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Resumen

La intensificacion de las actividades agricoladosnultimos afios ha supuesto un uso
excesivo de insumos externos y un intenso labomdosdelo que ha provocado
contaminaciones a veces de caracter irreversiblnpobrecimiento y la degradacién
de los suelos y la pérdida de la biodiversidad stesesistemas. La tesis doctoral va
dirigida al desarrollo de sistemas agricolas dearseanas sostenibles en la region
mediterranea con el fin de minimizar los efectogati®os de las practicas agricolas
como son el laboreo intensivo y los aportes extedw® fertilizantes y herbicidas. Los
experimentos que forman parte de esta tesis dbsmtan llevado a cabo ehParc de
'Espai d’'Interés Natural de Gallegsun espacio agrario periurbano situado a 15
kilometros al norte de Barcelona. El capitulo Irahaun experimento de dos afios de
duracion en campos de cereales de invierno comgestnvencional y comprende la
introduccién de practicas agricolas menos intessogano son el laboreo minimo y el
control mecanico de la flora arvense. Para ellevadu6 el efecto del uso del arado de
vertedera comparado con el arado de cincel, y mr@omecanico respecto al control
quimico de la flora arvense sobre el rendimientbcdétivo trigo de invierno, y la
abundancia y diversidad de la flora arvense. Lgdtaas II, Il y IV resumen los
resultados de un experimento de cuatro afios decidor@nfocado al disefio de un
sistema de produccion de cultivos ecoldgicos hexdmextensivos sostenible. En este
experimento se estudiaron los efectos del labori@am, la fertilizacion organica con
estiércol y la incorporacion de cultivos de cobertaomo abono verde en el suelo
sobre: a) el rendimiento de los cultivos, la abmedade la flora arvense, el contenido
de carbono organico y nitrégeno, la densidad apargna biomasa microbiana del
suelo (Capitulo I); b) la abundancia y diversididlombrices de tierra (Capitulo 1l1);
c) y los balances de nitrégeno y los parametroka ddiciencia del uso del nitrdgeno
(Capitulo 1V), en una rotacion de cereales y leguo®as en la region mediterranea. El
estudio de las distintas estrategias para dismilauimtensidad de las actividades
agricolas pone de manifiesto que es necesariar lEeeabo experimentos a largo plazo
para poder obtener resultados concluyentes sobtescsion las mejores practicas en los

cultivos de secano de la region mediterranea. Asimoj a la hora de aplicar distintas
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Resumen

practicas agricolas es importante tener en cuastadndiciones climaticas de la zona,
la calidad y fertilidad del suelo y las practicas gkstion previas. Los suelos de los
cultivos de secano de la region mediterranea setegizan generalmente por un pobre
contenido de nutrientes y una alta tasa de mizaex@bn de la materia organica, por ello
es imprescindible mantener los niveles de nutrierte los suelos a través de una

adecuada fertilizacion.



Summary

The agricultural intensification in recent yearsHad to excessive use of external
inputs and intensive soil tillage resulting in wapellution, soils degradation and loss
of biodiversity of these systems. The aim of thissis is the design of more sustainable
rainfed agricultural systems in the Mediterraneagian in order to minimize the
negative effects of agricultural practices suchnasnsive tillage and chemical inputs
(fertilizers and herbicides). The experiments casipg this work have been carried out
in the Parc de I'Espai d'Interes Natural de Gallecs peri-urban agricultural area
located 15 kilometers north of Barcelona. Chaptesrhprises a short-term experiment
of 2 years in winter cereal fields with conventibmaanagement and includes the
introduction of more sustainable agricultural piGet such as reduced tillage and
mechanical weed control. In this experiment we @ai@d the effect of the use of
mouldboard plough vs. chisel plough and the usemethanical weed control vs.
herbicide application on winter wheat crop yieldsl @n weed abundance and diversity.
Chapters I, Ill and IV comprise a medium-term expent focused on the design of a
sustainable organic cereal-legume rotation in Medihean dryland arable fields. The
effects of reduced tillage, fertilization with fagard manure and the incorporation of
cover corps as green manure was evaluated on p)yoetds, weed abundance and
organic carbon content, nitrogen total content amidrobial biomass in the soill
(Chapter Ill); b) the abundance and diversity afttesorms (Chapter Ill); c) and the
balance of nitrogen and nitrogen efficiency parargein the system (Chapter IV). The
study of different strategies to reduce the intignsi agricultural practices reflects that
it is necessary to perform long-term experimentsrafer to obtain consistent results on
which are the best practices in dryland agrosystemshe Mediterranean region.
Furthermore, it is important to be case-specifid aake into account the climatic
conditions of the area, the quality and fertilitiy tbe soil and the previous farming
practices. The arable soils of the Mediterranegioreare generally characterized by a
poor nutrient content and a high rate of mineréiliraof organic matter, therefore is

crucial to maintain soil nutrients levels througpraper fertilization.
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Introduccién general

Los problemas de la intensificacion agricola

Los ecosistemas agricolas son sistemas antropogéniebido a que su origen y
mantenimiento va asociado a la transformacion dendtéuraleza para obtener
principalmente alimentos por parte del hombre. Aliados del siglo XX tuvo lugar la
intensificacion agricola, la llamada Revolucion 8&rque ha conllevado el aumento de
la produccion, pero a su vez ha comportado, en asuchsos, un extraordinario coste
ambiental (Foley et al., 2011). La degradaciéngiedlo y los procesos asociados de
erosién, la aplicaciéon de un gran nimero insumdsreass (pesticidas y fertilizantes) y
el uso intensivo de maquinaria agricola son alg@wp@splos (Lacasta y Meco, 2006).
La intensificacion agricola ha dado lugar a sisgenrauy especializados vy
caracterizados por una escasa complejidad, queitoges la llamada agricultura
convencional (Robinson y Sutherland, 2002; Sansal.et2013). En el caso de los
cultivos herbaceos extensivos, la gestion conveatise basa en el laboreo intensivo,
las aportaciones externas de fertilizantes simigtiy organicos y pesticidas, la
simplificacion de las rotaciones de cultivos y &adida de diversidad cultivada a favor
de la utilizacion de pocas variedades hibridas ccales (Sans et al., 2013). Este tipo
de agricultura, aunque ha favorecido el aumentdaderoduccion, ha conllevado
importantes problemas desde el punto de vistalseciandmico y sobre todo ambiental
(Lassaletta y Rovira, 2005).

Los cultivos herbaceos extensivos de secano eed@on mediterranea

Importancia vy limitaciones

La mayor parte de la produccion agricola de ladregnediterranea europea se basa en
los cultivos de secano. En Espafia los cultivosduenis extensivos de secano ocupan el
20,73% de superficie (10.466.100 hectareas), quesentan el 43,12% de la superficie
agraria util y se distribuyen practicamente pomattal geografia del pais (Ministerio de
Agricultura y Pesca, Alimentacion y Medio Ambient2011). En Catalunya la
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superficie agraria Gtil es de 1.167.000 ha (el B6@el territorio) y el 27,2% esta

ocupada por los cultivos herbaceos de secano @1 hectareas) (Figura 1).

ZL0Z - TADHD

Figura 1. Distribucién de los cultivos herbaceorsivos de secano en Catalufia (en rojo). La
gama de colores grises indica la altitud (msnm).

La agricultura de secano se practica segun pertaigecondiciones naturales de la zona
y sin aporte externo de agua (Meco et al., 201ppryello las producciones pueden
variar interanualmente en relacion a las fluctuaeso en las precipitaciones. La
climatologia de la region mediterranea se caraadtundamentalmente por la sequia
estival (4-5 meses) que coincide con las mejoresdicones térmicas para el
crecimiento de las plantas. En particular, el clmediterraneo maritimo se caracteriza
por inviernos con temperaturas relativamente sugwesanos secos Yy calurosos y las
precipitaciones se concentran en primavera y of{Ofiarieta et al., 2006). Los cultivos
herbaceos mediterraneos de secano se caractedeaangimientos potenciales bajos
en comparacion con las regiones templadas debidestaés hidrico asociado a las
elevadas temperaturas y las escasas precipitacome®ales primavera y verano
(Kassam et al., 2012).a baja precipitacion y las variaciones interansiatke la
disponibilidad de agua en primavera son factoreportantes que afectan a los
rendimientos de los cultivos de cereales de laasale secano. Segun el INE (2007) el
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rendimiento medio del trigo de invierno y la ceb&deron respectivamente de 3,12 +
0,181 kg ha y 2,82 + 0,181 kg hadurante el periodo 1997-2003.

El importante papel que tiene el clima conlleva guefecto de los aportes externos de
fertilizantes tenga a veces, poca incidencia sebrendimiento (Meco et al., 1998). La
mayor parte de los suelos agricolas de la regiditereanea tienen un contenido bajo
de materia organica y una pobre estructura de adosg en consecuencia el empleo de
practicas agricolas muy intensivas empeoran laagidn (Kassam et al.,, 2012).
Ademas, las proyecciones cientificas sobre lasemuescias del cambio climatico en
las &reas mediterraneas sefalan la disminuciéasdprecipitaciones en las proximas
décadas (Meco et al., 2011). Por esta razon, @ogesde esta parte del territorio tiene
una destacada importancia ambiental tanto desgeireb de vista de la produccion
como de la conservacion de los recursos natullesnte los Gltimos afios, los bajos
precios del grano del cereal, los cambios en l#isigas ambientales y los programas
gubernamentales han incentivado que los productmtes por sistemas de produccion
alternativos en los que la calidad del suelo ytdagzcion del medio ambiente adquieren

mayor importancia (Campiglia et al., 2015).

Problemas en la gestion

La excesiva intensificacion de las actividadescadgis ha supuesto, en muchos casos, el
empobrecimiento de los suelos y la aceleraciorroeegos irreversibles de erosion. Los
suelos agricolas han sufrido una pérdida importantel contenido de materia organica
ya gue actualmente, la mayoria no son manejadosathera sostenible (FlieRbach et
al., 2007). Tradicionalmente, los agricultores maalizado un laboreo intensivo del
suelo, a menudo llamado laboreo convencional, quesiste habitualmente en la
inversion de las capas de suelo mediante el usarddb de vertedera (Holland, 2004;
Plaza et al., 2011). El laboreo convencional modifia estructura del suelo y en
consecuencia favorece la degradacion de la mataganica dando lugar a la
compactacion y eventualmente a la pérdida de saslocgomo la consiguiente pérdida
de su biodiversidad y muchas de las funciones sténsicas mediadas por el suelo que
proporcionan, regulan y protegen los servicios amtbies (Holland, 2004;
Montgomery, 2007).
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Asimismo, el efecto negativo se ha acentuado edltosos cincuenta afios con el uso
de métodos quimicos para la proteccion de los vogltique ha originado
contaminaciones, a menudo de caracter irreversibk. intensa aplicacion de
fertilizantes y pesticidas ha incrementado la lagidn de estas sustancias que afectan a
las aguas subterraneas y superficiales, contanmoneind y acuiferos, afectando los
habitats acuéticos y la salud humana (Tilman et 2802). Del mismo modo, la
aplicacion de fertilizantes y otras acciones anta® han alterado las condiciones
basicas del ciclo natural del nitrégeno contribuleen la contaminacién por nitratos de
los ecosistemas terrestres y acuaticos con graesgos para la salud humana
(Fernandez-Pascual, 2002). Ademas, el excesivaeiswrbicidas para el control de la
flora arvense ha dado lugar al desarrollo de egsisas de algunas especies, a la pérdida
de la biodiversidad de estos sistemas, y en coareizua la eliminacién o modificacién
de estos habitats (Heap, 2014). Asimismo, la cdreeidn espacial de explotaciones
ganaderas desvinculadas de la produccion agricala cteado problemas de
contaminacion de los acuiferos, de erosion y deym@on de residuos (Sans et al.,
2013).

El cambio de gestion de los sistemas agricolassgqu® producido durante los ultimos
decenios ha motivado que la agricultura y ganadeagicional haya sido desplazada
por un tipo de produccion muy intensivo basado wesicamente en criterios
econdmicos con graves consecuencias medioambientdles paisajes rurales
mediterraneos, muy diversificados, de un extraaritnvalor cultural y ambiental
resultado de la ancestral gestion armonica comtek®o se han convertido, en buena
parte del territorio, en paisajes monotonos y lemabmo consecuencia de la excesiva
roturacion y el uso intensivo. Por este motivapagbel de la agricultura - alrededor del
50% de la superficie de la Union Europea es deagsicola - en la conservacion del
paisaje y el entorno rural es un hecho cada vezrmeéssario como reflejan diversas
iniciativas comunitarias directamente relacionactas la agricultura y el paisaje (Sans
et al., 2013). En este contexto, es importanteeshiollo de practicas que permitan
aumentar y regenerar la diversidad, reforzar eliliego ecolégico y mejorar la
sostenibilidad de los agrosistemas desde el purdo vista agrondémico vy

medioambiental.
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Importancia de la conservacion del suelo en la r@égimediterrdnea

El suelo es un recurso natural no renovable y eacesd para el desarrollo de los
ecosistemas terrestres, ya sean naturales o cdadsvd.a calidad del suelo es muy
importante en los sistemas agricolas debido a guyerdduccion depende, en buena
medida, del estado de conservacion del suelo (Metaal., 1998, 2011). La
conservacion del suelo es uno de los temas priesipggie deben abordarse actualmente
en los sistemas agricolas. Aproximadamente el 20%sdsuelos europeos estan sujetos
a la degradacion; estudios recientes estiman gedealor de 130 millones de hectareas
de suelo estan afectadas por erosion en la UnigopEBa (European Environment
Agency, 2012). En los sistemas agricolas mediteaginel contenido de materia
organica de los suelos es especialmente pobreprdaticas agricolas intensivas de los
altimos aflos han provocado la pérdida de mategamica y la degradacion de estos
suelos (Kassam et al., 2012; Romanya y Rovira, R@demas, los sistemas herbaceos
extensivos de secano gestionados mediante praaticasntensivas estan sometidos a
graves riesgos de desertificacion a causa de ksadds tasas de erosion y la
disminucién del contenido de materia organica delas Por ello la prevenciéon de la
degradacion de los suelos requiere cambios enslidgeencaminados a conservar la

calidad y fertilidad en estos sistemas (Holland)&2&assam et al., 2012).
Estrategias para mejorar la gestion de los cultiveerbaceos extensivos de secano

La tesis doctoral se enmarca en la necesidad @erdiar sistemas agricolas de secano
mas sostenibles en la regién mediterranea com elefiminimizar los efectos negativos
de las practicas agricolas como son el laboremsive y los aportes externos de
fertilizantes y herbicidas. En este contexto, est@bajo pretende por un lado
implementar practicas encaminadas a disminuirtiensidad de las practicas agricolas
en fincas cerealistas convencionales y, por el, otlisefiar sistemas herbaceos
extensivos ecoldgicos sostenibles mediante la jporacion del laboreo minimo y los
cultivos de cobertura que se incorporan al suetaocabono verde antes del cultivo

principal.
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Disminucién de la intensidad de las practicas atasc

En los ultimos afios han surgido alternativas agfecaltura convencional destinadas a
preservar el suelo y el medio ambiente, una de ellala agricultura de conservacion,
desarrollada por la FAO (Food and Agriculture Orgation of the United Nations,
2015). La agricultura de conservacién se caraetepar tres principios basicos: la
minima perturbacién del suelo, la cobertura permizndel suelo y la diversificacion y
rotacion de los cultivos. Estas practicas no soteen@an encaminadas a reducir la
degradacion de los suelos, sino que también pretedntribuir a la produccién
agricola sostenible, especialmente en las zonadedos suelos son fragiles y de baja
calidad (Hobbs et al., 2008). Las practicas dagacultura de conservacion pueden
mejorar el desarrollo de los sistemas agricolds;amo los aspectos socio-econdmicos
y ambientales. Por lo tanto, pueden ser una atteana la agricultura convencional,
principalmente en las &reas dominadas por cultherbaceos extensivos con clima
mediterrdneo donde las condiciones climaticas ya gor si mismas, una importante

limitacion para la produccion (Meco et al., 1998).
1. Reduccion de la intensidad de laboreo

El laboreo del suelo es importante en los sisteagasolas para la incorporacion de los
residuos organicos al suelo que facilite la minesalon y la liberacion de nutrientes
para el cultivo, y para el control de las poblae®de especies arvenses (Barberi, 2002;
Peigné et al., 2007). Sin embargo, el laboreo évae®nte intenso que invierte las
capas del suelo acarrea cambios en la estructacalgra la degradacion de la materia
organica. Para revertir esta situacion, se hanuesip practicas de manejo del suelo
encaminadas a minimizar la intensidad de la pextiidin asociada al laboreo (Post et
al., 2001). Los regimenes de manejo de los suebsados en el laboreo de
conservacion (no laboreo y laboreo minimo) sin lisi® del perfil del suelo son
adecuados para conservar la fertilidad del suepweyenir la erosion (Berner et al.,
2008; Gadermaier et al., 2011). Sin embargo, a@rkdde conservacion puede ser un
factor limitante en regiones con periodos de segsizelos pobres en materia organica
como en la regién mediterranea (Dorado y LOpez-6aR006). La estructura fragil del
suelo y el predominio de las arcillas puede coaliéda compactacion del suelo y afectar
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la disponibilidad de agua, la dinamica de los eates, el desarrollo de las raices y en
consecuencia limitar el crecimiento de los cultiy@orado y Loépez-Fando, 2006;
Légeére et al., 2008 Asimismo, el laboreo minimo sin inversion de lapasadel suelo,
puede afectar la distribucion y viabilidad de lamalas de la flora arvense en el perfil
del suelo y, en consecuencia, aumentar la emegygraipervivencia de las plantulas,
la produccion de semillas y la supervivencia deelstsucturas vegetativas de especies
perennes (Bullied et al., 2003; Gruber y Claup20Q9). Sin embargo, la combinacion
del laboreo minimo con practicas adecuadas pazangtol de la flora arvense en post-
emergencia, puede permitir disefiar sistemas agd&dicientes.

2. Practicas menos agresivas para el control dera #livense

Uno de los principales motivos de preocupacionodealgricultores al implementar el
laboreo de conservacion es el incremento de ladanoml de la flora arvense y su
potencial competencia con el cultivo y la necesidadealizar un manejo adecuado de
la flora arvense en post-emergencia en estos sistéArmengot et al., 2012; Plaza et
al., 2011). El control quimico ha sido eficaz pagducir las pérdidas de rendimiento y
minimizar las infestaciones de flora arvense. Snbargo, la aplicacion de herbicidas
ha provocado la aparicion de resistencias y hdes@do negativos efectos secundarios
sobre el medio ambiente (Boutin et al., 2002).rtansa aplicacién de herbicidas se ha
manifestado por la disminucion de la abundancediversidad de la flora arvense y ha
modificado extraordinariamente la composicion dedamunidades arvenses (Sans et
al., 2013). La flora arvense es un componente itapte de la diversidad vegetal en los
agroecosistemas y desempefia un importante papal epoyo de la diversidad
biologica en todos los niveles tréficos superiokesen la provision de servicios
ecosistémicos como la fertilidad del suelo, la mnkcién y el control bioldgico
(Marshall et al., 2003; Meco et al., 1998). El intpate papel ecolégico de la flora
arvense requiere el desarrollo de alternativas sal de herbicidas que permitan
mantener las poblaciones de las especies arvemsedepajo de los umbrales de
competencia y que hagan compatible la produccion lkeo conservacion de la
biodiversidad (Armengot et al., 2012). En esteidenta grada de puas flexibles es uno
de los métodos de control mecanico mas utilizadosultivos herbaceos extensivos

ecologicos. Este sistema consiste en un aper@lme se utiliza para eliminar la flora
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arvense mediante la perturbacion minima de la fojgedel suelo, de manera que
desentierra las plantulas y éstas se secan algs®oi® la superficie del suelo (Pardo et
al., 2008).

Disefio de sistemas herbaceos extensivos ecoléspstsnibles

La agricultura de conservacion y la agricultura légica son dos estrategias
complementarias destinadas a mejorar la calidadwidd y la fertilidad de los sistemas
herbaceos. El disefio de sistemas herbaceos exiersiologicos pretende equilibrar
las demandas de la produccion de alimentos coosk@rsbilidad ambiental (Peigné et
al., 2015). La agricultura ecoldgica emplea un @otgy de practicas con el fin de
minimizar los efectos negativos sobre el medio amtei preservar la fertilidad del
suelo, incrementar el uso de recursos internosigigma y conservar la biodiversidad.
Los sistemas ecoldgicos tienen por objetivo seriemdimente adecuados, altamente
productivos y econémicamente viables. La gesti@iogica se caracteriza por prohibir
el uso de productos de sintesis quimica y bas#&ertdizacion en la aplicacion de
materia organica y la incorporacion de legumingsadonos verdes en las rotaciones
de cultivo (Sans et al., 2013). Estos sistemasifsea@n en mantener la productividad de
los cultivos y a la vez preservar la méxima biodiidad cultivada y espontédnea
posible. Por ello, las actuaciones se enfocan ardéaer los procesos naturales e
interacciones biologicas que optimizan sinergiasndelo tal que la agrobiodiversidad
sea capaz de subsidiar por si misma procesos ctales como la acumulacion de
materia organica, los mecanismos de regulacidichide plagas y mantener o mejorar
la fertilidad del suelo (Altieri, 1999; Gliessm&00).

1. Mantener la fertilidad del suelo

Los principales factores limitantes para el dedlarrole los cultivos herbaceos
extensivos en las areas con clima mediterraneolaadisponibilidad hidrica y el

contenido de materia organica del suelo. Por allméjora de la funcionalidad de estos
sistemas se debe basar en la conservacion ddiladerdel suelo. Segun Meco et al.
(1998, 2011) la fertilidad se define comel ‘potencial de un suelo de cultivo, para
mantener de manera perdurable un nivel de producciptimo y de calidad,

conservando un estado de alta estabilidad frent@racesos que implicarian su
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degradacion o pérdida, y dentro de unos limitegmeinados por un manejo especifico

y por un contexto ambiental y socioeconémico cdotre

La evaluacion de la sostenibilidad en estos sigemguiere estudiar el rendimiento de
los cultivos a lo largo de la rotacion en relaca@am la fertilidad del suelo. Algunos
indicadores clave para la evaluacion de la feddigt calidad del suelo son el contenido
de carbono organico del suelo (SOC), el contenalaittégeno total (N) y la densidad
aparente del suelo (Berner et al., 2008; Peignal.e2007). Ademas, las practicas
agricolas pueden causar cambios en el contenidcad®mno del suelo, por ello, la
reserva de carbono es un indicador del equilibnicedas entradas y salidas de carbono
en el suelo y dependiendo de los cambios en |lasviaes de carbono, el suelo puede
actuar como una fuente de carbono o como un sumuakercarbono (Guo y Gifford,
2002).

