (I > 20mm h™'). The OC analysis was
made for eight samples because there was not enough soil in the other two.

The texture was assessed by Robinson pipette method (MAPA 1994), and the
OC was determined by using the wet chemical oxidation method (Walkley &
Black 1934).

2.5. Social approach

One hundred nineteen farmers were polled regarding their knowledge of the
biophysical factors that affect soil conservation, their management practices
and their willingness to adopt SLM practices as cover crops.

The surveys were performed from May to September 2014. A total of 97
farmers were randomly contacted through three agricultural offices in the
study area, the south-eastern of Madrid region. The sample was completed
with 22 interviews by following a snowball approach (Faugier & Sargeant
1997). From these farmers, 83 were olive growers.
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The questions in the structured questionnaire (see Annex 1: Electronic
Supplementary Material, Anexo 2) were organised in the following three
primary groups: (i) basic characteristics, the study level, age, primary activity
and plot size; (ii) knowledge about land degradation; and (iii) information
about the farmer’s own land management practices.

2.6. Statistical procedures

Statistical procedures were performed with the software package SPSS 19
Inc. for Windows. Data were log-transformed before parametric testing.
ANOVA analyses were performed for the soil parameters to assess the
differences between treatments, seasons, sediments and reference soil.
Tukey’s test (p < 0.05) was used to establish significant differences between
groups. When the transformations did not work, a Games-Howell non-
parametric test was conducted. Spearman’s correlations were employed to
calculate the correlation between the measured variables. A linear
regression model was established with transformed data to determine which
variables best explained soil erosion.

3. Results

3.1. Rainfall characteristics

From November 2010 to October 2014, the annual average precipitation was
283 + 40 mm year '. These years were quite similar in terms of monthly
temperatures, but not precipitation, which was highly irregular between
months and years, as expected in a Mediterranean climate. The driest
cropping season was 2011/2012 (237 mm year "), whilst 2012/2013 was the
wettest, reaching 328 mm year™. There were great variations in rainfall
amounts between spring (49 to 162 mm) and autumn seasons (39 to 155
mm). Summers were quite similar with low rainfall amounts (3 to 22 mm).

Fifty rainfall events were recorded between January 2011 and September
2014. Table 3.2 shows the primary characteristics of these events. There
were significant differences between seasons for P, ;5 and KE. Rainfalls in
summer were significantly lower than the rest of seasons. Summer also had
the lowest KE and R values, although not statistically different from all other
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seasons. Seventeen out of the 50 recorded events were in KE class 1 (KE < 2
MJ ha™), 22 of class 2 (2 < KE <4 MJ ha™) and 11 in class 3 (KE >4 MJ ha™).

Table 3.2. Average and standard deviation (SD) of the primary characteristics of rainfall
events: number of events (N, rainfall amount (P), maximum 15-minute rainfall intensity
(l15), maximum 30-minute rainfall intensity (lzo), maximum hourly rainfall intensity (1),
kinetic energy (KE) and rainfall erosivity (R).

Average Season ) )

Autumn Winter Spring Summer
N 50 14 16 16 4
P (mm) 22+15 25+17 b 21+14 b 24+15b 84 a
lis (mm h?) 8.86.7 11.1+10.4ab 5.7¢#2.7a 10.0#5.0b 8.9+4.3 ab
I3 (mm h?) 7.1+4.9 89+7.8a 5.2#2.1a 7.0#3.2a 8.7#3.4a
I (mm h™) 11.3+9.1 13.1+14.4a 7.8#43.0a 13.3+7.5a 11.1#6.5a
KE (MJ ha™) 3.3#2.5 3.443.2ab 3.242.1ab 3.9+2.4b 1.1+0.6a

R(MJmmha™h?) 16.7¢22.5 23.6+37.4a 11.249.7a 17.9+159a 5.1#5.0a

Different lowercase letters mean differences between seasons at p<0.05.

3.2. Soil cover

Figure 3.2 shows the evolution of soil cover percentages for the four
treatments. It shows a sawtooth-type evolution from tillage and mowing
actions. Once installed, the BRA kept over 40%of the soil covered despite the
mowing. CONalways had less than 20 % cover, but the annual crops
exhibited different behaviour during different cropping seasons. In
2012/2013, the sainfoin (LEG) cover increased quickly because of a rainy
spring, and during the following season, bitter vetch (LEG) worked better
than sainfoin during the driest period, reaching 40 % cover during the spring.
HOR increased the soil cover during the rainy spring (2012/2013), and for the
driest one, the cover was only slightly more than 20 %. After the summer,
annual cover crops reduced the soil cover, leaving only stubbles and plant
debris.
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Figure 3.2. Soil cover (%) per treatment (CON: control, HOR: barley, LEG: legume and
BRA: B. distachyon) over the study time. Tilling and mowing operations are indicated.

3.3. Soil loss

The annual soil loss caused by water erosion was 6.81, 4.00, 2.74 and 1.36 t
ha™ year™ for CON, LEG, HOR and BRA, respectively (Table 3.3). Soil loss from
BRA was significantly lower than loss from CON and LEG, HOR was
intermediate. Regarding the soil loss per event, CON had the highest values,
followed by the annual cover crops; BRA was the treatment that best
controlled the soil loss per rainfall event. LEG had a similar behaviour to that
of HOR.

Table 3.3. Average and standard deviation (SD) of soil loss for the treatments control
(CON), barley (HOR), legume (LEG) and B. distachyon (BRA); the reduction percentage

of soil loss compared with the control treatment; and the average and SD of soil loss
per event. N is the number of cases (4 cropping seasons x 3 repetitions).

Reduction

Annual soil . Soil loss per
percentage of soil

Treatment N loss N event

1 1 loss respect to CON 2

(tha™ year™) (gm™)

(%)

CON 12 6.81+6.49b - 150 51.1+825¢c
HOR 12 2.74+2.53ab 59.77 150 21.1+44.1b
LEG 12 4.00+2.58b 41.26 150 31.1+42.0b
BRA 12 1.36+1.58a 80.03 150 10.0+24.0a

Different lowercase letters mean differences between treatments at p<0.05.
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Figure 3.3 shows the cumulative soil loss for the study period for the
different treatments as well as the precipitation per event. The total soil loss
over the study period from the CON treatment was 25.8 t ha’;15.5 t ha™
from LEG; 10.6 t ha™ from HOR and 4.7 t ha™ from BRA. Each time a heavy
rainfall occurred, soil loss dramatically increased, and it was more
pronounced in the CON treatment and in the first year. From the beginning
of the study, the soil loss rate of CON was higher than that of the cover
crops. The CON was still increasing at the same speed during the second
cropping season, and the BRAwas separated from annual cover crops. During
the 2012/2013 season, when rainfall events were more intense, the
behaviour of the CON and BRA treatments did not change. However, LEG
began gaining distance from HOR a year before the change in LEG species,
despite having a similar cover percentage. For the last season, the BRA
almost fully controlled the soil erosion.

2010/2011 2011/2012 2012/2013 2013/2014

251 J_‘_J__,’—:— 60

' 1]
LEG species changed
=40

i M |

Cumulative soil loss (T/ha)
- (l.ud.l} Junowe ejuey

Date\ \
= CON =—--=HOR — — LEG  .we... BRA

Figure 3.3. Cumulative soil loss (g m'z} per treatment (CON: control, HOR: barley, LEG:
legume and BRA: B. distachyon) and the rainfall amount (mm| registered per event in
the columns.

In accounting for the average soil loss per season, the soil loss during the
spring was higher than that of the summer (Table 3.4) because of that
season’s more intense and erosive rainfall events (Table 3.2). However, when
looking at seasonal differences within treatments, CON was the only one
with significant differences between spring and summer. The other
treatments did not experience significant differences between seasons.

Regarding the differences between treatments within seasons, BRA

79



Tesis Doctoral de Blanca E. Sastre Rodriguez

significantly reduced soil loss with respect to CON and LEG in autumn and
winter, whilst in spring, CON had the highest soil loss, significantly different
from BRA and HOR.

Table 3.4. Average and standard deviation (SD) of soil loss per event (g m'z) during the

different seasons for the treatments control (CON), barley (HOR), legume (LEG) and 5.
distachyon (BRA). Number of rainfall events in brackets.

Seasons
Treatment Autumn (14) Winter (16) Spring (16) Summer (4)
CON 45.1+42.7abB  39.8%¢41.2ab B 75.7t73.0b B 25.7+28.0a A
HOR 27.2+41.4aAB  19.3123.5a AB 20.3x17.4a A 10.4+17.1aA
LEG 33.8t30.4a8B 26.5t24.8a B 35.8t43.3aAB  21.3#23.1aA
BRA 5.5t6.9a A 5.7t8.6 a A 16.4+18.2a A 10.1+16.2a A
Mean 27.9+35.7 ab 22.8+29.2 ab 37.1#49.3 b 16.9+20.6 a

Different lowercase letters in each row mean differences between seasons. Different uppercase
letters in each column mean differences between treatments at p<0.05.

A correlation among soil losses and the rainfall event characteristics along
with the cover percentage in the microplots has been conducted (data not
shown). Strong correlations (p < 0.01) were found between all the analysed
variables and the soil loss. The best correlated variable with soil loss was the
cover, with a negative relation (r = —-0.48). All the others have a positive
relation: 0.25 for P, 0.27 for 115, 0.18 for 130, 0.26 for I, 0.21 for KE and 0.23
for R.

100
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10 . ___ |
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s —

40 . y = 29.56In(x) - 48.95

30 p R? = 0.81

20 .

10

0 d Figure 3.4. Soil loss

0 10 20 30 40 50 60 70 80 90 100 reduction compared with

Soil cover(%) covered soil.

Soil loss reduction (%)

A statistical linear modelling analysis was performed by employing the
studied variables and the transformed soil loss data. A model (Eq. 3.3) with
an R? coefficient of 0.293 (F = 42.178, df = 2, p < 0.001) was obtained. Only
two of the seven studied variables had significance in the model: cover was
the most important predictor, with a weight of 0.76, and KE at 0.24. The rest
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of climatic variables did not help to explain the dependent variable because
of their strong correlation with KE.

(Eqg. 3.3) Soil loss = e2:865-0,023«Coverage+0,141+KE _ q

Because of the importance of the two variables in explaining soil loss, a more
detailed analysis was carried out.

As shown in Fig. 3.4, a good adjustment with a logarithmic equation between
soil loss reduction and ten categories of cover was found (R’ = 0.81).When
more soil is covered, less soil is lost. This relationship is stronger with low
percentages of covered soil, in the first half of the curve.

The KE was the other relevant variable in relation to soil loss in the
regression model. A linear relationship was found between the cumulative
soil loss and the cumulative KE per treatment (Fig. 3.5). A high correlation
was found in every case (R? > 0.91) with a higher slope for CON treatment,
followed by LEG and HOR, and BRA had the smallest one, meaning that it had
the lowest soil loss rate in function of KE.

35
3 y =0,017x
5 R2=0,06
=
2,5 -
x
?
S 2
2 y = 0,009x
@ 15 - R*=0,93
s y = 0,007x
S 1 AMA R2=097
£
3
i y = 0,003x
0.5 R>=0,93
0 T T T T T T 1
0 25 50 75 100 125 150 175

Cumulative KE (MJ-ha)
¢ CON aHOR xLEG +BRA

Figure 3.5. Linear regression between cumulative KE and cumulative soil loss for the
different treatments (CON: control, HOR: barley, LEG: lequme and BRA: 5. distachyon).
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Only 11 of 50 recorded rainfall events (22 %) were highenergy events (KE > 4
MJ ha), producing 30-42 % of the total mobilised sediments, depending on
the treatment (Table 3.5). The average soil loss values within treatments
with respect to KE class 1 and class 2 events were quite similar, whilst class 3
had the highest values. The only treatments for which there were significant
differences (p < 0.05) between class 3 and the other classes were CON and
LEG.

With regards to soil loss between treatments, the BRA was the best
treatment, reducing the soil loss in each class of KE (Table 3.5) and
controlling almost all the soil loss. For classes 1 and 2, soil loss was
significantly lower (p < 0.05) for BRA regarding LEG and CON treatments. BRA
also was the best treatment controlling soil loss under class 3 events,
significantly better than LEG and CON. In this case, there were also significant
differences (p < 0.05) between HOR and CON.

Table 3.5. Cumulative soil loss for the treatments control (CON), barley (HOR), legume
(LEG) and B. distachyon (BRA).; the percentage of soil loss relative to the total soil loss
within the treatment; the average and standard deviation (SD) of soil loss per event for

each management and rainfall kinetic energy (class 1: KE<2 MJ ha', class 2: 2<KE<4 MJ
ha'' or class 3: KE>4 MJ ha"). Number of cases in brackets

Rainfall . Percentage Average and SD of
S Cumulative . .
Treatment kinetic soil 10ss (g m.z) of soil loss soil loss pgzr event
energy (%) (gm”)
CON Class 1 (51) 763.0 29 44,9+429b A
Class 2 (66) 786.5 30 35.7t33.8b A
Class 3 (33) 1034.0 40 94.0+81.6 c B
HOR Class 1 (51) 355.4 34 20.9+28.0ab A
Class 2 (66) 364.5 34 16.6+20.7 ab A
Class 3 (33) 336.3 32 30.6x37.5ab A
LEG Class 1 (51) 370.7 24 21.8+16.4b A
Class 2 (66) 534.2 34 24.3121.1bA
Class 3 (33) 649.9 42 59.1+52.4 bc B
BRA Class 1 (51) 108.3 23 6.4t9.3a A
Class 2 (66) 219.8 47 10.0£15.9a A
Class 3 (33) 143.3 30 13.0£13.2a A

Different lowercase letters in each column mean differences between treatments within the same
rainfall total energy. Different uppercase letters in each column mean differences between rainfall
total energy within each treatment at p<0.05.

In Table 3.6, the soil loss is shown within three cover groups that are
independent of the treatments, namely low (0-20 %), medium (20—40 %)

82



Capitulo 3. Pérdida de suelo en un olivar del centro de Espafia con tratamiento de
cubiertas vegetales y laboreo

and moderate-high (>40 %) for the three classes of rainfall KE. High-energy
storms with scarce cover yield the highest rates of soil loss (76.7 g m™ on
average). Classes 1 and 2 produced significantly higher rates of soil loss
under low cover than when the cover was above 40 %. For class 3 rainfall
events, low cover produced significantly more soil loss than medium and
moderate-high cover groups. With medium and moderate-high cover, the
rainfall events do not seem to generate an increase in soil loss with a higher
KE, although there is a trend in the results.

Table 3.6. Average and standard deviation (SD) of soil loss per event, with the number
of cases in brackets (N). Soil cover: low (0-20%), medium (20-40%) and moderate-high

(>40%); and the rainfall kinetic energy (class 1: KEs2 MJ ha'', class 2: 2<KE<4 MJ ha™' or
class 3: KE>4 MJ ha™)

Rainfall total energy

Soil covered Class 1 Class 2 Class 3

<20% 33.9+37.8 (41)aB 28.6129.1 (42) aB 76.7£69.5 (23) b B
20-40% 13.1+14.4 (7)a AB 18.4+17.9 (23) a AB 22.4+23.6 (12)a A
> 40% 7.849.6 (20) a A 12.2+421.0(23)a A 14.5+16.3 (9) a A

Different lowercase letters in each row mean differences between rainfall total energy for the
same cover. Different uppercase letters in each column mean differences between covers at
p<0.05.

3.4. OC concentration and texture of sediments

The relationship between the OC and the texture of sediments and the
primary characteristics of rainfall events were studied by using their degree
of correlation (Table 3.7). Significant and positive relations were found for
OC and both silt and clay +silt fractions (p < 0.05); therefore, the fine
fractions and OC were linked. Sand had a negative correlation with 115, 130
and I, whilst fine fractions (silt, clay or both) had a positive correlation with
several rainfall properties, primarily with the rainfall intensities. As expected,
the OC mobilisation was also related to rainfall intensity, in this case with |
and 130 (p < 0.10) (Table 3.7).
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Table 3.7. Spearman’s correlations between organic carbon (OC) and the soil textural
classes (Sand, Silt, Clay and Silt+Clay) of sediments. The rainfall amount (P), maximum
intensity in 15 minutes (l;5), maximum intensity in 30 minutes (I3), maximum intensity
in 1 hour (l), Kinetic Energy (KE), and erosivity (R Factor).

ocC Sand Silt Clay Silt+Clay
(2000-20 um) (20-2 um) (<2 um) (<20 um)
ocC -0.700° 0.750° 0.200 0.700°
P -0.024 -0.055 -0.297 0.527 0.055
ls 0.602 -0.762 0.470 0.652" 0.762"
I3 0.635" -0.796 " 0.620° 0.450 0.796
| 0.627" -0.710" 0.440 0.599" 0.710°
KE 0.190 -0.127 -0.212 0.552" 0.127
R 0.262 -0.491 0.139 0.636 0.491

** p<0.01; * p<0.05; 1 p<0.10.

In Table 3.8, the results for the textural fractions and the OC of the
sediments were grouped according to the intensity of the event that
produced the soil loss. Moderate events have intensities of less than 20 mm
h™, and high-intensity events were between 20 and 50 mm h™. There is a
40 % increase in the clay concentration in moderate-intensity sediments
relative to the reference, and there is a statistically significant increase of
80 % in sediments from high-intensity events. Although there were no
significant differences, a decreasing trend in the sand fraction under
moderate and high rainfall events appeared.

The OC was 2 and 2.5 times higher in sediments (moderate and high-
intensity groups, respectively) than in the original soil. The difference was
statistically significant between the reference and high-intensity sediment
groups.
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Table 3.8. Average and standard deviation (SD) of textural fractions and OC of the
reference soil (Api) and sediments of two groups according to the rainfall intensity,
which was moderate 2<I<20 mm h' and high intensity 20<I<50 mm h'. The number of
samples is given in the brackets. The rainfall amount (P), maximum intensity in 15
minutes (l;5), maximum intensity in 30 minutes (lzg), maximum intensity in 1 hour (l),
Kinetic Energy (KE), and erosivity (R Factor).

Reference soil Sediments grouped by rainfall

(Ap1) intensity

(N=4) Moderate (N=5") High (N=5)
P (mm) 34+12 49+22
lis (mm h™) 6.5+1.7a 21.0+10.3b
30 (mm h™) 5.7+1.5a 13.36.5b
I (mmh™) 7.9+2.0a 29.3+12.3b
KE (MJ ha™) 4.8+1.7a 8.543.5b
R(MJmmha™h™) 15.0+5.3a 68.5+42.7b
Sand (2000-20 um) (g kg™)) 5.8+1.1 4.59+1.4 3.840.9
Silt (20-2 pum) (g kg ™) 2.9+1.4 3.3+1.2 4.0+1.2
Clay (<2 um) (g kg'l) 1.2+0.2 a 1.7+0.6 ab 2.2+0.6 b
Silt+Clay (<20 pm) (g kg™) 4.1+1.2 5.0+1.4 6.240.9
OC (%) 0.6+0.1a 1.3+0.4 ab 1.610.4 b

'N=5, except for OC that was N=3. Different lowercase letters in rows mean differences between
groups at p<0.05.

3.5. Farmer perceptions

The number of farmers who participated in the survey represents 10 % of the
farmers in this south-eastern county of Madrid, according to the last census
with district-level reporting (INE 2002). Table 3.9 shows the different results
of the survey. The age of farmers working in that region may be considered
high, at an average of 54 years old. The participants highlighted that
agriculture is not their primary source of income. They often declare that
they have not received any education or training about soils, and most of
them continue following family traditions when managing their crops. Nearly
all of them (95 %) receive subsidies to support their farming activities.
However, the number of subsidies related to soil conservation or ecological
practices is below 17 %. Soil management is primarily based on tradition, and
the farmers literally practice ‘what has always been done’. After tradition,
the reason for selecting a particular management practice is economic profit,
and the third reason is based on product quality followed by environmental
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reasons. Contrary to other studies, only 7 % of farmers cite subsidies as an
important push factor to adopt a particular farming decision.

Table 3.9. Farmer and exploitation profiles and a brief review of the bio-physical factors
affecting the soil as identified by land users. The justifications for their management
practices and some socioeconomics elements affecting the adoption of SLM practices.

Results of the survey

N of farmers
Age

Gender

Level of studies

Reasons for being
involved in farming
activities

Education about soils

Sources of income

Agrarian subsidies

Farm size n2 of ha

N2 of municipalities
where they have plots
Crops

N¢ of olive growers
Reasons for their
management practices

86

119

54+14 years old (Mean + SD)

86% males and 14% females

Primary 42.0%

Secondary 22.7%

Professional training 16.8%

University18.5%

Family tradition (81%)

Vocation (13%)

Others (6%)

77% of farmers declare not having received any education
or training with regard to soils.

48% of farmers have other activities to obtain their
incomes, mainly in the third sector (services: transport,
leisure, etc).

98% receive subsidies to support farming activities.
However, the number of aids related to soil conservation
or ecological practices are below 17%.

Mean 184 ha SD 328 (Min 1 ha; Max 1700 ha)

Mean 2 SD 1,6 (Min 1; Max 12)

The most common crops are olive groves, rain-fed cereals,
irrigated cereals, vineyards and horticultural crops, in
decreasing order. Farmers tend to grow different crops.
The most common combination is olive groves + rain-fed
cereals + vineyards.
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Tradition 50%

Profitability 31%

Product quality 24%

Environmental sustainability 18%

Known practices 18%

Typical in the region 17%

Subsidies 7%

Commercial brands advice 2%
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Bio-physical factors
affecting soil
degradation identified
by land users

Soil improvement
measures

Use of cover crops in
olive orchards
Needs to improve soil
management

Training demands

Sources of agrarian
information

In order of importance farmers are able to acknowledge:
steep slopes, waterlogging, erosion, low water retention,
low fertility, compaction, soil organic matter depletion,
pollution, salinisation, alkalinity and acidity.

79% of farmers consider that they can contribute to solve
soil problems especially by:

Increasing SOC 40%

Tillage improvement 21%

Improving the use of fertilizers 13%

Land levelling works 12%

More sustainable land management practices 9%
Improving the use of pesticides 2%

5/83

Training 29%

Better technology 21%

Institutional aids 19%

62% of farmers would like to participate in trainings related
to:

Oliviculture 16%

Rain-fed cereals 11%

Viticulture 7%

Organic farming 7%

Pesticides 6%

Tillage 3%

Pruning 2%

Institutional aids 3%

Horticulture 2%

Neighbours and acquaintances (27%)
Regional extension services (26%).
Internet (14%).

Commercial agricultural suppliers (12%),
Farmers associations (10%).

Specialized publications, newspapers or university
professionals (<4%)

When considering soil conservation problems in order of importance, the

farmers were concerned about steep slopes, waterlogging, erosion, low

water retention, low fertility, compaction, soil organic matter depletion,

pollution, salinization, alkalinity and acidity. They believe that they can help

to solve soil problems (79 %), especially by increasing soil organic carbon

(S0CQ), fertilisers and even pesticides, but not so often by improving their

ploughing method (Table 3.9). They declared that they would need better
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training and improved technology. Government aid ranks in third place
among their requirements for improving soil management.

The sources of information for farmer professional activities are primarily
regional extension services and farmer neighbours and acquaintances.
Internet is providing useful information for farmers, and it is more important
than comercial agricultural suppliers or farmer associations. A few farmers
(<4 %) use specialised publications, newspapers or university professionals if
they are looking for advice.

Only 5 out of the 83 olive growers who took the survey used cover crops on
their land and they do so for economic reasons, not due to environmental
concerns. Two farmers describe how they let spontaneous vegetation grow
to save labour and fuel costs; they use herbicides in the spring to avoid water
competition, but they do not consider this practice to be cover cropping.
Moreover, the growers mention a social disapproval towards those who ‘do
not work the soil’; they frequently mention that letting vegetation grow in
the olive groves ‘is for lazy farmers’.

4. Discussion

The effect of cover crops assessed in this study showed different efficiency in
controlling soil loss, but all of them achieved better results than the CON
supporting our hypothesis. On average, the reduction in annual soil loss in
comparison with the CON was 40, 60 and 80 % for LEG, HOR and BRA,
respectively (Table 3.3), similar to the results of (Espejo-Perez et al. 2013)
who found a soil loss reduction of 76 % on average.

This finding is consistent with reductions in soil loss from plant cover as
reported in other olive-growing regions in Spain, which were between 56 and
91 % (Ordodiez-Fernandez et al. 2007, Marquez-Garcia et al. 2013). Gémez et
al. (2009b) also found that once cover crops are established, they reduce
runoff and sediment concentrations more efficiently than conventional
tillage.

Our results for the soil loss of cover crops (1.36, 2.74 and 4.00 t ha™ year™ for
BRA, HOR and LEG, respectively) are close to those measured by Taguas et al.
(2013) in an olive microcatchment under no-tillage treatment with a
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spontaneous grass cover in a vertic soil (1.8 + 2.3 t ha™ year™) and above
those found by Gémez et al. (2009b), who recorded 0.4 t ha™ year™ on
average in an olive orchard on a Sandy loam soil.

The actual soil erosion rates in Europe ranged from 3 to 40 t ha™ year™
(Verheijen et al. 2009). Gémez et al. (2009b) measured 19.4 t ha™ year™
under conventional tillage, which was almost threefold higher than the rates
found by our team (6.81 t ha™ year™), because of differences in the high
rainfall amount (576 mm on average), soil type and scale of measurements.

Tolerable soil loss depends on driving factors, namely, weathering (e.g. the
soil type, climate, and land use) and dust deposition (Verheijen et al. 2009),
with a proposed European limit ranging from 0.3 to 1.4 t ha™ year™. In
shallow soils, Bienes et al. (2002) established a limit of 5 t ha™ year™, Kassam
et al. (1991) reported 3 t ha™ year™ and Arnoldus (1977) published 2.2 t ha™
year for practically nonrenewable and shallow soils. Therefore, we can say
that tillage as applied in this study is not a sustainable practice, even for
small scale measures. Local farmers usually till their olive groves three times
per year, so the soil loss will be greater tan the rate measured in this study. A
permanent cover crop is clearly sustainable under current conditions; annual
cover crops were at the limit.

GOmez et al. (2014) found that the greatest soil loss in an olive grove in SW
Spain was related to rill and gully processes (16.1 t ha™ year" in a 5-year
period). Nevertheless, Bienes & Marques (2008) found that the soil loss in a
catchment from rill processes during a highly erosive single event was only 1
to 14 % higher than the soil loss measured in the microplots. Under our
experimental conditions, splash and interrill erosion are likely to be the
primary factors, and thus, our rates of soil loss slightly underestimated the
soil loss at the catchment level. Even so, these small plots underestimate the
soil loss, being one of the limitations of the use of microplots in erosion
studies as (Boix-Fayos et al. 2006) pointed out. Our team (Bienes et al. 2000)
recorded soil losses of up to 10.3 t ha™ year™ in bare soil from USLE erosion
plots (20 x 4 m?) under more intense rainfall events in the study area.

The rainfall events were more intense and had higher KE values during spring
than summer, despite the great variation between events (Table 3.2).
Because of these characteristics, the highest rates of soil loss occurred in the
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spring, whilst summer presented lower values in this period (Table 3.4).
Conversely, Gomez et al. (2014) found autumn and winter to be the seasons
with the greatest soil loss. In our study, differences in soil loss were
statistically significant only for the CON, although the same trend can be
observed in BRA. Interannual soil loss variations from water erosion were
very important (Table 3.4), but the differences among repetitions were also
high because of natural and measured variability as noted by Bagarello &
Ferro (2004) and Boix-Fayos et al. (2006), with a high coefficient of variation
(Gémez et al. 2001). For this reason, it was difficult to find significant
differences for the different cropping seasons between treatments.

The behaviour of soils under annual cover crops was slightly different. The
average soil loss during spring was quite similar to that of the autumn for
LEG, whilst in HOR it was slightly lower (Table 3.4), possibly because of the
faster growing of cereals. The protective effect of the annual cover crops that
usually were at the maximum during spring (Fig. 3.2) protected the bare soil
from the direct impact of raindrops and stopped runoff. Seeding was
performed in the autumn and the soil remained bare for several weeks.

The high correlation between soil loss and cover with a negative relation was
described by Dunjo et al. (2004) to the same degree. In the spring, both
annual and permanent cover crops covered the soil in different proportions
but always over CON (Fig. 3.2), but in all cases, it was enough to protect the
soil from rainfall erosivity. This is the reason why it is vital to inform the
farmers that maintaining minimum cover during the spring and autumn will
limit soil and fertility loss (Gémez et al. 2009b). Thus, for gypsiferous soils in
a semiarid climate, it should be compulsory to protect the soil against
erosion in the spring and autumn; such prevention measures must be
adapted to the particular climate (Fleskens & Stroosnijder 2007).

Although the high-energy events (class 3: KE > 4 MJ ha™) only made up 22 %
of the total, they drove to the highest proportion of soil loss in CON and LEG,
at 40 and 42 %, respectively (Table 3.5), primarily because of the high
proportion of bare soil during these events. The worst situation was the loss
of soil under CON treatment from high-energy events (Table 3.5), in other
words, with low soil cover (Table 3.6) similar to the results of Martinez-Mena
et al. (2012). Soil loss under class 2 (2 < KE <4MJ ha™) events was significantly
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reduced with at least 40%soil cover, supporting the results of Marques et al.
(2008) at cover percentages above 60 %. For south of Spain, Espejo-Perez et
al. (2013) determined that with a cover of over 20 % soil was well protected
against more events.

The important effect of protecting soil against erosion is crucial under low
cover percentages. In semiarid gypsiferous soils, it is very difficult to increase
the soil cover beyond 55 %. Nevertheless, in this study, we note the necessity
of soil cover, even at low values, and how much soil erosion can be reduced
with these cover crops (Fig. 3.4). Furthermore, the effort and economic
investments needed to achieve higher covers seem to justify the soil loss
reduction, although water and nutrient balance were not studied in this
work. Nevertheless, similar research of permanent and mowed cover crops
in vineyards near the study region (Ruiz-Colmenero et al. 2011, 2013)
demonstrated that the loss of SOC, nitrogen and phosphorus was reduced by
50 %; runoff was also reduced between 75 and 84 %. However, soil moisture
was not higher due to the water used by the crops.

In this study, we did not record any event over 50 mm h™, although these
events are not considered infrequent (Garcia-Diaz et al. 2015). In 2007, our
team recorded a single event in the study area (P = 43 mm, | =55 mm h™,
return period of 7 years according to Elias-Castillo & Ruiz Beltran (1979),
which produced a soil loss of 93.47 t ha™ in a sloping olive grove managed by
minimum tillage (Bienes et al. 2012). In Central Spain, Garcia-Diaz et al.
(2015) found that there was a progressive increase in the | and R factors
from 1995 until 2012, whilst the annual rainfall amount remained similar. As
Nearing et al. (2005) found, the higher the intensity of the rainfall event, the
more soil was lost by erosion (Table 3.5). Unless the situation changes, the
problem of erosion in the area of study will be worse in the future.

Given that erosion is a selective process (Martinez-Mena et al. 2001),
changes in texture are frequently mentioned in the literature. Martinez-
Mena et al. (2002) found less sand (>50 um) in sediments that were eroded
after rain events of high or medium intensity than low-intensity events,
which was similar to our results (Table 3.8). Different authors find different
particle size enrichment, e.g. Martinez-Mena et al. (2002) and Pieri et al.
(2009) describe silt enrichment (2—20 um). In this study, the primary change
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was found for clay fractions (Table 3.8) with an enrichment rate of 1.6 on
average.

Although the sediment fractions and rainfall intensity (I, 115 and 130) were
correlated (Table 3.7), no significant differences appeared among the high
and medium events. Despite that finding, there was an increasing trend in
fine-sized sediment particles with high-intensity events. This finding can be
explained by the aggregate breakdown under high-intensity events in which
the splash is the primary erosion process. Martinez-Mena et al. (2002) found
a decrease in coarse fractions with runoff time for high-intensity events (56.0
+ 2.4 mm h™), whereas a time-independent size distribution of the eroded
material indicated transport-limited erosion under medium-intensity events
(31.4 + 1.4 mm h™). In addition, Wang et al. (2014) found that a higher KE
(>105 J m™? h™) resulted in a higher abundance of fine particles, supporting
our results (Table 3.8).

The OC mass of the sediments was 1.5 % on average, a little less than the
1.8 % described by Marques et al. (2008) and higher than the 1.21 % found
by Gémez et al. (2009b). This 1.5 % implies an enrichment rate of 2.4, which
is similar to the 2.38 reported by Martinez-Mena et al. (2008) in an olive
grove in SE Spain. There are other studies that report a similar OC
enrichment of sediments (e.g. Martinez-Mena et al. 2012 and Marquez-
Garcia et al. 2013). This enrichment of the sediments in clay fractions and OC
is from organo-mineral associations (Porta et al. 1999). Rainfall events of
higher intensity (I3 or 1) led to particularly greater OC loss (Table 3.8),
according to the results of Martinez-Mena et al. (2008). Although statistically
significant differences did not appear when sediments from events of
different intensities were compared, there seems to be a trend. These results
were the opposite of those of Jacinthe et al. (2004), who found more OC in
the sediments that were mobilised under low-intensity storms in different
watersheds. In any case, when considering the basin scale, this process leads
to a decline in soil fertility on-site, and water pollution off-site, from the rich
OC-suspended sediments that were transported by runoff (Pieri et al. 2009).

There are other benefits of no tillage managements to improve the
sustainability of olive groves. In addition to soil loss control, there is an
increase in soil organic matter and therefore carbon sequestration (Parras-
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Alcantara et al. 2015); an increase in water and nutrient availability (Colen et
al. 2016); and a promotion and conservation of soil quality and health, as
well the stability of ecosystems (Correia et al. 2015).

Despite the environmental benefits reported by scientific evidence,
agricultural soil degradation is not obvious to farmers, and therefore,
changing their management practices is not a priority for them. This general
statement has been acknowledged in the region where less than one third of
farmers would be willing to change their traditional tillage practice by cover
crops (Marques et al. 2015). Currently, only 6 % of farmers who participated
in the survey were using cover crops (Table 3.9). Moreover, according to the
results, there is little probability of spontaneous cover crop adoption in this
region.

The poor understanding of long-term land degradation processes by farmers,
the lack of a holistic perspective to propose flexible and suitable solutions
adapted to the local contexts as well as insufficient use of land users’ own
experiences have been identified as major constraints for the adoption of
SLM practices (Liniger et al. 2004). Remarkably, the farmers acknowledge
their need for training and highlight the importance of extension services for
obtaining information; therefore, there is a need to strengthen cooperation
among farmers, researchers and agrarian extension services to facilitate
decision support. Conversely in Ethiopia, Assefa & Hans-Rudolf (2015) found
that farmers have a wealth of experience in identifying the severity of soil
erosion and its effect on soil fertility decline, even so farmers abandoned the
tradition of fallowing. Vila Subirds et al. (2015) identified a lack of consensus
on land management priorities, being necessary to promote participative
methods and incorporate environmental service assessment as key elements
in the decision-making processes.A similar conclusién found Teshome et al.
(2016) highlighting that policy makers should take into consideration land-
related factors in designing and implementing SLM policies and programmes
to influence farmers’ investments in SLM practices.

The results of this survey prioritise the need for information over access to
governmental aid or subsidies. This finding supports recent literature that
guestions the efficiency of subsidies because there is no simple relation
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between financial reward and behavioural change (de Snoo et al. 2013,
Merckx & Pereira 2015).

5. Conclusions

Olive groves that are managed under tillage produced unsustainable rates of
soil loss, even at small scales, under the study conditions. Gypsiferous soils
are vulnerable to water erosion processes if they are not protected by
vegetation, even under moderate intensity rainfalls. This study shows that
soil loss is correlated to scarcity of vegetation cover and kinetic energy of
rainfall. Spring and autumn had higher intensity rainfalls, and therefore, soil
loss is also higher during these seasons, primarily in the spring. Farmers
should adopt tailored soil cover practices during those periods.

Permanent cover crops (B. distachyon) in olive groves demonstrated their
efficiency to prevent water erosion. After 1 year, the establishment of this
cover is enough to reach a sediment yield that can be considered tolerable.
Annual cover crops (H. vulgare and V. ervilia) were also efficient during the
spring, but they needed time to be established unlike O. viciifolia, which was
not suitable for this area because it did not grow properly during the dry
seasons.

The OC in the soil was lost with fine soil fractions, enriching sediments in OC
(average concentration 1.5 %). This finding underscores the current state of
organic matter depletion characteristics in these poor and shallow soils.
Erosion not only implies soil loss particles but a decrease in OC which results
in the loss of agricultural land due to abandonment and reduced
productivity.

Farmers must be conscious of the importance of vegetation cover. Cover
crops in olive groves are rare in this regidén because farmers are reluctant to
change from traditional tillage to cover crops due to the risk of competition
for water and nutrient resources. Their practices are driven by tradition and
economics. Change to cover crops would be possible if there was an
economic profit and not only an environmental benefit. In this region,
subsidies are given limited importance in achieving changes in farmer
behaviour with regards to management practice decisions. Farmers easily
understand and declare the need for active practices to conserve soil organic
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matter; this recognition can be used as a link to introduce some other
important needs to improve physical chemical soil quality. In this context,
the work of extensidén agents and institutions responsible for education and
training is considered important, particularly to increase awareness of the
use of cover crops and their influence on olive production and the
environment.
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fisico-quimicas del suelo

Resumen

Los olivares mediterrdneos normalmente se han manejado labrandolos, lo
que ha conducido a tasas insostenibles de erosidn, pérdida de materia
organica y degradacién de la estructura del suelo. Las cubiertas vegetales se
han revelado como una practica de manejo sostenible del territorio para el
control de la erosidén y la regeneracién de los suelos degradados, pero su
eficiencia depende de las condiciones especificas de suelo y clima. Se ha
llevado a cabo un ensayo en un olivar de secano en suelos yesiferos bajo
clima semidrido en la zona centro de Espaiia.

Diferentes parametros del suelo han sido estudiados (cobertura vegetal,
densidad radicular, carbono organico, nitrdgeno orgdnico, estabilidad de
agregados, porosidad, infiltracion, almacenamiento de agua y resistencia a la
penetracidn) bajo distintos manejos: tres cubiertas vegetales, dos de ellas
anuales (leguminosa y cebada) y una permanente (Brachypodium
distachyon) y un minimo laboreo. Después de 3 afios de manejo, las
cubiertas vegetales han mejorado levemente el carbdn organico particulado,
estabilidad de agregados, microporosidad a 0-5 cm de profundidad vy
capacidad de almacenamiento de agua a 30 cm; B. distachyon ademas
incrementd el carbono organico, la relacién C/N y la cantidad total de agua
atil, ademas de reducir la resistencia a la penetracidn en las capas mas
profundas. Se necesitan mds de 3 aifos para recuperar la calidad del suelo en
suelos yesiferos bajo clima semiarido.

Palabras clave: Laboreo, Cubierta permanente, cobertura de suelo, carbono
organico, porosidad, estabilidad de agregados.
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Abstract

Mediterranean olive groves are usually managed with tillage, which lead to
unsustainable rates of soil erosion, organic matter depletion and soil
structure degradation. Cover crops have been revealed as a sustainable land
management practice for erosion control and regeneration of degraded soil,
but cover crops efficiency depends on site-specific soil and climate. A trial in
a rainfed olive grove in gypsiferous soils under semiarid climate has been
developed in Central Spain.

Several soil parameters (plant cover, root density, organic carbon, organic
nitrogen, aggregate stability, porosity, infiltration, water storage and soil
penetration resistance) have been studied under different managements:
three cover crops, two annuals (legume and barley) and one permanent
(Brachypodium distachyon); and minimum tillage. After three years of soil
management, slight improvements in particulate organic carbon, aggregate
stability, microporosity at the upper depth and soil water storage at 30 cm
were found in cover crops; B. distachyon also increased organic carbon, C/N
ratio and plant available water and reduced penetration resistance in the
deepest layers. More than 3 years are needed to recover soil quality in
gypsiferous soils under semiarid climate.

Keywords: Tillage; Permanent cover crop; Groundcover; Organic carbon;
Porosity; Aggregate stability.
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1. Introduction

In Mediterranean region the interaction between climate, topography, soil
characteristics and human activity could led to short- and mid-term
unsustainability of many landscapes (Garcia-Ruiz et al. 2013). Inappropriate
agricultural practices are one of the main driving forces of soil degradation in
Europe, causing soil erosion and a decline in organic matter content (Jones &
Montanarella 2003, Gucci et al. 2012). The reconciliation of cultivation and
soil conservation is complicated in Mediterranean environments (Garcia-Ruiz
et al. 2013), mainly in rainfed olive groves which commonly are cultivated on
hillslopes and marginal lands (Gémez et al. 2009b, Zdruli 2014). In this fragile
areas the scarcity and variability of water resources and its susceptibility to
desertification compromises soil productivity (Taguas & Gémez 2015) and
makes olive tree cultivation a potentially land degradation activity in most of
Spain (Garcia-Ruiz 2010, Fernandez-Romero et al. 2016b).

Traditionally, Mediterranean olive groves are managed with tillage
(Xiloyannis et al. 2008). The most visible threat of tillage is soil erosion, e.g.
Fleskens & Stroosnijder (2007) and Gémez et al. (2009b); but moreover, this
practice decreases soil organic matter content because of increasing
mineralization rates (Garcia-Ruiz 2010, Garcia-Diaz et al. 2016), reduces
infiltration capacity due to soil structure degradation (Palese et al. 2014), and
also destroys the roots in the plough layer reducing the tree water uptake
(Gémez et al. 1999).

Taguas & GoOmez (2015) found that despite the use of different soil
management techniques and the compliance of Common Agricultural Policy
(CAP) agro-environmental regulations, unsustainable soil losses are still
taking place. They concluded that the application of other conservation
technologies in the agro-environmental requirements of CAP, as efficient use
of cover crops, should be researched. Cover crop is one of the most effective
sustainable land management (SLM) practices for erosion control and
regeneration of degraded soil (Duran-Zuazo & Rodriguez-Pleguezuelo 2008,
Marques et al. 2016). Cover crops reduce runoff and soil erosion (Fleskens &
Stroosnijder 2007, Kairis et al. 2013) by raindrops interception, favors
autumn-winter rainwater storage in soil, improves soil structure (Palese et al.
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2014) and increases SOC content (Vanderlinden et al. 1998, Marquez-Garcia
et al. 2013). In the last ten years, cover crops in olive groves have been
increasing in Spain, prevailing spontaneous vegetation (Gonzalez-Sanchez et
al. 2015). Nevertheless, cover crops efficiency depends on site-specific
climate, soil and agronomic practices (Francia Martinez et al. 2006, Ruiz-
Colmenero et al. 2013), being the use of cover crops controversial in
semiarid areas due to the scarce water availability (Gomez et al. 20093,
Alcantara et al. 2011, Ruiz-Colmenero et al. 2011).

Soils of the study area are developed on gypsiferous material under semiarid
climate, within dryland category, according to UN-CCD (Arnold 1992).
Gypsiferous soils formed under arid or semi-arid conditions, cover over 100
million ha in the world (Verheye & Boyadgiev 1997). This soil type appears in
Mediterranean Region (Zdruli et al. 2010), mainly in Spain (Virto et al. 2015)
and North Africa and the Midde East (Zdruli 2014). Mediterranean Region is
the largest olive production area worldwide with 10.0x10° ha from a total of
10.3x10° ha in the world (FAOSTAT 2015), thus, olive groves on gypsiferous
soils are not infrequent in Mediterranean environments. Despite that fact,
most of the bibliography concerning cover crops in olive groves have been
developed on calcic soils, e.g. Gomez et al. (2009a), Espejo-Perez et al. (2013)
and Marquez-Garcia et al. (2013) in Spain, Kairis et al. (2013) in Greece and
Palese et al. (2015) in Italy. The conclusions of the researches in calcic soils
cannot be applied to gypsiferous soils due to the different soil properties.
Gypsiferous soils are characterized by limited water retention, lack of
plasticity and cohesion, structural deterioration, cemented and indurated
layers, an imbalanced ion ratios, low organic matter content and medium to
high CEC (van Alphen & Rios Romero, 1971, Verheye & Boyadgiev 1997).

Soil recovery after the stop of disturbance is a slow process in semiarid areas.
Acin-Carrera et al. (2013) stated that more than 4 years were needed to
observe signs of recovery after the cessation of tillage, and gysiferous soils
make more difficult soil conditions improvement, e.g. Bienes et al. (2016)
found, after 11 years of restoration, little improvements in gypsiferous soil
quality. Therefore, the current study can give valuable information to rainfed
olive growers in semiarid areas in favor of cover crops, especially those with
rainfed olive groves on gypsiferous soils.
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The aim of this paper is to evaluate the effect of three cover crops, two
annuals and one permanent, to improve soil properties in a rainfed olive
grove, under semiarid conditions and gypsiferous soil, compared to
minimum tillage. This study considers possible changes in: root density,
organic carbon and nitrogen and theirs fractions, aggregate stability, soil
porosity, bulk density, infiltration, water content and penetration resistance
after three years of management.

2. Materials and methods

2.1. Site description and climatic parameters

This study was performed in an experimental olive grove (Olea europaea L.)
located in Central Spain, in southern Madrid (UTM 30N, ETRS89: X= 455654,
Y= 4435959). The mean elevation is 540 m.a.s.l., and the slope ranges from 9
to 12%. The soil is classified as Haplic Gypsisol (IUSS Working Group WRB
2014), with a xeric moisture regime. A pit was opened at the beginning of the
study; the main characteristics are reported in Table 4.1. A high silt
percentage was measured in all the horizons, with a low CEC, medium to
high EC and low soil organic carbon and total nitrogen. These properties
make gypsiferous soils prone to degradation, and explain the low rate of
recovery after degradation, mainly due to the poor development of
vegetation.

Table 4.1. Basic physical and chemical properties of the soil. Sand (2000-20 um), Silt

(20-2 um), Clay (<2 um)|, BD: bulk density, CEC: cation exchange capacity, EC: electrical
conductivity of a saturated soil extract, SOC: soil organic carbon, SN: soil nitrogen.

Horizon Depth Gravel Sand Silt Clay BD CEC EC SOC SN
(em) (%) (%) (%) (%) (Mg (cmol (mS (%) (%)
m'3) kg™) cm’

)

Ap, 0-12 10 53 36 11 1.2 202 26 072 0.12
Ap, 12-26 16 41 47 12 14 16.8 19 093 011
By 26-43 27 49 39 13 1.2 81 22 017 0.04
Cy 43-55 45 58 42%* nd 13.3 25 017 0.02

nd: no data. * In Cy-horizon silt and clay flocculated so there was no feasible to separate them, the
texture class was estimated texture 86 by feel.

The climate is Mediterranean semiarid, with long hot summers (quite often
above 359C in July and August) and cold winters. The mean annual
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temperature is 13.62C and reference evapotranspiration (ET, Penman-
Monteith) is 1112 mm. The annual precipitation is approximately 390 mm
with high inter and intra-annual variability.

The olive plantation was established in 2004 with trees in 6 x 7 m? spacings
(238 trees ha), on an area of approximately 3 ha. The cultivar is Cornicabra,
the most widely grown cultivar in Central Spain, drought tolerant and cold
resistant (Rallo et al. 2005).