Por otro lado, los organismos edaficos son acthnedamentales para garantizar las
propiedades fisicas y quimicas necesarias parartitidad del suelo (Lavelle, 1996;
Mader y Berner, 2011). En la fauna del suelo pued®onocerse diversos grupos
funcionales, dependiendo de su actividad, su medalichentacion y sus efectos sobre
el suelo: los remineralizadores, los ingenieros siedlo y los transformadores de
hojarasca (Decaéns et al., 2006). Las lombricesiede participan de manera muy
activa en la transformacion de las materias veget&an humus, necesario para
aglomerar las particulas de arcilla, limo y areehsdielo y formar una estructura que
permita la circulacion del agua y del aire (Critten et al., 2014; Ernst y Emmerling,
2009; Metzke et al., 2007). Asimismo, la actividattrobiana del suelo es primordial
en la agricultura ecoldgica, ya que la liberaci@énditrientes para el cultivo depende
principalmente de la degradacion de la materiarocgapor los microorganismos del
suelo (Vian et al., 2009). La biomasa microbianasdelo puede ser un mejor indicador
de los cambios en el manejo del suelo a corto plgzgue los cambios en la biomasa
microbiana puede ser mayores y mas rapidos compacah el SOC y el N (FlieBbach
et al., 2007). Estos indicadores dependeran deplagaciones de materias organicas en
estos sistemas, y en funcion de ello se podra mantg mejorar la vida y en
consecuencia la fertilidad del suelo (Decaéns.e2@06; Freckman, 1994).
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2. Cobertura permanente del suelo

Las practicas de la agricultura de conservacionetiecomo objetivo mantener una
cubierta vegetal durante todo el afio, y una oppifede ser la siembra de cultivos de
cobertura durante todo el afio o durante los pesicdtre los cultivos anuales de la
rotacion. Los cultivos de cobertura se pueden dgjda superficie del suelo para que se
incorporen al suelo de manera progresiva o se pugéstionar como abonos verdes.
Los abonos verdes son cultivos de cobertura gueemmsechan si no que se incorporan
en el suelo y se siembran con la finalidad de gestal suelo contra la erosion, mejorar
Su estructura y captar mas agua, pero tambiénntietr®s beneficios ambientales
importantes como el aumento de la biodiversidadrdacion de fuentes alternativas de
polen para las abejas o de habitat para la nidibobade aves, ademas de ser
hospedantes alternos para determinadas plagas @edq 1998). Los abonos verdes
pueden reducir la flora arvense mediante la competeor la luz, el agua, el espacio y
los nutrientes. Ademas, la liberacién de sustaraelspaticas y la descomposicion de
los residuos de los abonos verdes pueden influia g@rminacion y el crecimiento de
las especies arvenses (Hobbs et al., 2008; Magiéaet al., 2017).

Los cultivos de cereales de secano de las areatemé&adeas generalmente se siembran
en otofo y se cosechan entre finales de primavpragipios del verano. Tras la siega

los rastrojos se incorporan al suelo o se mantidmesta el otoflo. Las escasas
precipitaciones y las elevadas temperaturas noifaernal establecimiento de cultivos

de cobertura que maximicen la proteccion del sdeldas temperaturas extremas y
minimicen la erosion. Sin embargo, los cultivoscdbertura se pueden establecer en
otofio e incorporase al suelo como abonos verdes aet los cultivos de leguminosas

anuales de primavera-verano.
3. Rotacién de cultivos

La rotacion de cultivos diversificada y con espgci€on caracteristicas

complementrarias es esencial para mejorar la ifetil del suelo. Ademas, para
garantizar la produccion a corto plazo y la sosiédad a largo plazo es fundamental
mantener los niveles de nutrientes en el suelo. rdtaion adecuada de cultivos que
incluya leguminosas puede generar excedentes epalaaces de nitrogeno (N) y de
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esta manera contribuir a la sostenibilidad de esgismas (Gadermaier et al., 2011).
Meco et al. (1998) sostienen que la rotacion devosl es el eje en el cual se sustenta la
eficiencia productiva y ambiental de los sistemarealistas extensivos de secano en el
mediterraneo, por su influencia sobre la dindmieandtrientes, su eficiencia en la
conservacion del agua, la proteccién del sueldoyesel control de la flora arvense y de
posibles plagas. Ademas, las rotaciones de cudtivel secano permiten gestionar los
recursos hidricos necesarios para mantener el goade mineralizacion en verano y
asegurar la liberacion de nutrientes (Meco et1#198). Por lo tanto, la rotacion de
cultivos junto con el uso de abonos verdes puedigcielas pérdidas de rendimiento en

los sistemas de cultivos ecoldgicos de secano (idiagie et al., 2017).
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Objetivos

Objetivos generales

Actualmente, el desarrollo de modelos mas sostsitke agricultura que armonicen la
produccion con la conservacion de los recursogalaties una necesidad urgente. Esta
tesis doctoral pretende aportar informacion quenparel desarrollo de una agricultura
mas sostenible a pequefia escala ¢taat de I'Espai d’Interés Natural de Galledsl
establecimiento de un modelo de gestion agroeamogue potencie los valores
econdmicos, ecologicos y sociales de eSgpai d’Interes Naturalconstituye un
proyecto pionero en Catalufia que tiene un extraarii valor para la poblacion rural
de Gallecs, la comarca del Vallés Oriental y paradciedad catalana en general. En el
afio 2005 se inicio el proyecto de reconversion gektion ecoldgica bajo la direccién
del Consorcio delParc de I'Espai d’Interes Natural de Gallegsel apoyo cientifico y
técnico del Grupo de Investigacion Consolidado 1&gia de los Sistemas Agricolas”
de la Universidad de Barcelona. Este proyecto re$p@ la necesidad de desarrollar
modelos alternativos de gestiébn de los espaciokdgs y a la generacion de los
conocimientos para mejorar el manejo de las argdsadas de Catalufia. En el marco
de este proyecto se establecié un experimento @omko encaminado al desarrollo
de un sistema de produccion ecoldgica de los ogltherbaceos extensivos que integre
las técnicas de la agricultura de conservacion ebrobjetivo de aumentar la
productividad y el uso eficiente de los recursasstignar de manera adecuada las
poblaciones de la flora arvense y aumentar la Wévdidad y disminuir la huella
ecologica del carbono. Asimismo, se han llevadcabocdiversos experimentos en
campos convencionales que pretenden implementarasegn la gestion agricola y
favorecer la transicion a la agricultura ecologétalas fincas que todavia mantienen

como modelo la gestion convencional.

En este contexto, el objetivo general de la tesidatal es estudiar la incorporacion de
practicas mas sostenibles en cultivos herbadceangxbs de secano de la region
mediterranea para mejorar la gestion de estosrsstenediante dos estrategias:
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1. La disminucién de la intensidad de laboreo del suelel uso de métodos
mecanicos de control de la flora arvenses en camgagreales convencionales

de secano.

2. La integracion de practicas agricolas de consemacomo son el laboreo
minimo, la aportacién de abonos organicos y lathtccion de los cultivos de
cobertura durante el otofio y el invierno (que smiporaran al suelo como
abono verde antes del establecimiento del cultegmavera) a lo largo de
una rotacion de cuatro afios de cereales y leguasnesoldgicas para el

consumo humano.
Objetivos especificos

A continuacion, se detallan los objetivos espeafide cada capitulo de la tesis:

Capitulo I:

Analizar el efecto del tipo de laboreo del sueleri@dera -con inversién de las
capas del suelo- vs. cincel -sin inversion de égms del suelo-) sobre el desarrollo
y el rendimiento del cultivo de cereal y sobre baradancia y la riqueza especifica

de flora arvense durante dos aflos consecutivoslgvos convencionales de trigo.

Evaluar el efecto del tipo de control la flora arse (mecanico —grada de puas
flexibles- vs. quimico —herbicidas-) sobre el deslr y el rendimiento del cultivo y
sobre la abundancia y diversidad de la flora amehsante dos afios consecutivos

en cultivos convencionales de trigo.

Capitulo Il

1. Analizar el efecto del laboreo del suelo (vertedeoa inversion de las capas del
suelo- vs. cincel -sin inversion de las capas delod sobre el desarrollo y el
rendimiento de los cultivos y sobre la abundan@aadflora arvense en una
rotacion de cuatro afios de cereales y leguminasaégecos para el consumo

humano.
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Evaluar el efecto de la fertilizacién organica soer desarrollo y el rendimiento de
los cultivos y sobre la abundancia de la flora aseeen una rotacion de cuatro afos

de cereales y leguminosas ecologicos para el canlumano.

Analizar el efecto de la incorporacién al suelo Ide cultivos de cobertura,
establecidos durante el otofio y el invierno, cofmona verde sobre la abundancia
de la flora arvense y el desarrollo y el rendinoedel cultivo de leguminosas

posterior.

Evaluar la influencia de la fertilizacion, el sisig de laboreo y los abonos verdes
sobre la calidad y fertilidad del suelo, estimadaadir del contenido de carbono
organico total (SOC) y el nitrégeno total (N) dekeb, la densidad aparente del

suelo y las reservas de carbono.

Evaluar la influencia de la fertilizacion, el sisiz de laboreo y los abonos verdes
sobre la abundancia de la biomasa microbiana e $Gmic Y Nmic).

Capitulo 111

Evaluar el efecto de la fertilizacion, el sistenealaboreo y los abonos verdes sobre

la abundancia de las lombrices de tierra.

Estudiar la diversidad de lombrices de tierra y coafecta la fertilizacion, el

sistema de laboreo y los abonos verdes a los tistatotipos de lombrices.

Capitulo IV

Evaluar el efecto de la fertilizacion, el sistenealaboreo y los abonos verdes sobre
el uso y la disponibilidad del N del suelo y de ¢oftivos a lo largo de una rotacion

de cuatro afos de cereales y leguminosas ecolgggcasl consumo humano.

Identificar la mejor combinacién de practicas agds en términos de balance de N
y de la eficiencia del uso del N a lo largo de totacién de cuatro afios de cereales

y leguminosas ecolégicos para el consumo humano.
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Area de estudio y disefio experimental

Area de estudio

Los experimentos que forman parte de esta tesiwmbse han llevado a cabo en el
Parc de I'Espai d’Interés Natural de GalledSallecs es un espacio agrario periurbano
de 753 hectéareas, situado en la comarca del V@tiental, a 15 kildmetros al norte de
Barcelona (41°33'31.9"N 2°11'59.5"E) (Figura 2).

Figura 2. Area de estudio. Figura superior: mapkdalizacion de Catalufia en Espafia. Figura
inferior: mapa deParc de I'Espai d’'Interés Natural de Galkgclos puntos amarillos indican la
ubicacion de las parcelas experimentales del estyud recoge el capitulo | y el cuadrado rojo
representa la ubicacion de la parcela experimelgtdbs estudios que recogen los capitulos I,
My Iv.
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El clima del area de estudio es de tipo mediteoaoen veranos secos y calurosos y las
precipitaciones concentradas en otofio-inviernprdgipitacion y la temperatura media
anual de la zona es de 647 mm y 14.9 °C respectiveniFigura 3).
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Figura 3. Temperatura media mensual (°C) y presh total mensual (mm) de un promedio
de 30 afios (1985-2015) medidos en la estacion iexpatal Caldes de Montbui (Vallés
Oriental, Catalufia), cercana al area de estudikif®0 Fuente: Ruralcat:a comunitat virtual
agroalimentaria i del mén ruralhttps://www.ruralcat.net/web/guest/agrometacceso el 10 de
noviembre 2016).

El paisaje de Gallecs se caracteriza por el pregiondie cultivos herbaceos extensivos
de secano (70,82%), mientras que la vegetaciomatgtsemi-natural ocupa el 16,23%
del territorio, el resto del area esta ocupadecpttivos arboreos y arbustivos, huertos y
yermos (4,17%) y habitaculos e infraestructurasasa8,79%). El &rea esté rodeada de
importantes extensiones de &areas industriales yderggales, y de vias de
comunicacion, iniciadas en los afilos ochenta y dimlagtas en los Ultimos veinte afos.
Actualmente, constituye una de las escasas res@wasspacio rural en el area
metropolitana de Barcelona y posee un papel fundthen la ordenacién del territorio
y la conservacion del paisaje, y actia como pulagdde en el contexto de un territorio
muy urbanizado. En 2005 Gallecs fue clasificado@asnoelo no urbanizable, calificado
como sistema de espacios publicos y fue protegidmombradoParc de I'Espai
d’Interés Natural de GallecsEn 2009 Gallecs se incorpora a la lista de espacios
protegidos del Pla d’Espais Naturals Protegids NPEEn noviembre de 2005 once
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agricultores junto con el Consorcio dehrc de I'Espai d’Interés Natural de Gallecs
iniciaron la reconversion a la agricultura ecolagile los cultivos extensivos de secano.
A principios de 2005, periodo anterior a la recosmvm, el monocultivo de cereal
ocupaba el 90,03% de la superficie. La actual difieacién de los cultivos, que se
manifiesta por una importante reduccion del cultieocereales (48,15%), se ha basado
en la progresiva incorporacion de diversas legusaaaon el objetivo de favorecer la
diversidad cultivada en el espacio (policultivo®gryel tiempo (rotaciones), asi como la
fertilidad del suelo (Safont et al., 2007). Desd#2 el equipo de investigacion
“Ecologia de los Sistemas Agricolas” de la Uniwdadi de Barcelona realiza el
seguimiento y la evaluacion del proceso de tramisicdesde una perspectiva
agronomica, ambiental y econOmica mediante un cgoavele colaboracion que

mantiene con el Consorcio dehrc de I'Espai d’Interés Natural de Gallecs

Disefio experimental Capitulo |

En otofio de 2013 se plante6 un experimento de dos de duracion en campos de
cereales de invierno con gestion convencional quegepdia introducir préacticas
agricolas mas sostenibles ambientalmente como Istab@eo minimo y el control
mecanico de la flora arvense. El objetivo geneeaéste estudio es la evaluaciéon de un
sistema economicamente favorable para los agrresltoonvencionales, y a la vez
menos perjudicial para el medio ambiente, mediahtstudio de distintos sistemas de

laboreo del suelo y control de la flora arvense.

Para ello se seleccionaron seis campos de cemegeshon convencional enarc de
'Espai d’Interés Natural de GallecsEn cada campo se establecié dos sistemas de
laboreo del suelo que diferian en la intensidadladgerturbacion (vertedera con
inversion de las capas del suelo vs. cincel sirergign de las capas del suelo) y
distintas practicas para el control de la floraease (aplicacion de herbicidas vs.
control mecanico) y el no control de la flora arsenEn otofio 2013 y 2014 todos los
campos fueron sembrados con trigo de inviefrrdti¢um aestivurrL. var. Montcada).
Cada campo se dividié por la mitad segun el tiptadereo, una mitad fue labrada con

el arado de vertedera (inversion de las capasudéd)sy la otra con el arado de cincel
(no inversion de las capas del suekl)laboreo con arado de vertedera se realizé a 25
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cm de profundidad con inversion de las capas ddbsypuna grada rotativa a 5 cm de
profundidad para la preparacion de la siembrar&dade cincel se realiz6 también a
una profundidad de 25 cm pero sin inversion de#geas del suelo y también la grada
rotativa a 5 cm de profundidad para la preparadéra siembra. En cada una de las
mitades de cada campo (cincel y vertedera) se lestaton tres parcelas de 6 m de
ancho por 48 m de largo, divididas en cuatro sulgas de 12 m de largo cada uno
(Figura 4). En la primera de las parcelas se m@adizcontrol de la flora arvense

mediante la aplicacion de herbicida, en la seguladdlora arvense se controlo

mecanicamente mediante la grada de puas flexibdeslg tercera, no se realizé ningun
control de la flora arvense (Figura 5). Las parcalan aplicacion de herbicidas se
separaron del resto de las parcelas mediante unttalile 6 m de ancho para evitar el
potencial efecto del herbicida por deriva. Durdotedos afios de experimentacion se
evaluaron diversos parametros agronémicos y eaaégiomo son el rendimiento de

los cultivos, la abundancia y la diversidad dddeafarvense. En el capitulo | se explica
detalladamente las metodologias de evaluacion da parametro y la maquinaria y

actividades agricolas realizadas.
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Figura 4. Disefio experimental del capitulo |. Eis ¢ms parcelas que fueron labradas con el
arado de vertedera y en blanco las parcelas quenfuabradas con el arado de cincel. H:
control quimico de la flora arvense mediante lacapion de herbicidas. M: control mecanico
de la flora arvense con grada de puas flexibles: piktcelas donde no se realiz6 un control de
la flora arvense. A la izquierda el disefio con pascelas con herbicida en los extremos (3
campos), a la derecha el disefio con las parcetelazbicida en el centro (3 campos).
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Figura 5. lzquierda: control quimico - aplicaciée derbicida. Derecha: control mecanico -
grada de puas flexible.

Disefio experimental Capitulo I, Il y IV

En noviembre de 2011, el equipo de investigaciolégia de los Sistemas Agricolas”
establecié un experimento a medio plazo dentrbEdpai Rural d’ Interés Natural de

Gallecs que se enmarcaba dentro del proyecto europeo TILNDRG. El objetivo

general de este proyecto es el desarrollo de uansisde produccion de cultivos
herbaceos extensivos sostenible mediante la intoddlu de técnicas de laboreo
minimo, combinada con el uso estratégico de los\@werdes en una rotacién de
cultivos de secano ecolégicos, que fuera compatitaeel mantenimiento y la mejora

de la calidad del suelo y los pardmetros de proddat de los cultivos.

Para este experimento se selecciond una parcel@,5ba, gestionada bajo los
principios de la agricultura ecoldgica desde 2008 ana rotacion de cultivos de
cereales y leguminosas destinados al consumo hurBhafio previo al establecimiento
del experimento el campo fue sembrado ¢ama ervilia (L.) Willd. En el momento del
establecimiento del experimento se evaluaron lapipdades del suelo, la fraccion
mineral estaba compuesta en promedio por 43.3 %6d8ena, 26.9 4.7 % limo y
29.7 + 3.7 % arcilla; la textura del suelo se ¢legicomo franco-arcillosa (Soil Survey
Staff, 1998); y el tipo de suelo como Haplic LuVigdJSS Working Group WRB,
2015). El contenido de materia organica media f1é¢.8 £ 0.1 % (Walkley-Black) y el
pH (H.0) de 8.1 + 0.1.
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El disefio experimental comprende tres factoresisé¢ma de laboreo (convencional (arado de
vertedera) (P) vs. minimo (arado de cincel) (@)fdrtilizacion (con fertilizacion (+F) vs. sin
fertilizaciéon (-F)) y la incorporacién de los abasngerdes entre cultivos (con abono verde (+G)
vs. sin abono verde (+G)), que definieron 8 tragemas con cuatro réplicas cada uno, sumando
un total de 32 parcelakos tres factores y las cuatro repeticiones (blejjge dispusieron en un
disefio en bloques divididos, en el que los factqgresintervienen estan subordinados unos a
otros. Empezando con el sistema de laboreo comorfgeincipal distribuido en bandas
verticales, la fertilizacion como factor secundadistribuido horizontalmente a través de las
bandas verticales 1 abono verde anidado dentro del factor princjpajura 6). El tamafio de
las parcelas fue de 12 m x 13 m, para permitiralex cabo las actividades agricolas con
maquinaria de tamafo regular. La rotacion de cuaftos de cultivos comprendid: espelta
(Triticum speltalL., 2011-2012), garbanzo€i¢er arietinumL., 2013) trigo Triticum aestivum

L., 2013-2014) y lentejas.éns culinarigViedik., 2015).
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Il Vertedera — Fertilizacion — Abonos verdes Il Cincel — Fertilizacion — Abonos verdes
[l Vertedera — Fertilizacion + Abonos verdes Il Cincel — Fertilizacion + Abonos verdes
Vertedera + Fertilizacion — Abonos verdes B® Cincel + Fertilizacion — Abonos verdes
Vertedera + Fertilizacion + Abonos verdes B Cincel + Fertilizacion + Abonos verdes

Figura 6. Diseflo experimental con distribucién deqbes divididos comprendido por tres
factores: Sistema de laboreo: vertedera vs cirfegtilizacion: + con fertilizacion, - sin
fertilizacién; abonos verdes: + con abonos verdeg) abonos verdes. En total 32 parcelas de
13 x 12 m repartidas en cuatro bloques.

El laboreo convencional se realizdé con un aradeettieedera (inversion de las capas del
suelo a 25 cm de profundidad) y una grada rotaivacm de profundidad para la
preparacion de la siembra. Para el laboreo minienatdizé el arado de cincel (sin
inversion de las capas del suelo, a 25 cm de pidafad) y también la grada rotativa a
5 cm de profundidad para la preparacion de la sienfleigura 7). El tratamiento de
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fertilizacion consistié en estiércol de ganado wacsemi-compostado, procedente de
una granja proxima al area de estudio, y se aphda afio antes de la siembra de cada
cultivo y se incorpor6 mediante los sistemas respex de laboreo del suelo. La
cantidad de estiércol varié en funcion del cultipara el cultivo de espelta se aplicaron
134,6 kg N h&, para el cultivo de garbanzos se aplicaron 40¢0M kal, para el trigo
138,28 kg N ha y finalmente para el cultivo de lentejas se aptinas2,36 kg N ha

En septiembre 2012 y 2014 los abonos verdes fuseambrados en las 16 parcelas
correspondientes y comprendieron una mezcla deaagferena satival.), mostaza
(Sinapis albal..), yeros ¥icia ervilia (L.) Willd.), y veza Vicia sativalL.). A finales de
marzo del afio siguiente, los abonos verdes fuerocorporados al suelo mediante el
arado de discos. El manejo de la flora arvens®wsagun el cultivo y el aiio. El primer
aflo no se pudo realizar el control debido a cood&s meteoroldgicas adversas.
Durante el cultivo de garbanzos se realiz6 el cbrte la flora arvense utilizando un
cultivador adaptado para pasar entre lineas dav@uEn el cultivo de trigo se realizé
el control mediante una grada de puas flexiblenglfnente durante el cultivo de lenteja
dada la alta infestacion de hierbas que competanet cultivo se realiz6 un control

manual.

Figura 7. Izquierda: arado de cincel. Derecha:admvertedera.

Este experimento de medio plazo comprende los adtitmes capitulos de la tesis debido
a la complejidad y a los diferentes aspectos edalkiaDurante los cuatro afios de
experimentacion se evaluaron diversos parametmesaqicos y ecoldgicos como son
el crecimiento y rendimiento de los cultivos, laualancia y la diversidad de la flora
arvense, los parametros de calidad y fertilidadsdelo (densidad aparente, contenido

de carbono y nitrégeno del suelo, biomasa micra@bignombrices de tierra) y el
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contenido de carbono y nitrégeno de los cultivagufa 8). En cada capitulo se explica

detalladamente las metodologias de evaluacionakegaametro.
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Figura 8. Esquema de la rotacién de cereal y legosai correspondiente al experimento de los capitldll y IV, con dos sistemas de
laboreo distintos. El primer esquema (arriba) regméa la rotacion con arado de vertedera (invedgocapas de suelo) y el segundo esquema
(abajo) representa la rotacion con arado de cifsielinversion del suelo). Los esquemas parteradecorporacion de rastrojos del cultivo
anterior, seguido por la fertilizacion (en las jpdas correspondientes) y el laboreo del suelo ghestablecimiento del cultivo de cereal.
Después de la cosecha del cereal y la incorporaeabrastrojo, los cultivos de cobertura son seddsg posteriormente se incorporan al suelo
(en las parcelas correspondientes), finalmenteaiza la fertilizacion y el laboreo para el cuitide leguminosa.
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Opciones de laboreo del suelo y el control de lafha arvense en

cultivos de cereales en la region mediterranea

Resumen

El laboreo intensivo del suelo mediante el aradeateedera, que implica la inversiéon
de las capas del suelo y la modificacion de sweistra, acelera la descomposicion de
la materia organica, la compactacion del suelogplegsecuente degradacion del mismo.
Recientemente, se ha promovido el uso de praatieda agricultura de conservacion
para reducir la intensidad de laboreo. Estas pagtpueden mejorar la fertilidad del
suelo, incrementar la biodiversidad y minimizarel@sion. Sin embargo, una de las
preocupaciones de los agricultores al reducir fansidad del laboreo del suelo es el
incremento de la abundancia de la flora arvense.elo, la incorporacion de las
practicas de conservacion de laboreo del sueldaeqal adecuado control de la flora
arvense. El uso de métodos alternativos a los d¢idds, como el control mecanico
mediante el uso de la grada de puas flexibles pgeddan eficaz como el control
quimico y evita el impacto negativo sobre el matithiente. Este experimento a corto
plazo evalua el efecto del uso del arado de varettEmparado con el arado de cincel,
y el control mecénico respecto al control quimicbre el rendimiento del cultivo trigo
de invierno, y la abundancia y diversidad de laaflarvense en la region mediterranea.
El tipo de laboreo fue el principal factor que #beel rendimiento del cereal. El
rendimiento del cereal fue significativamente magor las parcelas con arado de
vertedera que en las parcelas con arado de cmaaifras que la abundancia y riqueza
de flora arvense fue mayor en las parcelas coroadadcincel. El uso de herbicidas
disminuyo drasticamente la densidad y la riquezdadiéora arvense en comparacion
con el control mecénico y las parcelas sin ninggm de control. Durante el primer afio
del experimento, el rendimiento del cereal fue mag las parcelas que se aplic
herbicida y la biomasa de flora arvense dismin@®pd.embargo, el tipo de control de la
flora arvense no afecto significativamente el remento del cereal ni la biomasa de la
flora arvense durante el segundo afio. El estudie pe manifiesto que la decisién de
controlar la flora arvense en post-emergencia daeevaluado cada afio con el
objetivo de tener en cuenta las pérdidas de rerdimiasociadas a la presencia de la

flora arvense y los costes de los tratamientosppsible dafio al cultivo, especialmente
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en areas de secano, donde los rendimientos sorioiefe a los de las regiones
templadas, y donde la produccion de los cultivogdpuestar limitada por las

condiciones climaticas.

Tillage and weed management options in cereal fieddn the

Mediterranean region

Abstract

Intensive soil tillage practices, such as the uks@ onouldboard plough, cause soil
inversion, destroy the soil structure and causelacated descomposition of the organic
matter of the soil, leading to compaction and, évalfy, soil loss. Recently, the use of
soil conservation practices to reduce solil tillageensity has been promoted. These
practices can improve soil fertility, increase bimdsity and reduce soil erosion.
However, the increase in weed infestation is onetle# main concerns when
implementing reduced tillage, and the control ofed® can be crucial. The use of
alternative methods to chemical weed control, ireechanical weed control, can
produce similar results but avoids the environmlantpacts of herbicides. In this short-
term trial in the Mediterranean region, we compatexleffect of using a chisel plough
compared to a mouldboard plough and the effect @thanical weeding compared to
herbicides on winter wheat grain yield and on wakdndance and diversity. The type
of tillage showed the largest effects on ceredbgiemouldboard ploughing resulted in
greater cereal yields compared to chisel ploughWged abundance and species
richness were higher in plots with chisel ploughithgn in plots with mouldboard
ploughing. The use of herbicides drastically dezedaweed density and species
richness compared to mechanical weed control and/eex control. Chemical weed
control favoured cereal yields in the first yeart It did not have a significant effect on
cereal yields or on weed biomass in the second yém use of weed control methods
should be case-specific to balance the correspgmiduction in crop yields with the
cost of the treatment and the potential damageedatop, especially in drylands, where
crop yields are lower than those in temperate regithus, crop production can be
limited by the climatic conditions.
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Key words: chisel plough, mouldboard plough, mechanical wegdiveed abundance

Highlights:

* Mouldboard ploughing favours cereal yields compaecechisel ploughing
* Mechanical weed control can maintain weed abundandeliversity

» Cereal yields can be affected by mechanical weatt@df the conditions are

not favourable

Introduction

Soil conservation is one of the major issues tlednto be addressed in agricultural
systems. Recent studies have estimated a tot@0omlllion ha affected by soil erosion
in the European Union; almost 20 % of Europeanssaik subjected to degradation
(European Environment Agency, 2012), thus raisimgraness of the importance of
preserving soil quality and fertility and prevemtisoil loss (Holland, 2004; Kassam et
al., 2012). Many soils are currently not managedairsustainable way. For many
European farmers, soil tillage in arable crops =iaf inverting soil structure using
tools such as mouldboard ploughs (Plaza et al.l20%ouldboard ploughing can
modify the soil structure and promote soil orgammatter degradation, causing
compaction and eventually leading to soil loss; Idboard ploughing can also
substantially reduce soil biodiversity and many tbe soil-mediated ecosystem

functions that provide and regulate environmentarvises (Holland, 2004;
Montgomery, 2007)

Most agricultural soils in the dry climates of thiediterranean region have low organic
matter contents, with poor soil aggregate strustuféne predominant intensive tillage

worsens this situation (Lahmar and Ruellan, 200RHe analysis of a large set of

Mediterranean agricultural soils found low orgam@atter contents attributed to soil
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degradation as a result of intensive ploughing mareral centuries (Romanya and
Rovira, 2011).

The Food and Agriculture Organization of the UnitNdtions and the Common
Agricultural Policy in the European Union both prate soil conservation techniques,
such as no-till and reduced soil tillage. It iswd that these conservation techniques
provide potential benefits by improving soll fatsiland increasing biodiversity, as well
as by reducing soil erosion, energy consumptionthademissions of greenhouse gases
(Berner et al., 2008; Gruber and Claupein, 2009tlddd, 2004). Reducing tillage
intensity can entail changes in crop functioninqaimty affecting the dynamics of
nutrient availability, crop emergence and growthg @aompetition with weeds (Légere
et al., 2008). Moreover, it can affect the disttibn and viability of weed seeds in the
soil profile, which in turn can influence seedliegnergence and survival, and the
survival of vegetative structures of perennial sgedBullied et al.,, 2003). Non-
inversion tillage e.g., chisel ploughing, increat®es amount of seeds in the upper soll
layer and modifies the micro-topography, the lighdter and temperature conditions in
the soil surface layer, which may influence the eyaece of weed seedlings according
to their type and the climatic conditions promotinged infestation (Gruber and
Claupein, 2009; Peigné et al., 2007).

Weed infestation is one of the main concerns omés who use reduced tillage
practices (Peigné et al.,, 2015), and weed manageh@nbeen demonstrated to be
crucial for a successful crop production (Armengbtal., 2012; Plaza et al., 2011).
Application of herbicides has been effective fodueing yield losses and minimizing
weed infestations. However, continued applicatidn herbicides has caused the
appearance of herbicide-resistant biotypes andr otlegative side effects on the
environment (Boutin et al., 2002). Together withganeralized intensification of
agricultural practices, the application of herbésdhas reduced weed abundance and
diversity and has changed the long-term composiifowweed communities (Chamorro
et al., 2016; Marshall et al., 2003). These charmgesexert unexpected consequences
on agroecosystems, as weeds are important comolepporting agroecosystem
services. Weeds provide ecological services, sagheat control, and can maintain the
stability and balance of these systems (Marshall.e2003).

44



Capitulo |

There is growing interest in alternative methodshsas mechanical weed control
(Armengot et al., 2012), particularly in areas wetivironmental and ecological values.
Weed control via harrowing with long-flex tines @e of the most widely used
mechanical methods for weed control in organicghgwn cereals. It disturbs the soill
surface mildly, so weed seedlings are uprooted @netred by soil. This may not
completely kill the weeds, but the damage causey lmeaenough to slow down their
growth and reduce competition with the crop (Paetlal., 2008). Mechanical weeding
can prevent weeds from being a limiting factor iapcproductivity while maintaining

high levels of weed diversity (Armengot et al., 21

There is a lack of studies in the Mediterraneanore@n alternative practices in
conventional agriculture to reduce intensive siihge and herbicide application in
contrast to central and north European regions.itéiednean agricultural systems need
to cope with multiple environmental constraints d@hckats such as negative annual
water balance, a short and variable rainy seasdnsaih degradation (Kassam et al.,
2012). Therefore, in 2013, we established a sleort-texperiment in six dryland cereal
fields. The objective of the two-year trial was ftmssess the suitability of
environmentally friendly agricultural practices. Tlas end, we evaluated the effect of
chisel ploughing compared to mouldboard ploughimgl #he effect of mechanical
weeding compared to herbicides on winter wheatngyald and weed abundance and
diversity. The hypotheses of this experiment whet &) reduced tillage does not affect
crop yields in comparison with soil inversion tgka b) the application of mechanical
weed control can smother weeds, thus reducing trapetition with crops and
simultaneously preserve weed diversity, and c) meckal weed control will be equally

effective under both tillage systems.
Materials and methods

Study area and experimental design

The study was conducted in Gallecs, a peri-urbaicwtural area of 753 ha near
Barcelona. The climate is Mediterranean, with a mmaanual temperature of 14.9°C
and a mean annual precipitation of 647 mm. Thd tatafall and mean temperature in
the study years during the crop season (from Deeertd June) was 198 mm and
13.1°C, respectively, in the first year and 160 rand 15.7°C, respectively, in the
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second year. A two-year field experiment was eshbd in autumn 2013 in six
conventionally managed cereal fields with similail sconditions and agronomic
practices. The soils have been traditionally madagéh intensive tillage that consisted
of mouldboard ploughing with soil inversion. Thepéyof soil was Haplic Luvisol

(IUSS Working Group WRB, 2015), and the averageemahfraction of the soils in the
study area consisted of 54.82 % sand, 24.34 % k@ah20.84 % clay, giving a sandy-

loam texture (Soil Survey Staff, 1998), and therage soil organic carbon was 0.75 %.

The experimental design to analyse the effectllaige and weed control on weeds and
grain yield was a split plot with two factors: éifle (reduced tillage versus conventional
tilage) and weed control with three levels (no tcol herbicide and mechanical weed
control), replicated six times (fields). Conven@bntillage (P) consisted of a
mouldboard plough (soil inversion) and a rotaryrtnar and the reduced tillage (Ch)

consisted of chisel plough (no soil inversion) anatary harrow (Table 1).

In each field, two adjacent areas of 48 m x 50 mevadelimited and randomly assigned
to mouldboard plough or chisel. Within each areay fadjacent plots with dimensions
of 50 m long and 6 m wide were delimited to asslessveed control factor. In one plot,
weeds were not controlled (NW); in the other twotp] weeds were controlled by
herbicides (H) and mechanically witbng-flex tines(M) (Figure 1). The fourth plot
was used as a buffer plot between the herbicidegrd the others to avoid the drift
effect. In three of the fields, the herbicide platsre placed together in the middle of the
delimited area, and in the other three, the haibiglots were placed at the borders of

the area following two different designs (Figure 1)

All fields were sown both years with winter whealrificum aestivumL. var.
Montcada), and mineral fertilizer was applied afiewing (Table 1), according to local
farming practices. No differences in the cereal@dghment between the type of tillage
were found in any of the years (mouldboard vs ¢hs87 + 0.24, p= 0.26 in 2014, and
mouldboard vs chisel: - 0.07Gt12, p = 0.56 in 2015). However, the establishnoént
cereal was significantly lower in the second yea®0l6 vs 2014: -1.06 +0.31,
p = 0.001).
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Table 1. Date of field operations, sowing charastes, and fertilisation inputs during the two pro

periods of the experiment.

Sowing
Crop

Sowing date

Sowing density

Distance between rows

Tillage

Conventional tillage
Mouldboard plough
EG 85-240-8, Kverneland
Soil inversion at depth 25 cm
Rotary harrow. HR3003D. Kuhn
depth 5 cm

Reduced tillage
Chisel
KCCC 1187 - A0O, Kverneland
No soil inversion, depth 25 cm
Rotary harrow. HR3003D. Kuhn
depth 5 cm

Fertilisation

Mineral fertilizer

NPK 15:15:15

Dose

Weed control
Herbicide

loxynil (12% octanoate) + Mecopro

(36% butoxyethyl ester)
Nufarm Spain, S.A.
Dose

Mechanical weed control

tractor driven long-flex tines harrows

Herse-6M, Pichon

Harvest
M 4075 H Top Liner, Deutz-Fahr
Wide: 5.40 m

2013-2014

2014-2015

Triticum aestivum L.

var Montcada

12 December 2013
220 kg ha

12 cm

7 November 2013

12 December 2013

11 November 2013

12 December 2013

9 December 2013

340 kg ha/ 51 Nkg ha
1

P7 February 2014

3L hat

5 March 2014

22 June 2014

Triticum aestivum L
var Montcada

20 December 2014
220 kg ha

12 cm

12 December 2014

20 December 2014

12 December 2014

20 December 2014

13 December 2014

340 kg ha/ 51 N
kg hat

20 March 2015
3L hat

2 April 2015

30 June 2015

Weed and crop assessment

The inner part of each plot was divided in four @obs of 12 m x 2 m for weed

assessment (Figure 1). Before and after weed doftear frames of 25 cm x 30 cm

were randomly placed in each subplot (Figure 2{| alh weed species were identified

and their density registered; the nomenclatureo¥asl the method of de Bolos et al.
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(2005). One month before crop harvest, weed biomassevaluated within a frame of
1 m x 1 m that was randomly placed in each subplut. total aboveground biomass of
weeds was collected and oven-dried at 60 °C foh 4#&fore weighting. In each plot,
crop yield was assessed in a 5.40 m (width of #redster) x 50 m (length of the plots)
area by a combine harvester (Table 1).

M NwW H H NW M H NW M M NW H
£ £
B M 4 nllm 1| [ 3| M uiinlint i B
£l £
< <
P P
e -
L] LJ L L L - v | Y L L L - L
«— «—
6m 6m

Figure 1. Schemes showing the experimental desigpemented in the study fields. Plots with chisel
ploughing (Ch) in white background and plots witlouidboard ploughing (P) in grey background.
Within each tillage type, three different weed cohstrategies were applied: H: herbicide contidl.
mechanical weeding. NW: no weed control. The desigthe left was established in three fields wherea
the design on the right was applied on the remginime wider distance between the herbicide plots a
the rest was to prevent the drift of herbicide loa dther plots.

Statistical analysis

The effects of the type of tillage, weed controtl dheir interactions on weed density,
species richness before and after weed controld beeemass before crop harvest and
crop yield were evaluated through linear mixed-@femodels. An additional analysis
was performed to evaluate the effect of both factor the eight most abundant weed
species recorded in both years using generalizezhidi mixed-effects models with a
Poisson error term for count data. Analyses incigddata from both years were
performed, but since the weather conditions expeed each year were very different
and because there was a significant interactiowdsst year and experimental factors,

each year was analysed separately.
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Figure 2. Square of 25 x 30 cm for weed densitgssaent.

Tillage and weed control were included as fixeddes; and fields and plots, as random
factors; for the analyses of crop yield, plots waot included in the model because
there was a single measure per field and treatmdouldboard ploughing was
compared with chisel ploughing (P vs Ch) for thetdatype of tillage. Weed controlled
plots were compared to non-weed controlled plotsveHNW and M vs NW). The
normality of residuals was verified by the Shapivdk test, and the homoscedasticity
using the Bartlett’s test. Data were square raoigformed when necessary to meet the
normality and homoscedasticity requirements.

In addition, we conducted a permutational multigsei analysis of variance, using
distance matrices, to analyse how tillage and veeedrol affected species composition.
This analysis allows patrtitioning distance matri@@aong sources of variation and
fitting linear models to distance matrices. We uexiBray-Curtis dissimilarity indexes
to measure differences in community compositiorwben plots. All of the analyses
were performed in R version 3.2.2 (R DevelopmenteCbdeam, 2015) with the
packages Ime4 (Bates et al., 2011) for generaleedl linear mixed-effects models
fitting, and ImerTest (Kuznetsova et al., 2015) tiesting the significance of the effect
of factors in linear mixed-effects models. The wvegackage (Oksanen et al., 2013) was
used for the community composition analysis.
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Results

Effect of tilage on weed abundance, species risga®d crop vield

The type of tillage did not affect weed densityheitbefore or after weed control in the
first year of the trial. In the second year, pletgh mouldboard ploughing had a
significantly lower weed density than plots subgecto chisel ploughing, both before
and after weed control (Figure 3, Table 2). Sped@mess followed the same pattern
as density. Weed biomass was lower under mouldbplaaghing both in 2014 and

2015. Yields were significantly higher (on averdge7 % in 2014 and 17.2 % in 2015)
in plots subjected to mouldboard ploughing thaplts subjected to chisel ploughing
(Figure 3, Table 2).

Effect of weed control on weed abundance, speiibagss and crop vield

In both years, weed density and species richness &eed control were significantly
lower in the plots with herbicide application themthe plots with mechanical weed
control and in the plots without weed control (Figu3, Table 2). No significant
differences were found in weed density and spedigsess between plots with
mechanical weed control and plots without cont@bnsidering that there were no
differences in weed density and species richnessngnplots before weed control
(Table 2), the observed effects of the weed contrere due to its direct effect and not

to previous differences on weed density and speitbsess.

In 2014, weed biomass was significantly lower iatplwith herbicide application, but
no differences were found between plots with meiahnweed control and plots
without control (Table 2). In 2015, weed biomass it differ between plots with and
without weed control. In 2014, crop yields werehagin plots with herbicide than in
plots with mechanical weed control and plots with@ontrol (Figure3, Table 2).
Furthermore, crop yield in plots with mechanicaled@eontrol was lower than in plots
without control. However, no differences in cropelgis between the type of weed
control were found in 2015 (Figure 3, Table 2). e yields were significantly lower
in the second year of the trial than in the firsay (estimate: -727.58 + 58.88, p<0.001;
mean of all plots 1890 + 327 kg hin 2014, and 1162 + 201 kg han 2015; Figure 3).
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There were no significant interactions betweeradg#l and weed control on weed
abundance, weed species richness and crop yiedtis ridt shown).
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Figure 3. Mean (+ standard error) weed density \aedd species richness after weed control,
weed biomass before crop harvest and winter whegt yield in plots with chisel (Ch) and
mouldboard ploughing (P) with chemical (H) and natbal (M) weed control and without
control (NW).

Table 2. Coefficients (estimate * standard ernamnfthe linear mixed models testing the effect
of the type of tillage and weed control on weedsitgrand species richness before and after
weed control, weed biomass before crop harvesteomlyields.

51



Capitulo |

Weed density

Tillage Weed control
Year Intercept P vs Ch NW vs H NW vs M
2014 266.59 + 77.85* 35.92+18.98 -8.89 +26.8%°5 10.57 +26.81°

(before control) 82015

250.57 + 68.21***

-62.54 + 28.69*

72.79 £ 408 -37.51 + 40.58°

Weed density 2014  12.14 % 1.71% 0.19+ 0585 3.45+0.82**  0.88+0.8%
(after control) 8 2015  11.92 + 1.10%** -1.81 + 0.65* 2.72 +0.91% 0.44@91NS
Weed richness 2014  467.52 +0.76** -0.09 + 0.1¢ 0.27+0.185  -0.03+0.185
(before control) 2015 381.50 + 0.53*** -0.37 £ 0.15* 0.31+098  -0.14 +0.2%S
Weed richness 2014  3.94 +0.61** -0.22+0.1%  1.96+0.27** -0.32+0.2%
(after control) 2015  2.66 + 0.30*** -0.36 £0.11**  1.02+0.16***  -0.22 0.16NS
Weed biomass 2014  3.09 + 0.67** -0.57 £0.14**  0.93 +0.19%*  -0.320.19'
(after control) 8 2015  4.79 + 0.45%** -1.08 £0.24**  064+0.3  -0.11+0.345

2014 1870.37 + 105.31*** 181.07 * 38.50*** 243.06 + 55.6***

132.57 + 55.69*
2015 1158.95+51.98** 108.54 + 30.22** 29.99 +43.71 22.10 + 43.71S

Yields

For the factor type of tillage: Mouldboard ploughi(P) vs Chisel (Ch), for the factor weed contra:
control (NW) vs herbicide (H) and no control (NW} \mechanical weeding (M). §: Square root
transformation was applied to accomplish homosdaitgsand normality of residuals. Significance
levels according to the following codes: *** p <001. ** p < 0.01. * p < 0.05"S not significant).

Weed community composition

Of the 34 identified weed species during the twargef the trial, 8 species represented
85 % of all individuals. These are common arabledvspecies in cereal fields of the
Mediterranean regiorAmmi majud.., Anagallis arvensid.., Convolvulus arvensik.,
Chenopodium albunt.., Kickxia spuria(L.) Dumort, Polygonum aviculard.., and
Polygonum convolvulus. Most species are annual weeds, with the exceptib
Convolvulus arvensisThe permutational multivariate analysis of vacarshowed that
weed community composition was significantly aféettoy tillage and weed control.
However, ther? values of these factors only explain 15 % of tlagiance (Table 3,

Figure 3).

The effect of tillage on the weed abundance waterdint for annual and perennial

species. The density @. arvensiswas significantly higher in plots subjected tosghi
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ploughing than plots subjected to mouldboard plaugtiTable 4). In contrast, annual
weeds were not significantly affected by the typdiltage, except populations d?.
convolvulus which showed higher density in plots subjectedhtuldboard ploughing.
Overall, lower densities of these species weredaarplots with herbicide than in plots
without weed control (Table 4Amni majus, A. arvensis, C. album, C. arvensis, K.
spuria and P. convolvulusshowed significantly lower densities when herbicidas
applied compared to no weed control (Table 4). Hareno effect of mechanical weed
control compared to no weed control was found ensiecies densities. There were no
significant interactions between tillage and weedtol for any of the species (data not

shown).

Table 3. Results from the permutational analysigsasfance on species composition of the six
fields conducted during both years of the trial.

2014 2015
SS F SS F
Tillage 0.460 0.046** 0.380 0.047*
Weed control 1.031 0.105*** 1.065 0.131***
Tillage x Weed control 0.219 0.022 0.185 0.023
Total 9.824 8.071

Sums of squaresSg, partial R-squared}) and levels of significance (*** p < 0.001. ** p&01. *p <
0.05) of the different sources of variation conggde based on 1000 permutations.

NMDS 2014 NMDS 2015

05 1.0

Axis 2

-0.5

-1.0

-15 -1.0 -05 00 05 10 -1.0 -05 00 05 10
Axis 1 Axis 1
Figure 3. Ordination based on Nonmetric Multidimenal Analysis (NMDS) with the

abundance of all species based on floristic siitigarof: P: mouldboard ploughing, Ch: chisel,
H: herbicide, M: mechanical weed control, NW: needeontrol. (6 fields x 6 plots = 36).
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Overall, most of the annual species showed a signif decrease in abundance the
second year, with the exceptionff aviculare P. convolvulusandC. arvensiswhich
populations increased in the second year (Tabl®dlygonumaviculare increased in
plots with chisel ploughing compared to plots witlouldboard ploughing. In contrast,
P. convolvulusincreased in plots with mouldboard ploughii€pnvolvulusarvensis
experienced a significant increase in all plotsaftd53 ind n? in 2014 to 891 ind min
2015), but no significant interaction was foundameting the different treatments (Table
4).

Discussion

Effect of tillage on weed abundance, species risbnand community

composition and cereal vields

In agreement with previous studies, we have fourad Weed abundance and species
richness resulted higher in plots with chisel plung than with mouldboard ploughing
(Peigneé et al., 2007). This result can be relabetthé fact that weed propagules remain
more superficial under reduced tillage (Gruber &lidupein, 2009). Murphy et al.
(2006) reported that the adoption of reduced #laga 5-year experiment also resulted
in increased weed diversity. This effect can bep#cial interest in light of the current
decline of species diversity in agroecosystems.uBed tillage can promote a slightly
greater diversification of germination ecologicahes and opportunities, resulting in
higher weed species richness (Plaza et al., 2011).