2.2. Experimental design

Before the start of the trial, in November 2010, the whole area was tilled
with a chisel at 0.30 m depth following the traditional management. The
tillage was performed in 6 m-wide inter-rows, covering 0.47 ha of surface
(222 m long by 21 m width) including two rows of 38 olive trees with the
same treatment on each side.. Each treatment was performed in 3
consecutive inter-rows. The treatments consisted of the following, three
cover crops: 1) barley (Hordeum vulgare L.) annual cover, that was seeded
each autumn at 70 kg ha™; 2) sainfoin (Onobrychis viciifolia Scop.) a legume

that was seeded each autumn (42 kg ha™); 3) purple false brome
(Brachypodium distachyon L. P. Beauv.) hereafter Brachypodium, a
permanent grass cover seeded once (the first year, 40 kg ha™) during the
study period; and 4) minimum tillage, hereafter control, consisted of one

pass per year with a chisel at 0.15-0.20 m deep in mid-November, to control
weeds. Seed doses were different because the target was to seed with the
same number of seeds per hectare. As barley seeds were bigger than the
other two cover crops seeds, the dose of barley was higher.All of the
treatments were mechanically mowed once in the spring (during the first
fortnight of May), except in 2013, when the vegetation was mowed twice
(the second cut was at the end of May) because of high vegetation growth
resulting from the abundant rains of that spring. Plant debris was left on the
surface.
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2.3. Plant and soil measurements

2.3.1. Plant cover and root density

Plant cover (%) was measured bimonthly, using quadrats 25 x 25 cm?,
considering the mean of plant cover judged by 6 trained observers.

Root density (RD) was determined in sample soils using a drill (2.18 cm
diameter) at 0-10, 10-20 and 20-30 cm depth in five samples per treatment
in summer 2013. Soil samples were dried at 602C until constant weight,
weighed, wet sieving at 0.20 mm, and then water and roots were vacuum
filtered in a Blchner funnel and Kitasato flask over a tared filter paper. Filter
paper and roots were oven-dried at 1052C and weighed, obtained root
weight per soil weight. RD (kg m™) was calculated as root dry mass by bulk
density per each depth. Bulk density was calculated as dry soil sample weight
divided by the known volume of the sample taken with the cylindrical dril
(37.32 cm?).

2.3.2. Soil organic carbon and nitrogen

Three composites samples per treatment were taken in the middle of the
inter-row the third year at two depths: 0-5 and 5-10 cm. These samples were
air-dried and sieved through a 2 mm sieve. Samples were separated into
particulate organic-matter fraction (POM) and mineral-associated organic-
matter fraction (MOM) as follows: soil samples were dispersed in 30 mL of
sodium hexamethaphosphate (5 g L") by shaking for 15 h on a shaker. Then,
the dispersed soil samples were passed through a 50 um sieve, and the
different fractions were oven-dried at 502C (Cambardella and Elliott, 1992).

Organic carbon and total nitrogen were determined by wet oxidation
(Walkley & Black 1934) and Kjeldahl digestion (Dewis & Freitas 1970)
respectively, from the mineral soil (<2 mm) and POM and MOM fractions:
soil organic carbon in mineral soil (SOC), total nitrogen in mineral soil (SN),
soil carbon in MOM fraction (C-MOM) and total nitrogen in MOM fraction
(N-MOM). Wet oxidation underestimate carbon content (Jolivet 1998).
Despite that fact this error is systematical and the method is widely used
thus results of different treaments can be compared without making a big
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mistake. The stock values of SOC and SN, expressed for a specific thickness,
was obtained as follows:

(Eq. 4.1) Stock = conc.X BD X d X (1 — §2mm) X 102

Where: Stock of C or N (Mg ha™); conc. is the concentration of C or N (%); BD
is the bulk density (Mg m?); d is the thickness (m); and 862mm is the
proportion of gravel larger than 2 mm.

Soil carbon in POM fraction (C-POM) and total nitrogen in POM fraction (N-
POM) were determined by the substract of C-MOM to SOC and N-MOM to
SN fractions. C- POM, N-POM, C-MOM and N-MOM fractions were calculated
by multiplying the dry mass of each fraction by the respective C and N
concentration and following the equation 4.1.

2.3.3. Aggregate stability

Aggregate stability was measured by two tests: counting number of drops
(CND; Imeson & Vis 1984) and water-stable aggregates (WSA; USDA 2001).
CND test attempts to mimic the impact of raindrops on the macroaggregates
(Cerda 1998) while WSA measures the aggregates that stand up to the forces
of water. Three sub-samples, composed by 30 air-dried macroaggreagates
(size 4 to 4.75 mm @) to CND test were selected per treatment. Other three
sub-samples, composed by 10 g of sieved mineral soil (size 0.25-2 mm) were
selected per treatment for WSA. The percentage of WSA was calculated from
the soil obtained in water (stable fraction) divided by the sum of the weights
of both the stable and unstable material.

2.3.4. Porosity

2.3.4.1. Intrapedal porosity

The petroleum method was employed to asses intrapedal porosity (Mursec
2011). Three sub-samples composed by 30 air-dried macroaggregates (size 4
to 4.75 mm @) were selected. This method consists of weight the aggregates,
submerged in petroleum oil for 24 h to allow pores to infill and the
difference in mass used to calculate porosity.
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2.3.4.2. Macro, meso and microporosity

Five topsoil undisturbed samples per treatment (0-5 cm depth) were
randomly collected using core stainless cylinders (100 cm?®). The core samples
were saturated with water by capillarity in a sandbox to determine pF
between 0 and 2.0 (0.1 to 10 kPa) by successive weight measurements.
Water retention between 2 to 4.2 pF (10 to 1500 kPa) was determined using
a progressive drying process with pressure plate extractors (Richards 1941).
Finally, the samples were completely dried in oven (24 h at 105 °C). These
dried samples also allowed the determination of the bulk density (Blake &
Hartge 1986).

The relationship between pore size and water retention capacity had been
established as follows: macropores (>60 pm) corresponding to matric
potentials between pF 0 to 1.8; mesopores (60 to 10 um) correspond to pF
values between 1.8 and 2.54; and micropores (<10 um) having pF >2.54.
Pores smaller than 0.2 um diameter, correspond to matric potentials higher
than pF 4.2. These sizes of macro, meso and micropores are consistent with
current literature, e.g. (Taboada et al. 2004, Bienes et al. 2016). Available
water capacity (AWC) was determined by the difference between water
volumes at pF 2.54 and 4.2; and permanent wilting point (PWP) as the
volume of water between pF 4.2 and 7 (oven dried at 105 °C, 24 h).

All measured data were fitted to a van Genuchten model using RETC
software (van Genuchten et al. 1991) to obtain the parameters of the
empirical equation 4.2 modified by van Genuchten & Nielsen (1985). Water
retention curves were plotted.

(Eq. 4.2) 0h)=6,+ 0,—06, X [1+ (a xR)*|™™

Where: (h)= water content at tension h (m*> water m™ soil); 8;=saturated
water content (m* water m™ soil); 6,=residual water content (m*> water m™
soil); a= inverse of the air entry suction (m™); h=the suction pressure (m™);
n=a dimensionless value related to the smoothness of pore size distribution;
and m=1-(1/n).
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2.3.5. Infiltration and soil volumetric water content

A small single ring (#=12 cm) was employed to assess steady state infiltration
(USDA 2001), four repetitions per treatment were done.

Soil volumetric water content (8) was measured in the inter-rows in three
points per treatment. Each point had two EC-5 soil moisture sensors
(Decagon Devices Inc.) at 15 and 30 cm depth plugged into a data logger,
which recorded 6 data each 15 minutes along the study period.

2.3.6. Soil penetration resistance

Soil penetration resistance (PR) was assessed employing a hand
penetrometer 06.01 (Eijelkamp). Data were collected at eight random points
per treatment in summer. PR readings were made at the following soil
depths: 2.5, 5, 10, 15, 20, 25, 30, 35, 40 and 45 cm.

2.4. Statistical analysis

Statistical analyses were performed using SPSS 19 software (IBM Corp. 2010).
Analysis of variance (ANOVA) and Multivariate analysis of variance
(MANOVA) were applied for the statistical procedures of the results, mean
comparisons were made using the Least Significant Difference (LSD) method
at p< 0.05 level. The data were transformed before parametric testing when
necessary (1/ x or Inx). When the homogeneity of variance between
groups was not met for the ANOVA analysis, post-hoc comparisons were
done with Games-Howell test.

3. Results

3.1. Plant cover and root density

Figure 4.1 shows plant cover means per treatment and season in 2013, after
three years of management. In autumn, after seeding annual cover crops and
tilling control treatment, Brachypodium was the treatment with the highest
percentage of plant cover (around 90 %). In winter, both annual cover crops
significantly increased plant cover regarding control, barley reached 30 %
and sainfoin 50 %. After spring mowing, sainfoin cover suffered a reduction
to a similar percentage as control (10 %), while barley and Brachypodium
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almost had a 50 % of plant cover. In summer, Brachypodium significantly
increased plant cover up to 85%, followed by barley (40 %), control and
sainfoin (10 %).

100 Treatment

[JControl

[ Barley
[[JSainfoin

M Brachypodium

80—

60—

40—

Plant cover (%)

Autumn Winter Spring Summer
Error bars: +/- 1 SD

Figure 4.1. Plant cover (%) per treatment and season in 2013. Error bar: Standard
deviation. Different letters mean differences between treatments at p<0.05 according
to Games-Howell test.

RD was affected by treatment and depth but not by their interaction (Table
4.2). The LS means of RD from the ANOVA showed that Brachypodium and
sainfoin had the highest values (6.9 and 7.5 kg m™ respectively), while barley
had the lowest RD (4.0 kg m™). Despite barley had more plant cover than
sainfoin, a higher RD was found in the latter treatment. There were
statistically significant differences between the upper layer and the other
two, with almost two-fold RD in 0-10 cm than in 20-30 cm depth.

There were statistically significant differences among treatments only in the
0-10cm depth (Fig. 4.2), Brachypodium and sainfoin had higher values of RD
than barley. No differences between treatments were found at the other two
depths.
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Table 4.2. Two-ways ANOVA table for Root density (RD) and LS means as a function of
the different treatments and depths (the number of cores per treatment was 5) after 3
years of management.

RD (p-value)
LSD (prob>F)  Treatment 0.010
Depth 0.010
Treatment x
Depth ns
Factors RD (kg m-3)
Treatment Control 5.3410.85 ab
Barley 3.97+0.85a
Sainfoin 7.48+0.85 b
Brachypodium 6.94+0.89 b
Depth (cm) 0-10 8.18+0.74 b
10-20 5.30+0.74 a
20-30 4.30£0.76 a

ns: not significant. Different letters mean differences between levels of the factor according to LSD
test (p<0.05).

RD (kg:m™)
0 2 4 6 8 10 12 Treatment
od—L L1 O Control =
O Barley -
* Sainfoin

— X 4 Brachypodium -----

10 N

207 N
4

1 '

[

7. | %

30

Depth (cm)
8
2

Figure 4.2. Root density (RD) in the profile for the different treatmetns and depths after
3 years of management. Different circles mean significant differences between
treatments for the same depth according to LSD at p<0.05.
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3.2. Soil organic carbon and nitrogen

Table 4.3 includes MANOVA results for SOC and SN and theirs fractions: C-
MOM, C-POM, N-MOM and N-POM; and the relationship from POM to total
(C-POM/SOC and N-POM/SN) and C/N ratio for the treatments and the
depths studied (0-5 and 5-10 cm). SOC and SN were affected by treatment
and depth. C-MOM and N-MOM were only affected by treatment, while C-
POM, N-POM, C-POM/SOC and N-POM/SN were affected only by depth. C/N
ratio was not influenced by either of these factors. No interactions were
found. After three years, Brachypodium significantly increased SOC content
(6.8 Mg ha) regarding the other treatments, and C-MOM (5.4 Mg ha™)
regarding annual cover crops. SN and N-MOM were lower in sainfoin (0.51
and 0.43 Mg ha™ respectively) than in Brachypodium (0.72 and 0.55 Mg ha™
respectively) and control (0.64 and 0.55 Mg ha™ respectively). Despite there
were not statistically significant differences between groups, there was a
trend to increase C-POM, C-POM/SOC, N-POM and N-POM/SN in cover crops
regarding control, and also in C/N ratio. Between depths, there was a
significant decrease in depth across all the variables except for C-MOM, N-
MOM, and C/ N ratio. C-POM and N-POM increased by two-folds in the
upper layer.

After three years of C-input by the cover crops, SOC content in the soil profile
(0-10cm) were 10.9 Mg ha™ in Control, 10.9 Mg ha™ in Barley, 8.8 Mg ha™ in
Sainfoin and 13.7 Mg ha' in Brachypodium treatment, no statistically
significant differences were found (data not shown). No significant changes
were observed in SOC compared to control at any depth (Fig. 3a, 3b). The
highest content in SOC at 0-5 and 5-10 cm depth were found in
Brachypodium, 7.9 Mg ha™ (corresponding to 1.1%) and 5.7 Mg ha™ (0.8%)
respectively, although no statistically significant difference appeared in the
upper layer. SOC content of control was 5.6 Mg ha™ corresponding to 0.8%
(Fig. 3a). Brachypodium also increased C-MOM regarding the other
treatments at 0-5 cm (6.1 Mg ha™), but no differences were found between
treatments for C-POM at any of the depths. Similar results were found for
SN, N-MOM and N-POM for 0-5 cm and 5-10 cm depths (Fig. 3c and 3d
respectively). It is noteworthy the low content in SOC, C-MOM, SN and N-
MOM of sainfoin at both depth.
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Although no statistically significant differences were found between
treatments for different depths or between depths for different treatments
(data not shown), in the 0-5 cm layer there is a trend of cover crops to
increase C-POM/SOC ratio (26 % in barley, 23 % in sainfoin and 22 % in
Brachypodium) regarding control (15 %); and a higher value of N-POM/SN
ratio (23 %) in sainfoin regarding the other treatments (19 % in control, 21 %
in barley and 14 % in Brachypodium). Conversely, at 5-10 cm depth sainfoin
had almost the half of N-POM/SN (6 %) than the grasses (11 % for barley and
Brachypodium) and equal to control (6 %). In C/N ratio neither statistically
significant differences appeared. Brachypodium had the highest C/N ratio at
0-5 cm depth (10.0) and control had the lowest (8.1) with barley and sainfoin
in an intermediate place (9.1 and 8.5 respectively); whilst at 5-10 cm this
ratio was almost the same for all the treatments (ranged between 8.4 and
9.1).
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3.3. Aggregate stability

Both test for measure aggregate stability showed a significant influenced of
treatment, depth and their interaction (Table 4.3). For both tests the most
stable aggregates belong to Brachypodium, followed by barley, sainfoin and
control. Aggregates from the upper layer were significantly more stable than
the 5-10 cm depth.

Brachypodium and barley increased 50% aggregate stability in CND and
around 40% in WSA regarding control in topsoil (Fig. 4.4a and 4.4b). At 5-10
cm depth, Brachypodium was the only treatment that significantly increased
CND regarding the other (Fig. 4.4a), although there was a trend in cover
crops to increase CND and WSA regarding control (Fig. 4.4a and 4.4b).

20— bA 60— bcB B Treatment
a) b) - aA iy [CIcontrol
- 7] aA - a B Hro
X AR X 40— aA egume
12+ A aA aA < i M Brachypodium
a T S 30
& o 2
J. 20—
47 10—
0— 0—
0-5 5-10 0-5 5-10
Error bars: +/-1SD Error bars: +/-1SD

Figure 4.4. Aggregate stability: CND test (a) and WSA test (b) after 3 years of
management. Different lowercase letters mean differences between treatments for the
same depth according to LSD test (p<0.05) and different uppercase letters mean
differences between depths for the same treatment according to LSD test (p<0.05).

3.4. Porosity

3.4.1. Intrapedal porosity

The intrapedal porosity of the macroaggregates increased with depth and it
changed among treatments (Table 4.3). In the topsoil (0-5 cm) all the
treatments showed a similar intrapedal porosity: 39, 38, 37 and 38 % in
control, barley, sainfoin and Brachypodium respectively. At 5-10 cm depth
barley and sainfoin increased up to 42%, followed by Brachypodium (39 %)
and control (37 %) the lowest, reducing this percentage regarding 0-5 cm
(data not shown).
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3.4.2. Macro, meso and microporosity

Macro, meso and microporosity at 2.5-7.5 cm depth after 3 years of the
different treatments are shown in Fig. 4.5. Statistically significant difference
only appeared in total porosity (TP) and bulk density (BD), between barley
(TP:53% and BD: 1.33 g cm™) and Brachypodium (TP: 46% and BD: 1.49 g cm’
). Control and sainfoin were in an intermediate place with similar values (TP:
48.9 and 48.5 % and BD: 1.42 and 142 g cm? for control and sainfoin,
respectively). Barley reached the highest value in macroporosity (6.2%),
whilst in mesoporosity was control (24.3%). Cover crops increased
microporosity regarding control (18.6%), mainly barley (24.5%), but annual
cover crops also increased PWP up to 16% while control remained around
10%. There was a trend to increase AWC in Brachypodium treatment (9.1%),
followed by control (8.5%), barley (8.1%) and in the last place sainfoin (7%).

Water retention curves (Fig. 4.6) show a similar behavior between different
treatments. Barley had the highest 8 values in each pF according to its
greater macro, meso and microporosity; control had the lowest 8 when
pF>2.4 (lower microporosity), whilst Brachypodium had the lowest 6 when
pF<2.4 (lower macro+mesoporosity).

7 Arwe |,
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DMesoporosit_v
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Porosity (%)

Figure 4.5. Macroporosity (>60pm, pF:0-1.8), Mesoporosity (60-10 um, pF:1.8-2.54),
Microporosity (<10um, pF:2.54-7.0), composed by: avalailable water capacity (AWC,
pF:2.54-4.2) and Permanent wilting point (PWP, pF:4.2-7.0) after 3 years of
management. Different letters mean significant differences between treatments in total
porosity, according to LSD test (p<0.05).
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3.5. Infiltration and soil volumetric water content

Infiltration curves after 3 years of management are shown in Fig. 4.7, all the
treatments had a moderately slow infiltration rate according to USDA (2001)
ranged between 15.2 and 50.8 mm h™’. Steady-state infiltration was greater
in control (45 mm h™), followed by Brachypodium (38 mm h™), legume (21
mm h™) and barley (19 mm h™), although no significant differences were
found (data not shown).
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Figure 4.7. Infiltration curves after three years of management (n=4) for the four
treatments.
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After 3 years, there were statistically significant differences in 8 between
treatments and depths in all the seasons (Table 4.4). Winter showed the
higher 8 at 15 and 30 cm depth despite the rainy spring due to the lower ET,.
Control and Brachypodium held more water at 15 cm in all the seasons than
barley and sainfoin. At 30 cm Brachypodium showed the same behavior than
at 15 cm, while control had the lower water storage in every season. Annual
cover crops were in an intermediate place. Comparing depths for each
treatment and season, all the treatments had a higher 6 at 15 cm than at 30
cm, except sainfoin that only overtook 6 at 15 cm to 30 cm in autumn.

Table 4.4. Mean and standard deviation of soil volumetric water content (m3 m‘3) per
season for the four treatments and two depths after 3 years of management.

Depth Treatment Winter Spring Summer Autumn

(cm) (n=267) (n=279) (n=276) (n=273)

15 Control 0.22+0.02cB  0.20+0.03cB  0.13+0.03cB  0.17+0.04dB
Barley 0.19+0.02bB  0.17£0.03bB  0.11+0.03bA  0.14+0.04bB
Sainfoin 0.15+0.02aA 0.13+0.03aA 0.07+0.02aA 0.12+0.03aB
Brachypodium 0.22+0.05¢cB  0.20£0.06cB  0.11+0.05bA 0.16+0.05cB

30 Control 0.14+0.02aA 0.11+0.03aA 0.08+0.03aA 0.09+0.03aA
Barley 0.16+0.04bA 0.15+0.05bA 0.11+0.05bA 0.10+0.03bA
Sainfoin 0.17+0.02bB  0.15+0.03bB  0.09+0.03bB  0.10+0.04bA
Brachypodium 0.20+0.03cA 0.17#0.05cA  0.11+0.03cA  0.12+0.04cA

Lowercase letters indicate differences between treatments within each depth and uppercase
letters indicate differences between depth for the same treatment, according to LSD test (p<0.05).

3.6. Soil penetration resistance

Soil moisture the date that the measurements were done was around 10%
according to soil moisture sensors, which is close to PWP. PR was similar in
the topsoil for all the treatments up to 10 cm (Fig. 4.8). At this depth, control
and barley kept increasing while Brachypodium slightly decrease until
achieve similar values to legume treatment at 25 cm, around 600 N cm?.

The main differences in PR were found between 10 to 30 cm depth between
control and barley regarding sainfoin (Table 4.5). Differences between
depths there were statistically significant only for control and barley. Beyond
30 cm depth PR could not be measured in control and barley (>1000 N cm™).
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Figure 4.8. Penetration
resistance from 2.5 to 45 cm
depth for  the different
treatments after 3 years of
management

Table 4.5. Mean and standard deviation (SD) values of Penetration resistance after 3
years of management at different depths. N: number of repetitions.

Depth Treatment N  Penetration resistance (N cm?)
0-15cm Control 17 518+356aA
Barley 20 523%#373aA
Sainfoin 21 571+407aA
Brachypodium 22 6711247 aA
10-30 cm  Control 6 960i67bB
Barley 7 920+£150b B
Sainfoin 6  590+329aA
Brachypodium 12 817+155abA
30-45cm  Control o -
Barley o -
Sainfoin 4 600+37a A
Brachypodium 9  698+155aA

Different lowercase letters in each column mean differences between treatments for the same
depth and different uppercase letters in each column mean differences between depths for the
same treatment at p<0.05 according to Games-Howell test.
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4, Discussion

4.1. Plant cover and root density

After 3 years of management, despite the large differences in plant cover
among cover crops and control, there were few statistically significant
changes in the studied soil properties. Brachypodium was the treatment with
the higher percentage of plant cover throughout the year, as was expected
because of the absence of soil disturbance except mowing in spring.
Moreover this cover crop showed the highest RD in topsoil layer together
with sainfoin. RD in the upper horizon was low compared to other studies
(Duran-Zuazo & Rodriguez-Pleguezuelo 2008) ranged between 4 to 12 kg m™
in barley and Brachypodium respectively, possibly because of a reduced root
growth due to the aridity of the climate besides the gypsiferous poor soil.
Although the barley cover was greater than sainfoin in most of the seasons,
RD was higher in the legume treatment, which could be related to
differences in root systems. Sainfoin has a deep taproot (Koivisto 2001),
whilst barley has a diffuse shallow root system (Hackett 1968) with a lower
biomass. Despite a very low plant cover by control treatment (ranged 5-
15%), over 6 kg m™ of RD was measured in the topsoil, indicating a persistent
root system of the scarce weeds. In general, cover crops roots decreased
below 10 cm depth, while the greatest root activity of rainfed olive trees is
ranged between 0.15 and 1.00 m in depth (Fernandez 2014). Therefore,
water competition among cover crops and olive trees is not likely to be
important.

4.2. Soil organic carbon and nitrogen

In Brachypodium treatment SOC stock increased almost 1 Mg ha™ per year
regarding control, due to a higher plant cover, RD and also plant debris of the
cover crop. This difference (10.9 Mg ha™ in control and 13.7 Mg ha™ in
Brachypodium) was not statistically significant, similar to the results of
Gonzalez-Gonzalez et al. (2012) and Parras-Alcantara et al. (2015), while
Palese et al. (2014) found significant differences after 7 years of permanent
spontaneous vegetation regarding 2-3 tillage per year. Parras-Alcantara et al.
(2015) stated that tillage increased SOC outputs owing to the degradation of
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soil aggregates. Statistical differences in SOC between annual cover crops
and control treatment were not found due to the circumstance that control
treatment consisted of a shallow tillage only once a year, which combined
with the dry environment slowed down the degradation process in a poor
soil that changes slowly, as Bienes et al. (2016) found. The lowest SOC
content found in the soil profile in sainfoin treatment (8.8 Mg ha™) was due
to a higher mineralization rate of leguminous crop residues, as was stated by
Plaza-Bonilla et al. (2015).