However, the increase of weed infestation causetetyced tillage could affect crop
yield. Several studies have indicated that reduitledie increases weed infestation in
the long-term, especially of perennial weeds, bseawf its lesser effects on
underground vegetative reproducing organs comparéaversion tillage (Gruber and
Claupein, 2009; Peigné et al., 2007). In our stwdy,found an increase of 96% in the
density of the perennial C. arvensis from the fistthe second year of the trial.
Convolvulus arvensis is an important weed in anmwaps, under both non-inversion
and inversion tillage, because of its relativerabee to tillage, and it is one of the most
troublesome species for farmers (Gruber and Clayp2009). Nevertheless, these

changes in abundance of species in relation tgélido not affect all species the same
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way. Thus, the increase in populationsRf convolvulusin plots with mouldboard
ploughing might be related to its germination anmtesgence requirements (Armengot
et al., 2012; Dorado and Lopez-Fando, 2006).

In this trial, tillage exerted the strongest eféegh cereal yields; mouldboard ploughing
benefits cereal yields compared to plots with dhdeughing. This pattern might be
seen as a consequence of changes in weed preasweed abundance was lower in
plots with mouldboard ploughing, thus reducing weeap interactionWozniak and
Soroka (2014) also indicated that reduced tillafjeréded poorer conditions compared
to the conventional tillage for the growth and depenent of plants, which resulted in
poor tillering of Triticale and low yield. Furthermore, the transition periconi
conventional tillage to conservation tillage teta$e particularly prone to compaction,
leading to impeded drainage, restrict crop emergeamc poorer root growth (Peigné et
al., 2007).

Reduced tillage can also cause lower yields owangutrient availability. Some studies
in temperate climates have found a decrease ofadlainitrogen for the crop under
reduced tillage due to lower mineralization ratspecially in organic fields (Berner et
al., 2008; Peigné et al., 2007). However, in owdgt this effect might not be as
important, since mineral fertilizer was adequatapplied in both tillage types. The
slower soil nutrient release with reduced tillagewd only be an issue in the case of a
shortage of nutrients, e.g., at the end of thegirgpseason. A better understanding of
the relative importance of fertilizer inputs and sail nutrients in crop yields could
clarify the effect of both weeds and nutrients oopcyields. Moreoverin a long-term
experiment, Madarasz et al. (2016) showed thandutie first three years of transition
from conventional tillage, yields decreased uneeiuced tillage. However, during the
last seven years of their experiment, yields weghadr with reduced tillage than with

mouldboard ploughing.

Effect of weed control on weed abundance, specieBngss and community

composition and cereal vields

Our results indicate that chemical weed controbtically decreases weed density and

species richness compared to mechanical weed tanticno weed control.
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Table 4. Coefficients (estimate + standard errain the generalized linear mixed-effects modedsing the effect of the type of tillage, weed cohtr
and the year of the trial on the 8 most abundaetvepecies found in the trial after weed control.

Ammi majud..

Anagallis arvensis.

Avena sterilid..

Chenopodium alburh.
IConvolvulus arvensis.
Kicxia spuria(L.) Dumort.
Polygonum avicularé.

Polygonum convolvulus.

P vs Ch NW vs H NW vs M Year P vs Ch x Year NW vs H x Year NW vs M x Year
-0.05+0.38S 1.25+0.57 -0.09+0.485 -0.82+0.05° 0.09+0.08° 0.90 +0.10" -1.01 £ 0.10"
0.23+0.22% 1.71+0.32" -0.09+0.3¥ -1.26+0.04 -0.76 +0.06" 1.10+0.17 -0.43 £ 0.08"
-0.26 £ 0.285 0.62+0.40° 0.04+0.39°5 -0.38+0.39" -0.44+0.05" 0.25 £ 0.07" 0.61 +0.08"
-0.27 £0.14% 0.74+0.19" -0.29+0.19% -0.17+0.03° -2.23+5.63%5 -7.60+10.68° 3.54 +5.38%
-1.23+0.33" 1.40+047 -043+0.45 0.62+0.05 041+16.785 13.74+39.3% -6.46+19.68°
-0.37+0.3%45 132+049 0.01+0.48S -1.26+0.09° -3.05+10.08° -2.96+10.085 6.43+20.18°
-0.18 +0.125 -0.09+0.1™ 0.30+0.17S 0.64+0.02" -0.17+0.02" -0.04 + 0.0%5 0.10 £ 0.03"

0.41+0.18* 1.34+0.26° -0.05+0.25% 0.23+0.02° 0.44+0.03" -0.04 + 0.08° 0.14 £ 0.04"

P: mouldboard ploughing, Ch: chisel, NW: no weedtad, H: herbicide, M: mechanical weed contf®lerennial weed. Significance levels according ¢oftiowing
codes: *** p < 0.001. ** p < 0.01. * p < 0.05% not significant).
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Sans et al. (2011) suggest that to preserve th&ystemns services and biodiversity, the
aim of weed control should be not the total elimiora of weeds but the reduction of

competition with crops to obtain economically adeépe yields.

Even though weed density and species richness nagreeduced after control in plots
with mechanical weed control, we did not detectiraarease of weeds in the second
year, neither under no control; in fact, weed alaunce was not higher in these plots
compared to the ones with herbicide applicatiothiem second year. Farmers usually
apply herbicides routinely because they are afifaad weed infestation will be higher
the following year (Barberi, 2002; Peigné et a012), but in this experiment, we did
not find this effect. Furthermore, during the setgear, the type of weed control did
not affect weed biomass. The use of weed contrthogs should be a balance between
the crop loss and the cost of the treatment anghdbential damage to the crop due to
the phytotoxicity of herbicides and the mechandahage by harrows (Armengot et al.,
2012). Although, most of the species densities wedriced by herbicides, the weed
community composition analyses showed that othetofa might be more important in

shaping the assemblage of weed communities.

Chemical weed control favoured cereal yields in fir& year, but it did not have a
significant effect on cereal yields in the secoedry neither an effect on weed biomass.
Crop-weed competition depends to a large extertherweather conditions; Campiglia
et al. (2015) indicated that an excess of rairgatl soil water availability in late spring
could cause an increase in weed proliferation, ttecseasing grain yield performance.
Weed biomass was significant higher during the sg@geear than during the first, and
yields were significant lower during the secondry&deeds are often recognized as a
major constraint for crop production because thsg part of the resources that are
essential for crop growth, and in many situatiaghsy lead to higher economical losses
(Armengot et al., 2012).

A plausible explanation for the lower yields in rhanical weed control in the first year
of this experiment could be the damage of the cangsed by harrowing with long-flex
tines, added to the fact that weather conditionseweery dry after performing
mechanical weed control. Mechanical weed controlcconaintain similar crop yields

as herbicide and at the same time not affect weets carried out in a timely fashion
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in relation to weed and crop growth stage and latien to weather conditions. Some
studies have reported that it is necessary to hawe and deeper passes of harrowing
to achieve similar weed control levels with harmogvias with the application of
herbicide, but then crop damage can also be inede@®ardo et al., 2008). There are
several factors that can be very important whermolang: phenological stages of weed
and crop, soil type and moisture, weather conditiand even the method of tillage
(Barberi, 2002). In contrast with Barberi et al0O@R), who reported that the use of
different types of tillage affected the effectiveseof weed harrowing, the lack of
dependency between the type of tillage and weettaan this experiment may allow
for future study and optimization of these practiseparately.

In the Mediterranean region, the soil moisture awedther conditions can be key factors
for a correct application of mechanical weedinghaitt damaging crops (Pardo et al.,
2008). Nevertheless, grain yields are more semsitty year-to-year variations in

temperatures and to the amount of rainfall during tropping season than to other
factors, and a shortage of water availability camedi with high temperatures in spring
can significantly decrease grain yield. Camplightaal. (2015) reported the highest
wheat yields when rainfall was homogeneously disted throughout the wheat-

cropping period.

Conclusions

This short-term experiment has shown that mouldbgaoughing increased cereal
yields compared to reduced tillage, while simultarsdy reducing both weed
abundance and weed diversity in the cereal figlimversely, reduced tillage such as
chisel ploughing can maintain weed abundance awmedrgity. No consistent pattern
relative to the use of reduced tillage and meclanigeed control in dryland
conventional fields has been found in previousistjdut our results suggest that care
must be taken with weed infestation in reducedddl, especially with perennial weeds,
which can increase seriously over a single croplecy@he use of herbicides
dramatically decreases weed growth compared to amézdd weed control, but no
effect of weed control was found during the secgear of the experiment. In dryland
areas, where crop yields are lower compared to lEmpegions, the use of weed

control methods should be case-specific to balamop loss with the cost of the
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treatment and the potential damage to the croptaubke phytotoxicity of herbicides
and the mechanical damage by harrows.
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Efecto del sistema de laboreo y la aplicacion de miendas
organicas sobre el rendimiento de los cultivos, ora arvense y la
calidad del suelo en una rotacion de cultivos org&ros

mediterraneos

Resumen

Los suelos son la base de la produccion de alimgnttesempefian un papel clave en
los sistemas agricolas, sin embargo, la mayoriasdsuelos agricolas son propensos a
la degradacion, debido principalmente al manejenisityo del suelo. La agricultura de
conservacion y la agricultura ecolégica son dosatesjias complementarias destinadas
a mejorar la calidad del suelo y la fertilidad de sistemas herbaceos. Las practicas de
la agricultura de conservaciéon implican reduciinensidad del laboreo, mantener la
cubierta vegetal del suelo todo el afio y diveraifie incrementar la rotacion de
cultivos. La agricultura ecolégica se basa en eici@e de nutrientes, mediante la
aportaciéon de enmiendas organicas como estiérabbgos verdes y la prohibicion del
uso de insumos externos (quimicos). Los sistemsadiba en el laboreo minimo pueden
conservar la fertilidad del suelo y prevenir la sgba, sin embargo, la mayor
preocupacion de los agricultores es el aumenta déundancia de la flora arvense y la
limitada disponibilidad de nitrégeno (N) especiahtee al comienzo del periodo de
crecimiento del cultivoPor lo tanto, la adecuada gestion de la flora @wepn la
fertilizacion son esenciales para la producciotodesultivos y para mantener la reserva
de carbono organico en el suelo (SOE).este trabajo se estudiaron los efectos del tipo
de laboreo (inversién de las capas de suelo cato ata vertedera vs. no inversion de
las capas de suelo con arado de cincel); fertibmagcon estiércol semicompostado vs,
sin fertilizacion); y los abonos verdes (cultivo debertura incorporado en el suelo
como abono verde vs sin abono verde) sobre losdaddres de calidad del suelo (SOC,
N, densidad aparente y biomasa microbiana del s@loy Nmic-), la abundancia de
flora arvense y el rendimiento de los cultivos ea wtacion de cuatro afios de espelta,
garbanzo, trigo de invierno y lentejas en la regi@diterranea. De manera general, el
tipo de laboreo del suelo y los abonos verdes ectafon el rendimiento de los cultivos

ni la biomasa de la flora arvense. Sin embargo,ar@do de vertedera afecto
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negativamente la biomasa del cultivo de lentejéavgrecio la abundancia de la flora
arvense durante el ultimo afio de la rotacion. Ldilifacion fue el factor mas
importante en este experimento debido a que auneéméimdimiento de los cereales, el
contenido de SOC, N y la biomasa microbiana ddbs{@nic y Nmic). Sin embargo, la
fertilizacion no favorecio los cultivos de garbanztenteja a causa de la competencia
de la flora arvense que limito el crecimiento de®sultivos. En general, el SOC vy la
reserva de carbono disminuyeron a lo largo de lostrg afios, mientras que el
contenido de N aument6é en todas las parcelas, ynaleera mas acusada en las
fertilizadas con estiércol. Los resultados indicgue el uso del arado de cincel
estratifica la distribucion del SOC y delaNo largo del perfil del suelo. Elqfz y, en
consecuencia, la relacionndSOC aumentdé a causa de las formas labiles del
fertilizante aplicado que incrementd la descompésiae la materia organica. Sin
embargo, la aplicacion de materia organica maslesfzodria mejorar la calidad del
suelo, el manteniendo de la materia organica yeetimiento de los cultivos en

sistemas ecoldgicos.

Crop yield, weed infestation and soil fertility reponses to contrasted
ploughing intensity and manure additions in a Medierranean organic

crop rotation

Abstract

Soils represent the basis of food production aag plkey role in agricultural systems,
however most arable soils are prone to degradati@ainly caused by intensive soil
management. Conservation agriculture and organimifg are two alternative
strategies aiming at improving soil quality andtifey in arable cropping systems.
Conservation agriculture practices imply to redtik@ge intensity, maintain soil cover
all year round and diversify crop rotations. Orgaflarming focus on nutrient recycling,
using farmyard manure and green manures inputgsotdbiting the use of chemical
inputs. Reduced tillage systems can conserve sdilitiy and prevent erosion, but

farmers have concerns of weed infestation and roftdd nitrogen (N) availability
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mainly at the beginning of the growing season. @&fuee, appropriate weed
management and fertilization can be essential frcaessful crop production, and can
increase soil organic carbon (SOC) sequestratiotimensoil. In addition, maximizing
soil cover and diversified crop rotations are eBakoomponents of sustainable systems
design. We studied the effects of tillage type I($yer inversion with mouldboard
ploughing vs. no soil layer inversion with chis@ymghing); fertilization (with farmyard
manure vs, no fertilization); and green manure iggechcover crop incorporated into the
soil as green manure vs. no green manure) on aadngeters (SOC, N, bulk density,
carbon stocks, and soil microbial biomassc@nd Nnic), weed abundance and crop
yields in a four year rotation of spelt, chickpeginter wheat and lentil in the
Mediterranean region (Catalonia, Spain). Tillagd green manures did not affect crop
yields or weed biomass, although during the lasir y& the experiment, plots with
mouldboard ploughing resulted in less weed bionzass higher lentil biomass. The
fertilization was the most important factor, it ieased cereal yields, SOC, N and soil
microbial biomass (fic and Nhic) content of the soil. However, fertilization diebtn
favour chickpea and lentil crops because weed cttigpelimited legume crop growth.
Overall, there was a loss of SOC and an overallggoh of carbon stocks over the four
years of the trial in the soil. N content increageall plots, and this was enhanced by
fertilization. The use of chisel plough stratifigrge distribution of SOC and the N in the
surface layers (0-10 cm). Thengand in consequence thenfSOC ratio was also
increased in fertilized treatments because thdelatniganic matter forms applied in
manures enhanced organic matter decomposition.appécation of more stabilized
organic matter may be a better practice for thenteaance and enhancement of soil
quality and the build-up of soil organic mattertive soil and the maintenance of crop

yields in organic farming systems.

Keywords: chisel plough; carbon stock; amendments; micrdi@hass; cover crop

Highlights:

* Reduced tillage can maintain similar cereal yiglds\pared to conventional
tillage
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* Farmyard manure is the major driver of crop yietddryland organic farming

systems

» Farmyard manure increases cereal yields, but ieesel@gume crop

vulnerability to weed competition

» Soil organic carbon and soil microbial biomasséase with organic

fertilization

* Reduced tillage causes stratification on the soifile in relation to the soil

fertility indicators

* The use of more stabilised manure inputs can miafetehance the build-up of

soil organic matter

Introduction

Sustainable agriculture aims to maintain crop pectiglity over the long term,
protecting the potential of natural resources amvgnting degradation of soils and of
water quality (Food and Agriculture Organizationtbé United Nations, 2013¥%oils
play a key role in agricultural systems since thegyresent the basis of food production
(FlieBbach et al., 2007). Despite soils are notwable resources over a human
timescale, most arable soils are prone to deg@dathainly caused by intensive soill
use (Gadermaier et al., 2011). Almost 20 % of Eeanpsoils are subject to degradation
(European Environment Agency, 2012) and this hasditt to attention the importance
of preserving soil quality and fertility and preveny soil losses (Holland, 2004;
Kassam et al., 2012).

Conservation agriculture and organic farming are ddternative strategies aiming at
improving soil quality and fertility in arable crpmg systems. While conservation
agriculture relies on crop rotation, cover cropd eeduced or no tillage, the practices of
organic farming focus on nutrient recycling througle use of farmyard manures and
green manures (organic fertilizers). Integratingissyvation agriculture into organic
farming would be an environmentally sound strategijhiough, it is still not very

common among organic farmers (Gadermaier et a.l R0
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Arable soils usually have low organic matter conighiel3bach et al., 200Romanya
and Rovira, 2011)since intensive solil tillage such as mouldboarduglong with soll
inversion can modify the soil structure and promstd organic matter degradation
leading to compaction and eventually to soil Idegensive soil tillage can also reduce
substantially soil biodiversity and many of thelgoediated ecosystem functions that
provide and regulate environmental services (HdllaB004; Montgomery, 2007)
Evidence from long-term experiments suggests tbétosganic matter losses can be
reversed with soil management practices that mzensioil disturbance and optimize
plant yield (Post et al., 2001). Soil managemegtmes based on no-till and reduced
tilage are highly suited to conserve soil feniliand prevent erosion (Berner et al.,
2008; Gadermaier et al., 2011). Some authors iteticdnat soil organic carbon (SOC)
content, microbial activity and soil structure afeen enhanced in the upper soil layer
and that the soil fertility can be strongly impravafter several years of reduced tillage
(Méader and Berner, 2011; Peigné et al., 2013).

However, there are major concerns about the adopfimo-tillage or reduced tillage in
organic arable cropping systems such as the inrei@aseed infestation and the limited
availability of N mainly at the beginning of theogring season (Gadermaier et al.,
2011; Peigné et al., 2007; Sans et al., 2011). M@ organic matter increases in long
term no-tillage experiments of the Mediterraneagaanave been shown to be rather

low.

Non-inversion soil tillage, e.g. chisel plough, cancentrate weed seeds in the upper
soil layer, increasing weed seedling emergence iantbnsequence increasing weed
infestation (Gruber and Claupein, 2009; Shahzaal.e2016). Weed infestation is one
of the main concerns of farmers against implemgntaduced tillage, which calls in for
an appropriate weed management for a successfpl pnaduction (Armengot et al.,
2012; Plaza et al., 2011). Mechanical weed corgrgl long flex tine harrow is an
effective post-emergence weed control method (Aguoeet al., 2012), although it has
to be performed properly and timely in relationwteed and crop growth stage and in

relation to weather conditions (Pardo et al., 2008)

Additionally, organic farms rely on nutrient traoshation processes. Therefore,

nitrogen inputs are crucial for their productivififlielbach et al., 2007). Nitrogen
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fertilization contributes to maintain soil nutrisnthat are depleted by crop production
and thus sustain productivity, but it can also @ase soil organic matter content
(Alvarez, 2005). The use of organic fertilizers densidered an effective way of
increasing SOC sequestration and supplying nugrientrops (Krauss et al., 2010; Lal,
2009; Maltas et al., 2013). The management of gdnois also essential to optimize
crop yield and quality in organic farming. This ragement must adapt to reduced
tilage systems (Peigné et al., 2007), taking extoount the effects of changes in soil
conditions (e.g. soil water content, organic mated temperature) and competition
from weeds on the availability of nitrogen (N). Hewer, there is little information on

the dynamics of N after the introduction of consdgion practices in organic arable

cropping systems.

In addition to reduce tillage intensity and to iea¢ adequately with composted
manure, the maximum soil cover and diversified cragations are essential
components of sustainable systems design (Coopar, 28016; Food and Agriculture
Organization of the United Nations, 2013). The yeamd soil cover aims at
maximizing soil protection from extreme temperasusnd minimizing soil erosion.
However, in Mediterranean environments with hot add/ summer periods,
maintaining ground cover can be difficult, as thpegods are generally very restrictive
for plant growth. An option to increase ground aogtaring non-productive periods is
the introduction of cover crops during autumn andter before spring cash crops.
These crops are grown specifically to provide gboover and provide protection to
the soil during a period that is more favourablediant development, while protecting
from the effects of heavy rainfall that tend to wcduring autumn and winter in the
Mediterranean area (Ward et al., 2012). A covep cantributes to the accumulation of
organic matter in the upper solil layer, increassng fertility, especially when legume
cover crops are used, which provides N throughNhi&xation (Hobbs et al., 2008).
Furthermore, cover crops can smother weeds andceedieed infestation through
competition and can prevent weed seed germinatimugh shadowing (Hobbs et al.,
2008). Cover crops can also reduce the developméntiseases and pests and
incorporate nutrients remaining in the soil into b&ological metabolism cycle
(Masilionyte et al., 2017).
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Contrasting results were found regarding the efbéciover crops on cash crop yields in
organic cropping systems. Masilionyte et al. (20&fdpwed that cover crops had a
strong competitive ability against weeds. HoweWRtaza-Bonilla (2016) suggested that
cash crops had lower water use efficiency when rcoveps were used; this result
indicates that inserting cover crops must be acemieo by a careful redesign of the
cropping system to compensate for the possible ezprenices of competition for

nutrients and water.

Moreover, a balance between inputs and outputsitsfemts is critical to ensure short-
term productivity and long-term sustainability lmese systems. Suitable crop rotations
containing legumes are being fundamental to prodswluses in the N budgets
(Gadermaier et al., 2011). Taking into account thatresidue from cover crops, as a
green manure, rich in legume species is often ralised very fast and nutrients can be
released before the demands of the subsequenticgsPang and Letey, 2000), it may
be necessary to fertilize the crop with farmyarcuara.

The assessment of sustainability in organic systeetplires studying the crop
performance along the crop rotation in relatiorsad fertility, and some key indicators
of soil quality such as the SOC, the N content tivedbulk density of the soil (Berner et
al., 2008; Peigné et al., 2007). Furthermore, faghpractices can cause changes in the
carbon stocks of the soil, which is related to$t&C and bulk density and can be also a
key indicator of soil quality. Several studies hastown that organic farming can
enhance soil carbon stocks in the topsoil afteessdwears if a suitable arable cropping
system is designed, with organic matter recycling #orage legumes in the crop
rotation and an adequate application of organitlifears (Cooper et al., 2016; Gattinger
et al.,, 2012). Moreover, reducing tillage intensity organic farming systems can
increase the SOC in topsoil, improve soil physara biological quality and could lead
to reduced carbon losses or even increased sbibcatorage in the soil (Cooper et al.,
2016; Gattinger et al., 2012).

In addition, soil microbiological activity is of pnary importance in organic farming as
nutrient supply is mainly dependent on the degradadf soil organic matter by soil

micro-organisms (Vian et al., 2009). Soil micro@mass can be a better indicator of
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changes in soil management at shorter term sinitenscrobial biomass changes are
faster and greater compared to SOC and N (Fliel3siaah, 2007).

Few experiments have been conducted, integratimgetwvation agriculture practices
under organic farming systems and most of them wertormed in temperate climates
(Berner et al., 2008; Krauss et al., 2010; Peigrad.e2007; Pekrun et al., 2005ome
authors have studied the application of consemgpi@ctices in conventional systems
in Mediterranean climates (Kassam et al., 2012ekzé@arrido et al., 2014; Ward et al.,
2012), although there is a lack of long term stsdi€implementation of conservation
practices in organic systems. The incorporatiothete systems in the Mediterranean
region is a challenge. The low organic matter aoinbath poor soil aggregate structure
and the climatic constraints such as the dry and sommer with high
evapotranspiration, which in consequence can cauager stress, limits plant growth

during this season (Kassam et al., 2012; Romangdanira, 2011).

In 2011 a mid-term experiment was established gnaintesting the use of reduced
tilage combined with the strategic use of farmyandl green manures in organic arable
crop rotations. The objective of this paper is tiodg the effects of tillage type (soll
layer inversion with mouldboard plough vs. no sayler inversion with chisel plough);
fertilization (with composted farmyard manure vs.fartilization); and green manure (a
cover crop incorporated into the soil as green m&amms. no green manure) on soil
parameters (SOC, N, bulk density, carbon stockd,sail microbial biomass £ and
Nmic), weed abundance and crop yields in a four-ye@tiom of spelt, chickpea, winter

wheat and lentil.

We hypothesized that a) reduced tillage will ias® or at least maintain, soil quality
parameters such as SOC, N, bulk density; carbakstd) fertilization with farmyard
manures will increase crop vyields; c) the use daegr manures will reduce weed
infestation; d) the fertilization and green manw# increase soil fertility and soil

microbial biomass.
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Materials and methods

Site conditions

In November of 2011, a midterm field experiment westablished in Gallecs
(41°33'31.9"N 2°11'59.5"E), a peri-urban agriciluarea of 753 ha situated 15 km
north of Barcelona (Catalonia, Spain). It has a kéedhnean climate; the mean annual
temperature and precipitation are 14.9 °C and 6di{ respectively. At the beginning
of the experiment, soil properties of the field e@valuated. On average, the mineral
fraction consisted of 43.3 + 6.9 % sand, 26.9 +%.7oam and 29.7 = 3.7 % clay; the
texture was classified as loamy-clay (Soil SurvegffS 1998); the soil type was a
Haplic Luvisol (IUSS Working Group WRB, 2015), theerage soil organic matter was
1.5 £ 0.1 % (Walkley-Black) and the pH4®l) was 8.1 + 0.1.

Field experiment

The trial consisted of a four-year crop rotationairstrip-split-block design of three
factors (with two levels each): tillage system (radard ploughing (P) vs. chisel (C))
fertilization (composted farmyard manure (+F) ws.fertilizer (-F)) and green manures
(with green manures (+G) vs. no green manures .(-3@ factors were arranged with
tilage treatments laid out in strips, fertilizatiovas applied in perpendicular strips
across the experiment, and the tillage strips vemig into subplots for the green
manure treatment. In total 32 plots measuring 13xm2 m were established,

comprising four replicates of each treatment (FegLix.

Two tillage systems were used: a mouldboard plq&gt{soil inversion at 25 cm depth)
plus a rotary harrow (5 cm depth); and a chiseugho(C) (no soil inversion at 25 cm
depth) plus a rotary harrow (same as for mouldbgalaligh) (Figure 3). The

fertilization treatment (+F) consisted of partiallfgomposted farmyard manure,
composed of cattle manure and plant residues, r@mtawithout managing and

controlling the process, by gradually accumulatthg material that was seasonally
available, according to the normal practice useitiénarea.
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Figure 1. Experimental design in a strip-split-tdogith three factors of two levels each. P,
mouldboard ploughing; C, chisel ploughing; F +ifization with farmyard manure, F -, not

fertilized: G +, with green manure, G -, no greeanore. Each treatment is replicated four
times, summarizing a total of 32 plots.

! ! !

Mouldboard ploughing Mouldboard ploughing Mouldboard ploughing

0cm

25 cm

Stubble T Cereal Green manure T Legume

Fertilization Fertilization

Figure 2. Cereal-legume crop rotation schemes efetkperiment with two different tillage
systems. The first scheme (top) represents théootaith mouldboard ploughing (inversion of
soil layers) and the second scheme (bottom) rept®dke rotation with chisel ploughing (no
soil inversion). The schemes start from the stubidlerporation of the previous crop, followed
by the fertilization (in the corresponding plotsjdathe soil tillage for the cereal crop season.
After cereal harvest and the stubble incorporatittre cover crops are sown and later

incorporated into the soil (in the correspondingtg)l, before the fertilization and tillage for the
legume crop season.
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It was applied every year before sowing the maopciThe total amount of manure
applied differed in relation to the nutritional demds of each crop (Table 1). The
organic fertilizers were mixed in the soil by meahs chisel or mouldboard plough in
accordance with the tillage treatment. In Septend®@r2 and 2014, cover crops (+G)
were sown in the corresponding 16 plots. It cordisif a mixture of oatAvena sativa
L.), white mustardSinapis albd..), bitter vetch Vicia ervilia (L.) Willd.) and common
vetch {icia sativalL.) (Table 1). At the end of March of the followirygar, cover crops

were incorporated into the soil as green manunedjdz harrowing.

Weeds were not controlled during the first yeathef crop rotation, due to an extremely
prolonged rainy period that prevented the mechampost-emergence weeding. In the
second year of the rotation, weeds were contrallgd an inter-row cultivator adapted

to pass between the seeding rows of chickpea. fiing year of the rotation, weeds

were controlled with a flex-tine harrow during wheeop season. Finally, the last year
of the rotation, lentil established poorly becao$e@rought, and were outcompeted by
weeds despite the manual removal of individualdaofib's quartersGhenopodium

album), which was the most important weed during lentilgvgth (Table 1).

Weed and crop assessment

Crop density was evaluated every year once croptplaere well-established. The
individuals were counted in a sample of 0.5 m lac@nprising two crop lines in four

replicates in each plot.

Before crop harvest, four permanent frames of 1 inrm were randomly established,
one in each quarter of the plot, to assess weedrapdaboveground biomass. The total
aboveground biomass of weeds and crop were hadvesteach 1 m x 1 m frame and
was oven-dried at 60 °C for 48 h. Grain crop ywhs assessed in the inner 9 m x 8 m
of each plot by a plot combine each year (exceplefatils) (Figure 3). The straw of the
crops was not removed from the field; it was incogbed with the stubble into the soil
by disc harrowing. The spelt straw was chopped bgrmamer straw chopper before it
was incorporated. Aboveground biomass of green neaswd weeds were evaluated as

well during the green manure period.
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Table 1. Date of field operations, sowing charasties, and fertilization inputs for each crop of

the rotation. The type and brand of agriculturalipament are also indicated.

Year of rotation 1 2nd 3 4
Sowing Spelt Chickpea Winter wheat Lentil
Amazone D09- 30
, December 19,  April 13", December 18, .
Date of sowing 2011 2013 2013 March 3%, 2015
Sowing density 195 kg Ha 30 kg ha 220 kg ha 180 kg hd
Spacing between rows 12 cm 75 cm 12 cm 12 cm
Tillage
Conventional tillage
Mouldboard ploughing, December 12,  March 28", December 19,
depth 25 cm 2011 2013 2013 March 207, 2015
EG 85-240-8, Kverneland
Rotative, depth 5 cm December 1%,  April 13™, December 18,
HR3003D, Kuhn 2011 2013 2013 March 30", 2015
Reduced tillage
Chisel, depth 25 cm
’ December 1%,  March 28", November 12,
KCCC 1187 - AQOQ, 2011 2013 2013 March 20", 2015
Kverneland
Rotative, depth 5 cm .
’ December 1%,  April 13™, December 18,
HR3003D, Kuhn 2011 2013 2013 March 30", 2015
Fertilization
Composted cow farmyard December 12,  March 28", November 12,
manure 2011 2013 2013 March 19, 2015
1
N kg.ha 134.60 40.04 138.28 62.36
Weed control No control g/loalys30th, March 4", 2014  June'®, 2015
Inter-row Flex-tine harrow
Machinery for weed control cultivator Herse-6M, Hand weeding
PICHON
Harvest
Plot combine July, 1202012 July 3F 2013 August1Z,
. . . 2014 -
Elite, Wintersteiger, Inc.
Deuthz fhar
Disc harrowing September 18  October 26, September September 2
Norma RLBH 32, RAU 2012 2013 2014 2015
October 17, September 22
Green manure 2012 - 2014 -
45.8 oat 45.8 oat
1.5 mustard 1.5 mustard

Sowing density kg. ha

61 bitter vetch
39.7 common
vetch

61 bitter vetch
39.7 common
vetch
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Figure 3. Harvest by a plot combine.

Soil sampling and analyses of SOC, N, bulk dersiity carbon stocks

In November 2011 and 2015 the soil was studiedat depths: from 0 to 10 cm, from
10 to 20 cm, from 20 to 30 cm and from 30 to 40 The first two depths were sampled
in all plots, whereas the two deepest soil layessewsampled only in plots with
farmyard manure and green manure with mouldboamigbing and with chisel
ploughing (P +F + GM and C + F + GM). To study dmilk density, 3 soil cores of 6.2
cm diameter and 10 cm deep were extracted in esdclager. Soil samples were oven-
dried at 90-100 °C for 48 h. Soil bulk density wadculated according to the formula:
Bulk density (g crd) = dry soil weight (g) / core volume (ém

To study total soil organic carbon (SOC) and tatabgen content (N), 20 soil cores of
2.5 cm of diameter were systematically extracteerye\2 meters of distance in each
plot. Each set of 20 cores extracted at each pldtdepth constituted a sample. Soil
samples were kept in plastic bags, properly lalieile a fridge at 4 °C until analysis.
Samples were air dried and sieved on a 2 mm meshinAnum amount of 50 g dried

soil was prepared for SOC and N analysis and tsé was separated for the soil
microbial analyses (see below section 2.5.). Tewbon and total nitrogen were
analysed through dry combustion with a LECO® Tres@#INS analyser (Bremner,

1996). The Walkley-Black procedure/ISO 14235 wasalfy chosen to indirectly

estimate the soil organic carbon (SOC) due to itje proportion of carbonates.
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Based on the soil bulk density and SOC, carborkstaere calculated according to the
formula (Lee et al., 2009): Soil carbon stock ()/m=soil carbon content

(mg g}) x depth of soil layer (m) x area fn bulk density (g cit) x 1.

Soil microbial biomass analyses

All soil microbial analyses were carried out on sta@oil samples adjusted to a water
content corresponding to 40-50% of maximum watemiten capacity. Soil microbial
biomass (Gic and Nhic) were estimated by chloroform fumigation extract(@€FE) in
accordance with Vance et al. (1987). CFE was doneiplicate on 20 g (dry matter)
subsamples that were extracted with 80 ml of a OI8O solution. Total organic
carbon (SOC) in soil extracts was determined brsanefd spectrometry after combustion
at 850°C. Total nitrogen (N) was measured subsdlyuém the same sample by
chemoluminescence. The soil microbial biomass \was talculated according to the
formula (Joergensen, 1995)x€(ug g* oven dry soil) = EGkc, where EC= (SOC in
fumigated samples - SOC in control samples) larad= 0.45 (Joergensen, 1996).q¥
(ug gt oven dry soil) = EN¢en, where EN= (N extracted from fumigated samples — N

extracted from control samples) akd = 0.40 (Joergensen and Mueller, 1996)

Statistical analyses

The individual and combined effects of the typdiltdge (P vs. C), fertilization (+F vs.
-F) and green manure (+G vs. -G) on crop yieldgl{sphickpea, winter wheat), lentil
aboveground biomass and weed aboveground biomass evaluated using linear
mixed effects models. For spelt crop the factoegrmanure was not analysed because
it was implemented after it. Tillage, fertilizati@nd green manure were used as fixed
factors and the block was introduced as a randatorfaThe normality of data was
verified by the Shapiro-Wilk test and homoscedasgtiwas assessed using the Barlett’s
test. To meet the normality and homoscedasticijgirements, we used logarithmic or
square root transformation on data when neces¥ag/same statistical procedure was
followed to analyse the effects of tillage, feddtion, green manure and depth of the
soil layers and the interaction between the faaborsoil parameters: SOC, N, soil bulk
density, carbon stocks, and soil microbial biom@&ssc andNmic). The changes on soil

quality indicators over the 4-year rotation haveerbealso studied, comparing soil
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samplings carried out twice during the experiment ¢ — t). The first analysis was
performed at the beginning of the trial, represanthe initial status of the soik)(&and
the second analysis was performed at the end oéxperiment €. All the analyses
were performed in R version 3.2.2 (R DevelopmenteCbeam and R Core Team,
2015) with the package Ime4 (Bates et al., 201d)riear mixed effects model fitting.

Results

Crop vields and weed biomass

No differences in the density (individualgjof the established crops were found
between treatments in the first two years (speltd ahickpea), although the
establishment of winter wheat and lentil differet@ding to the type of tillage and the
presence or not of green manure the previous yé#dreat establishment was
significantly higher in plots with mouldboard pldugg and no green manure compared
to chisel (T (P vs C) x G (+G vs -G): estimate 41+20.47, p = 0.009). More plants of
lentil emerged in plots with no green manure inggah and in plots with green manure,
crop emergence was significantly higher in plotthwnouldboard ploughing ((T (P vs
C) x G (+G vs -G): estimatk56 + 0.55, p = 0.04).

In the four-year crop rotation of cereals and legsnctereal yields were significantly
higher compared to legumes (legumes vs ceremsmate -0.16 = 0.002, p < 0.001).
The winter wheat crop had the highest yields (32@80.08 kg hd) followed by spelt
(2328 + 100.51 kg h§ and chickpea (384 + 65.38 kg haLentil did not produce grain
because extended drought dramatically affected Hotkering and fruiting. Cereal
yields were significantly higher in plots with fdigation; both the spelt and winter
wheat yields were higher in plots with farmyard mmwan (Table 2 and Figure 4).
Legumes did not follow the same trend, the chickgeld and lentil biomass did not
vary in relation to fertilization. Regarding thefexfts of the type of tillage and the
incorporation of cover crops as green manure, giefgs did not vary significantly,
with the exception of lentil biomass. The lentibimass was significantly higher in plots

using mouldboard ploughing (Table 2 and Figure 4).

The effect of tillage on aboveground weed biomaased over time. While no

significant differences were found in the first tatmps in the rotation, the aboveground
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weed biomass was significantly lower in plots dlleith mouldboard ploughing than in
those with chisel ploughing during winter wheat aewtil crop. The incorporation of
the cover crop as green manure did not affect weechass during crops of winter
wheat and chickpea. However, in the fourth yearif@duthe lentil crop), weed biomass
was significantly higher in plots where cover crepesre incorporated into the soil prior
to lentil seeding. No statistically significant enaiction between factors were found,
with the exception of a significant lower weed bass in plots with fertilization and

mouldboard ploughing in the spelt crop (Table 2).

Green manure biomass did not differ between treatisria 2013 nor 2015. The analysis
of the effect of the green manure on weed abundanceon the crop yield of the
subsequent crop reflects that cover crop was @fee@d controlling weeds during its
growing season, but it did not last over the foilogvyear. The effect of green manures
on the control of weed biomass was statisticalgnificant (+G vs -G: p < 0.001 in
2013 and 2015).

The weed biomass was introduced in the modelscavaiate to evaluate the effect of
weeds on grain yields. Results showed that it didaffect spelt and winter wheat grain
yield (slope for the effect of weed biomass ontspeld: 1.60 + 4.17, p = 0.7 and slope
for the effect of weed biomass on winter wheatdyie6.54 + 26.99, p = 0.8). On the
contrary, chickpea yield and lentil biomass reslultgegatively affected by weed
biomass (chickpea slope for the effect of weed laggron chickpea yield: -3.03 £ 0.66,
p < 0.001 and slope for the effect of weed bionmas$entil biomass: -0.43 £ 0.13, p =
0.003).

Changes in SOC and N during the four years of xpe@ment

Overall, SOC decreased significantly$ t: estimate -0.184 + 0.033, p < 0.001) in all
treatments over the 4-years rotation of the expantynwith the exception of plots with
chisel plough and fertilization between 0 to 10 deep. On the contrary Bbntent
increased ftvs . estimate 0.02391 £ 0.002, p = 2.00E-16) (Tab#&n@ Figure 5). The
highest SOC losses occurred at superficial sodrgy0 to 10 cm) of those plots without
fertilization. SOC decreases were significantlyhigigat deeper soil layers (10 to 20 cm)
of plots with chisel plough (C) without inversiof soil layers than of plots with soil

layers inversion using mouldboard ploughing (P)b{€a4). Although no significant
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interaction was found between the type of tillage &ertilization, our results showed
that SOC content at 0 to 10 cm was maintained thee#-years rotation in plots with

chisel and fertilization (Table 3 and Figure 5).

Changes in SOC and N during the four years of Xpe@ment

Overall, SOC decreased significantly\s t: estimate -0.184 + 0.033, p < 0.001) in all
treatments over the 4-years rotation of the expantymwith the exception of plots with
chisel plough and fertilization between 0 to 10 deep. On the contrary Bbntent
increased ftvs . estimate 0.02391 £ 0.002, p = 2.00E-16) (Tabén@ Figure 5). The
highest SOC losses occurred at superficial sodray0 to 10 cm) of those plots without
fertilization. SOC decreases were significantlyhigigat deeper soil layers (10 to 20 cm)
of plots with chisel plough (C) without inversiof soil layers than of plots with soil
layers inversion using mouldboard ploughing (P)b{€a4). Although no significant
interaction was found between the type of tillage &ertilization, our results showed
that SOC content at 0 to 10 cm was maintained thee#-years rotation in plots with

chisel and fertilization (Table 3 and Figure 5).

Regarding the changes in N content, the highesteases occurred in plots with
fertilization (Table 3). The type of tillage alstiexted AN; plots with chisel ploughing

had higher increase than plots with mouldboard giiing (Table 4 and Figure 5).
However, this significant increase in N contentuwoed at the top soil layer of plots
with chisel and fertilization, as indicated by tlggnificant interaction between
fertilization, tillage and soil layer (Table 4). Nsignificant differences were found on
ASOC andAN over the 4-year rotation of the trial accordingtihe presence of green

manures.

Overall the C:N ratio of the soil decreased by 3%r the four yearss(Vs t: estimate
-0.314 £ 0.032, p < 0.001) and there was a sigmitianteraction between tillage and
fertilization, indicating a higher C:N ratio in powith fertilization and reduced tillage
compared to plots with mouldboard ploughing, iresdfwe of the soil depth layer
(Table 4).
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Table 2. Results of the linear mixed effects moaélthe effect of fertilization (F: +, fertilizatrowith farmyard manure; F: - ,not fertilized) Jdde
system (T:P:, mouldboard ploughing; T:C:, chiselugihing), green manure (G: +, with green manure,;, @o green manure) and the interaction
between factors (F, T and G) on the different \meis measured (crop yields of spelt, chickpea aimdewwheat, crop biomass of lentil, and weed

biomass during each cropping season).

F:+vs- T:PvsC G:+vs - F(+vs-)xT(PvsC)F(+vs-)xG(+vs-)T(PvsC)xG(+vs-) FxTxG
Crop yields (kg hat)
Spelt 163.06 £ 38.25* 6.72+58/49 23.28 +22.485  -26.44 +22.48° -2.25 +22.485 13.95+22.485  16.92 +22.48°
Chickpea -61.47 +29.8%6 -0.12+30485 5.35+15.78° 9.34 + 15.785 -29.57 £ 15.78° -9.06 + 15.78° -1.06 + 15.78°
Wheat 484.96 + 121.61*36.82 + 120.04° 28.92 + 68.38S -45.32 + 68.38° -8.45 + 68.38° -4.80 + 68.38° -1.42 +68.38°
Lentil (oiomassgn®  -7.33+5.18%5  12.251 +4.70* 2.47 +3.87 -2.16 + 3.8%S -4.18 + 3.8%S 5.29 + 3.8%S -4.91 + 3.8%S
Weed biomass (g n®)
Spelt -0.16 + 0.04** -0.26 £+ 0.2  -0.07 £0.04° -0.24 £ 0.04**= 0.001 + 0.0% -0.01 £ 0.04 -0.05 + 0.04S
Chickpea 12.46 £ 5.4% -2.46 +7.58% 1.92 +3.405 -2.77 £3.40° 3.67 £ 3.405 1.09 + 3.40S 2.19 + 3.405
Wheat -0.31 £ 0.08* -0.28 £ 0.08* -0.03 £ 097 0.11 £ 0.0" 0.10 £ 0.0%S 0.03 £ 0.0 -0.04 £ 0.07*
Lentil 3245 +7.75** -12.79+£4.25** 11.55 +4.25* -6.88 + 4.25° 6.98 + 4.255 -3.95 + 4.25° 0.81 +4.255

The values are estimated differences, standardsearal their significance levels, which are indidaaccording to the following codes: ***$0.001,

**p <0.01, * p< 0.05,N not significant.
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Figure 4. Mean (x SE standard error of differencesp yields of spelt, chickpea, winter wheat
and crop biomass of lentil (left) and the corregpiog aboveground weed biomass (right) in
each treatment: fertilization (F - , not fertilizee +, fertilization with farmyard manure); green
manure (G -, no green manure; G + sowed with gremmure); tillage systems (T P,
mouldboard ploughing; T C, chisel ploughing). Besmuentil crop was not harvested,
aboveground lentil biomass was evaluated. Notélifferent Y-axis scales of crops.
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Table 3. Mean (£ SE) of SOC and N at two soil defih-10 cm and 10 — 20 cm) in each treatmentilifation (F: +, fertilization with

farmyard manure; F: -, not fertilized); tillage s (T: P, mouldboard ploughing; T: C, chisel ploung); green manure (G: +, sowed with
green manure; G: -, no green manure,) in thedinsgtlast year of the trial @ndt;).

0-10 cm 10-20 cm 0-10cm 10-20 cm
SOCt; SOCHt; SOCt; SOCt; N t; N t; N t; N t;

©+ 1.170+0.0901.118 +0.06 01.110 +0.0900.970 + 0.0600.124 + 0.0050.163 +0.006 0.113 + 0.0060.148 + 0.006
:- 1.150 + 0.1300.827 + 0.0601.090 +0.1200.800 + 0.0400.119 + 0.0070.127 + 0.0050.112 + 0.0050.123 + 0.005
P 1.140 +0.1000.904 +0.036 1.090 +0.1000.900 * 0.0300.120 + 0.0050.139 + 0.0030.110 = 0.0050.137 + 0.005
:C 1.180+0.1201.042 £ 0.0801.110 +0.1200.860 + 0.0700.121 + 0.0060.152 + 0.0080.114 + 0.0060.134 + 0.006
©+ 1.180 +0.1200.97 £ 0.060 1.120 +0.120.880 + 0.0500.121 + 0.0060.144 + 0.0050.114 + 0.0060.136 + 0.006
:- 1.140 £ 0.1000.975 = 0.0501.080 +0.1000.890 + 0.0400.122 + 0.0060.146 + 0.0060.110 = 0.0050.135 + 0.005

® O 4 4 T m
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Table 4. Results of the linear mixed effects modélthe effect of the different experimental fastgplus depth and year and their interactions
on theASOC,AN, AC:N. F: +, fertilization with farmyard manure; F:not fertilized; T: P, mouldboard ploughing; T: €hisel ploughing; G:
+, sowed with green manure; G: -, no green manure.