Roots are one of the main sources of carbon and nitrogen in soil (Zdruli et al.
2004, Rasse et al. 2005). SOC and SN decreased in depth, a mean of 20% in
SOC and 22% in SN on mean, similar to the results reported by. The
reduction with depth in mean was of 20% in SOC and 22% in SN, similar to
the results reported by Alvarez et al. (2007). In semiarid areas is crucial to
preserve plant cover in order to maintain the soil organic-carbon stock
(Duran-Zuazo & Rodriguez-Pleguezuelo 2008, Fernandez-Romero et al.
2016b). According to Zdruli et al., (2004), in order to maintain a good quality
soil, at least 2% in SOC should be storage in the topsoil. In this study, after
three years of soil management, soils of Brachypodium and barley
treatments contained around 7.9 and 6.2 Mg ha™ respectively corresponding
to 1.1 % and 0.9% of SOC in the top layer, whilst control had 5.6 Mg ha™
corresponding to 0.8%. As larger C amount is lost by soil erosion, Almagro &
Martinez-Mena (2014) estimated that 20 vyears of green manure
incorporation will be necessary in a rainfed Mediterranean olive grove under
dry climate to recover the full potential for soil C sequestration. Thus, the 2%
in SOC objective should be a medium to long-term objective in rainfed olive
groves under semiarid climate, so the use of cover crops can facilitate
achieving this goal.

Because of about 95% of the soil nitrogen is contained in the organic matter
Duran-Zuazo & Rodriguez-Pleguezuelo (2008), the pattern in C and N stocks
was similar between treatments for each depth.

The trend of cover crops, annuals and permanent, to increase C-POM and C-
POM/SOC at 0-5 cm depth is because the crop residue inputs result in a more
reactive pool of organic C creation (Rodrigues et al. 2015), being POM the
labile fraction of soil organic matter, that responds readily to soil
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management (Wander 2004). Similar results were found by Martinez-Mena
et al. (2008) and Martin-Lammerding et al. (2011) in soils under tillage and
plant cover management. Sainfoin had the lowest stocks in SN, N-POM and
N-MOM, contrary to was expected basing on bibliography important
amounts of N could be fixated, e.g. Giller (2001) suggests that rates of N2
fixation of 1 to 2 kg N ha™ growing season day" should be possible in all
legumes), and Kumar and Goh (2000) estimated a N, fixation of 20-373 N ha™
year'.As with happened with SOC and SN, C-POM and N-POM decreased
with depth, in accordance with the results of Wander (2004).

C/N ratios ranged between 8 and 10 for all treatments and depths, indicating
a proper humification of the organic matter. Control had a low C/N ratio at O-
5 cm depth (8.1), whilst Brachypodium increased this ratio (10.0), although
no statistically significant difference was found. Goémez et al. (2009b) and
Soriano et al. (2014) found an increase in C/N ratio in cover crops regarding
conventional tillage due to the higher contribution of residue input on the
surface. As legume has a low C/N in its litter due to a high N content
(Almagro & Martinez-Mena 2014), sainfoin treatment had a soil C/N ratio
close to control, that had a low residue input and, therefore, low C/N ratio.
This low C/N ratio in sainfoin involved a higher mineralization rate of the
residues (Martin-Lammerding et al. 2011), and thus, a lower content in SOC,
C-MOM, SN and N-MOM in the topsoil (0-5 cm depth).

4.3. Aggregate stability

Organic matter decomposition, plant-derived C (Barthes et al. 2000, Verchot
et al. 2011) and POM (Martin-Lammerding et al. 2011) contributes to
aggregate formation and stabilization. This is the reason why Brachypodium
and barley, the treatments with the higher SOC and C-POM content, also had
the most stable aggregates. This correlation was described by other authors
(Gémez et al. 2009b, Santin-Montanya et al. 2013) in different soils. Roots
also contributes to aggregate stability, e.g. de Baets et al. (2006) found an
exponential decline in relative soil detachment rate in increasing RD between
0 and 4 kg m™ in topsoil samples of grass. In this study, aggregate stability
seems to be more related to C-POM content than to RD, since small
differences were found in the upper layer in RD between control and cover
crops, whilst control had the least stable aggregates. Given that topsoil layer
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had higher SOC and C-POM content than subsurface layer, aggregates were
more stable at 0-5 than 5-10 cm depth.

4.4. Porosity

No differences in intrapedal porosity in the topsoil layer were found contrary
to Park & Smucker (2005) who described in a corn plantation that long-term
tillage reduced this parameter. This lack of differences could be due to the
minimum tillage applied and the short time studied (3 years), although a
positive effect of cover crops (mainly annuals) in intrapedal porosity was
detected.

The low values in macroporosity in all the treatments (<10%) indicate a
generalized compact soil according to Pagliai & Vignozzi (2002) which is due
to the poor condition of gypsiferous soils. Brachypodium treatment reduced
TP and therefore, increased BD. Similar soil compaction at 0-10 cm depth by
a permanent spontaneous vegetation was found by Zucca et al. (2013) and
Palese et al. (2014). Palese et al. (2014) also found a reduction in
macroporosity in conventional tillage regarding spontaneous vegetation at
10-20 cm depth, but not at 0-10 cm, similar to our results. Micropores are
responsible for the water holding capacity of soil, thus an increase of this
parameter by cover crops is crucial to improve water storage.

At the same time that Brachypodium reduced TP, increased AWC (9 %)
although not statistically differences appeared. If the trend to increase AWC
continues, as a result of changes in soil management at medium to long-
term, more water storage capacity for rainfed olive trees will be available in
permanent cover crop.

4.5. Infiltration and soil volumetric water content

Scant infiltration measured in all the treatments was related to the high silt
content that slow down the infiltration rate (Bagarello et al. 2016) and the
low macro and mesoporosity, which are directly involved in water fluxes
within the soil (Palese et al. 2014). The absence of differences in macro and
mesoporosity and intrapedal porosity between cover crops and control led
to no significant differences in infiltration rates. Infiltration depends on soil
texture among other parameters, this is the reason because other
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researchers found a significant low infiltration in tilled soils regarding cover
crops in clay soils, vertic in Gomez et al. (2004) and Haploxeralf in Gucci et al.
(2012).

Despite similar porosity and infiltration rates between cover crops and
control, a different behavior in water storage was recorded at 15 and 30 cm
depth between treatments. 8 at 15 cm was higher in all seasons regarding 30
cm depth except for sainfoin, due the taproot system of sainfoin (Koivisto
2001) that allows a deeper water infiltration. Because of the greatest root
activity of rainfed olive trees is ranged between 0.15 and 1.00 m in depth as
was mentioned previously, water stored at 30 cm is more important for olive
trees water status and nutrition. Control was the soil management with the
lowest 6 at 30 cm depth in every season, showing the greatest differences
regarding cover crops in winter (14 to 43 % more 6 in cover crops) and spring
(36 to 55 % more O in cover crops). Similar results were reported by Gucci et
al. (2012) at 60 cm depth. Two of the periods of high sensitivity to water
stress in olive tree happen during spring, blooming and fruit growth
(Fernandez 2014), thereby an increase in water availability for the trees
could improve fruit yield and reduce the alternate bearing. Brachypodium
treatment had the highest 6 in all the seasons, followed by both annual
cover crops. Soil under Brachypodium management did not suffer of soil
disturbance (tillage) since the cover crop seeding (November 2010); thus, soil
structure and pores connection have developed more in the permanent than
in annual cover crops, allowing a better water storage in the soil profile.
These results are similar to those found by Palese et al. (2014) who reported
a better autumn-winter rainwater storage in the soil with sustainable
systems. The differences between annual cover crops are caused by the
different root system, fasciculated in barley and taprooted in sainfoin, thus
water can move faster and deeper into the soil in the legume treatment.
These results question the generalized idea of land farmers that tillage
increases soil water content.

4.6. Soil penetration resistance

Brachypodium was the treatment with the highest PR in the surface layer (0-
10 cm), which responds to the high RD and low porosity measured, as was
described by Pagliai & Vignozzi (2002). Below this layer, barley and control
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quickly increased PR, indicating a great soil compaction of the deepest layers.
PR scarcely increased in the deepest layer in Brachypodium and sainfoin,
indicating higher values of porosity than in the topsoil and thus, more
storage pores as reflected the highest 6 at 30 cm depth.

4.7. Further considerations

The improvement in different parameters of soil quality due to the
permanent cover crop, Brachypodium distachyon, are due to the character of
permanent of this coverage. Soil under this management did not suffer of
disturbance (tillage) since the cover crop seeding, except mowing in spring.
This absense of soil alteration can be reach with other coverages as seeding
glovers (Fleskens & Stroosnijder 2007) or spontaneous groundcover (Espejo-
Pérez et al. 2013).

No differences between treatments were found in fruit or oil yield in the tree
cropping seasons studied or in the Virgin Olive Qil quality (Sastre et al. 2016).

5. Conclusions

After three years of soil management in a rainfed olive grove, cover crops
have slightly improved soil quality parameters regarding a single tillage.
These feeble results can be explained by the fragile and easily degraded
gypsiferous soils and the aridity of the climate of the study area, that delayed
in time the positive effects on soil quality of cover crops reported in other
studies. Despite that, the result of this study point to that a change from
tillage to cover crops would increase soil quality through two ways: 1)
increasing SOC, C-POM, SN, that recover soil fertility; and 2) improving soil
structure, that lead to more water storage and consequently water available
for olive trees. Brachypodium, the permanent cover crop, with the practically
absence of soil disturbance since the seeding in 2010, got the better results
in most of the soil quality parameters studied.

Water is the main limiting factor for olive yield in traditional olive groves in
semiarid areas. Therefore SLM practices properly applied, as cover crops, not
only will redound in environmental benefits but in more water and nutrients
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availability for olive trees, and thus could increase olive yield and reduce
alternate bearing.

More years with the same soil managements are needed to find out if the
trends seen in this study consolidate in the future, in order to persuade
rainfed olive growers to adopt cover crops as an alternative to the
conventional tillage in semiarid areas.
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Resumen

Los olivares de secano se han manejado tradicionalmente con laboreo para
reducir la competencia por el agua y los nutrientes. En los olivares
mediterraneos en pendiente esta practica ha conducido a altas tasas de
erosion, resultando en una reduccidn de la fertilidad del suelo. Las cubiertas
vegetales se han empleado como un manejo sostenible del olivar, pero
estudios previos han encontrado efectos diferentes sobre la produccion de
fruto y hay escasa informacidn de su influencia sobre la calidad del Aceite de
Oliva Virgen (VOO). El objetivo de este estudio es evaluar el efecto de los
distintos manejos del suelo en la produccién de aceitunas y de aceite y en las
caracteristicas fisico-quimicas y sensoriales del VOO en un olivar de secano
(238 arboles ha™) de la variedad Cornicabra, la principal de la zona centro de
Espafia. No se ha encontrado ningun efecto del manejo del suelo en la
produccién de aceituna ni de aceite durante tres campanas agricolas. La
calidad del VOO fue principalmente influenciada por la campafia, pero
pequefias diferencias han aparecido en los afios mds secos entre los
tratamientos estudiados. Se encontraron pequefias diferencias en el indice
de madurez, los pigmentos y algunos dcidos grasos asi como en parametros
sensoriales.

Palabras clave: cubiertas vegetales, laboreo, polifenoles, pigmentos, acidos
grasos.
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Abstract

Rainfed olive groves have been traditionally tilled in order to reduce the
competition for water and nutrients. In sloping Mediterranean olive groves,
this practice leads to high erosion rates, resulting in a reduction in soil
fertility. Cover crops have been employed as a sustainable olive grove
management, but previous studies found differences in their effect on fruit
load and there is scarce information of their influence on the virgin olive oil
(VOO) quality. The aim of this study is to evaluate the effect of different soil
managements on olive and oil yield and VOO physicochemical and sensory
characteristics in a rainfed olive grove (238 trees ha™) of Cornicabra cultivar,
the main in Central Spain. No effect of soil management was found in olive or
oil yield along three cropping seasons. VOO quality was mainly influenced by
the year, but slight differences were found in the driest year between the
studied treatments. Small differences in fruit ripening, pigments and several
fatty acids as well as in sensory parameters were found.

Keywords: cover crops, tillage, polyphenols, pigments, fatty accids.
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1. Introduction

Olive tree (Olea europaea L.) is one of the most drought tolerant tree crops
in the world (Connor & Fereres 2005). They are able to tolerate low
availability of soil water by means of morphological and physiological
adaptation (Connor 2005, Tataranni et al. 2015). Three periods of high
sensitivity to water stress can be considered (Fernandez 2014): flowering;
fruit growth, 6 to 10 weeks after blooming; and oil accumulation, 18 to 22
weeks after blooming. Water stress in the first period reduces the number of
fruits, while water stress in the other two periods reduces fruit fresh weight.
A positive relationship between water stress of olive trees and phenolic
compounds (Patumi et al. 2002, GAmez-Rico et al. 2006), volatile profile
(Servili et al. 2007, Gémez-Rico et al. 2009), monounsaturated fatty acid
levels, and sensory properties (Berenguer et al. 2006) of olive oil has been
described.

In the Mediterranean basin, rainfall and underground water resources are
the only supplies for most of the olive trees (Palese et al. 2010). In this area,
traditional olive groves were designed with low plant density according to
total rainfall and paying attention to canopy size (Connor 2005). Actually
around 50% out of 2,500,000 ha of olive groves in Spain is tilled (MAGRAMA
2013) to avoid weed competition for water and nutrients, in order to
increase olive tree yield. This conventional practice gives rise to a large area
of bare soil that is prone to erosion processes, one of the most important
land degradation driving processes in Mediterranean areas (Panagos et al.
2014, EEA 2015).

Cover crops in olive groves have proved to be an effective tool in reducing
soil erosion (Fleskens 2007, Gomez et al. 2009a, Kairis et al. 2013) and
improving water storage and physical properties (Palese et al. 2014), but its
effect on olive tree yield is controversial. A negative effect on fruit yield due
to cover crops was reported by Gucci et al. (2012) in a high density olive
grove and by Caruso et al. (2011) in a young and intensive olive grove.
Nevertheless, other authors (Gomez et al. 1999, Corleto & Cazzato 2008,
Ferraj et al. 2011, Palese et al. 2014) did not find a significant reduction in
olive yield in mature olive groves.
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The influence of cover crops on food quality has been studied in vineyards
(Lopes et al. 2008, Ruiz-Colmenero et al. 2011, Perez-Alvarez et al. 2015,
Jordan et al. 2016, Karl et al. 2016), apple orchard (Kuhn & Pedersen 2009),
eggplants (Radicetti et al. 2016), and sweet cherries (Usenik et al. 2009). In
olive groves, the influence of soil management on some oil quality
parameters has been seldom studied (Corleto & Cazzato 2008, Hugi et al.
2009, Caruso et al. 2011, Gucci et al. 2012) and to our knowledge there are
no previous studies on the effect of cover crops on sensory characteristics of
virgin olive oil.

Cornicabra cultivar is the most common in Central Spain, being the second
cultivar in extension in Iberian Peninsula (Rallo et al. 2005) covering over
270,000 ha (Barranco et al. 2005). Although Cornicabra cv. is considered one
of the most drought-tolerant cultivars in Spain (Barranco et al. 2005), small
amounts of water increase olive and oil yield (Gédmez-Rico et al. 2007, del Rio
& Vallejo 2012). The oil of Cornicabra is valued for its high stability and food
sensory characteristics (Salvador et al. 2001b), with medium bitterness and
pungency mainly due to the content in total phenols (Uceda et al. 2008) and
high oleic acid and low linoleic acid content (Salvador et al. 2001a). Phenolic
compounds, oleic acid, and monounsaturated fatty acids (MUFA) of VOO
have beneficial effects on human health (Lopez-Miranda et al. 2010), and
thus a higher content in total phenols and a high ratio of MUFA to
polyunsaturated fatty acids (PUFA) are desirable in VOOs.

In order to recommend a more sustainable practice to rainfed olive growers
of Central Spain, we performed a comparative trial in an intensive olive grove
of Cornicabra cv. to evaluate the effect of three different cover crops and
minimum tillage on olive yield and physicochemical and sensory virgin olive
oil parameters.

2. Materials and Methods

2.1. Field Conditions, Climatic Data, and Plant Material

This study was performed in an experimental olive grove (Olea europaea L.)
located in Central Spain, in southern Madrid (4024’21”N, 3231’11”W).The
average elevation is 540 m.a.s.l., and the slope ranges from 9 to 12%.The soil
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is classified as Haplic Gypsisol (IUSS Working Group WRB 2014), with a xeric
moisture regime. The field capacity (FC) was 0.21 m>m™~ and permanent
wilting point (PWP) was 0.08 m*m~>.This soil has a moderate silt content
(29%) and it is low in organic matter (1.1%).

The climate is semiarid Mediterranean, with long hot summers (quite often
above 35°C in July and August) and cold winters (2.72C on average in
December). The average annual temperature is 13.62C and reference
evapotranspiration (ETg) is 1112 mm. The annual precipitation is
approximately 390 mm with high inter- and intra-annual variability (Elias-
Castillo & Gimenez Ortiz 1965, Urbano 1992). During the last 17 years, the
total precipitation has strongly decreased (40%) in comparison with a
previous period (1933-1969) in the study area (Garcia-Diaz et al. 2015). Since
it is a rainfed olive grove, as most of the region, the amount and distribution
of rainfall and ET, are very important. Thus, there is an automatic weather
station in the olive grove to record the temperature, rainfall amount, relative
humidity, solar radiation, wind speed and direction, and atmospheric
pressure every 10 minutes. With the previous data, Penman-Monteith ET,
was calculated according to FAO (Allen et al. 1998).

The olive plantation was established in 2004 with trees in 6 x 7m spacings
(238 trees-ha™'), with an area of approximately 3 ha.

2.2. Soil Management and Treatments

Before the start of the trial, in November 2010, the whole area was tilled
with a chisel at 0.30 m depth following the traditional management. The
tillage was performed in 6 m wide interrows. Each treatment was performed
in 3 consecutive interrows. The treatments consisted of the following: (1)
barley annual cover (Hordeum vulgare L.) that was seeded each autumn at
70 kg-ha™'; (2) sainfoin (Onobrychis viciifolia Scop.), a legume that was
seeded each year (42 kg-ha™); (3) purple false brome (Brachypodium
distachyon L. P. Beauv.), henceforth Brachypodium, a permanent grass cover
seeded once (the first year) during the study period at 40 kg-ha™'; and (4)
control, consisting of one pass per year with a chisel at 0.15-0.20 m deep in
mid-November. All of the treatments were mechanically mowed once in the
spring (during the first fortnight of May), except in 2013, when the
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vegetation was mowed twice (the second cut was at the end of May)
because of high vegetation growth resulting from the abundant rains of that
spring. Plant debris was left on the surface.

2.3. Soil Moisture Measurements

Three EC-5 soil moisture sensors (Decagon Devices Inc.) per treatment were
placed in the interrow at 30 cm depth plugged into a data logger, which
recorded data each 15 minutes. Data were fortnightly downloaded to a
laptop.

2.4. Olive Harvesting, Yield and Oil Elaboration, and Oil Content
Determination

Fruit olives were harvested in three consecutive cropping seasons:
2011/2012, 2012/2013, and 2013/2014. Ten healthy olive trees per
treatment were randomly selected each year and fruits were hand-picked,
when the maturity index (MI) was around 3.5.This Ml was selected in order
to obtain an optimal oil content and quality (Beltran et al. 2008). Yield per
tree was measured in field. Olives collected of the same treatment were
mixed up and 3 subsamples of 5 kg (3 subsamples x 4 treatments) were
carried to the laboratory. M|l was determined at the laboratory for each
subsample of fruits following the method of Beltran et al. (2008) based on
skin and pulp fruit colors. Olive oils from each subsample were extracted in
the last two years using the Abencor system (MC2 Ingenierias y Sistemas),
determining the industrial oil yield (Martinez Suarez et al. 1975). Oil yield per
hectare was obtained multiplying fruit yield per tree by industrial oil yield by
the number of trees per hectare.

2.5. Analysis of Virgin Olive Oil

In 2012 and 2013, different VOO parameters (2 years x 4 treatments x 3
repetitions) were analyzed.

2.5.1. Physicochemical Quality Parameters

Free acidity is expressed as percentage of oleic acid; peroxide value (PV) is
expressed as milliequivalents of active oxygen per kilogram of oil (meq O,
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kg’l); and UV spectrophotometric indices (K, K70, and AK extinction
coefficients) were determined following the analytical methods described in
the European Commission Regulation 2568/91 and later amendments (DOUE
of 11 July 1991).

2.5.2. Total Phenolic Content

Total phenolic compounds were determined after methanol extraction and
subsequent reaction with Folin-Ciocalteu reagent and measured at a
wavelength of 725 nm (Vazquez Roncero et al. 1973). Results are expressed
as mg of caffeic acid equivalents per kg of oil.

2.5.3. Pigments (Chlorophylls and Carotenoids) and Chromatic Coordinates

Carotenoids and chlorophylls were determined at a wavelength of 470 and
670 nm, respectively, in cyclohexane, according to the method of Minguez-
Mosquera et al. (1991). The concentrations of chlorophyll and carotenoids
were expressed as mg of pheophytin and lutein per kg, respectively.
Chromatic coordinates were measured by the software CINTRAL to obtain
the color according to the CIEL a* b* method (Standard UNE 72031:1983, of
15 April 1983).

2.5.4. Fatty Acid Composition

The fatty acid composition of the oils was determined by gas
chromatography as fatty acid methyl esters (FAMEs). FAMEs were prepared
by saponification/methylation with sodium methylate according to European
Regulations (EEC 2568/91) of 11 July 1991. A chromatographic analysis was
performed in an Agilent Technologies 6850 series Il Network GC system gas
chromatograph equipped with a 60m x 0.25mm x 0.20 um film thickness
fused capillary column Supelco 24111 (Agilent Technologies) coupled to a
flame ionization detector. Samples were introduced into the column at
170°C during a period of 30min; after this time, the temperature was
increased by 52C/min to 2002Cand maintained for 12min. The flow rate of
He, used as carrier gas, was 0.5 mL/min. Injector and flame ionization
detector temperatures were 2302C and 2502C, respectively. FAMEs were
identified by comparing their retention times with those of standard
compounds.
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Fatty acid composition was calculated as the percentage of total fatty acids,
after their conversion to methyl esters, according to Regulation EEC 2568/91
(DOUE of 11 July 1991).

2.5.5. Sensory Analysis

Sensory analysis was performed by the “Panel de Catadores de Aceite de
Oliva Virgen de la Comunidad de Madrid,” according to the method
described in the European Commission Regulation (EC) 640/2008 (DOUE of 5
July 2008). This method allows for the classification of VOOs based on the
detection of negative attributes (fusty/muddy, musty, winey, rancid, wet
wood, and others) as well as the measurement of the intensity of three
positive attributes (green or ripe fruitiness, bitterness, and pungency).The
panel was constituted at least by 8 trained tasters that scored the descriptors
on a normalized sheet (from 0 to 10).

Chemical determinations were performed twice per sample, obtaining the
mean for statistical analysis.

2.6. Statistical Analysis

Statistical analyses were performed with the software package SPSS 19 (IBM
Corp. 2010) for Windows. When needed, data were log-transformed before
parametric testing. Repeated-measures ANOVA was performed for yield data
and MAN(C)OVA analyses were performed on the VOO data to assess the
differences between treatments and years, employing Ml as covariate. LSD
test (p < 0.05) was used to establish significant differences between groups.

After MANOVA a Discriminant Function Analysis was performed to assess
how the dependent variables discriminate groups.
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3. Results and Discussion

3.1. Meteorology and Soil Water Content

Year 2012 registered the lowest total rainfall amount in the studied period
(237 mm) while 2011 and 2013 were quite similar, 292 and 300 mm,
respectively. Distribution of the rainfall varied among years: autumn was the
rainiest season in2011 and2012, while in 2013 spring was the rainiest (Figure
5.1). Reference evapotranspiration (ET,) values were similar among the three
years: 1209, 1217, and 1218 in 2011, 2012, and 2013, respectively. Summers
have been characterized by high ET, and scarce rainfalls.