ASOC AN AC:N
F:+vs - 0.137 + 0.0755 0.015 + 0.002** 0.264 + 0.675°
T:PvsC -0.049 + 0.068 -0.008 +0.001*** 0.085 + 0.57%
G:+Vs- -0.021 + 0.028° -0.001 +0.00%S -0.169 + 0.1885
F(#vs-)xT(PvsC) 0.009 + 0.0%0 -0.006 +0.001* 0.452 + 0.188*
F(+Vs-)xG (+Vs-) -0.007 + 0.0¥D -0.002 +0.00%5 0.082 + 0.188°
T(PVvsC)xG (+vs-) -0.022 + 0.0%0 -0.002 +0.0025 0.007 + 0.189'S
Depth 10-20 vs 0-10 cm -0.025 +0.0%9 -0.001 +0.00%5 -0.461 + 0.26'
F (+ vs -) x depth 10-20 vs 0-10 cm -0.060 £0.029:0.003 +0.0085 -0.297 + 0.26'
T: P vs C x depth 10-20 vs 0-10 cm 0.084 +0.029*%01Q +0.002*** -0.021 + 0.26S

G: + vs — x depth 10-20 vs 0-10 cm 10-20 cm  -0:£80229'S -0.002 £0.005 0.180 + 0.26'
F (+Vs-) x T (P vs C) x depth 10-20 vs 0-10 c6n0578 +0.285  0.006 +0.002*  0.190 + 0.267

The values are estimated differences in marginansestandard errors and their significance lewelsch are indicated according to the
following codes: *** p < 0.001, ** p < 0.01, * p €.05, NS not significanhSOC andAN correspond to the differences between tlamd the
ti
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Bulk density and carbon stocks after four yearsedfuced tillage and organic
inputs

After four years of the experiment, soil bulk déynslid not vary significantly in relation
to the different experimental factors. Deeper &myers had a higher bulk density than
surface layers, but this pattern was not assocwmattdthe type of tillage neither to the
organic fertilizer inputs such as composted farmyaanure and green manure (Table 5).
Carbon stocks, assessed from the SOC content arsbifhbulk density of soil samples at
different soil layers, were significantly higherpiots fertilized with composted farmyard
manure. Moreover, they were higher at deeper agérs from 10 to 20 cm (Table 5),
although this is mainly associated with higher bd#nsity. Furthermore, there was a
significant interaction with the type of tillage cagreen manures; thus, higher carbon
stocks were detected in plots with chisel and greanure. The effect of the treatments
at different soil layers showed some significasuits as well. Carbon stocks were higher
at deeper soil layers in plots with fertilizatiaand the plots with mouldboard ploughing
presented lower carbon stocks at superficial agiéis (Table 5).

The diachronic analyses of carbon stocks over 4#gation at four different soil layers
(0 to 10 cm, 10 to 20 cm, 20 to 30 cm and 30 ta® in relation to the tillage (P +F +
GM and C + F + GM), reflects that carbon stocksengignificant lower in deeper soil
layers (soil layer 20 to 30 cm vs superficial $aylers: estimate -2270.18 + 61, p < 0.001;
and 30 to 40 cm vs. superficial soil layers: estend490.42 + 62, p < 0.001). Overall
carbon stocks decreased after four years, irreispect the soil layer (estimate -3295.06
+1227.87, p =0.01), and the negative effect of kgjer inversion using mouldboard
ploughing was only statistically significant on thweo upper soil layers (0 to 10 and 10 to
20 cm).

Changes in soil microbial biomass

Soil microbial biomass (assessed as the &d Nnic) was significantly higher in plots
with farmyard manure (Table 6 and 7). Furthermsod, microbial biomass was lower
at deeper soil layers and the significant intecerctiith fertilization reflects differences
in Cmic and Nhic in fertilized and no fertilized plots (Table 7).
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Table 5. Results of the linear mixed effects moddlghe effect of the different factors:

fertilization (F: -, not fertilized; F: +, fertilation with farmyard manure); tillage system (T: P,
mouldboard ploughing; T: C, chisel ploughing); gremanure (G: -, no green manure, G: +,
sowedwith green manure); depth ( 1, 0 — 10 cm; 2, 1Mend); and the interaction between
them (F, T, G and depth) on soil bulk density aadon stocks after the four years of trigl (t

Bulk density (tf) Carbon stocks(t)

F: +vs- -0.0038 + 0.01% 1064.77 + 295.35*
T.-PvsC -0.007 + 0.015 415.15 + 334.86
G: +vs- -0.003 + 0.015 -149.21 + 203.76¢
F(+vs-)xT(PvsC) 0.012 + 0.0'5 18.22 + 203.7¢6
F(+Vvs-)x G (+Vs-) 0.008 + 0.0%5 130.66 + 203.76
T(PvsC)xG(+vs-) 0.003 + 0.0'5 597.26 + 203.76**
Depth: 2vs 1 0.259 + 0.022*** 1234.8269.12***
F(+vs-)xdepth2vs1 -0.017 £ 0.622 716.31 + 269.12*
T:PvsC xdepth2vs 1 0.021 +0.822 -1287.24 + 269.12***
G:+vs—xdepth2vs1l -0.010 +£0.02% 96.99 + 269.1¢

The values are estimated differences in marginansestandard errors and their significance
levels, which are indicated according to the follmgvcodes: *** p < 0.001, ** p < 0.01, *p <
0.05, NS not significant.

Superficial soil layers showed greater differenbesnveen fertilized and no fertilized
plots in Gyic and Nhic, compared to soil layers at 10 to 20 cm. Plots wtbuldboard
ploughing showed similar & at 0-10 cm depth and at 10 to 20 cm depth, coelxers
plots with chisel showed significant higher micralbbiomass at superficial soil layers
compared to the deeper ones (Table 6 and FigurdH®. highest Gic resulted in
superficial layers (0 to 10 cm) in plots with farang manure and chisel ploughing
(Figure 6). Mic did not vary significantly between soil layersimberaction with tillage,
and Giic and Nnic were not significantly affected by the presenceairof green manure
(Table 6 and 7).

The comparison of &Gc and Nnic between superficial and deeper soil layers inticela
to the tillage (plots P +F + GM vs. plots C + F Mreflects that both fic and Nhic
were lower in deeper soil layers (20 to 30 cmcCestimate -107.57 + 7.88, p<0.001,
Nmic: estimate -1.55 £ 0.43, p<0.001 and 30 to 40 cha: @stimate -224.66 + 7.70,
p<0.001, Mic: estimate -1.95 + 0.46, p<0.001), although noifgant differences were

found in relation to tillage (data not shown).
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Table 6. Mean (x SE) of soil microbial biomass.t@nd Nhic) and the ratio (G/SOC) in the
last year of the trial {t at two soil depths (1: 0 -10 cm and 2: 10 — 20 omeach treatment:
fertilization (F: +, fertilization with farmyard nmare; F: -, not fertilized); tillage system (T: P,
mouldboard ploughing; T: C chisel ploughing); greeanure (G: +, sown with green manure;
G: - no green manure).

System Chic (1 g7) () Nmic (11 g%) (tr) Cuic/SOC (%0)(tr)
Depth 1 2 1 2 1 2

F: + 297.13 + 15.66250.48 + 11.6631.81 + 7.0025.27 + 4.132.64 £ 0.312.57 + 0.36
F: - 234.73 £ 13.59210.48 + 12.6519.70 £ 3.5124.37 £ 4.752.88 £ 0.41 2.60 £ 0.24
TP 243.34 +12.93 234.41 +11.W6.37 £+ 4.6227.60 £ 4.862.72 +0.312.61 £ 0.26
T:C 288.53 + 16.31226.56 + 13.3125.14 £ 5.8922.04 £ 4.022.80 £ 0.41 2.56 £ 0.33
G + 269.04 + 14.50231.69 + 11.8526.33 £ 5.8525.44 + 5.662.80 + 0.392.61 + 0.32
G: - 262.82 + 14.74229.27 + 12.4525.18 £ 4.6524.19 £ 3.222.72 £+ 0.342.55 £ 0.28

Table 7. Results of the linear mixed effects moddighe effect of the different factors:
fertilization (F +, fertilization with farmyard mamne; F: -, not fertilized); tillage system (T: P,
mouldboard ploughing; T: C, chisel ploughing); gresanure (G: +, sown with green manure;
G: - no green manure; depth (1, 0 — 10 cm; 2, 20em); and the interaction between them (F,
T, G, and depth) onde, Nmic and Gii/SOC in the last year of the triaf)(t

System Chic () Nmic (t7) Cmic/SOC (k)
F:+vs- 30.77 £ 3.56*** 591 +2.71* -0.10 + 0.2
T.PvsC -21.66 +14.93 0.74+2.2585 -0.07 £ 0.05°
G:+vs- 3.02+4.08 0.58 + 2.25° 0.03 +0.08%
Depth: 2vs 1 -35.69 + 3.77***-1.06 + 2.08° -0.15+0.07*
F:+vs-xdepth:2vs 1 -11.57 £3.78**  -502.05* 0.11 +0.0¥
T:Pvs C xdepth: 2vs 1 26.38 £3.78***1.40 £ 2.0%°  0.07 £0.0%
F:+vs-xT:PvsC -3.13+3M2  -1.41+2.255 0.11 £ 0.05*

F:+vs-xT:PvsCxdepth:2vs1 -6.04+6.285 -0.25+2.058°5 -0.27 +0.07***

Significance levels are indicated according tofttlewing codes: *** p < 0.001, ** p < 0.01, *
p < 0.05S not significant. Interactions with the factor gnemanures were not significant.

The differences in G and Nhic between the first and last year of the tri&Cgic and
ANmic) did not vary in relation to the individual facsoftillage, fertilization and green
manures). &ic increased overall after the four years of thel tfiavs t: estimate
21.43 £ 6.27, p<0.001) but this result was duentoglots with fertilization. Significant
interactions were found between fertilization,atijé and soil depth, indicating higher
increases of Gic in plots with chisel plough (T: P vs C: estimat&3.95 + 6.30,
p<0.001) and fertilization (F: + vs -: estimate®¥ + 6.25, p<0.001) at 0 to 10 cm and
the opposite at 10 to 20 cm depth (depth: 2 vsstimate -30.32 £ 6.42, p<0.001). In
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contrast, plots with mouldboard ploughing did nlebw significant changes onf at
different soil depths. The ) decreased, in general, in all plots after the fgars of
the trial (f vs t: estimate -1.97 + 0.30, p<0.001), but the highesses of Nic were at
superficial soil layers (depth 2 vs 1: estimat®31 0.30, p<0.001). Also, there was a
significant interaction between the year and thgetyf tillage, indicating lower Nc
values in the last year in plots with chisel (Tv$C: estimate 0.69 = 0.3, p = 0.02), this

was associated to the superficial layers, althawgjtsignificant interactions were found
(data not shown).

The Gnid/SOC ratio increased in all plots after the fouargeof experimentations (¥s t:
estimate - 0.91 + 0.14, p<0.001). Furthermore,Ghe/SOC after the four years of the
experiment varied significantly with soil depth atids factor also interact significantly
with the fertilization and the type of tillage (Tlakr). We found the highest ratio at the
superficial layers in plots with chisel plough amal fertilization compared to plots with
chisel plough and no fertilization at deeper sayiers (Table 7 and Figure 6).
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Figure 6. Soil microbial biomasswc (left) and G.i./SOC ratio (right) after four years of the trial
(t) in the different treatments: fertilization (F erfilization with farmyard manure, F: - not
fertilized); tillage system (T: P mouldboard ploirgh T: C chisel ploughing); green manure
(G: + sowed with green manure, G: - no green mandepth (1: 0 — 10 cm, 2: 10 — 20cm).
Bars with no letters in common are significantlifetient (Tukey HSD test, P < 0.05).
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Discussion

Crop vields and weed biomass

The study of crop yields and weed biomass over j@ars in relation to fertilization
(with farmyard manure vs. without it), tillage (rembd vs. conventional) and green
manure (cover crops rich in legume species incaitedrinto the soil before seeding
legume crop vs without them) reveals that fertticma is the most important factor
affecting crop vyields, particularly during the calreropping period. Organic systems
rely upon the use of organic fertilizers and ameaati® that typically release nutrients
(especially N) at a slower rate compared with nahéertilizers (Barberi, 2002). The
significant enhancement of spelt and winter wheaingyields with the farmyard
manure highlights that fertilization is crucial toaintain an adequate production.
Nitrogen inputs are critical to the productivity thfese systems and the application of
farmyard manure seems to be effective to maintameat yields and the sustainability
of these systems (FlieBbach et al., 2007; Maltas. e2013). Conversely, grain yield of
chickpea and aboveground biomass of lentil wereimoeased by fertilization. This
result could be explained by the fact that, in galhpdegumes do not need supplemental
N fertilization (Clayton et al., 2003) because tlway obtain a significant proportion of

its N by symbiotic nitrogen fixation (Walley et a2005).

The type of tillage had no significant effects aaig yields of cereals (spelt and winter
wheat) and chickpea, although many studies fronpé&ate regions reveal lower crop
yield in systems with no soil layer inversion byseiling (Cooper et al., 2016) because
of a combination of a shortage of nutrients anddamepetition by weeds (Mader and
Berner, 2011; Peigné et al., 2013). The availahdftnutrients for crops did not seem to
be affected by reduced tillage in our trial. Rebentépez-Garrido et al. (2014) also

obtained similar yields in reduced and conventiotikhge under Mediterranean

conditions. The lower biomass of lentil in plotdlwieduced tillage can be explained by
the higher weed biomass under these conditiondhendhortage of water which could
have affected lentil growth. As Peigné et al. (20d4@inted out the success of reduced
tilage in organic farming depends on crop managemseoil type, and climatic

conditions. The fact that some long-term studieswsd better results with reduced

tillage is because of more experience in manadiegsystem and better soil structure
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after some years (Tgrresen et al., 2003). Krausal.e2010) found that long-term
effects of reduced tillage positively influencemgrperformance; reduced tillage can
improve soil structure, retains soil moisture aratluces water stress under dry

conditions and in consequence enhances crop yields.

The positive effect of fertilization and of mouldiyd ploughing in controlling weeds in
spelt and winter wheat highlights the importanceboth factors in enhancing the
competitive ability of crops. Weed abundance did affect significantly spelt and
winter wheat grain yield, reflecting that the crajas able to suppress the growth of
weeds to a point where their effect on crop grovwgtmegligible. Despite, no post-
emergence weed control was carried out during pile# srop, the weed abundance was
low, indicating the higher competitiveness of spainst weeds. On the contrary,
when weed biomass was introduced as a covariathiockpea yields and lentil crop
biomass, it resulted statistically significant eeting that weeds competed with legume
crops. The growth of weeds was significantly enlednioy fertilization during legume
crops and, consequently, it significantly reduckd growth of chickpea and lentil.
Some studies indicated that lentil is very vulné&ab weed competition because of its
short stature, slow establishment, and limited tetgee growth (Ahmadi et al., 2016).
Additionally, the high amount of weed biomass inckpea and lentil irrespective of the
treatment can be related to weakness of post-emazgeontrol. Our results indicate
that improving the weed management in chickpea lantl crop is critical to the
feasibility of such crops under the organic farmbegause of their high susceptibility
to weed competition. In this study the weed congftéct of the mouldboard ploughing
over chisel started to be noticed at the end ofettigeriment, coinciding with higher

lentil crop biomass in plots with mouldboard plourgh

The analysis of the effect of the cover crop ondvaleundance and on the crop yield of
the subsequent crop reflects that cover crop wastafe in controlling weeds during its
growing season, but it did not last over the foilogvyear. Moreover, weed abundance
was enhanced in plots with green manure duringl@éhgl crop. This negative effect
could be explained by the surplus fertilization gled with the extremely weak growth
of lentil related to drought, which dramaticallydteeed the competitive ability of the
crop. While we expected a positive or neutral effefccover crops on the control of

weed abundance during the subsequent crop, outsrésghlights that inserting cover
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crops must be carefully evaluated to compensatetifer possible consequences of
competition for nutrients and water over the drdugdars (Plaza-Bonilla et al., 2016).

How did SOC, carbon stocks and N change in therexpat?

The amount of SOC stored in the soil is determibgdthe balance of two biotic
processes: production of organic matter by plants decomposition of organic matter
by soil organisms. Each of these processes isg@yraontrolled by physical, chemical,
and biological factors (Guo and Gifford, 2002).danic arable cropping systems the
intensity of soil disturbance, the farmyard manarel green manure fertilization are
overriding factors of the amounts of SOC and N ahthe pattern of distribution along
the soil profile. Some authors have indicated 8@C is enhanced by farming practices
from conservation agriculture after several yedéder and Berner, 2011; Peigné et
al., 2013); however, other studies were unableexmahstrate such a positive effect
(Berner et al., 2008) but this result was foundravehort term experiment. Overall, our
study shows that the implementation of soil tillage 25 cm depth, whether with
mouldboard plough or with a chisel plough in Med#&eean low input farming

systems, may reduce SOC content and in conseqageit@arbon stocks.

Furthermore, our results are in accordance witherotudies which indicate that
reduced tillage can cause stratification on SOQerdr(Berner et al., 2008) and that the
amount and management of aboveground crop residaesaffect the degree of
stratification. The amount of SOC was significarftigher in the upper soil layers in
plots ploughed with chisel, and especially in femd plots. The use of reduced tillage
stratified SOC and in consequence soil carbon st@diernanz et al., 2002; Cooper et
al., 2016). Gadermaier et al. (2011) showed thaC S@icrobial biomass and soluble
soil nutrients after six years of rotation resulted stratification under reduced tillage,
as in our experimenOn the contrary, in plots with mouldboard plough®8@C was
significantly lower in the topsoil and higher ateger soil layers. Furthermore, it is
important to point out that soil inversion can reelicarbon stocks in the topsoil, and

this process is aggravated by the lack of fertiira

Crop productivity is one of the main drivers of lmam stocks in arable systems. Both
carbon stocks and crop productivity may be enharmedrop fertilization practices

(Johnston et al., 2009). Our results showed thatitable fertilization is crucial to
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maintain SOC level and carbon stocks in low proditgtorganic systems. However, in
our crop rotations, organic fertilization increasedp productivity only in cereal crops
suggesting nutrient limitation for crop productyit our soils. However, these positive
effects of fertilization may be offset by decreagedductivity in legume crops which
are typically much less productive than that ofeeé&s. Moreover, it is also noticeable
the low productivity of these systems in which egreal grain yield even in fertilized
plots is less than half than that of conventionatems in the region (Ministerio de
Agricultura y Pesca, Alimentacion y Medio Ambieng§09). Thus, plant productivity
in our rotation was in all cases much lower thaheighbouring cereal monocultures.
This may explain SOC losses throughout the soilfilprathat may be partly
compensated by the addition of farmyard manurés Inhteresting to note that such
losses were lower in plots with chisel compareadhtplots with mouldboard ploughing.
Alvarez (2005) reviewed several experiments on exadion tillage and N additions
under different climatic conditions and reportedttthe increases in SOC are produced
when nitrogen fertilizer and conservation tillage ased for long periods (mora than 6
years). Other authors have pointed out that theofisrganic amendments does not
always contribute to SOC accrual. The use of fresistabilized materials may induce
the mineralization of native SOC and thus decr&&Q€ and carbon stocks (Molina-
Herrera and Romanya, 2015; Romanya et al., 20h#&peld, organic matter that has
already undergone some level of decomposition sashthe composted farmyard
manure is more efficient in building up SOC in tbeil than fresh organic matter
(Romanya et al., 2012).

Although cover crops can increase soil organic enatthen they are incorporated into
the soil as green manure, Masilionyte et al. (2Ga@uihd a significant decrease in SOC
when legume cover crops are introduced in theiostafhis pattern suggests that the
incorporation of crop residues with low C:N ratiotd the soil can accelerate SOC
decomposition. However, other studies show positegponses on SOC levels in
response to legumes (Beedy et al., 2010). Thedacksponse of green manure in our
experiment may have been due to the general lomt plaductivity in the experimental

area.
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N content was clearly enhanced after the 4-yeatiant in all plots. Our results show
that N increase was significantly higher with thedrporation of farmyard manure, and
the highest increase occurred in plots with reduitéaije. Increased N levels after
adding manures have also been reported by othkorautOn the contrary, we did not
find any significant effect of the incorporation gfeen manures on the increase of the
N, reflecting that the effect of the inputs of fa/and manure was more important. Slight
increases of N amount in unfertilized plots canalteibuted to N fixation and or to

atmospheric deposition (Pang and Letey, 2000).

Changes in soil microbial biomass and N availapilit

Reduced tillage causes a stratification of soilrob@al biomass along the soil profile,
and this is in accordance with the total SOC cant&ocording with previous studies
our results on microbial biomassnEand Nric) indicate that shifting from conventional
to reduced tillage modifies crop residue distribatiin the soil profile and
environmental conditions for soil micro-organisraed in consequence the distribution
of the soil microbial life in the solil profile. larable systems managed with no tillage
and reduced tillage, i tend to be greater in the upper layers, and dsere@h depth,
while it is more homogeneously distributed withditeonal mouldboard ploughing
(Vian et al., 2009). Vian et al. (2009) indicatettlduring the transition period from
ploughing with soil layer inversion to no soil layaversion, the soil structure, the SOC
and the soil microbial biomass distribution withime 0-30 cm soil layer gradually
change before reaching a new equilibrium. Thissitaon generally lasts for up three
years depending on the parent material, soil textaurd climate. During this period a
decrease in the turnover rate of the SOC and iseteanmobilization of nitrogen can
occur, sometimes resulting in deficiencies of anofrients (Pekrun et al., 2003; Vian et
al., 2009).

In our experiment the increase ofiCafter four years of trial can be mainly explained
by the addition of manures. The addition of lalstairces of SOC promotes the soll
microbial activity and in consequence the increatemicrobial biomass (Molina-

Herrera and Romanya, 2015; Fliessbach and Madéf)2®educed tillage have been
also found to increase microbial biomass in surfsaés although its effects has been
found to be much stronger when combined with fedilon. These increases however
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have not been related to increases in N availgbiltdeed, some studies in temperate
climates reported a decrease of N availabilitythe crop under reduced tillage, due to

lower mineralization rates (Berner et al., 2008gReé et al., 2007).

The overtime decrease ofnN coincided with a 32% decrease in the C:N ratiowLo
C:N ratio indicates an increased degree of humiboa(Bayer et al., 2002). Humified
organic matter strongly holds N in highly recalaitt forms and is thus unavailable to
soil microbial. In our experiment low N availabflitvas indicated by the decreased
Nmic. N mobilization in low available N soils mayviolve destabilization of soil
organic matter and its subsequent mineralizatiotarf@Im et al., 2015). Thus,
increased mineralization of stabilized soil orgamatter in low N soil environments

can increase N with crop rotations and green man(g@en et al., 2016).

CmidSOC ratio can indicate that soil microbial effirody of conversion of organic
matter to microbial biomass and the stabilizatibrs®C by the soil mineral fractions
(Sparling, 1992). In our mid-term trial, the losS0DC in all plots coincides with the
increase of the &J/SOC ratio indicating that the microorganisms aregrating a

greater proportion of soil organic matter.
Conclusions

Farmyard manure is the main factor affecting cregbdg and weed biomass, as well as
governing soil fertility and quality. The organierfilization is crucial to sustain cereal
yields, but it can also exert a negative effectlegume crops, by increasing the
competitive effects of weeds. Although farmers@ecerned that reduced tillage could
reduce the already low crop yields under organimiiag by increased weed pressure
and delayed nutrient mineralization, we have fotimat the concerns are unfounded.
The tillage system does not have a consistent wegaffect on yields, and the
increased weed control of mouldboard plough dodg take place on a mid-to-long
term. The implementation of green manures in dylareas requires a careful redesign
of the cropping system. Although they could alléziaome fertility and weed control
issues, we have not found positive effects on grelals.