P (mm) ET, (mm)
120 - - 240
100 - 200
80 - 160
60 - 120
40 - )
20 - 40 Figure 5.1. Monthly rainfall
(P) and reference
O an Feb May ‘N 0 evapotranspiration  (ET,
Jan Feb May Apr May Jun Jul Aug Sep Oct Nov Dec p p ( o)
P 11 P12 P13 for the 3 years of the trial.

——FET01l = ==-ET012 oo ETO 13

Control was the treatment with the lower soil moisture at 30 cm depth along
the three years. During the rainfalls of spring in 2011 and 2013, these
differences decreased; the same happened with the autumn rainfall in 2012
(Figure 5.2). In summer, all the treatments endured several days below the
PWP (0.08m*m™), mainly in 2011, which implied water stress to the olive
trees in the phase of oil accumulation (Fernandez 2014).
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Figure 5.2. Daily soil moisture {m3 m“3) at 30 cm depth in 2011, 2012 and 2013 for the
four treatments. DOY: Day of the Year.

3.2. Fruit and Oil Yield

Olive harvest dates were quite similar, 1 December 2011, 11 December 2012,
and 2 December 2013. Ml was around 3.5 in 2011 and 4 in 2012. In 2013, we
had to harvest with a low MI, about 3, because of frost alert at the beginning
of December. Despite the low soil moisture measured during all the studied
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period in all the treatments, thanks to the olive tree high capacity to cope
with water stress (Moriana et al. 2007), especially in Cornicabra cv. (Barranco
et al. 2005), olive trees under semiarid climate without irrigation have low
fruit production on a year basis. Mean and standard deviation of fruit yield
per tree and oil yield per hectare are shown in Figures 5.3a and 5.3b. 2013
was the year with the highest yield in both parameters (9.1 kg-tree™ of fruit
and 476 kg-ha™* of oil on mean), whereas 2012 was the year with the lowest
yield (1.6 kg-tree™ of fruit and 90 kg-ha™* of oil on mean) being considered as
“off” year (low or no yield). Fruit and oil yields were affected by year but not
by treatment; no interaction was detected (Table 5.1). There were
statistically significant differences between the three crop seasons in both
fruit and oil yield (2012 < 2011 < 2013) according to LSD test. This alternate
bearing is typical of olive tree, mainly in Cornicabra cultivar (Barranco et al.
2005), with high yields in the “on” years (heavy yield) followed by “off” years
of low yields.

a
a) 15 T b) 800 a Treatment
b 9 a [TIcontrol
s | 2 600 YBarle
Y
E Gl § r ’;; I [(JLegume
- v
% % 400 b | éé B Brachypodium
z s > ' 7
= = %
2 (5] %
-
%
o % : %
2011 2012 2011 2012 2013
Years Years

Figure 5.3. Fruit yield (a) and Oil yield (b) mean and SD for the three years. Data are
means of 10 replicates. Different letters mean statistically significant differences
(p<0.05) among years.

This absence of differences in fruit and oil yield among different soil
management systems was also observed by other researchers between tilled
and non tilled (Gémez et al. 1999, Ferraj et al. 2011, Palese et al. 2014,
Simoes et al. 2014) and rainfed and irrigated olive groves in Cornicabra cv.
(Gémez-Rico et al. 2007). By contrast, Moriana et al. (2003) found a
reduction in Picual cv. under water stress and Caruso et al. (2011) reported
over 40% olive yield reduction in young trees of Frantoio cv. managed with
cover crops regarding tilling management. Corleto & Cazzato (2008) found a
reduction in fruit yield with perennial species as cover crops but not with
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annual legume species regarding conventional tillage on Coratina cv.
Therefore, proper management of cover crops is crucial to avoid fruit yield
reductions, mainly species selection and time of mowing.

Table 5.1. Repeated-measures ANOVA table (prob>F) for fruit yield per tree and oil
yield per ha for the three years (n=10).

Fruit yield  Oil yield

Treatment ns ns
Year <0.001 <0.001
Treatment x Year ns ns

ns: not significative

3.3. VOO: Physicochemical Parameters

All the VOO samples had their analytical parameters within the ranges
established for the highest quality category “Extra Virgin Olive Oil” in the
Regulation 1348/2013 of 17 of December of 2013.These thresholds are 0.8%
for acidity, 20 meq Oz-kg‘1 for peroxides, 2.50 for K3, 0.22 for K,7,, and 0.01
for AK.

MANOVA results are shown in Table 5.2 for the physicochemical
determinations in the VOOs of 2012 and 2013. Ml was included as a
covariate due the important effect of this index over several VOO
parameters (Gémez-Rico et al. 2006, Gémez-Rico et al. 2007, Trentacoste et
al. 2010) but in our study it was not statistically significant on either of the
measured variables (data not shown), so it was excluded as a covariate and
included as a dependent variable in the analysis. Treatment and year
influenced significantly most of the measured parameters (Table 5.2).There
was no statistically significant effect of treatment or year in peroxide index
or K,70, while K3, and AK were only affected by the year.

Table 5.3 shows VOO parameters as a function of the treatments and years.
In relation to the effect of the different treatments on the fruit, legume
coverage led to earlier olive maturation (3.7) with barley resulting in the
opposite effect (3.3). Control and Brachypodium VOOs had slightly higher
values of free acidity (0.22 and 0.21%, resp.), but these differences were not
due to the maturity of the VOOs considering that both treatments had
intermediate maturity (3.5).
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Regarding the pigments, legume VOOs had lower values for carotenoid,
chlorophyll, and total pigments because of a higher MI similar to
observations by other authors (Roca & Minguez-Mosquera 2001, Moyano et
al. 2008); the highest chlorophyll to carotenoid ratio was found in barley
(1.3) while control had the lowest (1.1). As control had the same Ml as
Brachypodium, the differences in pigment content should be explained
through changes in the plant soil relationship produced by the soil
management. VOOs obtained from legume coverage had a significantly
higher value of color lightness (L*) and lower value of greenish color (a*) than
the other treatments, which is due to the lower content in carotenoid and
chlorophyll pigments (Escolar et al. 2007).

Comparing the results by year, Ml was lower in 2013 than in 2012 despite an
earlier ripening date in 2013 due to a higher fruit load of the trees, similar to
the results of Dag et al. (2011). In 2012, VOOs had slightly higher acidity
(0.26%) than in 2013 (0.15%) probably due to the higher MI. UV absorbance
at 270 and 232 nm indicates the presence of oxidized compounds; some
authors found that K,;9 and K3, increased with water stress (Barranco et al.
2005, Palese et al. 2010) as in the present study. The maximum level of total
phenols accumulation is reached at veraison (Monteleone et al. 1998) that is
closely related to the MI of VOOs in 2013, although the higher content in
total phenols was in 2012. This contradiction could be related to the scarce
precipitation of that year, as a linear relationship has been described
between total phenols and water stress by some authors (Berenguer et al.
2006, Moriana et al. 2007). Nevertheless, Palese et al. (2008) stated that the
differences in total phenols, K,3,, and other quality parameters between
rainfed and irrigated olive trees were due to the different plant crop load
and fruit ripening pattern instead of water availability. VOOs of 2012 had a
significantly higher value of color lightness and lower greenish color, with
less content in carotenoids, chlorophyll, and total pigments and lower
chlorophyll to carotenoid ratio than in 2013, which is related to a higher Ml
(Roca & Minguez-Mosquera 2001, Moyano et al. 2008).

Figure 5.4 shows the mean and standard deviation per treatment and year
for those parameters with significant interaction. Free acidity (Figure 5.4a)
was higher in control in 2012 regarding the other treatments, while in 2013
this place corresponded to Brachypodium. These changes were not
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correlated with Ml but they could be related to soil water content (Figure
5.2) and other changes in plant-soil relationship. Barley had a different
behavior regarding total phenols (Figure 5.4b) in both years, the highest
content in 2012 and the lowest in 2013. In 2013, no effect of treatment was
observed in chlorophyll to carotenoid ratio (Figure 5.4c) and b™ (Figure 5.4e)
parameters, while important differences between treatments appeared in
2012. These differences in total phenols and pigments may be responding to
a higher water stress of barley on the driest year over the olive trees as was
pointed out by Herndndez et al. (2005). Regarding @ parameter (Figure
5.4d), control and barley were more similar to legume in 2012 and to
Brachypodium in 2013. These differences among treatments should be
explained through the effect of cover crops on soil moisture dynamic along
the crop season and available nutrients for olive trees, as was described in
vineyards in which legume cover crops increased soil N availability and vine N
uptake (Perez-Alvarez et al. 2015) affected must quality.
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3.4. VOO: Fatty Acid Composition

Most of the fatty acids were mainly influenced by year (Table 5.4) and not by
soil management, as is the case of oleic acid, for instance, which remained
stable across treatments. Similar results were also reported by other authors
in relation to water stress (Gomez-Rico et al. 2007, Uceda et al. 2008) but
oleic acid increases throughout fruit ripening involving a reduction in palmitic
acid (Gémez-Rico et al. 2007). On mean oleic acid percentage (79.5%) was
similar to Cornicabra olive oils described by other authors (Salvador et al.
2001b, Uceda et al. 2008), but with a lower percentage in linoleic acid (3.1%)
similar to observations by GAomez-Rico et al. (2009). Margaric, stearic,
linoleic, and linolenic acids were influenced by treatment besides the year.
MUFA to PUFA ratio and oleic to linoleic acid ratio were influenced by
treatment and year and by their interaction. Although these statistically
significant differences were observed (Table 5.4), their magnitude was very
low (Table 5.5).

Brachypodium and barley treatments give rise to oils with higher content of
linoleic (3.18%) and linolenic (0.6%) acids, while control had higher content
of margaric and stearic acids, 0.05 and 3.09%, respectively (Table 5.5).The
highest rates in MUFA to PUFA and oleic to linoleic acid corresponded to
legume, 23 and 27%, respectively, while Brachypodium had the lowest, 21
and 25%, respectively. Linoleic acid increases during ripening while stearic
(Gutiérrez et al. 1999) and palmitic acids and MUFA to PUFA and oleic to
linoleic acid ratios decrease (Roca & Minguez-Mosquera 2001, Rotondi et al.
2004). Nevertheless, these results do not match the MI of the different
treatments: barley VOOs had lower MI, followed by control and
Brachypodium and the most mature legume VOOs. Therefore, barley should
have the highest stearic acid percentage and in fact it had the lowest value
(2.85%), although this difference with the other VOOs was very low. In the
same way, legume VOO should have lower MUFA to PUFA and oleic to
linoleic acid ratios, but it was the treatment with the highest value. Gdmez-
Rico et al. (2007) found that MUFA to PUFA ratio was higher in oils obtained
under rainfed conditions. Thus, legume could be exerting higher water stress
on the olive trees, although it kept more soil water content than control
(Figure 5.2), or legume cover could have a positive effect on the nutrients of
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the soil (Perez-Alvarez et al. 2015, Rodrigues et al. 2015, Radicetti et al.
2016) influencing VOO fatty acids.

The most mature VOOs of 2012 had higher content of linoleic acid (Gutiérrez
et al. 1999) and lower content of palmitic acid (Gémez-Rico et al. 2007).
Stearic acid does not accumulate during the ripening process (Gutiérrez et al.
1999), which is the reason why the content in stearic acid in 2012, the year
with the higher MI, was significantly lower than in 2013. MUFA to PUFA ratio
was expected to be higher in water stressed olive trees (Gomez-Rico et al.
2007) but this fact was not observed between the driest 2012 and 2013
probably due to the predominant effect of maturity in olive fruits, as was
pointed out by Dag et al. (2011).

Figure 5.5 shows mean and standard deviation for those parameters with
significant interaction. Brachypodium VOOs had the highest palmitoleic acid
content in 2012 (Figure 5.5a), and control VOOs of 2013 had the highest
percentage of stearic acid (Figure 5.5b). The higher value of oleic to linoleic
acid (Figure 5.5c) and MUFA to PUFA (Figure 5.5d) ratios was reached in
2013 by legume. The differences in parameters that were not explained by
MI or soil water content could be related to changes in plant-soil
relationships.
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3.5. VOO: Sensory Analysis

As in previous parameters, year had a higher influence on bitterness and
pungency than soil management (Table 5.6). Barley treatment produced
slightly less bitter and pungent VOOs, over 1 point below the other VOOs.
Fruitiness was not affected by treatments. In relation to year effect, in 2013,
VOOs had around 3 points less in bitterness and pungency, but with similar
fruitiness despite a lower Ml in this year. These “sweeter” 2013 VOOs can be
explained by the higher rainfall amount that year which produced a
reduction in total phenols content (Table 5.3) as has been observed by other
authors (Gémez-Rico et al. 2006, Palese et al. 2008).

Table 5.6. VOO sensory characteristics LS means and standard deviation for treatments

and years (n=3). Covariates appearing in the model are evaluated at the following
values: Maturity Index = 3.5.

Fruity Bitterness Pungency
Treatment
Control 3.9+0.2a 2.7#0.1b  3.910.2a
Barley 3.6%0.3a 1.9+0.2c 2.940.2b
Legume 3.7+0.3a 3.0+0.1ab 4.1%0.2a
Brachypodium 3.840.2a 3.110.1a 3.610.2a
Year
2012 4.4+0.7a 4.1+0.4a 5.3+0.6a
2013 3.1#0.7a 1.3x0.4b  2.0%0.6b

Different letters in each column mean differences between treatments or years.
MANOVA results are shown in Table 5.7. Bitterness and pungency were
influenced by treatment, by year, and by their interaction (Table 5.7). The
interaction of treatment and year also was statistically significant for
fruitiness.

Table 5.7. MANOVA (prob>F) of VOO sensory characteristics as a function of treatment
and year (n=3)

Fruity Bitterness Pungency
Treatment ns 0.000 0.024
Year ns 0.002 0.009
Treatment x Year 0.044 0.049 0.002

ns: not significative

Figure 5.6 shows mean and standard deviation of fruitiness (Figure 5.6a),
bitterness (Figure 5.6b), and pungency (Figure 5.6c) of the oils for the
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different treatments and years. Control treatment almost did not change
fruitiness, bitterness, or pungency between years, opposite to cover crops
VOOs that diminished 2 points in fruitiness in 2013 regarding the previous
year. Brachypodium reduced less tan 1 point of the bitterness and pungency
from 2012 to 2013, while legume slightly increased both parameters. In
2012, Brachypodium VOOs stood out among the other VOOs for higher
bitterness and pungency, while in 2013 barley stood out for less bitter and
pungent VOOs. Despite these statistically significant differences, their
magnitude was not high enough to state that the VOOs were sensorially
different.

a) 5 b) 5 o .
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Figure 5.6. Fruity (a), bitterness (b) and pungency (c) mean and standard deviation and
maturity index (M) as dots, of different treatments and years.

3.6. Global Treatment Effect

The MANOVA was followed up with discriminant analysis employing all the
variables. As previously mentioned, the main influence of the year on the
VOO quality was due to a rainfall amount and crop load higher in 2013/2014
crop season. Due to this important effect of the year on the VOOs quality,
discriminant analysis was conducted separately in each year (Figure 5.7). The
most useful variables from all the measured ones to discriminate treatments
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were MI, free acidity, total phenols, carotenoid and chlorophyll pigments, L
and a” color, MUFA to PUFA ratio, and pungency.
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Figure 5.7. Canonical discriminant functions of the VOOs from different treatments in
2012 (a) and 2013 (b) years. Amount of variability explained by each function in
brackets.

The differences in VOOs between treatments were greater in the driest year,
2012, as can be seen in the longer scale in both functions of this year (x40 in
x-axis and +15 in y-axis) regarding 2013 (16 in x -axis and +6 in y -axis). In
2012 (Figure 5.7a), the first discriminant functions explained 93.3% of the
variance, canonical R? = 1.00, with a cumulative variance of 99.9% with the
second, canonical R* = 0.99. The first axis separates control from barley
VOOs. Control VOOs were characterized by high Ml and free acidity, while
barley VOOs were characterized by low MI and higher content of total
phenols and carotenoid and chlorophyll pigments, but a low MUFA to PUFA
ratio. The second axis differentiates Brachypodium with the greenish VOOs
(low a’) from legume VOOs with higher Ml and less content of carotenoid
and chlorophyll pigments.

In 2013 (Figure 5.7b), the first discriminant functions explained 57.2% of the
variance, canonical R’ = 0.96, with a cumulative variance of 88.4% with the
second, canonical R* = 0.93. Legume and control VOOs were quite similar,
characterized by a higher content in total phenols and MUFA to PUFA ratio.
On the other hand, Brachypodium and barley VOOs had higher content of
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carotenoid and chlorophyll pigments, but Brachypodium had more free
acidity, greenish color, and lower MUFA to PUFA ratio; and barley VOOs
were mainly characterized by low content of total phenols and “sweeter”
oils.

The influence of water stress, fruit ripeness, crop load, and nutrient
availability and their interactions could explain changes in VOO parameters
between soil management treatments (Palese et al. 2008, Gémez-Rico et al.
2009, Palese et al. 2010, Dag et al. 2011). High contents of phenolic
compounds, MUFA, and oleic acid have beneficial properties on health
(Lépez-Miranda et al. 2010), but, despite the statistically significant
differences found in VOOs between treatments or years, they were too low
to get involved in changes in the beneficial effect on health.

4. Conclusions

Our results support the adoption of cover crops as sustainable management
of rainfed olive groves in Central Spain in the drought-tolerant cultivar
Cornicabra. Cover crops have not reduced fruit or oil yield either in heavy or
in low yield years. Thus, the economic profits of land farmers are maintained,
while improving environmental benefits with reducing soil erosion and
increasing soil organic carbon.

Virgin olive oil quality was mainly influenced by the year, but slight
differences appeared in some physicochemical and sensory characteristics
assigned to soil management. In the year with higher rainfall amount, with
more soil water content in autumn and high fruit load, there were fewer
differences between the treatments of cover crops and minimum tillage.
Therefore, slight differences were found in VOOs in the driest year, which
could be caused by differences in soil water availability and nutrient uptake
by olive tree. More research is required to investigate the influence of cover
crops on water and nutrients uptake in Mediterranean semiarid olive groves
and their influence on the final product. To overcome the year-by-year
differences due to the alternate bearing cycle of olive trees and annual
variations of Mediterranean climate, more cropping seasons are needed to
find out whether the trends seen in this study will consolidate in the future.
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Capitulo 6. Discusion general

El objetivo final de la investigacion desarrollada en esta Tesis Doctoral era
evaluar en un olivar de secano en suelo yesifero bajo clima semiarido:

1) la pérdida de suelo por erosién hidrica a escala de microcuenca de un
olivar en pendiente con laboreo tradicional en un plazo medio de tiempo;

y el efecto de distintas cubiertas vegetales y del laboreo sobre:

2) las pérdidas de suelo por erosion,
3) la variacion de distintos parametros edaficos, y
4) la produccién y calidad del Aceite de Oliva Virgen (VOO).

Se partia de la hipdtesis de que la pérdida de suelo debida a las practicas
agricolas tradicionales en los olivares de secano era muy elevada, y que las
cubiertas vegetales podian ser una alternativa de manejo para reducir dicha
erosion a la vez que mejorarian distintas propiedades del suelo, sin que
afectaran significativamente a la cantidad y calidad del VOO. Esta hipétesis
se ha cumplido en base a los resultados obtenidos en los distintos estudios
desarrollados en el marco de esta Tesis Doctoral. En concreto, en el capitulo
2 se ha constatado la elevada pérdida de suelo producida por el manejo
tradicional con laboreo en cultivos lefiosos ubicados en suelos yesiferos y
que, junto a los sedimentos movilizados, se arrastra materia organica y
nutrientes ocasionando un empobreciendo de las zonas donde se produce la
erosion (articulo en revisidn, Sastre et al. 2017b). En el capitulo 3 se ha
medido una importante reduccion de la pérdida de suelo en todas las
cubiertas vegetales estudiadas respecto al laboreo (mas de un 40% de
reduccién), destacando la cubierta permanente con una reduccién del 80%
(Sastre et al. 2017a). En el capitulo 4 se ha encontrado que las cubiertas
anuales apenas han supuesto una mejora de las propiedades del suelo,
aunque si han aumentado el contenido de humedad a 30 cm. Esta ausencia
de mejoras significativas en las propiedades del suelo por parte de las
cubiertas anuales se ha achacado a las malas caracteristicas estructurales de
los suelos yesiferos y al clima semiarido, que ha impedido un buen desarrollo
de estas cubiertas, ralentizando las mejoras en las propiedades del suelo. La
cubierta permanente, sin embargo, ha tenido un claro efecto positivo con un
incremento del carbono orgéanico y nitrégeno total del suelo y la mejora de
varias propiedades edaficas (aumento de la capacidad de agua disponible y
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reduccidon de la resistencia a la penetracidn por debajo de 20 cm de
profundidad), ademds de aumentar el contenido de agua en el suelo a 30 cm
(Sastre et al. 2017c, en revisidén). Por ultimo, en el capitulo 5 se ha
comprobado que las cubiertas vegetales no alteran la cantidad y calidad del
VOO (Sastre et al. 2016) aunque su efecto esta condicionado por la cantidad
de lluvia de la campaia, apareciendo pequenas diferencias en algunos
parametros el aflo mas seco. Los resultados obtenidos permiten recomendar
el empleo de cubiertas vegetales para conservar el suelo como manejo
alternativo al laboreo tanto a los olivicultores como a los técnicos que
desarrollan y aplican normativa agraria para la proteccion del suelo en la
zona centro, sin que haya pérdidas en la productividad del cultivo.

A continuacién se discuten con mas detalle la pérdida de suelo en olivares
debida al manejo tradicional con laboreo, el efecto en la reduccion de la
pérdida de suelo del manejo alternativo con cubiertas vegetales, su efecto
sobre las propiedades del suelo y sobre la cantidad y calidad del VOO vy, por
ultimo, se exponen algunas consideraciones para la aplicacion de esta
medida en los olivares de la Comunidad de Madrid.

Pérdida de suelo en cultivos lefiosos manejados con
laboreo

La aplicacién del método del **’Cs para estimar la redistribucién del suelo en
la zona centro de Espaia es algo novedoso, por lo que no existia informacidn

previa del contenido en ™’

Cs de puntos de referencia, siendo éste un
aspecto critico para la aplicacidon de esta herramienta (Sutherland 1996). Se
ha estudiado el perfil del suelo de dos puntos de referencia cercanos a la
zona de estudio (Fig. 2.2), dando como resultado un contenido total de 1.001

1¥7Cs concentrados en los primeros 15 cm del suelo, similar al

Bg m™ de
contenido en puntos de referencia medidos por otros grupos en el noreste
(Navas et al. 2007) y sur de Espafia (Mabit et al. 2012). La deposicion del
radionucléido fue mayor en zonas donde las precipitaciones eran mas altas
(Zapata 2003), por ello los puntos de referencia caracterizados en la zona de

estudio con una precipitacion media de 395 mm se aproximaron a los 993 Bq
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m™ medidos en el punto de referencia del estudio de Navas et al. (2007)
realizado en Aragén con 300 mm de precipitacion.

Los tres modelos de **’

Cs empleados para la estimacion de la redistribucidn
del suelo en la microcuenca han ofrecido unos resultados similares entre si,
siendo los resultados del modelo mas completo (MBM2) muy parecidos a los
del MBM1, por lo que en caso de no tener toda la informacién para la
aplicacion del MBM2 se podria utilizar el MBM1, pero no es recomendable la
aplicacion del PM debido a la infraestimacién de los resultados que ofrece

(Tabla 2.3).

La pérdida neta de suelo estimada en la microcuenca a medio plazo (37 afios)
con el modelo MBM2 ha sido de 5,9 Mg ha™ afio™ (Tabla 2.3), siendo la
pérdida media en la zona de olivar en pendiente de 32 Mg ha™ afio™ (Fig.
2.3c). Gran parte de los sedimentos movilizados en la microcuenca se han
depositado en la zona llana con cereal con un patrén similar al descrito por
Rabesiranana et al. (2016) ocasionando dafios en el cultivo por
aplastamiento. Un 32% del total de sedimentos han salido aguas abajo de la
microcuenca produciendo otro impacto off-site, se han depositado en la
carretera, por lo que tiene que ser limpiada periddicamente con el coste
econdmico que ello implica. En otro casos los impactos off-site conllevan
desde inundaciones de barro en infraestructuras y en parcelas aledaias,
contaminacién de masas de agua por arrastre de compuestos nitrogenados,
colmatacidn de embalses y lagos, etc. (Boardman 2006, de Vente et al. 2008,
Ledermann et al. 2010, Mullan 2013 y Molina-Navarro et al. 2014).