In the Mediterranean region of Spain, soils hawe flertility and the fertilization might

not have been enough to maintain SOC content. Henyvdlae application of more
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stabilized organic matter may be a better pradtcéhe maintenance and enhancement
of soil quality and the build-up of soil organic ttea in the soil.
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Influencia de la aplicacidén de practicas de conseacion sobre la
abundancia de lombrices de tierra en cultivos herb@eos extensivos

ecoldgicos en clima mediterraneo

Resumen

Las lombrices de tierra son uno de los grupos masitantes de la macrofauna edéfica
y cumplen un papel muy importante en el funcionamoiele los ecosistemas agricolas.
La intensificacion agricola ha afectado estas mii@s en los dltimos afios. No
obstante, las practicas de la agricultura de coasgm como el laboreo minimo, el uso
de abonos verdes y la fertilizacibn organica, poeder beneficiosas para las
poblaciones de lombrices en sistemas agricolasi8bargo, en la regibn mediterranea
la abundancia de lombrices es reducida y no existanhas referencias sobre su
comportamiento en relaciéon a la gestion agricolaolijetivo de este estudio fue
analizar los efectos individuales y colectivos distema de laboreo, la fertilizacion
organica y los abonos verdes sobre la densidatiptaasa de las lombrices en campos
de cultivos herbaceos extensivos ecolégicos denee&d estudio se llevo a cabo en el
marco de un experimento a medio plazo que consistena rotacion de cuatro afios de
cereales y leguminosas, donde se evallan tregdackl sistema de laboreo (arado de
vertedera con inversion de las capas del suelas@rmdo de cincel sin inversion de las
capas del suelo), la fertilizaciobn organica (estiErsemicompostado versus sin
fertilizante) y la incorporacion de abonos verdetes del cultivo de leguminosas (con
abonos verdes vs sin abonos verdes). Las lomhied®rra se evaluaron en todas las
parcelas mediante la extraccion manual de todométigiduos en areas de 33 cm x 33
cm, excavadas a una profundidad de 25 cm. Endetdketerminaron cinco especies de
lombrices de tierra, pero la comunidad estaba dadaiprincipalmente por dos ecotipos
endogenosAporrectodea roseay Allolobophora georgii y un ecotipo anécico
Aporrectodea trapezoidedas especies endodgenas pueden verse benefipadda
inversion de las capas del suelo debido a la imncagidn de materia organica, mientras
gue las especies anécicas pueden verse afectadasvamente. Los resultados
muestran que las parcelas con fertilizacion presentmayor densidad y biomasa de

lombrices de tierra. Las parcelas que fueron las@odn arado de vertedera presentaron
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mayor abundancia de juveniles que las parcelasacato de cincel. La biomasa de
lombrices fue significativamente menor en las gdasceon abonos verdes y arado de
cincel. Nuestros resultados indican que la comlbdmade fertilizacion y abonos verdes

no fue la mas Optima para las poblaciones de la®&ripero la fertilizacion organica

desempefd un papel considerablemente mas impoytani®entd su abundancia.

Earthworm abundance response to conservation agridture

practices in organic arable farming under Mediterranean climate

Abstract

Earthworms are one of the most important soil mfacnal groups, and they play a
major role in agricultural ecosystem functioninggrisultural practices, such as reduced
tilage, the use of green manures and organiclifation, can be beneficial for
earthworm populations in agricultural systems. Hesve under a Mediterranean
climate, earthworms’ abundance is reduced, andmath is known regarding their
response to agricultural management. The aim of #tudy was to analyse the
individual and collective effects of tillage typ&rganic fertilization, and green manures
on the density and biomass of earthworms in organable dryland. The trial was
conducted in a four-year crop rotation with a spldack design that combined tillage
system (mouldboard ploughing vs. chisel), fertii@a (composted farmyard manure
vs. no fertilizer) and green manures (green mamgeBo green manures). Earthworms
were assessed in each plot by the extraction ahdividuals through hand sorting in
soil areas of 33 cm x 33 cm that were excavated ttepth of 25 cm. Only five
earthworm species were found in this trial, and #sthworm community was
dominated by such endogeic ecotypes Agmrrectodea roseaand Allolobophora
georgii, and the anecic ecotypgorrectodea trapezoide&ndogeic species can benefit
from soil inversion because of the incorporatioroajanic matter, but the anecic ones
can be negatively affected by it. The results skiwat plots with farmyard manure had
higher density and biomass of earthworms. We olesethat the type of tillage
significantly affected earthworm populations: platsat had been ploughed with
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mouldboard ploughing (soil inversion) the year prio sampling presented more
juveniles. The biomass of earthworms was signifitawer in plots with green manures
and chiselling. Our results indicated that the cworaiion of chiselling and green
manures was not optimal for earthworm populatidng, organic fertilization played a
considerably more important role and enhanced #imrindances.

Keywords: organic farming, Mediterranean soils, green masywgarthworms, chisel

Introduction

Earthworms play a major role in ecosystem functignbecause their burrowing and
feeding activities modify the soil structure andresal soil properties. In particular,
earthworms increase soil macroporosity, relocatiienis along the soil profile and
form stable aggregates (Crittenden et al., 2014stEand Emmerling, 2009; Metzke et
al., 2007). The significant role of earthworms lmeen revealed by experiments in
which they were eliminated in grass swards causailgbulk density to increase, while
organic matter, soil moisture and infiltration rggeatly decreased (Riley et al., 2008).
Conversely, earthworm populations are influencedsby moisture, organic matter,
texture, pH and soil management (Crittenden et2@l14). Soil tillage can modify the
relative abundance of earthworm species and tloemaunity structure (Riley et al.,
2008). Some studies concerning the impact of ineersillage on the abundance of
earthworm populations have found that the largedtraost fragile earthworms (those
with soft epitheliums) are most affected by intgediillage, and species inhabiting the
topsoil are at risk of being negatively affecteddgughing (Pelosi et al., 2014). The
variability in burrowing and feeding behaviours da@ important in determining the
effects that tillage type can have on earthwormep@Wiez et al., 2009). According to
Bouché (1972), earthworms can be divided into tllewing ecological groups based
on soil habitats and feeding habits: (1) Epigeiecsgs live and feed in the organic
layers above the mineral soil surface. (2) Anegecges live in vertical burrows in
mineral soil layers, but come to the surface tal fee leaf litter that they drag into their
burrows (0-200 cm depth). (3) Endogeic speciesitivaineral soil layers and feed on

soil organic matter. They make horizontal burrolw®agh the soil that they sometimes
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reuse to feed and move around. Capowiez et al9j2&td Ernst and Emmerling (2009)
showed that soil layer inversion by mouldboard gling negatively affected the
density of anecic earthworm species, while the itlensf endogeic species was

enhanced.

The influences of other farming practices, such cagp rotation, crop residue
management and fertilization, are also importantefarthworm populations (Riley et
al., 2008). Eriksen-Hamel et al. (2009) reportesdt tthe addition of crop residues to
tilled soils could alleviate some of the negatiwgacts of tillage on earthworms, thus
improving their growth and maintaining more staptgulations. While many studies
demonstrate the role of cover crops in decreasaigesosion and improving weed
control and soil fertility (Ward et al., 2012), tkeare few that investigate the effect of
cover crops on earthworms. Farmyard manure is ganes amendment alternative to
mineral fertilizers that can be beneficial for @éarbrm populations in arable fields
(Andersen, 1979). Brown et al. (2004) reported tloaganic manures benefit
earthworms both directly and indirectly by proviglimdditional food resources and

shelter (through the mulching effect), and stimaplant growth and litter return.

Diversified crop rotation and green manures arel isemanage weeds and pests, and
the use of less intensive soil tillage (such asiced tillage with no soil inversion) can
reduce soil erosion, thus ensuring the sustaiploh farming systems (Pelosi et al.,
2014). Due to the potential beneficial effect oflueed tillage, green manures and
organic fertilization on earthworms, a sensible dtipsis could be that the integration
of conservation agriculture techniques into orgafaioning systems should increase
their populations and diversity. For instance, Haon et al. (2014) indicated that
conservation agriculture and organic farming inseeathe density and biomass of all
soil organisms. Several studies have found highaiversity in organically managed
systems than in conventional systems (Scullion let 2002), Padmavathy and
Poyyamoli (2013) reported higher earthworm popatai in organically managed
fields. Organic farming is fundamentally differehtan conventional systems due to the
exclusion of synthetic pesticides and fertilizéf®wever, notably few studies provide
results confirming that earthworm populations aneidity increase in arable cropping

systems with a combination of conservation agnizeltechniques and organic farming.
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The aim of this study is to analyse the individaatl collective effects of tillage type,
organic fertilizer and green manures on the densitgy biomass of earthworms in
organic arable cropping systems in the Mediterramegion. Indeed, there is a lack of
studies of earthworm populations in Mediterraneanmicaltural areas. Monitoring
earthworms in these areas can be challenging becansironmental conditions
strongly limit earthworm distribution. Frequentlyarthworms are distributed in small
patches because many species have narrow ecologigatements that are determined
by the high spatial variability of soil and soil t#a regimes in many Mediterranean
landscapes (Gutiérrez-Lopez et al., 2016).

The hypotheses of this study are that (1) the aegiptin of farmyard manure as fertilizer
will increase earthworm density and biomass; 2) Iamaard ploughing will decrease
earthworm populations; 3) the incorporation of goeeops into the soil as green
manures can increase earthworm density and bionass;4) the integration of
conservation agriculture techniques into organienfag systems could help increase

the abundance of earthworms in arable fields uadéediterranean climate.

To answer these questions, we took advantageral alésigned to evaluate the effects
of tillage, fertilization and green manures on adiferranean rainfed crop rotation and

measured the abundance of earthworm populatiorgddtion to these factors.

Materials and Methods

Experimental site and design

In November of 2011, a midterm field experiment veasablished in Gallecs, a rural
area of Catalonia, Spain. This location is a pdran agricultural area of 753 ha
situated in the region of Vallés Oriental, 15 kmrtkoof Barcelona (41°33'31.9"N

2°11'59.5"E). It has a Mediterranean climate; theam annual temperature and
precipitation are 14.9 °C and 647 mm, respectivitythe beginning of the experiment,
soil properties of the field were evaluated. Onrage, the mineral fraction consisted of
43.3 £ 6.9 % sand, 26.9 £ 4.7 % loam and 29.7 1#98.4lay; the texture was classified
as loamy-clay (Soil Survey Staff, 1998); and thi tspe was a Haplic Luvisol (IUSS
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Working Group WRB, 2015). At the beginning of theperiment the average soil
organic matter was 1.5 £ 0.1 % (Walkley-Black) éimel pH (H20) was 8.1 £ 0.1.

The trial consisted of a four-year crop rotationaisplit-block design of three factors:
tilage system (mouldboard ploughing (P) vs. chigg)) fertilization (composted
farmyard (+F) vs. no fertilizer (-F)) and green mees (with green manures (+G) vs. no
green manures (-G)). In total 32 plots measuringni3< 12 m were established,
comprising four replicates of each treatment. Theddfhad been under organic
management for five years prior to the trial, wathypical dryland Mediterranean crop
rotation that alternated cereals and legumes faramuconsumption. The crop rotation
of this trial consisted of speltT(iticum speltal., 2011-2012), chickpeasCicer
arietinumL., 2013) winter wheat (Triticum aestivum L., 202@14) and lentilsl{ens
culinaris Medik. 2015).

Two tillage systems were used: a mouldboard pldégl{soil inversion at 25 cm depth;
EG 85-240-8, Kverneland) plus a rotary harrow (5aepth; HR3003D, Kuhn); and a
chisel plough (C) (no soil inversion at 25 cm dep{iKCC 1187 - A0O, Kverneland)
plus a rotary harrow (same as for plough). Thalifmation (+F) treatment utilized six-
month-long composted cow farmyard manure sourcead tiee field. The farmyard
manure was applied every year before sowing thenmeop. The total amount of
manure applied differed per the nutritional demanéisach crop. The year before
sampling, 40 Ton ha-1 (138.28 kg ha-1 N) of farrdyaranure was applied before
winter wheat was sown. The organic fertilizers wemged in the soil by means of a
chisel or mouldboard plough in accordance to thagg treatment. In September 2012
and 2014, green manure (+G) was sown in the canebpg 16 plots. It consisted of a
mixture of oat Avena sativa..), white mustard $inapis albal.), bitter vetch Yicia
ervilia (L.) Willd.) and common vetch\fcia satival.). At the end of March of the

following year, green manure was incorporated th&osoil by disc harrowing.

Earthworm sampling

In February 2015, after three years of crop rotatearthworms were assessed during
green manure or stubble (depending on the typeeatrhent). Three square sampling
frames of 33 cm x 33 cm were placed 2 m from thgeeaf each plot, with two on the
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mid-line and one on the centre of a randomly chasg® and were manually excavated
to a depth of 25 cm. All earthworm and cocoons wextacted by hand sorting and

were preserved alive with moist soil at 4 °C utiieir fixation. In the laboratory, the

earthworms were fixed using formalin (4 % formalgdé) and preserved in alcohol (90
%) (Kuntz et al., 2013; Peigné et al., 2009). Theyre counted and sorted by adults
(with a clitellum), juveniles (without a clitellurand tubercula pubertatis) and cocoons.
Adults and juveniles were identified following Bdwe (1972) and weighed (conserved

weight in alcohol with gut contents).

12m
[l

13 m
Figure 1. Square soil samples (33 cm x 33 cm xn2pbdistribution in each plot.

Statistical analysis

The individual and combined effects of the typdiltdge (P vs. C), fertilization (+F vs.
-F) and green manure (+G vs. -G) on adult and jlrearthworm density and biomass
was evaluated using linear mixed-effects modeldlage, fertilization and green
manures were used as fixed factors and the blockimteoduced as a random factor
(block for the fertilization treatment and block fitne tillage treatment). The normality
of data was verified by the Shapiro-Wilk test amunoscedasticity was assessed using
the Barlett test. To meet the normality and homdastcity requirements we used
logarithmic transformation on data when necesséhe differences in mean density
and biomass among the treatments resulting frontomebination of all three factors
were verified using Tukey’'s HSD test. The sameisttesl procedure was followed
while analysing the effect of tillage, fertilizaicaand green manures on the densities of

the main earthworm species. All the analyses werfopned in R version 3.2.2 (R
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Core Team, 2015) with the packages Ime4 (Bate&,e2@ 1) for linear mixed effects

model fitting and multcomp (Hothorn et al., 2008) post hoc multiple comparisons.
Results

Overview of earthworm diversity

Overall, five earthworm species were fourgiorrectodea trapezoidg®uges, 1828),
Aporrectodea rosea(Savigny, 1826),Allolobophora georgii (Michaelsen, 1890),
Octodrilus complanatu@uges 1828) and one unidentifiable specimen lgahgnto the
family Hormogastridag(Michelsen, 1900). In this study, we have focusadhe three
most abundant species: A. rosea, A. georgii andrdpezoides. The first two are
endogeic ecotypes (Bouché, 1972), but the lattguii® variable in its behaviour. Some
authors have considered it an endogeic ecotypestiraetimes feeds on the surface
(Lee, 1985) but is primarily considered to be anéGiutiérrez-Lopez et al., 2016). Only
one specimen of Octodrilus complanatus (anecic)amedunidentified Hormogastridae
(endogeic) were observed. The most abundant speeaie®. rosea (mean 53 + 12 ind
m-2) followed by A. georgii (mean 30 £ 6 ind m-2nd A. trapezoides (mean 24 + 8
ind m-2). However, the highest earthworm biomass @féA. trapezoides, (14.80 + 1.94
g m-2), followed by A. rosea (7.56 + 15.57 g m-g§ia&. georgii (5.59 + 1.93 g m-2).

Effect of organic fertilization, tillage and greenanures on the density and

biomass of earthworms

Fertilization was the main factor that influencedtbworm populations (Table 1). The
density and biomass of earthworms were signifigaatihanced by farmyard manure
(Figure 1(1) and 1(lIl)). The densities of juvenijleults and total earthworms were
significantly higher in plots with farmyard manu(mean * standard error of total
density: +F= 585 ind £ 94 m-2; -F= 273 = 47 ind n-2his pattern is related to A.

rosea and A. georgii, but not A. trapezoides (Tdbbnd Table 2). Similarly, biomass
was significantly enhanced by farmyard manure (meastandard error of total

biomass: +F= 158.75 + 36.78 g m-2; -F= 64.87 £ 148n-2). In contrast, total and
adult densities were not affected by the type lz#ge, but the density of juveniles was
significantly higher in plots with mouldboard pldugg (Table 1). Total biomass of
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earthworms was not affected by the type of tillafee presence of green manures did
not affect the density of earthworms; however, ificemt differences were found for

total and adult biomass (Table 1). The highest bgswas found in plots without green
manures and chiselling (49.10 £ 10.01 g m-2). Farrtiore, there was a significant
interaction between tillage and green manure faatiole to the significant decrease of
total earthworm biomass in plots with chisellingdamithout green manures when no

farmyard manure was incorporated (Table 1).

Effects of the combination of conservation agrigrdt practices and organic

fertilization on the biomass and abundance of gantins

Contrasting results were found regarding the coetbieffects of the factors on density
and biomass of earthworms. The combination of the techniques of conservation
agriculture (C and +G) was not the best combinafion earthworm populations,

regardless of fertilization (Figure 2 (left)). Tbtaomasses were significantly lower in
plots with green manure and chiselling in comparitmthose managed without green
manure; the incorporation of green manures seemsdatively affect the total biomass

of earthworms in unfertilized plots managed witiseh(Figure 2 (right)).
Discussion

Overview of earthworm diversity

Our results show a low diversity of earthworms jmonly four species identified in the
study area. Studies in temperate climates had shugimer species richness (9-13
species) compared to our study in the Mediterramegion (Kuntz et al., 2013; Peigné
et al.,, 2009). Furthermore, the earthworm commuistydominated by only three
species: two endogei@porrectodea roseandAllolobophora georgii and one anecic

ecotype Aporrectodea trapezoides

Arable cropping systems with annual rotation schenhggh rates of soil disturbance

and habitat simplification likely contribute to laspecies richness.
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Table 1. Results of the linear mixed effects modélthe effect of fertilization (F: + fertilizatiowith farmyard manure, F: - not fertilized; T: &itle
system (P: mouldboard ploughing, C: chisel ploughi: + with green manure, G: - no green manwe{l, the interaction between factors (F, T and
G) on the different variables measured. Total dgraid biomass refers to the sum of adults andhjle& Logarithmic transformation was applied to
meet normality and homoscedasticity requirements.

F:+vs- T:PvsC G:+vs- FxT FxG TG
Total density 0.390*  0.078° -0.021N° 0.006"° 0.034N°  0.091N¢
Density adults 0.480** -0.04%° -0.081N° 0.028" 0.017N° 0.046"¢
Density juveniles 0.305*  0.203** 0.042 0.042° 0.103%° 0.100%
A. roseatotal density 19.984* 8.046' 3.890% 8.621N¢ 5,965 8.053\°
A. georgiitotal density 0.0323* 0.009% -0.050% -0.019M -0.097N¢ -0.074"¢
A. trapezoidesotal density  9.656N  -1.137N¢  -0.381N¢  -3.031"¢  0.762%  3.218%
Total biomass 0.489* -0.09% -0.151* -0.068< 0.060% 0.160*
Biomass adults 0.582* -0.166 -0.232* -0.028< 0.112 0.150M¢
Biomass juveniles 1.209* 0.52%8 0.121% -0.378¥S  0.234%S  0.334"
A. roseatotal biomass 3.121*  0.21% -0.221NS  0.509%°  -0.090NS  0.903NS
A. georgiitotal biomass 0.408* -0.086 -0.133% 0.006"° -0.049NS 0.026NS

A. trapezoidesotal biomass  7.13%  -2.834%  -1.2228S 22348 1.09INS  2.347NS

The values are estimated differences in log-transd marginal means and their significance levedsradicated according to the following codes: 1¥% 0.001, **
p <0.01, * p< 0.05,NS not significant.

Table 2. Mean (x SE standard error of the diffeeshaxumber of total individuals dfporrectodea roseaAllolobophora georgiiand Aporrectodea
trapezoidesand their sum per square meter: +F: fertilizatoth farmyard manure, -F: not fertilized, P: mdubérd ploughing, C: chisel, G+: with
green manure and G-: no green manure.

F+ F-
Species P C p C
G+ G- G+ G- G+ G- G+ G-
A. rosea 108.35+33.13 71.95+10.09 58.32+11.24 5530565 38.62+4.17 27.25+4.11 24.25+9.51 4392.66
A. georgii 24.22+1.24 53.05+7.97 4470+14.77 3485%6.32427+721 19.70+£516 18.17+2.76 19.70843.

A. trapezoides 31.82 £8.97 27.27 £ 8.65 36.37 £13.67 39.40%10. 19.70+6.84 1290+3.12 6.82+4.35 18.20427.
Total abundance 164.40 £ 34.64 152.27 £13.71 139.40+25.81 12%.30.71 82.57 +14.98 59.87 +6.82 49.22 +10.@3.82 + 15.50
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Figure 2. Mean (+ SE standard error of differendesl number of individuals (left) and total
biomass (right) in each treatment: F: - not femtitl, F: + fertilization with farmyard manure;
G: - no green manure, G: + sowed with green mantretillage system (P: mouldboard
ploughing, C: chisel ploughing). Bars with no lesten common are significantly different
(Tukey HSD test, P < 0.05).

Smith et al. (2008) reported low species richnass study in Michigan, US, dominated
by the genus Aporrectodea. These researchers takaténdings to the fact that this
genus is relatively tolerant to agricultural adies, as it is able to persist deeper in the
subsoil than other species.

Bostrom (1995) suggested that the large amountgdnic matter ploughed under the
soil, which served as food for the earthworms, tiogee with the supply of cocoons
allowed the endogeic earthworms to make a fastvexgo Capowiez et al. (2009)
reported thaAporrectodea caliginosancreased with mouldboard ploughing due to an
increase in food resources (buried organic matad a decrease in competition for
food with anecic species. Anecic species, on theerohand, could be the most
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negatively affected by intensive and repeateddisilrbance because of direct physical
damage and an indirect effect on food resourcesalbaf surface organic matter) and

their habitat (destruction of burrows) (Capowiealet2009).

Pelosi et al. (2014) suggested that anecic spaceetess abundant, or even absent, in
ploughed fields. Though several studies have shbatploughing reduced the number
of the large-bodied anecic species (Chan, 2001stEand Emmerling, 2009; Pelosi et
al., 2014), our results suggestad trapezoidesvere not significantly affected by the
type of tillage. Kuntz et al. (2013) reported ttiee implementation of reduced tillage in
an organically managed clay soil over a six-yeapapotation enhanced the density and
biomass of earthworms while also influencing tlemmunity structure. In this four-
year experiment, we did not find that the typeiltdde significantly affected earthworm
communities, perhaps indicating that the resporfseacthworm populations occurs

over a longer time period.

Effect of organic fertilization, tillage and greenanures on the density and

biomass of earthworms

It is known that fertilizers have long-term bengfibr earthworm populations through
increased input of nutrients, organic matter andaened production of litter material,
which ultimately result in more food for earthwornksirthermore, farmyard manure is
considered most suitable for earthworm populaticowgh (Brown et al., 2004; Curry,
2004, 1976). Our study supports the claim that yamth manure enhances earthworm
growth and reproduction.

The effect of fertilization is significant for bottensity and biomass of adults and
juveniles, while the effect of tillage is only sificant for the density of juveniles. The
high number of juveniles in plots using mouldboploughing can be explained by the
enhancement of reproduction of earthworms in respada tillage disturbance. Several
studies have shown that tillage with soil inversgam reduce earthworms by 70% both
in numbers and biomass, but populations generabowver within a year if the
disturbance is not repeated (Bostrom, 1995). Endtdamel et al. (2009) reported that
ploughing reduced the earthworm population by 7%s,/But one year later, there were
five times as many earthworms, and the biomasssivasar to the pre-tillage level.
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This could be explained because disturbance creatgwessure which reduces
earthworm populations, but right after ploughingrogluction is increased. In this
experiment, earthworm sampling was carried out mignths after the soil was

disturbed, probably leaving enough time for thezavery.