Dichas pérdidas de suelo se encuentran dentro de la media europea situada
entre 3 y 40 Mg ha afio™ (Verheijen et al. 2009), pero son claramente
insostenible si se tiene en cuenta que la tasa media de formacion del suelo a
nivel mundial es de 0,15 Mg ha™ afio™ (FAO and ITPS, 2015) o que el limite
tolerable para la pérdida de suelo en Europa segun Verheijen et al. (2009) se
encuentra entre las 0,3y 1,4 Mg ha™ afio™.

La pérdida de suelo estimada con el método del *’Cs ha sido muy superior a
la medida con parcelas de erosién en la misma zona de estudio: 6,8 Mg ha™
afio™ en microparcelas de 1 m” (Tabla 3.3) durante 4 afios, y 10,3 Mg ha™
afio™ en las parcelas USLE de 80 m’ (Bienes et al. 2000) a lo largo de 4
campanas. Por otro lado, en la misma parcela donde se ha estimado la
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| ’Cs, en el afio 2007 se evalud una

pérdida de suelo con el método de
pérdida de suelo de 93,5 Mg ha™ en una Unica tormenta de alta erosividad
(P=43 mm, 1=55 mm h™) (Bienes et al. 2012). Estos eventos de alta intensidad
cada vez son mas frecuentes en la zona centro de Espana (Garcia-Diaz et al.
2015), aunque durante el periodo de estudio de esta Tesis Doctoral, no se ha
registrado ningln evento lluvioso con una intensidad superior a 50 mm h™*
(Tabla 3.8). Estas diferencias en las estimaciones de pérdida de suelo entre
los distintos métodos se deben a las limitaciones espaciales y temporales de
las parcelas de erosién. A escala temporal, los ensayos en las parcelas de
erosion suelen durar unos pocos afios (Garcia-Ruiz et al. 2017) por lo que los
eventos extremos ejercen una gran influencia en los resultados obtenidos,
aumentando sustancialmente la media si suceden en el tiempo de estudio, o
infravalorando la pérdida si no se dan. La limitacion debida al tamafio de las
parcelas fue estudiada por Boix-Fayos et al. (2007). Los autores concluyeron
gue, a menor tamano de parcela, la desconexidn hidroldgica con el sistema
era mayor, con una menor energia en la escorrentia debido a las menores
distancias que podia recorrer el agua y, por tanto, una menor fuerza de
arrastre de sedimentos. De este modo, Poesen et al. (1994) determinaron
que a escala de microparcela (< 1 m?) solo se media la pérdida de suelo
producida por erosién laminar. Todo ello supone una limitaciéon importante
ya que la mayor parte de los sedimentos se arrastran en procesos de
regueros y carcavas segun destacaron Valentin et al. (2005) y Gémez et al.
(2014), aunque otros autores como Garcia-Ruiz et al. (2017) defienden que
las tasas de erosion se reducen segin aumenta el drea de experimentacion,
ya que hay una efectividad mayor de los sumideros de sedimentos en los
fondos de valle y pies de ladera.

Como la erosién es un proceso selectivo, se han descrito frecuentemente
cambios en la textura de los sedimentos (Martinez-Mena et al. 2001). En los
sedimentos producidos por lluvias de intensidad media en esta Tesis
Doctoral se ha medido una tasa de enriquecimiento de 1,6 en la fraccidon
arcilla (<2 pum, Tabla 3.8), encontrandose una tendencia a un mayor
enriquecimiento de particulas finas segin aumentaba la intensidad de la
lluvia (Tabla 3.7) como ya describieron Gémez et al. (2009a), Martinez-Mena
et al. (2012) y Wang et al. (2014). En los resultados de pérdida de suelo a
medio plazo se ha encontrado un enriquecimiento en la fraccién limo dentro
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de la zona de sedimentacién (2-20 um, Tabla 2.5) tal y como describieron
Martinez-Mena et al. (2002) y Pieri et al. (2009) en lluvias de alta intensidad,
siendo arrastradas las arcillas fuera de la microcuenca estudiada. El aumento
de las fracciones finas a medida que aumenta la intensidad de las lluvias se
explica por la rotura de los agregados por el impacto de la gota de lluvia
(splash) siendo éste el principal mecanismo de erosion.

Los sedimentos movilizados ademas arrastran materia organica (Tablas 2.5y
3.8) y nutrientes, como fdsforo, magnesio y potasio (Tabla 2.5) debido a las
asociaciones organo-minerales y a las uniones eléctricas con la fraccion
arcilla (Porta et al. 1999). El contenido en OC de los sedimentos obtenidos en
las microparcelas ha sido de 1,5%, lo que implica una tasa de
enriquecimiento de 2,4 similar a la tasa de 2,38 que encontraron Martinez-
Mena et al. (2008), pero algo inferior al 1,8% de Marques et al. (2008) y
superior al 1,21% de OC de Gémez et al. (2009b). Las lluvias de mayor
intensidad condujeron a mayores pérdidas de OC (Tabla 3.8), como también
indicaron Martinez-Mena et al. (2008) pero al contrario de lo descrito por
Jacinthe et al. (2004) a escala de cuenca.

La pérdida de nutrientes por escorrentia también ha sido estudiada por
Bienes et al. (2010) y Garcia-Diaz et al. (2017) conduciendo a un
empobrecimiento de los suelos erosionados. Este empobrecimiento en
nutrientes de los suelos implica problemas de fertilidad en los cultivos,
teniendo que aportar fertilizantes que a su vez son adsorbidos en las
particulas del suelo, y que al ser arrastrados por la erosidn producen
problemas de eutrofizacién en las masas de agua (Mullan 2013). Sin
embargo, el olivar tradicional de la Comunidad de Madrid no suele recibir
ningun tipo de fertilizacién, por lo que estas pérdidas de fertilidad del suelo
se traducen en pérdidas de cosecha.

A diferencia de la pérdida de nutrientes mencionada en la zona de erosién de
la microcuenca, el contenido en calcio ha sido un 50% superior en la zona de
erosion que en la de sedimentacidn (Tabla 2.5), lo que se debe a la pérdida
por erosidn del horizonte Ap y a la emergencia en superficie del horizonte C
en aquellos puntos donde los procesos erosivos han sido mas intensos. El
horizonte C estad saturado de sulfato y carbonato calcico (en especial del
primero) (Tabla 1.3), que llega a la superficie por el laboreo como también
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describié Switoniak (2014). La coloracién blanquecina en la zona del olivar de
la microcuenca (Fig. 2.4 y 2.5a) se debe a la aparicion en superficie de dicho
horizonte C, mientras que el color blanquecino de la zona de sedimentacién
se debe a la acumulacion de limos (Tabla 2.5).

Cubiertas vegetales en olivar para frenar la pérdida de
suelo

Frente a tales pérdidas de suelo se impone establecer un manejo alternativo
al laboreo en olivares en pendiente. Las cubiertas han resultado muy
efectivas en esta tarea como se ha comprobado en estudios previos en otras
partes de la cuenca mediterrdnea (Tabla 3.1). Las cubiertas pueden ser
inertes o vivas, y en este ultimo caso, sembradas o espontaneas, anuales o
permanentes (Rodriguez-Lizana 2003). En esta Tesis Doctoral se ha estudiado
el efecto de tres cubiertas vegetales sembradas, dos anuales (cebada vy
leguminosa) y una permanente (Brachypodium distachyon) frente al
tratamiento control consistente en un pase anual de cultivador.

Se ha medido una reduccién de la pérdida de suelo respecto al tratamiento
control del 40, 60 y 80 % para la leguminosa, la cebada y el Brachypodium
respectivamente (Tabla 3.3). Resultados similares fueron descritos por
Espejo-Perez et al. (2013), Marquez-Garcia et al. (2013) y Ordéiniez-Fernandez
et al. (2007) con reducciones medias del 76 %, 56 % y 91 %. Gomez et al.
(2009b) incluso comprobaron que una vez establecida la cubierta tanto la
escorrentia como la concentracion de sedimentos quedaban practicamente
eliminadas (0,1 % de coeficiente de escorrentia y 0,02 Mg ha™ de pérdida de
suelo el séptimo afio de estudio).

Las pérdidas de suelo medidas en las microparcelas con cubiertas vegetales
(1,36, 2,74 y 4,00 Mg ha™ afio™ para Brachypodium, cebada y leguminosa)
han sido similares a los encontrados por Taguas et al. (2013) (1,8 Mg ha™
afio), pero algo superiores a los de Gdmez & Giraldez (2007) (0,4 Mg ha™
afio™). Como se ha mencionado en el apartado anterior, la medida de la
erosidon con microparcelas infraestima la pérdida de suelo al no recoger
todos los procesos erosivos ni disponer del tiempo suficiente para abarcar
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eventos extremos y muy erosivos. Teniendo esto en cuenta, y que el limite
tolerable de pérdida de suelo para Europa estd entre 0,3y 1,4 Mg ha™ afio™
(Verheijen et al. 2009), las pérdidas de suelo medidas en el Capitulo 3
aplicando un minimo laboreo son claramente insostenibles (6,81 Mg ha™
afio™), siendo la utilizacién de cubiertas anuales insuficiente para llegar a ese
limite de sostenibilidad, mientras que la cubierta permanente de
Brachypodium distachyon seria la Unica sostenible en el tiempo.

Durante el periodo de estudio se ha comprobado que las lluvias mas intensas
y erosivas en la zona centro de Espafa sucedian en primavera, siendo el
verano la estacidn mds seca (Tabla 3.2). Es por ello que las mayores tasas de
erosion se han producido en primavera y las menores en verano (Tabla 3.4),
aunque estas diferencias sélo fueron estadisticamente significativas para el
tratamiento control, debido a la elevada variabilidad de los datos como ya
destacaron otros investigadores (Gémez et al. 2001, Boix-Fayos et al. 2006).

Las cubiertas anuales han mostrado diferencias en su eficiencia para
controlar la erosion a lo largo del afio debido principalmente a la cobertura
vegetal. En la cubierta de leguminosa las pérdidas de suelo entre primavera y
otofio fueron similares (Tabla 3.4), mientras que la cebada redujo mas la
pérdida de suelo en primavera frente al otofio debido a su crecimiento mas
rapido (Fig. 3.2). Como la siembra se realiza en otofio, tras una preparacion
previa del terreno (Tabla 1.4), el suelo queda desnudo durante varias
semanas hasta que la vegetacion comienza a crecer, protegiéndolo entonces
del impacto de las gotas de lluvia y frenando la escorrentia. Esta relacién
negativa entre la cobertura y la pérdida de suelo (Fig. 3.4) fue del mismo
orden a la descrita por Dunjo et al. (2004).

Los eventos lluviosos de alta energia (clase 3: KE>4 MJ ha™) sélo han
supuesto un 22% del total, pero son los que han producido las mayores
pérdidas de suelo en los tratamientos control y cubierta de leguminosa
(Tabla 3.5) con un 40 y 42 % del total respectivamente, debido
principalmente a que cuando se produjeron (otofio) la cobertura del suelo
era baja. En general puede decirse que las mayores pérdidas de suelo se
producen bajo eventos de alta energia y con escasa cobertura
independientemente del tipo de cubierta (Tabla 3.6), similar a los resultados
encontrados por Martinez-Mena et al. (2012). Las pérdidas de suelo
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registradas bajo eventos de clase 2 (2<KE<4 MJ ha) se reducian
significativamente cuando la cobertura del suelo era superior al 40 %.
Marques et al. (2008) suben este porcentaje hasta un 60 %, mientras que en
el sur de Espana, Espejo-Perez et al. (2013) consideran que un 20 % de
cobertura es suficiente para proteger el suelo.

En suelos yesiferos bajo climas semidridos, como el de la zona de estudio, es
muy dificil superar el 55 % de cobertura vegetal debido a las limitaciones de
agua que sufre la vegetaciéon y a la degradacidn que presentan estos suelos
erosionados (bajo contenido en OM, baja estabilidad estructural y presencia
de yeso que incrementa la presidon osmética, dificultando la succién del agua
por parte de las plantas), pero pequefios incrementos de cobertura logran
importantes reducciones de pérdida de suelo (Fig. 3.4). A pesar de que
durante el tiempo de estudio no se ha registrado ninguna lluvia con
intensidad superior a 50 mm h™*, estos eventos no son raros y tienden a ser
mas frecuentes (Garcia-Diaz et al. 2015), por lo que en un futuro préximo si
no se aplican técnicas para proteger el suelo, los problemas de erosién en la
zona centro serdn incluso mas severos.

En las condiciones edafoclimaticas tan limitantes de la zona de estudio, suelo
yesifero y clima semiarido, deberia ser obligatorio el mantenimiento del
suelo cubierto tanto en primavera como en otofio, aunque dichas medidas
de prevencion tienen que adaptarse a las condiciones edafoclimaticas de
cada zona de aplicacion como destacan Fleskens & Stroosnijder (2007) y
GOmez et al. (2017). En el sur de Espafia Gémez et al. (2014) encontraron
gue las estaciones en las que se producian las mayores pérdidas de suelo
eran otofio e invierno, pero recomendaban que la cubierta estuviera tanto
en primavera como en otofio para limitar la pérdida de suelo y de fertilidad
(Gémez et al. 2009b). La Junta de Andalucia recomienda que las cubiertas se
mantengan entre el 15 de octubre y el 15 de marzo (Orden de 8 de abril de
2016) que es cuando el olivo sale de su parada invernal, mientras que en la
Comunidad de Madrid, en base a los resultados encontrados en esta Tesis
Doctoral, seria recomendable el mantenimiento de la cubierta hasta
mediados de Mayo, ya que las lluvias de primavera son muy erosivas y los
olivos madrilefios salen mas tarde que los olivos andaluces de la parada
vegetativa invernal.
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Tan solo el 6% de los agricultores entrevistados utilizan cubiertas vegetales
en sus olivares (Tabla 3.9), mientras que para la mayor parte del resto de
agricultores dejar vegetacion en la parcela esta socialmente mal visto, por lo
qgue el empleo de cubiertas vegetales en los olivares de la regién madrileiia
es poco probable.

El efecto de las cubiertas vegetales en las propiedades del
suelo

Después de 3 afios de manejo del suelo con cubiertas vegetales, y a pesar de
las importantes diferencias en cobertura vegetal medidas (Fig. 3.2 y Fig. 4.1),
apenas se han encontrado diferencias estadisticamente significativas en los
parametros del suelo estudiados (Capitulo 4). La cubierta permanente de
Brachypodium ha sido la que mas suelo cubierto ha mantenido durante todo
el afio (Fig. 4.1) tal y como era de esperar debido a la ausencia de alteracién
del suelo desde su siembra en noviembre de 2010, si exceptuamos la siega
cada primavera. Como puede verse en la figura 3.2, durante el otofio las
cubiertas anuales tienen una cobertura similar al tratamiento control,
creciendo hasta el momento de la siega de primavera. La cubierta de cebada
se recupera satisfactoriamente tras la siega, manteniendo una cobertura
alrededor del 40%, mientras que la esparceta no llega al 20%. Brachypodium
ha tenido el mayor contenido en raices (Fig. 4.2) con 12 kg m™. Todos los
tratamientos, excepto la cebada, han tenido mayor RD en el horizonte
superficial respecto a los otros dos horizontes mas profundos (Tabla 4.2), con
una RD entre 4 y 12 kg m>, frente a los 5 kg m™ de media por debajo de 10
cm. Estos resultados son inferiores a los medidos por Duran-Zuazo &
Rodriguez-Pleguezuelo (2008), lo que se explica por un menor crecimiento
radicular debido a la aridez del clima de la zona de estudio, ademas de la
pobreza en nutrientes y la mayor presion osmdtica propia de los suelos
yesiferos (Tabla 1.2 y 1.3).

A pesar de la mayor cobertura superficial de la cebada respecto a la
esparceta (Fig. 4.1), la densidad de raices ha sido superior en la leguminosa
debido a las diferencias en sus sistemas radiculares. La esparceta tiene una
raiz principal pivotante y muy profunda (Koivisto 2001) lo que le permite
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captar agua de horizontes del suelo profundos, mientras que la cebada tiene
un sistema radicular fasciculado (Hackett 1968) con una menor biomasa (4 kg
m? media entre 0-30 cm) y mas somero. En el tratamiento control, que
mantuvo una cobertura baja todo el afio (entre 5 y 15%, Fig. 4.1), se midio
una densidad de raices de 6 kg m>en la profundidad 0-10 cm, lo que indica
un sistema radicular persistente de la escasa vegetacidn arvense. Ya que la
mayor actividad de raices del olivo se produce entre 0,15 y 1,00 m de
profundidad (Fernandez 2014), la reduccion de la RD de los tratamientos
ensayados a partir de 10 cm de profundidad (Fig. 4.2) supone que la
competencia por el agua y los nutrientes entre los olivos y las cubiertas
vegetales no serd muy importante.

El contenido de OC del suelo ha aumentado con la cubierta de Brachypodium
casi 1 Mg ha™ afio™ respecto al control (Tabla 4.3) debido a su mayor
cobertura vegetal, densidad de raices y, por tanto, aporte de residuos
vegetales al suelo. A pesar de las diferencias entre el tratamiento control
(10,9 Mg ha') y Brachypodium (13.7 Mg ha?), éstas no fueron
estadisticamente significativas como también vieron Gonzalez-Gonzalez et al.
(2012) y Parras-Alcantara et al. (2015), mientras que Palese et al. (2014)
encontrd esa significacion 7 afios después de manejo con una cubierta
espontanea permanente. Parras-Alcantara et al. (2015) han demostrado que
el laboreo aumenta las salidas de SOC debido a la degradaciéon de los
agregados del suelo. En este estudio no se han encontrado diferencias
significativas en el contenido de SOC entre las cubiertas anuales y el control,
debido posiblemente a que el tratamiento control ha consistido en una Unica
labor superficial lo que, unido a la aridez de la zona y a las caracteristicas de
los suelos yesiferos que evolucionan lentamente (Bienes et al. 2016), han
ralentizado las mejoras que las cubiertas vegetales podrian haber supuesto.
El menor contenido en SOC se ha medido en la cubierta anual de esparceta
(8.8 Mg ha™) lo que se ha debido a una mayor tasa de mineralizacién de los
residuos de esta leguminosa, como también describid Plaza-Bonilla et al.
(2015) por su baja relacién C/N.

En zonas semidridas es crucial mantener la cubierta vegetal para garantizar
un stock de SOC adecuado (Duran-Zuazo & Rodriguez-Pleguezuelo 2008,
Fernandez-Romero et al. 2016b). Segln Zdruli et al. (2004) para mantener
una buena calidad del suelo es necesario que su capa superficial tenga al
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menos un 2% de SOC. En este estudio, tras 3 afios de manejo con la cubierta
permanente de Brachypodium se ha alcanzado un 1,1% de SOC en la capa
superficial, mientras que en el tratamiento control permanecié en 0,8 %. No
obstante, estas 3 décimas representan un incremento considerable que
evidencia que estd teniendo lugar una recuperacién de estos suelos
degradados. Estos cambios en el stock de carbono son muy lentos, Almagro
& Martinez-Mena (2014) estiman que en un olivar mediterraneo de secano
bajo clima seco harian falta 20 afios de incorporacion de residuos vegetales
para recuperar su potencial total de secuestro de carbono. Es por ello, que el
objetivo del 2% de SOC en la capa superficial del suelo es un objetivo a
medio o largo plazo en olivares de clima semiarido, y que el uso de cubiertas
vegetales puede facilitar el logro de este objetivo.

Las raices son una de las principales fuentes de carbono y nitrégeno del suelo
(zdruli et al. 2004, Rasse et al. 2005). De este modo, tanto el SOC como el SN
se han reducido segun ha aumentado la profundidad del suelo debido a la
escasez de raices por debajo de los 10 cm. La reduccién media con la
profundidad ha sido de un 20% en SOC y un 22% en SN (Tabla 4.3), similar a
los resultados de Alvarez et al. (2007).

Dado que alrededor del 95% del N del suelo forma parte de la materia
organica (Duran-Zuazo & Rodriguez-Pleguezuelo 2008), el patron de los
stocks de C y N ha sido similar entre tratamientos para cada profundidad
(Fig. 4.3). La tendencia de las cubiertas vegetales, tanto anuales como la
permanente, a aumentar el C-POM y el C-POM/SOC en la profundidad de 0-5
cm (Fig. 4.3a y 4.3c) se ha debido a que la entrada de restos vegetales ha
creado un pool mas reactivo de OC (Rodrigues et al. 2015), siendo la POM, la
fraccion labil de la materia orgdnica, la que responde mas rapidamente al
manejo del suelo (Wander 2004). Resultados similares han sido descritos por
Martinez-Mena et al. (2008) y Martin-Lammerding et al. (2011) en suelos
labrados y con cubiertas vegetales. Como sucedié con el SOC y el SN, C-POM
y N-POM se han reducido con la profundidad, como ya habia descrito
Wander (2004).

La relacion C/N ha oscilado entre 8 y 10 en todos los tratamientos y
profundidades, indicando una humificacion adecuada de la materia organica
(Tabla 4.3). La relacion C/N del tratamiento control ha sido baja en la
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profundidad de 0-5 cm (8,1), mientras que Brachypodium la ha aumentado
hasta 10 puntos, aunque no se han encontrado diferencias estadisticamente
significativas. Gomez et al. (2009b) y Soriano et al. (2014) han observado un
aumento en la relacion C/N con cubiertas vegetales respecto al laboreo
convencional debido a su mayor contribucién a la entrada de residuos en
superficie. Dado que los residuos de leguminosas tienen una relacién C/N
baja por su elevado contenido en N (Almagro & Martinez-Mena 2014), la
relacion C/N del suelo del tratamiento de esparceta ha sido similar al control,
este Ultimo con una baja entrada de residuos y, de este modo, una baja
relacion C/N. La baja relacién C/N de la esparceta se ha debido a la alta tasa
de mineralizacion de los residuos (Martin-Lammerding et al. 2011, Plaza-
Bonilla et al. 2015), y como consecuencia el contenido en SOC, C-MOM, SN y
N-MOM en el horizonte superficial (0-5 cm) ha sido bajo (Fig. 4.3a y 4.3c).

La descomposicidon de la materia organica, el C procedente de las plantas
(Barthes et al. 2000, Verchot et al. 2011) y el POM (Martin-Lammerding et al.
2011) contribuyen a la formacién y estabilizacién de los agregados. Esta es la
razén por la que los agregados han sido mads estables en la capa superficial
(0-5 cm) que en el espesor 5-10 cm (Tabla 4.3) y que los tratamientos de
Brachypodium y cebada, con los mayores contenidos de SOC y C-POM, son
los que han tenido los agregados mas estables (Fig. 4.4). Esta relacion
positiva entre SOC y estabilidad de agregados ha sido descrita por otros
autores en otro tipo de suelos (Gémez et al. 2009b, Santin-Montanya et al.
2013). Las raices también contribuyen a la estabilidad de los agregados, por
ejemplo de Baets et al. (2006) han establecido una reducciéon exponencial en
la tasa relativa de desagregacion del suelo segin aumenta la densidad de
raices de gramineas entre 0y 4 kg m™ en el espesor mas superficial del suelo
(0-5 cm). En base a los resultados de esta Tesis Doctoral, la estabilidad de
agregados parece estar mas relacionada con el contenido en C-POM que con
las raices, dado que las diferencias en RD en el espesor superficial entre el
tratamiento control y las cubiertas vegetales ha sido escaso, pero los
agregados han sido significativamente menos estables en el tratamiento
control (Fig. 4.4).

La porosidad intrapedal no ha sido afectada por el tratamiento, aunque hay
una tendencia a su incremento con las cubiertas vegetales (Tabla 4.3) debido
al efecto de la materia orgdnica y de los exudados de las raices que se
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introducen entre los agregados. Esta falta de diferencias puede haberse
debido al corto periodo de tiempo de estudio (3 afos) ya que Park &
Smucker (2005) si que encontraron una reduccion de este parametro en una
plantacidon de maiz tras varias décadas de frecuente laboreo.

Los bajos valores en macroporosidad en todos los tratamientos, inferiores al
10 % (Fig. 4.5), indican una compactacion generalizada del suelo segln
Pagliai & Vignozzi (2002), lo que se debe a las malas caracteristicas
estructurales de los suelos yesiferos (van Alphen & Rios Romero, 1971). El
tratamiento con Brachypodium ha reducido la porosidad total de la capa
superficial (2,5-7,5 cm) del suelo (Fig. 4.5), incrementando asi la densidad
aparente hasta 1,49 g cm™ respecto al control (1,33 g cm™). Zucca et al.
(2013) y Palese et al. (2014) observaron resultados similares de
compactacién del suelo con cubiertas vegetales espontaneas. Palese et al.
(2014) tampoco encontraron diferencias en macroporosidad en el espesor 0-
10 cm al igual que en nuestro caso (Fig. 4.5), pero si entre 10 y 20 cm con
una reduccidn en la macroporosidad en el laboreo respecto a la vegetacion
espontanea. Las cubiertas vegetales han mostrado una tendencia a
incrementar la microporosidad (Fig. 4.5) sobre todo la cebada (24,5%) frente
al control (18,6%). La microporosidad es la responsable de la disponibilidad
de agua en el suelo. Sélo el tratamiento con Brachypodium ha aumentado
dicha disponibilidad (AWC = 9 %) sin que estas diferencias sean
estadisticamente significativas, ya que las cubiertas anuales ademas de
incrementar la microporosidad aumentaron el punto de marchitez
permanente con un resultado de una menor AWC. Si la tendencia al
aumento de AWC continda con los aiflos como resultado de cambios en el
suelo a medio y largo plazo, se logrard una mayor capacidad de
almacenamiento de agua en los olivares de secano con cubiertas
permanentes lo que puede ser muy positivo de cara al aprovechamiento del
agua de lluvia, con el consiguiente repercusién positiva sobre la produccion.

La mayor densidad aparente de Brachypodium también se ha reflejado en
una mayor resistencia a la penetracién en la capa superficial (0-10 cm, Fig.
4.8) lo que responde al mayor contenido de raices y menor porosidad, tal y
como describieron Pagliai & Vignozzi (2002). Bajo esta capa, la cebada y el
control han incrementado drasticamente la PR, indicando una mayor
compactacion de las capas mas profundas (Tabla 4.5). Sin embargo, la PR
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apenas aumenté en los tratamientos de Brachypodium y esparceta, lo que
demuestra una menor densidad aparente en profundidad que en la capa
superficial y asi, una mayor capacidad de poros de almacenamiento como
refleja el mayor 6 a 30 cm de profundidad (Tabla 4.4).

La escasa infiltracion medida en todos los tratamientos (Fig. 4.7) estd
relacionada con la textura y estructura del suelo. Por un lado, el alto
contenido en limo y arena muy fina de este suelo reduce las tasas de
infiltracidon (Bagarello et al. 2016); y por otro lado, la baja porosidad total y
en concreto, las reducidas macro y mesoporosidad que son las directamente
relacionadas con los flujos de agua dentro del suelo (Palese et al. 2014).
Otros autores si que han medido una infiltracion significativamente mayor en
suelos arcillosos con cubiertas vegetales respecto al laboreo, por ejemplo en
suelos vérticos (Gémez et al. 2004) o sobre otros del Gran Grupo Haploxeralf
(Gucci et al. 2012), pero los suelos yesiferos con alto contenido en limo
necesitan de mads ainos para cambiar su estructura y asi mejorar la infiltracién
(Bienes et al. 2016).

A pesar de que la porosidad y las tasas de infiltracidon has sido similares en
todos los tratamientos, se han encontrado diferencias respecto al
almacenamiento de agua a 15 y 30 cm de profundidad (Tabla 4.4 y Fig. 5.2).
En general la cantidad de agua almacenada en el suelo ha sido baja, debido
al truncamiento del perfil del suelo (Gomez et al. 2017) y a las malas
propiedades hidrdulicas de los suelos yesiferos (FAO 1990). El contenido de
agua a 15 cm fue superior al de 30 cm en todas las estaciones y tratamientos
(Tabla 4.4), excepto para la esparceta debido a su sistema radicular pivotante
(Koivisto 2001) que ha permitido una infiltracion mas profunda del agua. A
15 cm de profundidad los tratamientos control y Brachypodium mantuvieron
un mayor contenido de agua que las cubiertas anuales a lo largo de todo el
afio, siendo la estaciéon con mayor humedad media el invierno, mientras que
el verano tuvo la menor humedad. Debido a que la mayor actividad radicular
de los olivos de secano se produce entre los 15 cm y 1 m como se menciond
previamente, la cantidad de agua almacenada a 30 cm es mds importante
para el estado hidrico y nutricional del olivo por lo que lo desarrollaremos
mas detalladamente. El tratamiento control ha tenido el menor contenido
volumétrico de agua a 30 cm de profundidad en cada estacion (Tabla 4.4 y
Fig. 5.2), mostrando las mayores diferencias respecto a las cubiertas en
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invierno (entre 14 y 43 % mas 6 en las cubiertas vegetales) y primavera
(entre 36 y 55 % mas 0 en las cubiertas vegetales). Gucci et al. (2012) han
encontrado resultados similares a 60 cm de profundidad. Dos de los periodos
mas sensibles al estrés hidrico en el olivo se dan en primavera, son la
floracién y el crecimiento del fruto (Fernandez 2014). De este modo, un
aumento de cantidad de agua disponible para el olivo en esos momentos
puede mejorar la produccién de aceitunas y reducir la alternancia (veceria)
en la produccién. El tratamiento de Brachypodium tuvo el mayor contenido 0
a 30 cm de profundidad en todas las estaciones en cada una de las tres
campafias estudiadas, seguido de ambas cubiertas anuales (Fig. 5.2). El
contenido volumétrico de agua en el suelo fue similar para todas las
cubiertas a comienzos de 2011, situandose Brachypodium por encima de las
cubiertas anuales segln avanzaba el tiempo (Fig. 5.2) ya que el suelo del
tratamiento de Brachypodium no fue alterado (labrado) desde que se
sembrd en noviembre de 2010. Gracias a la no alteraciéon en la cubierta
permanente la estructura del suelo y la conectividad de los poros se han
desarrollado mejor, permitiendo un mayor almacenamiento de agua en el
perfil del suelo. Estos resultados son similares a los encontrados por Palese
et al. (2014) que midieron un mayor almacenamiento del agua de lluvia en el
suelo en otofo-invierno con los sistemas sostenibles. Las diferencias de 0
entre las cubiertas anuales se deben a las diferencias en sus sistemas
radiculares, fasciculado en la cebada y pivotante en la esparceta como se ha
indicado anteriormente, lo que permite a esta Ultima un movimiento mas
rapido y profundo del agua en el suelo. Estos resultados contradicen
absolutamente la idea generalizada de los agricultores de que el laboreo
mejora el contenido del agua en el suelo.

El efecto de las cubiertas vegetales en la cantidad y calidad
del VOO

Para completar el estudio de las cubiertas vegetales se ha evaluado el efecto
en la produccién de aceituna y en la calidad del aceite elaborado respecto al
tratamiento control.
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El momento de recogida de aceituna se ha basado en el indice de madurez
(M), cuyo 6ptimo para maximizar la cantidad y calidad de aceite se establece
en 3,5 (Beltran et al. 2008), marcando el momento de la recoleccion. Se ha
cosechado la aceituna en tres campanas consecutivas en fechas similares: 1
de diciembre de 2011, 11 de diciembre de 2012 y 2 de diciembre de 2013. El
MI medio de las aceitunas de todos los tratamientos se ha situado alrededor
de 3,5en 2011y 4,0 en 2012, mientras que en 2013 fue menor, alrededor de
3,0, debido a la alerta de heladas a comienzos de diciembre que podrian
daiar la calidad del fruto y que nos obligd a adelantar la recogida.

En la campafia 2011/12 sélo se midié la produccidn de aceituna pero no se
pudo elaborar aceite debido a una averia del sistema Abencor. Por ello los
datos de produccidn se refieren a tres campafias, mientras que los analisis de
aceites solo a dos, las campanias 2012/13 y 2013/14.

Debido a las escasas lluvias de la zona (Fig. 5.1) y por tanto a la baja
humedad del suelo durante el periodo de estudio, en todos los tratamientos
(Fig. 5.2) las producciones obtenidas han sido pequefias, a pesar de la
elevada capacidad del olivo de hacer frente al estrés hidrico (Moriana et al.
2007) especialmente de la variedad Cornicabra (Barranco et al. 2005). La
mayor produccién de aceituna y aceite se ha obtenido en la campana
2013/14 (Fig. 5.3), 9,1 kg arbol™ de fruto y 476 kg ha™ de aceite de media
para todos los tratamientos, mientras que 2012/13 tuvo las menores
producciones, 1,6 kg arbol® de fruto y 90 kg ha™ de aceite siendo
considerado un afio off (de baja o nula cosecha). Esta alternancia en
produccién o veceria es tipica de los olivos, principalmente en la Cornicabra
(Rallo et al. 2005), con una elevada produccidn los afios on seguido de afos
de baja o ninguna produccidn, afios off.

La produccién de aceituna y aceite se ha visto afectada por la campafia pero
no por el tratamiento (Tabla 5.1), con diferencias estadisticamente
significativas tanto en produccién de aceituna como de aceite.

La ausencia de diferencias en produccion de aceituna y aceite entre distintos
sistemas de manejo también ha sido observada por otros investigadores
entre laboreo y no laboreo (Gémez et al. 1999, Ferraj et al. 2011, Palese et
al. 2014, Simoes et al. 2014), y entre olivares de secano y regadio de la
variedad Cornicabra (Gémez-Rico et al. 2007). Por el contrario, Moriana et al.
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(2003) han medido una reducciéon de la produccion de aceituna en olivos de
Picual sometidos a estrés hidrico, y Caruso et al. (2011) han encontrado una
pérdida del 40 % de produccién en olivos jévenes de Frantoio manejados con
cubiertas vegetales respecto al laboreo. Corleto & Cazzato (2008) observaron
una reduccién de la produccidon en la variedad Coratina con la cubierta
vegetal permanente, pero no con leguminosas respecto al laboreo
convencional. Es por ello que un manejo adecuado de las cubiertas vegetales
es importante para evitar pérdidas de produccién, principalmente la
seleccion de especies y el momento de la siega, siendo especialmente
sensibles los olivos jovenes.

Los parametros analiticos y organolépticos de todos los VOOs han estado
dentro de los limites normativos (Reglamento UE 1348/2013, de 16 de
Diciembre de 2013), obteniendo la maxima categoria de “Aceite de Oliva
Virgen Extra”. Dichos limites estan fijados en 0,8% para la acidez libre, 20
meq O, kg™ para los perdxidos, 2,50 para la K3, 0,22 para la K,70 y 0,01 para
AK (Tabla 5.3).

El MI tiene una influencia determinante en los compuestos del VOO como
sefialan otros autores (Gémez-Rico et al. 2006, Gémez-Rico et al. 2007,
Trentacoste et al. 2010). A pesar de esto, no se encontré un efecto
significativo como covariable en el MANOVA, posiblemente debido a las
pequefias diferencias entre los MI de los VOOs estudiados. Tanto el
tratamiento como la campafia si han afectado significativamente a muchas
de las variables estudiadas (Tabla 5.2), sin influir en el indice de perdxidos ni
en la K,70; mientras que la K,3, y AK solo han sido afectadas por la campania.

El efecto de la campanfa fue determinante en la calidad de los VOOs (Fig. 5.7,
Tablas 5.2, 5.4 y 5.6), debido a las importantes diferencias en precipitaciones
y de carga en los arboles, ambos mayores en la campafia 2013/14. Los VOOs
fueron mdas diferentes entre tratamientos el afio mas seco, 2012/13,
principalmente por la reduccion de la acidez libre y mayor relacion
clorofilas/carotenos de todos los aceites de los tratamientos de cubiertas
vegetales.

Comparando los resultados por campania, el Ml ha sido menor en 2013/14

que en 2012/13 a pesar de una cosecha mas temprana en el primer afio, lo
gue se debe a la mayor carga de los arboles (Dag et al. 2011). Los VOOs de
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2012/13 han tenido una mayor acidez libre (0,26 %) que los VOOs de la
siguiente campafia (0,15 %) debido a la mayor maduracién (Gutiérrez et al.
1999, Jimenez et al. 2015). Los parametros K,s, y Ky70 han sido mayores en la
campafia 2012/13 (el afio mas seco) que en 2013/14, estando asociado su
aumento con el estrés hidrico (Gédmez-Rico et al. 2007, Palese et al. 2010) lo
gue apoya los resultados encontrados. A pesar de estas variaciones, y como
se ha comentado previamente, todos los VOOs pertenecen a la categoria
comercial de Virgen Extra.

La maxima acumulacién de polifenoles en el fruto se alcanza en el momento
del envero (Monteleone et al. 1998, Uceda et al. 2008). Los VOOs de
2013/2014 tuvieron un Ml algo inferior al momento de envero, sin embargo
fueron los aceites mas maduros de la campafia 2012/13 los que tuvieron un
contenido polifendlico mayor, debido de nuevo al importante efecto del
estrés hidrico al que estuvieron sometidos los olivos en 2012. Berenguer et
al. (2006) y Moriana et al. (2007) han establecido una relacidn lineal entre el
contenido total de polifenoles y el estrés hidrico, aunque Palese et al. (2008)
han estimado que las diferencias en el contenido total de polifenoles, K3, y
otros pardmetros de calidad entre VOOs de olivos de secano y regadio se
debian principalmente a la diferente carga del darbol y al patrén de
maduracién de los frutos en lugar de a la disponibilidad de agua.

Los VOOs de 2013/14 han sido menos luminosos y mas verdosos debido al
mayor contenido en clorofilas junto a una mayor cantidad de pigmentos
carotenoides y pigmentos totales, y un ratio clorofila/caroteno mas alto que
los aceites mas maduros de la campafia previa. Todo ello parece responder al
mayor Ml de los VOOs de 2012/13, de forma similar a lo encontrado por
otros autores (Roca & Minguez-Mosquera 2001, Moyano et al. 2008).

La campafia ha influido significativamente en la mayoria de los acidos grasos
(Tabla 5.4) pero no el manejo del suelo, como ha sucedido con el acido oleico
gue se ha mantenido estable entre tratamientos. Otros autores tampoco han
encontrado un efecto del estrés hidrico sobre los acidos grasos (Gomez-Rico
et al. 2007, Uceda et al. 2008), observando un efecto positivo de la
maduracién en el contenido en acido oleico lo que implica una reduccién del
acido palmitico (Gdmez-Rico et al. 2007) y un incremento de acido linoleico
(Gutiérrez et al. 1999), apoyando los resultados encontrados en la presente
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Tesis Doctoral en los aceites mas maduros de 2012/13 (Tabla 5.5). La media
del porcentaje en acido oleico (79,5%) es similar a la de otros aceites de
Cornicabra (Salvador et al. 2001b, Uceda et al. 2008), aunque el contenido en
acido linoleico ha sido inferior (3,1%) al de estos, pero similar al descrito por
Gdémez-Rico et al. (2009). Debido a que el acido estedrico no se acumula en
el proceso de maduracién (Gutiérrez et al. 1999), el contenido de este acido
en los VOOs de 2012/13, el afio con aceites mas maduros, ha sido
significativamente menor que en 2013/14 lo que podria deberse a un mayor
estrés hidrico de los olivos el afio mas seco.

La relacion MUFA/PUFA aumenta con el estrés hidrico (Gémez-Rico et al.
2007) aunque se reduce con la maduracién (Dag et al. 2011) como también
lo hace la relacion Oleico/Linoleico (Roca & Minguez-Mosquera 2001,
Rotondi et al. 2004). En base a los resultados encontrados (Tabla 5.5), la
influencia de la maduracion sobre la relacion MUFA/PUFA y Oleico/Linoleico
ha sido superior al efecto de las cubiertas, y por tanto, al estrés hidrico sobre
los olivos entre las dos campafias (Tabla 5.5).

Como en los parametros anteriores, la campana ha tenido una influencia
mayor en las puntuaciones de amargo y picante que en el manejo del suelo
(Tabla 5.6). Los aceites de la campafia 2013/14 han tenido alrededor de 3
puntos menos de amargo y picante, mientras que el frutado fue similar a
pesar del menor MI de ese afio. Estos aceites “mas dulces” de 2013/14 se
han producido por la mayor precipitacién esa campafia, lo que condujo a una
reduccidén en el contenido de polifenoles (Tabla 5.3) como ya han observado
otros autores (Gomez-Rico et al. 2006, Palese et al. 2008).

En cuanto a la influencia de los tratamientos sobre los pardmetros de los

VOOs, los frutos del tratamiento con esparceta han tenido una maduracion
mas adelantada (3,7), mientras que los de cebada han sido los mas atrasados
(3,3) (Tabla 5.3). Los VOOs de esparceta fueron mas luminosos y menos
verdes (mayor a*) que el resto de tratamientos (Tabla 5.3), lo que se debe al
menor contenido en pigmentos carotenoides y clorofilicos (Escolar et al.
2007) por su maduracidon mas avanzada. Esta reduccidén en pigmentos con el
avance de la maduracién es similar a los resultados encontrados por Roca &
Minguez-Mosquera (2001) y Moyano et al. (2008).
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Los VOOs de los tratamiento control y Brachypodium han tenido unos
valores de acidez libre ligeramente superiores a los demas, 0,22 y 0,21 %
respectivamente, frente a 0,20% de las cubiertas anuales (Tabla 5.3) con un
MI intermedio (3,5) y una carga parecida, pero con diferencias en el
contenido de pigmentos. Las diferencias en el contenido de polifenoles
totales y de pigmentos en los VOOs del tratamiento de cebada en la
campafia 2012/13 podrian responder a un mayor estrés hidrico del olivo
ejercido por este tratamiento en ese afno mas seco, como también sefiald
Hernandez et al. (2005).

Las diferencias encontradas en el contenido de acidos grasos en los VOOs
elaborados, correspondientes a suelos manejados con distintas cubiertas
vegetales, no responden a variaciones en el estado de maduracion de las
aceitunas con las que se elaboraron los aceites. Los VOOs del tratamiento
cebada han sido los menos maduros, seguidos de control y Brachypodium,
estando los de esparceta en el extremo opuesto, pero siendo en todo caso
estas diferencias muy pequefias (menos de 0,5 puntos para aceites de la
misma campafia). De este modo, los aceites de cebada deberian haber
tenido el porcentaje de acido estedrico mas elevado, pero en realidad ha
sido el menor (2,85 %), aunque con escasa diferencia respecto al resto de
VOOs. Del mismo modo, los VOOs de esparceta deberian haber tenido las
menores relaciones MUFA/PUFA vy Oleico/Linoleico, pero ha sido el
tratamiento con dichas relaciones mas elevadas. Gomez-Rico et al. (2007)
han medido como la ratio MUFA/PUFA aumenta en condiciones de secano.
Los VOOs del tratamiento control no han tenido diferencias entre campafias
en el frutado, amargo ni picante (Fig. 5.6), al contrario que los aceites de
cubiertas vegetales que han reducido en 2 puntos el frutado en 2013/14
respecto a la campafia anterior, mas seca. Tanto los VOOs del tratamiento de
cebada como de Brachypodium han reducido las puntuaciones en amargo y
picante la campafia mas humeda (2013/14), mientras que los VOOs del
tratamiento esparceta los han incrementado. Este comportamiento diferente
del tratamiento esparceta puede deberse a que esta cubierta haya reducido
la cantidad de agua disponible para el olivo (Fig. 5.2) en el momento de
sintesis de aceite (final del verano y comienzo del otofio). Otra explicacidn
gue no podemos corroborar es que la leguminosa esté ejerciendo un efecto
positivo debido a la movilizacién de los nutrientes del suelo por la actividad
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de la microbiota simbidtica. Efectos positivos de la cubierta de leguminosa
en la nutricién de los cultivos han sido descritos en berenjena (Radicetti et al.
2016), olivo (Rodrigues et al. 2015) y vifiedo (Perez-Alvarez et al. 2015).

La influencia del estrés hidrico, de la maduracidn, de la carga del olivo y de la
disponibilidad de nutrientes, y sus interacciones, explican los cambios en los
parametros de los VOOs de los distintos manejos del suelo (Palese et al.
2008, Gémez-Rico et al. 2009, Palese et al. 2010, Dag et al. 2011) pero es
dificil atribuir concretamente la medida de la variacidon de cada pardmetro a
cada factor concreto. Los VOOs con un elevado contenido en polifenoles
totales, MUFA vy 4cido oleico tienen propiedades beneficiosas para la salud
ya que tienen propiedades antioxidantes y antiinflamatorias, previenen la
lipoperoxidacidn, inducen cambios favorables en el perfil lipidico, mejoran la
funcién endotelial y tienen propiedades antitrombéticas (Lopez-Miranda et
al. 2010). A pesar de las diferencias estadisticamente significativas
encontradas en los VOOs de los distintos tratamientos cada campaiia, éstas
han sido demasiado pequefas para suponer diferencias en dichos efectos
beneficiosos para la salud.

Consideraciones practicas

Como se ha demostrado en la presente Tesis Doctoral, la cubierta
permanente ha incrementado el contenido de C del suelo en casi 1 Mg ha™
afio™. El secuestro de C es una preocupacién a escala global (Lal 2010,
Barbera et al. 2012, Vicente-Vicente et al. 2016), y desde el Estado Espafiol
se estan poniendo en marcha mecanismos para que el olivar sea participe en
la mitigacion del Cambio Climatico Global. EI Gobierno ha firmado la

Ill

Iniciativa 4 por mil “Soils for Food Security and Climate” en el marco de la
Conferencia de Naciones Unidas COP21 para aumentar el contenido de OC
de los suelos un 4%, anual, con el objeto de frenar el incremento del CO,

atmosférico (UN 2016).

Por otro lado, el Consejo Oleicola Internacional ha destacado que
determinadas practicas agrondmicas en el olivar incrementan la capacidad
de fijacidn a largo plazo de CO,, el cual es tomado de la atmdsfera tanto para
formar parte de las estructuras vegetativas permanentes como para quedar
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atrapado en el suelo. Debido a este importante papel de los olivares en el
secuestro de carbono, este organismo ha desarrollado una herramienta para
que el sector oleicola estime su huella de carbono “Carbon Balance in Olive
Oil” (International Olive Council 2016).

A pesar de las importantes pérdidas de suelo descritas en esta Tesis Doctoral
bajo el manejo tradicional de los suelos y de los efectos beneficiosos sobre el
mismo de las cubiertas vegetales, tal como se ha resumido en el apartado
correspondiente, los agricultores de la zona no perciben el problema de Ila
degradacion del suelo ocasionado por las practicas agrarias convencionales,
por lo que no tienen intencién de cambiar el manejo tradicional por el
establecimiento de cubiertas vegetales (Marques et al. 2015). En la
actualidad, tan sélo un 6 % de los agricultores que participaron en la
encuesta del Capitulo 3 (Tabla 3.9) utilizan cubiertas vegetales en sus
cultivos, y parece poco probable que esta prdctica se extienda al resto de
agricultores de la region. Los agricultores sélo estarian dispuestos a
introducirlas en sus olivares si hubiera beneficios econdmicos, ademas de los
ambientales que se han detallado a lo largo de esta Tesis Doctoral.

La Unién Europea (UE) a través de la Politica Agraria Comun (CAP en sus
siglas en inglés, Common Agricultural Policy) (2015-2020) ha establecido dos
vias con las que fomentar el empleo de practicas de conservacion del suelo:

1) Ayudas directas a agricultores y productores (Reglamento UE
1307/2013) con el “Pago Basico” vinculado a la Condicionalidad vy el
“Pago para practicas agricolas beneficiosas para el clima y el
medioambiente del sector agrario” conocido también como “Pago
verde” o “greening” que se suma al Pago Basico.

2) Ayudas al desarrollo rural con los Programas de Desarrollo Rural (RDP,
Rural Development Programmes en inglés) que desarrollan el
Reglamento FEADER (Reglamento UE 1305/2013) y que incluye
medidas agroambientales. El Estado Espafiol desarrollé el Real Decreto
1075/2014, modificado por el Real Decreto 1172/2015 para la
aplicacion de dichas medidas.

Dentro de las ayudas directas, para poder percibir el Pago Basico los
solicitantes tienen que cumplir la Condicionalidad (MAPAMA, 2015b). Dicha
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Condicionalidad consiste en una serie de obligaciones que hay que respetar
para que no se reduzcan los importes de determinadas ayudas comunitarias
del sector agrario, y que tienen relacién con el medio ambiente, las buenas
condiciones agricolas de la tierra, la salud publica, la sanidad vegetal y la
sanidad y el bienestar animal. Entre los requisitos de Condicionalidad de la
CAP para cultivos lefiosos (Lopez & Lovera, 2012) se establecen, entre otras
medidas, las siguientes:

- No se labrara con volteo a favor de la pendiente en recintos con
pendientes iguales o superiores al 15%, salvo que la pendiente real esté
compensada mediante terrazas o bancales, se adopten formas
especiales de cultivo como el cultivo en fajas, se practique laboreo
minimo o de conservacidon o se mantenga una cobertura de vegetacion
total del suelo. En caso de existencia de bancales, sera obligatorio evitar
cualquier tipo de labores que afecten la estructura de los taludes
existentes.

- En pendiente igual o superior al 15%, salvo que la pendiente real del
recinto esté compensada mediante terrazas o bancales, se ha de
mantener una cubierta vegetal de anchura minima de 1 metro en las
calles transversales a la linea de mdaxima pendiente o en las calles
paralelas a dicha linea, cuando el disefio de la parcela o el sistema de
riego impidan su establecimiento en la otra direccion.

En cuanto al “Pago verde” que se afiade al “Pago Basico” se concede por
actuaciones sencillas, generalizadas, de caracter anual, tales como la
diversificacion de cultivos, el mantenimiento de pastos permanentes y por
contar con superficies de interés ecoldgico en las explotaciones (MAPAMA,
2015a). En relacién a los cultivos lefiosos, es una ayuda que se cobra sin
necesidad de aplicar ninguna medida especial.

Por ultimo, en aplicacién del Reglamento FEADER se desarrollan los RDP con
medidas de ayuda para compromisos agroambientales y climaticos. En
relacién a las posibles ayudas al olivar se incluye dentro de las Areas Focales
de Prioridad 4 la “Prevencién de la erosidon y mejora en la gestion del suelo” y
de Prioridad 5 “Fomentar la conservacién y captura de carbono en los

III
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Sin embargo, cada Comunidad Auténoma tiene cierta libertad para la
aplicacion de toda la normativa anteriormente mencionada. Por ejemplo, en
la Comunidad de La Rioja los viticultores reciben ayudas agroambientales del
RDP para la gestiéon sostenible del vifiedo mediante cubiertas vegetales
(Orden 25/2015, de 5 de junio). Andalucia establece medidas mas restrictivas
de Condicionalidad en el olivar adehesado para cobrar el Pago Directo de la
CAP o las Lineas de ayudas de su RDP (Orden de 8 de abril de 2016, ver
Anexo 3), si la pendiente es superior al 10% hay que establecer una cubierta
vegetal viva o inerte, incluyendo restos de poda y/o piedras, con una
anchura minima de 1 metro. Si la pendiente supera el 35% (zonas con
elevado riesgo de erosidn), se hace obligatorio establecer la cubierta
independientemente del uso o no de herbicidas en los ruedos.

En la Comunidad de Madrid no hay medidas que incentiven el empleo de
cubiertas vegetales en cultivos lefiosos, tan solo se solicitan compromisos en
los cultivos herbaceos para el cobro del ”"Pago verde” (Resolucién de 9 de
abril de 2015, ver Anexo 3).

Como se ha mostrado en este apartado, existen distintos mecanismos
(Condicionalidad, Pago Verde o via FEADER) con los que fomentar el empleo
de practicas de conservacién del suelo en la Comunidad de Madrid, como
son las cubiertas vegetales, pero que en la actualidad se estan pagando sin
cumplir con la misién para la que fueron disefiados. A la luz de los resultados
de la presente Tesis Doctoral, y dada la escasa iniciativa particular detectada
en los agricultores de la regidn para el establecimiento de cubiertas
vegetales en olivar, y en base a toda la normativa Comunitaria y Estatal que
ampara su empleo, se sugiere que la Comunidad de Madrid deberia imponer
medidas para extender el empleo de cubiertas vegetales o inertes con un
doble objetivo: reducir la pérdida de suelo por erosién y aumentar el
secuestro de carbono en el territorio de la Comunidad de Madrid, a la vez
gue se incrementan la biodiversidad y la sostenibilidad del agrosistema.
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Capitulo 7. Conclusiones generales

Esta Tesis Doctoral evidencia que en el olivar las pérdidas de suelo y materia

organica debidas al laboreo tradicional son insostenibles. Las cubiertas

vegetales, sobre todo la permanente, ayudan a controlar dicha situacién

mejorando el suelo y fijando carbono, sin afectar a la cantidad y calidad del

aceite de oliva virgen. Esto supone una informacién novedosa y de

importancia para los olivicultores.

Las conclusiones generales derivadas de esta Tesis Doctoral son:

1.

Las pérdidas de suelo en un olivar sobre suelo yesifero y clima
semiarido manejado con laboreo tradicional, medidas tanto a corto
como a medio plazo, son muy superiores a la tasa de formacion del
suelo y, por tanto, insostenibles (Capitulos 2 y 3).

La magnitud de la pérdida de suelo varia con la escala espacial y
temporal de medicién y con la metodologia empleada. A medio
plazo, con el método del cesio-137, se ha obtenido una pérdida de
suelo cinco veces superior a la medida a corto plazo con las
microparcelas. Esto es debido a que a mayor escala se producen mas
procesos erosivos (erosidn en carcavas y regueros), ademas de
integrar eventos de alta intensidad y baja frecuencia (Capitulos 2 y
3).

Los sedimentos estan principalmente compuestos por arcillas (con
una tasa de enriquecimiento de 1,6), arrastrando cantidades
importantes de materia orgdnica (con una tasa de enriquecimiento
de 2,4) y nutrientes (principalmente fésforo, magnesio y potasio), lo
que conlleva un empobrecimiento en las zonas de erosidn. La
eliminacion del horizonte Ap superficial hace que aflore el horizonte
subyacente rico en yesos y pobre en nutrientes. Ambos factores
conducen a una pérdida de fertilidad en el olivar (Capitulos 2 y 3).

Las cubiertas vegetales son una herramienta Util para reducir la
pérdida de suelo, siendo la cubierta permanente de Brachypodium
distachyon la mas eficiente. Los escasos eventos erosivos de alta
intensidad son los que producen la mayor parte de la pérdida de
suelo, siendo mayor cuanto menor es la superficie de suelo cubierta.
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Debido a que las lluvias en la zona centro de Espafia son mas erosivas
en primavera y en otofio, los olivares de esta zona deberian
mantener una cubierta protectora del suelo durante ambas
estaciones. Por ello, una cubierta vegetal permanente constituye la
mejor alternativa (Capitulo 3).

Los suelos yesiferos son fragiles y facilmente degradables, por lo que
las potenciales mejoras de las cubiertas vegetales anuales sobre este
tipo de suelos se ven ralentizadas, siendo tres afios de manejo
insuficientes para observar mejoras significativas en la mayoria de
los pardmetros estudiados, como han sido la infiltracién, la macro,
meso y microporosidad del suelo, y el carbono y nitrégeno de la
fraccion labil. EI manejo con una cubierta vegetal permanente
(Brachypodium distachyon) si que se ha mostrado efectivo para la
mejora de las propiedades del suelo, en concreto aumentado el
carbono organico del suelo en 1 Mg ha™ afio™, incrementando el
contenido de N del suelo y mejorando su estructura (Capitulo 4).

La estabilidad de los agregados es un indicador de la erodibilidad del
suelo y aumenta con el manejo con cubiertas vegetales. En suelos
yesiferos la estabilidad de los agregados estd relacionada con el
contenido en carbono de la fraccion particulada del suelo (la mas
Iabil) y por tanto con la cantidad de restos vegetales aportados por
las cubiertas, mas que con la densidad de raices (Capitulo 4).

Tanto las cubiertas vegetales anuales como la cubierta permanente
han incrementado el contenido de agua en el suelo a 30 cm de
profundidad entre un 36 y un 55% frente al laboreo, lo que puede
redundar en una mejora de la productividad en los olivares de
secano (Capitulo 4).

La produccion de aceituna y de aceite de la variedad de olivo
Cornicabra no han estado influidas por el tipo de manejo del suelo,
mientras que la campafia agricola si que ha tenido un efecto
significativo sobre ambos pardmetros (Capitulo 5).
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10.

11.

El efecto de la campafia también ha sido determinante en la calidad
del aceite, debido tanto a las diferencias entre afos de precipitacion
como de maduracién en las aceitunas. Se han encontrado pequefas
diferencias entre manejos del suelo en algunos parametros fisico-
quimicos de los aceites de oliva (todos ellos de la categoria Virgen
Extra), siendo estas diferencias mas importantes en la campafia mas
seca (Capitulo 5).

Para establecer de forma concluyente el efecto que las cubiertas
vegetales ejercen sobre la cantidad y calidad del aceite se necesitan
mas afios de estudio, teniendo que ser incluidos pardmetros
nutricionales y del estado hidrico de los arboles para lograr una
visidn mas completa (Capitulo 5).

La reticencia de los agricultores madrilefios a emplear cubiertas
vegetales tiene que ser salvada por la Administracidn Regional. El
Gobierno de la Comunidad de Madrid cuenta en la actualidad con los
mecanismos necesarios para el incentivo de las cubiertas vegetales a
través de ayudas directas (Condicionalidad del Pago Basico y Pago
Verde) o mediante ayudas al desarrollo rural (Capitulo 3).
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Abstract

Purpose Soil erosion is a threat for the sustaability of the
grove production all over the world, and olive groves are where
the highest erosion is achieved. This smdy aimed to (1) evalu-
ate soil loss from water erosion in microplots (1 m?) under
natural rainfall events in an olive grove managed with tillage
and three different cover crops; (2) determine the main climatic
factors on soil loss and selective transportation; and (3 ) survey
the willingness of local farmers to adopt cover crops.
Materials and methods Over four hydrological years (2010 to
2014), tillage and three cover crop treatments have been
assessed in a sloping olive grove in the Mediterranean area,
in a semiarid climate and gypsiferous soil. The treatments
were tillage (once a year), two annual covers (barley and le-
gumes) and a permanent cover (Brachypodium distachyon).
Soil loss was collected after each rainfall event, dried and
weighted. Rainfall data was recorded and soil cover (%) was
determined. Organic carbon (% OC) and texture were mea-
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sured for sediments oftillage treatment to study their selective
transportation. Local farmers were polled regarding their
knowledge ofthe biophysical factors that affect soil conserva-
tion, their management practices and their willingness to
adopt sustainable land management practices as cover crops.
Results and discussion The tillage reatment exhibited the
highest soil loss (6.8 tha year_' ). Cover crops significantly
reduced soil loss: 40 % for legumes, 60 % for barley and
permanent cover led to an 80 % decrease (1.4 tha™' year™).
The soil loss depends mainly on the soil cover and kinetic
enemgy of rainfall events. Vegetation cover higher than 40 %
in autumn and spring was essential to limiting soil loss, even
under heavy events. Mobilised sediments were enriched 2.4
times in OC and 1.6 in the clay fraction. In spite of the well-
known benefits of cover crops in soil conservation, local
farmers do not use them. A lack of environmental education
and awareness has been detected.

Conclusions Tillage in olive groves produced unsustainable
rates of soil loss, while permanent cover demonstrated high
efficiency. Gypsiferous soils are vulnerable to water erosion
processes if they are not protected by vegetation. Farmers
should adopt tilored soil cover practices during spring and
autnmn, when the soil loss is higher. A few farmers use sus-
tainable soil management technigues, and therefore cover
crops in olive groves are rare in Central Spain because farmers
are reluctant to change.

Keywords Covercrops - Erosion - Qfea ewropaea - SLM
practices - Social approach
1 Introduction

Soil erosion is a worldwide concem (Gessesse et al. 2015;
Karamesouti et al. 2015; Ligonja and Shrestha 201 5; Ochoa
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Rainfed olive groves have been traditionally tilled in order to reduce the competition for water and nutrients. In sloping
Mediterranean olive groves, this practice leads to high erosion rates, resulting in a reduction in soil fertility. Cover crops have
been employed as a sustainable olive grove management strategy, but previous studies found differences in their effect on fruit
load and there is scarce information on their influence on the virgin olive oil (VOO) quality. The aim of this study is to evaluate
the effect of different soil management strategies on olive and oil yield and VOO physicochemical and sensory characteristics in a
rainfed olive grove (238 treesha ') of Cornicabra cultivar, the main in Central Spain. No effect of soil management was found in
olive or oil yield along three cropping seasons. VOO quality was mainly infleenced by the year, but slight differences were found
in the driest year between the studied treatments. Small differences in fruit ripening, pigments, and several fatty acids as well as in

sensory parameters were found.

1. Introduction

Olive tree (Olea europaea L.) is one of the most drought-
tolerant tree crops in the world [1]. They are able to tolerate
low availability of soil water by means of morphological and
physiological adaptation [2, 3]. Three periods of high sensi-
tivity to water stress can be considered [4]: flowering; fruit
growth, 6 to 10 weeks afier blooming; and oil accumulation,
18 to 22 weeks after blooming. Water stress in the first period
reduces the number of fruits, while water stress in the other
two periods reduces fruit fresh weight. A positive relationship
between water stress of olive trees and phenolic compounds
[5, 6], volatile profile [7, 8], monounsaturated fatty acid levels,
and sensory properties [9] of olive oil has been described.

In the Mediterranean basin, rainfall and underground
water resources are the only supplies for most of the olive
trees [10]. In this area, traditional olive groves were designed
with low plant density according to total rainfall and paying
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attention to canopy size [3]. Actually around 50% out of
2,500,000 ha of olive groves in Spain is tilled [11] to avoid
weed competition for water and nutrients, in order to increase
olive tree yield. This conventional practice gives rise toa large
area of bare soil that is prone to erosion processes, one of
the most important land degradation driving processes in
Mediterranean areas [12, 13].

Caover crops in olive groves have proved to be an effective
tool in reducing soil erosion [14-16] and improving water
storage and physical properties [17], but its effect on olive
tree yield is controversial. A negative effect on fruit yield due
to cover crops was reported by Gueei et al. [18] in a high-
density olive grove and by Caruso et al. [19] in a young and
intensive olive grove. Nevertheless, other authors [17, 20-22]
did not find a significant reduction in olive yield in mature
olive groves.

The influence of cover crops on food quality has been
studied in vineyards [23-27], apple orchard [28], eggplants
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Anexo 2. Supplementary material of “Soil loss in an olive
grove in Central Spain under cover crops and tillage
treatments, and farmer perceptions” (Capitulo 3. Pérdida
de suelo en un olivar del centro de Espaiia con tratamiento
de cubiertas vegetales y laboreo)

Annex |. STRUCTURED QUESTIONNAIRE ABOUT FARMER’S SOIL KNOWLEDGE,
MANAGEMENT AND DEGRADATION PERCEPTION

Date:
Interview location: NeQ:

1. Age:
2. Gender: O Male O Female
3. Level of studies:

O Primary School O Training college. Which specialization?
O Secondary School O Bachelor’s degree. What degree?

4. Did you learn about soil notions along the Primary Education? [0 No O
Yes O I do not remember.

5. Why are you involved in agriculture?

6. Do you hold a family relationship with agriculture? EINo B Yes. Through
whom?

7. Would you like your children will involve on agriculture? BNo B Yes. Why?

8. Is the agriculture your main source of income? EINo B Yes. What other
economic activities do you perform?

9. Would you change your main activity if you could? BINo & Yes. Why?
10.What crops do you grow?

O Orchards [ Olive groves

O Cereals O others?

O Vineyards

11.Where do you hold agrarian plots?
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12 How many hectares have your farm?
13.How long have you being farming these lands?

14.What management do you implement?

Orchards | Cereals | Vineyards | Olive Others
groves
No tillage
Shallow tillage
Deep tillage

Cover crops

Use of organic matters coming
from crops

Chemical fertilizers

Manure and organic fertilizers

Crop rotation

Fallow

Surface irrigation

Sprinkle irrigation

Drip irrigation

Pesticides and herbicides

Biological pest control

15.Why do you use these practices and no others? They are...

the practices we have used all our life

the most common practices in the area

the most profitable practices

the practices that receives more public financial aid

the practices that | know

the practices more environmental-friendly

the practices that | must implement by law

the practices recommended by the commercial brands

the easiest practices

the practices that provide the highest quality to the products
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16. What degradation problems affect your soils?

Non- Marginally | Relevant | Very No
existing | relevant relevant | answer

Erosion
Compacting
Pollution
Acidity
Alkalinity
Salinization
Low organic matter
Low water
retention
Waterlogging
Low fertility
High slopes

17. Do you think you can reduce or solve these problems? CONo [0 Yes How?
(Related to direct measures for soil improvement)

18. What kind of support would the farmers need to conserve or improve
their soils? (Related to enabling factors for soil improvement)

— [OTraining

— [OFinancial support
— [OTechnology

— [Others (specify):

19. Would you like to be trained about any specific agrarian practice? CINo
[ Yes Which one?

20. When you need agrarian information where do you look for it?
[0 Agrarian Extension Services

COFamily

0 Neighbours or familiar farmers

OAgrarian associations

OCommercial brands bulletins

OAgrarian products centers
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ORadio
OPress
Ointernet

OOthers (specify):
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Anexo 3. Extractos de normativa autonomica

ANDALUCIA. Orden de 8 de abril de 2016. Compromiso para para la
concesion de subvenciones a la Medida 10: Agroambiente y Clima, incluida
en el Programa de Desarrollo Rural de Andalucia (2014-2020) (BOJA, 12 de
abril de 2016)

Operacién 10.1.6. Sistemas sostenibles de cultivos lefiosos (permanentes)

B) Compromisos:

Q)
de

4: La implantacion y el mantenimiento de una cubierta vegetal,
espontanea o sembrada. En el caso cubierta espontdnea sélo serd
subvencionable cuando la pendiente sea mayor del 20%.

Compromisos generales relativos a la implantacién y mantenimiento
la cubierta vegetal, espontdnea o sembrada:

1. Se mantendra la cubierta entre el 15 de octubre y el 15 de marzo del
ano siguiente.

2. Su anchura minima media serd de 1,80 metros. En la vid, la cubierta
se implantara en calles alternas y con una anchura minima media de
1,80 metros.

3. El manejo de las cubiertas vegetales para limitar la competencia por
agua y nutrientes se realizara a finales de invierno o en primavera por
medios mecanicos a través de al menos un pase anual de segadora
mecdnica, o por aprovechamiento a diente. En caso necesario, sélo se
podran utilizar dos aplicaciones de herbicida y sola una por afio a lo
largo de los cinco afios de duracion de la operacion a fin de evitar
especies indeseables; dichas aplicaciones, cuando procedan, se
realizardn tras la siega mecdnica de la cubierta. Se procurard
establecer las buenas practicas de manejo en las cubiertas que
permitan el autoabastecimiento de un banco propio de semillas,
especialmente para mejorar la implantacidn de la cubierta en los afios
gue no se realiza la siembra.

4. Se prohibe labrar las cubiertas, excepto aquellas Ilabores
superficiales para adecuar el terreno para la siembra de las mismas.
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D) Compromisos especificos en el caso de cubiertas sembradas:
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1. La implantacién se llevara a cabo al menos tres veces durante el
periodo de compromisos (cinco afios), siendo obligatorio que una de
ellas se realice el primer afio del periodo de compromiso.

2. Se aplicara fertilizacion para ayudar a la éptima implantacién de la
cubierta (sélo en los afios en los que se implante).
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MADRID. Resolucion de 9 de abril de 2015 sobre la consideracion de un
Unico periodo de cultivo para el cumplimiento del pago para practicas
agricolas beneficiosas para el clima y el medio ambiente. (BOCM, de 27 de
abril de 2015)

RESOLUCION de 9 de abril de 2015, de la Direccidon General del Medio
Ambiente, sobre la consideracién de un Unico periodo de cultivo para el
cumplimiento del pago para practicas agricolas beneficiosas para el climay el
medio ambiente.

El Real Decreto 1075/2014, de 19 de diciembre, sobre la aplicacién a partir
de 2015 de los pagos directos a la agricultura y a la ganaderia y otros
regimenes de ayudas, asi como sobre la gestién y control de los pagos
directos y de los pagos al desarrollo rural, tiene por objeto establecer la
normativa basica aplicable para el periodo 2015-2020 a una serie de
regimenes de ayuda comunitarios previstos en el Reglamento (UE) nimero
1307/2013 del Parlamento Europeo y del Consejo, de 17 de diciembre de
2013.

El articulo 20 del citado Real Decreto hace referencia a diversos aspectos de
la diversificacion de cultivos regulada en la propia norma, especificando en
su apartado 5 que “Para el calculo de los porcentajes de los diferentes
cultivos establecidos en el apartado 1 se tendran en cuenta todos aquellos
cultivos declarados en cada recinto que se encuentren en el mismo a lo largo
del periodo principal del cultivo. A estos efectos, se considerara como
periodo principal de cultivo el comprendido entre diciembre y marzo, para
los cultivos de invierno, y entre mayo y septiembre para los cultivos de
primavera. En el caso de los cultivos de primavera Unicamente se exigira que
el cultivo se encuentre en el recinto durante dos meses consecutivos de los
indicados. No obstante, las comunidades auténomas podran ajustar dichos
periodos en el caso de cultivos cuyo ciclo vegetativo no permita dar
cumplimiento a este requisito, debido a sus caracteristicas agrondmicas o a
las condiciones agroclimaticas de la region. En cualquier caso, la misma
superficie de cada recinto se contabilizara una sola vez por afio de solicitud a
los efectos del cédlculo de los porcentajes de los distintos cultivos.

El Director General del Medio Ambiente tiene competencias en esta materia
al amparo del articulo 5.1 del Decreto 11/2013, de 14 de febrero, por el que
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se establece la estructura organica de la Consejeria de Medio Ambiente y
Ordenacion del Territorio.

Por tanto, teniendo en cuenta las caracteristicas agrondmicas, climatoldgicas
y los cultivos que se declaran en la Comunidad de Madrid, ademas de
facilitar su comprobacién sobre el terreno para garantizar el cumplimiento
de los requisitos establecidos para la diversificacion de cultivos del pago para
practicas agricolas beneficiosas para el clima y el medio ambiente y en el
marco del citado articulo 20.5 del Real Decreto 1075/2014, de 19 de
diciembre y el articulo 5.1 del Decreto 11/2013, de 14 de febrero, por el que
se establece la estructura organica de la Consejeria de Medio Ambiente y
Ordenacién del Territorio,

RESUELVO
Primero

Fijar para el territorio de la Comunidad de Madrid un Unico periodo para el
cumplimiento de la diversificacion de cultivos, el cual estard comprendido
entre los meses de abril y septiembre, exigiendo Unicamente que el cultivo
se encuentre en el recinto durante dos meses dentro del periodo indicado.

DISPOSICION FINAL

Esta Resoluciéon producird efectos a partir del dia de su publicacién en el
Boletin Oficial de la Comunidad de Madrid.
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