In this study, the highest biomass was found insplathout green manures, which is
contrary to our initial hypothesis that the incaiggon of organic matter from green
manure should favour earthworms. However, few studire available which analyse
the effects of green manures and their interacivih tillage systems on earthworm
populations, and thus our results are difficulfriame within existing evidence. Stroud
et al. (2016) reported thatumbricus terrestrid.. was not enhanced by oilseed radish as
cover crop in a long-term rotation. Valckx et aR0{1l) also studied.umbricus
terrestrisfood and habitat preferences for cover crops @we fiound that rye grass was
the preferred food resource, but no preferenceepellence was found for mustard
(Sinapis alba However, they found an increasing trend for liepee against oats
(Avena sativa over time, suggesting that the allelopathic dffet oats may affect
earthworms indirectly by changing habitat and fpoeference. Since we used oats and
white mustard for the green manure mix, this ccadglain our results, although we
cannot confirm that there is a repellent effectgpéen manures on earthworms.
Furthermore, no studies were found regarding tloel fand habitat preferences of A.
roseaA. georgiior A. trapezoidesThere is a need to study in more detail whetheiret
are some allelopathic effects of oats or mustardc@ager crops that may affect

earthworms.

Effects of the combination of conservation agrigrét practices and organic

fertilization on the biomass and abundance of gantns

Density and biomass of earthworms respond differetd the combination of
experimental factors, but in no case conservatgicalture techniques were the best
combination for earthworm populations. Neverthelassis important to note that
similar density and biomass of earthworms resuhguots with mouldboard ploughing
and fertilization compared to plots with chisellinagd no fertilization. Several studies
have indicated that the use of conservation agureitechniques increases populations
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of earthworms (Scullion et al., 2002). Our resuglt®wed that earthworms can have
similar abundances with both tillage systems. Reshia the Mediterranean region,
where extreme climate conditions -particularly susnmrought- play an important role
on agroecosystems functioning, the use of all awasen agriculture techniques does
not contribute to a more sustainable cropping syst®rganic fertilization seems to
play an important role in these systems and coeld lerucial factor to maintain and

benefit earthworm populations in Mediterranean@gural systems.

The highest density of earthworms was found ingplith mouldboard ploughing,
fertilization and the presence of green manureg @&n be explained due to a species-
specific responseAporrectodea roseawhich was the most abundant species, avoids
compaction and reduced tillage seemed to create swnpacted zones. Some authors
have shown that minimum tillage and no-tillage hHesu more compacted soil than
ploughing (Capowiez et al., 2009; Peigné et alo20Compacted zones are created by
wheel tracks, and in tilled plots those zones egmented into clods by the plough; but
in reduced tillage plots only parts of the compddaenes are fragmented (Capowiez et
al., 2009). In consequence, a soil structure witbranmacropores is obtained with
mouldboard ploughing and, in the short term, eaotimg are not able to improve soil
macroporosity (Peigné et al., 2009). Furthermérerosealives mainly in the upper
layers of the soil, eating soil organic matter. rEfiere, the species could take advantage

of increased availability of crop residues incogied by inversion tillage (Chan, 2001).

The highest total biomass was found in plots tiNeith chisel and fertilization, but
without green manure®\. trapezoidesad the highest biomass since it is the largest
species and it was the only anecic ecotype fourdisnexperiment. This makes it more
likely that they are affected by soil inversionaie since they go to the surface for food
(Gutiérrez-Lopez et al., 2016). Therefore, reduseitl tilage with non-inversion could
benefit this species.

Conclusions

Farmyard manure demonstrated the strongest effactise growth and reproduction of
earthworm populations. The two tillage systemsrt show significant differences in

total density and biomass of earthworms, but thel show an important effect
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depending of the ecotype of earthworm. Endogeiccispecan benefit from soil
inversion because of the incorporation of organmtter, but anecic species can be
negatively affected by it. It is essential to stuldg effects of cover crops on earthworm
populations and whether there are allelopathicceffef specific cover crops such as
oats and mustard on earthworms. Furthermore, ibesieneed to study in more detail
the biology of Aporrectodedrapezoides A. roseaand Allolobophora georgii the

species dominant in our experiment, which are abohith Mediterranean systems.

Our study did not show any positive effects of ttmmbination of conservation
agriculture techniques on earthworms. In our thal combination of reduced tillage by
chiselling and green manure did not enhance earthvpmpulations. It is important to
understand how these different factors interactnmvtiesigning a sustainable organic

system under certain climate conditions, soil progg, and crop rotations.

This study shows the importance of analysing thebgoation of such conservation
agriculture techniques as reduced tillage and greanures in organic arable crop
rotations, and it adds relevant information for khediterranean region. However, long-
term trials in a Mediterranean climate are neeaeéully understand the ecology of
different earthworm species, their interactions eeldtion with conservation agriculture
techniques, as well as their potential roles innpbng more sustainable farming

systems.
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Uso del nitrdgeno en una rotacién de cuatro afios dereales-
leguminosas como respuesta a la aplicacion de absneerdes,

fertilizacion organica y laboreo minimo

Resumen

El creciente énfasis por el desarrollo de modetpgalas sostenibles desde el punto de
vista medioambiental conlleva que se incremenietetés por la rotacion de cultivos y
el uso de fuentes de nitrégeno N organicas queaafda disponibilidad de N y la
eficiencia de su uso para mejorar o mantener téided del suelo y la productividad de
los cultivos. El objetivo de este trabajo fue estu@l efecto del laboreo minimo, la
aplicacion de estiércol semicompostado y la inc@@Eoén de abonos verdes sobre el
rendimiento de los cultivos y el uso del N, en wotacién de cuatro afios de cultivos
ecoldgicos de cereales y leguminosas e identifecarejor combinacion de las practicas
en términos del balance de N y los parametros defitéencia del uso del N. Los
tratamientos fueron evaluados mediante un disepera®ental de bloques divididos:
arado de vertedera (P) vs. arado de cincel (CjiliZante organico (+F) vs sin
fertilizante (-F) y abonos verdes (+G) vs. sin asowerdes (-G). El tipo de laboreo no
afecto la absorcion de N cuando se combiné cordif@sentes fuentes de N. Los
resultados reflejan que las leguminosas no necekstéertilizacion adicional de N. El
excedente mas elevado de N del suelo fue en parcatafertilizacion y abonos verdes
con independencia del tipo de laboreo. El elevades de N en estas parcelas puede
ser problematico ya que puede dar lugar a pérdidadixiviacion; por lo tanto, la
practica combinada de abonos verdes ricos en lemsias y la fertilizacion deberian

evitarse en las rotaciones de cereales-leguminosas.

Nitrogen utilization in a mid-term cereal-legume rdation as a result of

green manure, organic fertilization and tillage stategies

Abstract

The growing emphasis on environmentally sustainaddeiculture is expected to
increase interest in complex rotations, organicogén (N) sources, affecting N
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availability and N use efficiency, to build or m&m soil fertility and crop
productivity. The aim of this research was to sttigg effect of reduced soil tillage,
farmyard manure and green manure on yield and N insa 4-year cereal-legume
rotation in organic farming, and to identify thesbecombination of these agro-
ecological practices in terms of N balance and fitiehcy parameters. The following
treatments were compared in a strip-split-blockigtesconventional plough (Pys
reduced chisel (C) tillage, organic fertilizer (Rs). no fertilizer (F-) and green manure
(G+) vs. no green manure (G-). The tillage method did riteca N uptake when
associated with various N sources. Results alsgesigd that legumes do not need
supplemental N fertilization. The N surplus in teeil was the highest in plots
combining (with both tillage approaches) green marand farmyard manure, with the
risk of losses by leaching, therefore, this comthipeactice should be avoided in cereal

— legume rotations.

Keywords: organic farming; crop rotation; mid-term experimeatganic fertilizer;

green manure; N balance

Introduction

Sustainable agriculture has fostered the interestrop rotations and their effects on
nitrogen (N) utilization efficiency, to promote ptable and efficient agriculture. In
particular, different authors found that cerealdie@ rotations are more productive than
continuous cereal cropping and can more efficienthe the limited rainfall in a

Mediterranean environment (Lopez-Bellido et alQ@0Pala et al., 2007)

In crop rotations on organic farms, yields depenthlon the optimization of the N
inputs and minimizing nutrient losses. Accordindavis (2010), in properly designed
rotational systems, cover crops can sustain casp production by reducing soll
erosion and N leaching losses and by increasidgoeganic matter when incorporated
into the soil as green manure. In particular, tee of leguminous cover crops (pure or

in mixture) may partially replace off-farm N fergérs, improve soil N fertility and
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increase the yield of the subsequent crop, duédoN fixation in low C:N residues
(Gilmour et al. 1998; Smukler et al., 2012). Cova@op N, however, is often

mineralized before the root system of cash crdjpllg developed, thus determining a
lack of N release : uptake synchrony (Pang andy.&@00). To reduce N deficiency, it
may be thus necessary to supplement crop feriith off-farm organic compliant

inputs, such as composted farmyard manure andresigues.

Melero et al. (2011) found a significant interantibetween crop rotation and tillage,
pointing out the differential effect of the soil nreyement system on the soil N status,
since soil conservation tillage increased total N the surface layer better than
conventional tillage practices. In addition, acéogdto Van Kessel and Hartley (2000),
conservation tillage can stimulate, Nixation. Soils under the conservation tillage
system, in fact, offer favourable conditions formdyjosis, such as reduced soll
temperature and greater water availability, resglfrom increased aggregate stability
and high number of macropores (Souza et al., 2003).

Recent attempts have been made to assess thenahbsiyi and crop performance of
cropping systems in which cover crops and orgamidilization strategies were

combined (Mazzoncini et al., 2011; Montemurro et 2013). However, there is still a
substantial lack of knowledge on combined practigearticularly regarding the

assessment of N efficiency in organic croppingeyst Therefore, the objective of this
research was to study the effect of different agpological practices (reduced soll
tillage, organic fertilization and green manure) @op productions and N use in a
cereal-legume rotation in organic farming, underdiBsranean conditions. Since a
growing number of agro-ecologists argued that tloelgctivity of farmlands should be

maximized with the increase of uptake efficiencyNofinputs (Crews and Peoples,
2004), the aim was also to identify the best comtoim of the adopted agronomic
measures in terms of N balance and N efficiencgpaters.
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Materials and methods

Site of study

In 2011, a mid-term (4-year) field experiment wasablished in the Rural Area of
Gallecs that is a suburban agricultural land ane@atalonia (Spain), which is situated
15 km North of Barcelona (41°33'31.9"N 2°11'59.59, m a.s.l.). This area has a
Mediterranean climate and the mean annual temperand precipitation are 14.6 °C
and 629.2 mm, respectively. The soil is loamy-cleiassified as a&daplic Luvisol
according to the Soil Taxonomy definition (Soil ey Staff, 1999).

On average, the main physical-chemical soil cherestics, determined at the beginning
of the field experiment, are the following by weigh3.3 + 6.9 % sand, 26.9 £ 4.7 %
loam and 29.7 £ 3.7 % clay. At the beginning of éxperiment the average soil organic
matter was 1.5 £ 0.1 % (Walkley-Black) and the pH@) was 8.1 + 0.1. The field had

been under organic management during five yearsrdethe trial, with typical

Mediterranean crop rotations alternating cereatslagumes for human consumption.

Experimental setup and treatments

The field experiment consisted of an organic celegime crop rotation in a strip-split-
block design, with three factors (with two levelack) and four replications. The
following treatments were compared: tillage systéonventional plough (Pys
reduced chisel (C)), fertilization (organic fetdir (F+)vs. no fertilizer (F-)) and green
manures (with green manure (Gs).no green manure (G-)). The factors were arranged
with tillage treatments laid out in vertical strjertilization horizontally stripped across
the split-plot experiment, and the vertical strpsre split into subplots with different

green manure. The entire experiment was replicatades.

The P tillage consisted of a mouldboard ploughl (sgers inversion at 25 cm depth;
EG 85-240-8, Kverneland) and a rotary harrow (5 aepth; HR3003D, Kuhn) for
seedbed preparation. For the C tillage systemjselcplough (no soil layers inversion,
about 25 cm depth; KCCC 1187 - A00, Kverneland) amdtary harrow (5 cm depth)

were used.
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The fertilization treatment (F+) consisted of paly composted farmyard manure,
composed of cattle manure and vegetable residu#ajned without managing and
controlling the process, by gradually accumulatihg material that was seasonally
available, according to the normal practice usethenarea. It was applied every year
before sowing the main crop. The total amount ohuna applied depended on each
crop, ranging as follows: i) moderate (100-200 Kbadyr) for cereals and ii) low (<100
kg N/halyr) for legumes. More in detail, the amauper crop were: 134.60 kg N-ha
for spelt, 138.28 kg N hiafor wheat; 40.04 kg N hafor chickpea and 62.36 kg N fha
for lentil. The organic fertilizer was mixed in tis®il by means of plough or chisel,
according to the tillage treatment.

In September 2012 and 2014, cover crops were sowreiplots corresponding to green
manure treatment (G+). A mixture of different crggecies in different proportion and
with appropriate sowing density was used: datepa sativd.., 30.92%, 45.8 kg h9,
white mustard $inapis albal., 1.01%, 1.5 kg hd), bitter vetch Yicia ervilia L. Willd.,
41.23%, 61 kg h4 and common vetchvfcia satival., 26.80%, 39.7 kg h9. At the

end of March, green manure was incorporated irgcsthl by disc harrowing.

The four-year rotation was carried out with thedaing cash crops: spel(iticum
spelta L., 2011-2012 season), chickpe@ider arietinumL., 2013) winter wheat
(Triticum aestivurmL., 2013-2014 season) and lentileqs esculenturh., 2015). The
crops were cultivated on 32 plots each of 13618 m x 12 m), thus allowing the use

of regular-sized farming equipment.
Measurements
1. Crop measurements

Four permanent frames of 1 m x 1 m were randonthbéished in each plot. The total
aboveground biomass of the cash crops was colléefmte harvest in each frame and
oven-dried at 60 °C for 48 h. All samplings werrited to the inner 9 m x 8 m of each
plot. The plant N content (% N) was evaluated ughgy Dumas combustion method
(Kalra, 1998), allowing the calculation of crop Igtake (N content x dry biomass; Kg

hal). Nitrogen use indices were also calculated aevist i) N utilization efficiency
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index (NUE) as the ratio of yield to N uptake (kgj'k and N uptake efficiency as the
ratio of total plant N to total N supply, accorditggMontemurro (2010) and to Lopez-
Bellido and Lopez-Bellido (2001) terminologies.

Cereals and chickpea grain yields (lentil didntiduce grain because extended drought
dramatically affected flowering, therefore, no finproduct was obtained) were
harvested by a plot combine (Elite, WINTERSTEIGHfR,.) in the inner 9 m x 8 m of
each plot. The straw of the crops was not removeah the field. The spelt straw was
chopped by a straw chopper hammer (BB-P-240, Bgldkefore it was incorporated
into the soil by disc harrowing.

2. Soil sampling and analysis

At the start (November 2011) and at the end (Novam2015) of the field experimental
trial, 20 soil cores of 2.5 cm of diameter weretsygtically extracted at 0-20 cm soll
depth (i.e., reduced depth, since it is a soil priandeep compaction), every 2 meters of
distance in each plot.

Each set of 20 cores extracted at each plot ¢atedia sample. Soil samples were air
dried, ground to pass a 2-mm sieve, and then asdlyZotal nitrogen content was
determined through dry combustion (Bremmer, 19986h & LECO® Truspec CHNS
analyser.

A surface balance for N (Watson et al.,, 2002) af thhole experiment, for each
treatments combination, which is correspondingh® Nl surplus/deficit as reported by

Montemurro et al. (2010), was calculated as follows
N surplus/deficit = (N supply + (Final SMN - Initi&MN)) — N uptake (2)

where N supply was: N from fertilizer + N fixed gyeen manure + N fixed by legume
cash crop + N deposition (estimated as 18 kg N.Hdoreover, N left into the soil after

legume was determined, as the difference betwesuplly and N uptake.

Calculation of N-fixation values (BNF, biologicalhjitrogen fixation) was made based
on the formula proposed by Hggh-Jensen et al. (2004édified by Hansen et al.
(2014):
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BNF =yield_DM * N content * Nfix * 1.55
2)

where:
yield_DM: t ha' of yield dry matter;

Nfix: % of aboveground nitrogen derived from thenasphere according to Amossé et
al. (2013);

1.55: coefficient obtained from (1 +dd+stubblet Niranssoit Nimmobile), @according to
Hansen et al. (2014).

3. Statistical analysis

Data were analyzed using General Linear Models (pMcedure. Mean comparison
was carried out according to the SNK at<P0.05 probability level. The selected
analysis was performed by SAS/STAT software, reea8, 2012 (SAS Institute Inc.,
Cary, NC, USA), considering year as random andrireats as fixed factors.

Results

Temperature and rainfall during the experimental tr

As far as the climatic conditions during the ragatiis concerned, over the period
December 2011- July 2012, the total rainfall wa% &#m showing an increasing trend
till to a peak in April and May (85 and 72 mm, restively) followed by a notable
decrease in June (5 mm; figure 1). Mean monthlypeature showed higher values in
June and July (23 and 24 °C, respectively). Simgilashickpea (in 2013) cycle had
higher rainfall in April (84 mm, respectively) atite highest mean temperature in July
(25 °C), whereas the total rainfall was 175 mm. Tieeat cycle (2013-2014) was
characterized by a more variable rainfall patteshmgwing peaks in January (39 mm),
May (51 mm) and August (52 mm) and a total raindéhlP94 mm over the period. As
regards mean monthly temperature, the highest salere found in July and August
(about 23 °C both). Finally, during lentil croppifg015), total rainfall was very low

from April to August (146 mm), reaching a peak inglist (56 mm), when the crop was
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destroyed and incorporated into the soil becauseoafeed production. From April to
June, the most critical period for lentils growthe rainfall was 67.5% lower than the
mean last 30 years. The temperature was the highésty with 27 °C (Figure 1).
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Figure 1. Mean monthly temperature and total rdliafiathe area in the last 20 years (top)
and during each cash crop growing season of theyfar rotation.
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Effects of green manure, organic fertilization aithge strategies on crops

biomass, vield and N efficiency parameters

The results of the analysis of variance on thecefté tillage, fertilization and green
manure and their interactions on biomass, yield Mradficiency parameters of the four
crops in rotation are reported in table 1 and gnfficant main effects of fertilization in
spelt and wheat for all parameters was found (TableAs regards the leguminous
crops (Table 2), the fertilization revealed a digant effect on N uptake efficiency
both of chickpea and lentil. Moreover, green maniiagl a significant effect on N
supply of lentil and on the N uptake efficiencylaith legumes, as well as the two-way

interaction F x G had a significant effect.

Table 3 reports crops biomass and yield, excepd yo& lentil, since production failed.
No significant differences were recorded betwebage systems for biomass and yield
of each crop, as well as no significant differersese recorded between green manure

and fertilization treatments for legumes.

By contrast, significant differences were found bmth cereals between fertilization
treatments. In particular, spelt biomass and wedde significantly higher with F+ by
21% and 15%, respectively, as compared to F-, valseire wheat biomass and vyield

were higher by 27% and 36%, respectively.

No significant differences were recorded betwedlage systems for cash crops N
efficiency parameters (NUE and N uptake efficienchle same parameters revealed
that for cereals the F+ treatment determined lovedues than F- (Table 4). More in
depth, for spelt crop the NUE and N uptake effickewere significantly lower in +F by
19% and 86%, than in F-, respectively, whereasvfugat they were lower by 24% and
84%, respectively. As regards the two leguminowpgr N uptake efficiency showed
better results without green manure and fertil@atin comparison with G+ and F+
plots. However, in this case the two-way interatfia- x G+ should be analyzed, which
had a significant effect (Figure 2). The best Nalptefficiency results were obtained
for the double negative control (G- x F-).
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Table 1 Analysis of variance for the effect of tillage dedtilization on biomass (d.m.), yield and N eféocy parameters of spelt and wheat crop.

Treatments spelt wheat spelt wheat spelt wheat spelt wheat spelt wheat spelt wheat

biomass yield N uptake NUE N supply N uptake efficiency
Tillage (T) ns ns ns ns ns ns ns ns ns ns ns ns
Fert|l|zat|0n (F) *k% ** *k% ** *k% *k% *k% ** *k% *k% *k% *k%
TxF ns ns ns ns ns ns ns ns ns ns ns ns

** *xk = Significant at the P<0.01 and 0.001 prdtility levels, respectively. n.s. =not significant.

Table 2 Analysis of variance for the effect of tillage, tikzation and green manure on biomass (d.m.)dyaid N efficiency parameters of chickpea
and lentil crop.

Treatments chickpea lentil chickpea lentil chickpea lentil chickpea lentil chickpea lentil chickpea lentil

biomass yield N uptake NUE N supply N uptake efficiency
Tillage (T) ns ns ns - ns ns ns - ns ns ns ns
Fertilization (F) ns ns ns - ns ns ns - ns ns *rk o kk ok
Green manure (G) ns ns ns - ns ns ns - ns *x *hk *hk
TxF ns ns ns - ns ns ns - ns ns ns ns
TxG ns ns ns - ns ns ns - ns ns ns ns
FxG ns ns ns - ns ns ns - ns ns Frx FrE
TxFxG ns ns ns - ns ns ns - ns ns ns ns

* **x = Gjgnificant at the P<0.05 and 0.001 prolilikp levels, respectively. n.s.= not significant.
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Capitulo IV

(P: conventional plough; C: reduced chisel; F+: posted farmyard; F-: no fertilizer; G+: green manuB-: no green manure).

Treatments Spelt Chickpea Wheat Lentil

Biomass Yield Biomass Yield Biomass Yield Biomass Yield
(t hat) (t hat) (t hah) (t hat) (t hah) (t hah) (t hah) (t hat)

Tillage

P 6.80a +1.02 2.33a+0.19 0.87a+0.31 0.38a +0.1300a8t1.51 3.23a+0.71 0.91a+0.27 -

C 6.21a +0.87 2.32a +0.32 0.84a +0.29 0.38a +0.1675a7+1.44 3.16a+0.71 0.67a+0.67 -

Green manure

G+ - - 0.86a +0.29 0.39a +0.15 - - 0.81a+0.28 -

G- - - 0.85a +0.30 0.38a +0.13 - - 0.76a+0.28 -

Fertilization

F+ 7.11a +0.69 2.49a+0.18 0.76a +0.28 0.32a +0.15 1a8#8.14 3.68a+0.53 0.72a+0.24 -

F- 5.89b +0.84 2.16b £0.21  0.95a +0.27 0.44a +0.08294b #1.11 2.71b +0.48 0.86a+0.30 -

Means 6.50 2.33 0.86 0.38 7.88 3.20 0.79 -

Notes: For each factor, the mean values in eacimoofollowed by a different letter are significgntlifferent between treatments according to SNK.
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Table 4. Cash crops N efficiency parameters. MdanStd Dev) are presented under different tillagesen manure and fertilizer strategies (P:
conventional plough; C: reduced chisel; F+: compd$armyard; F-: no fertilizer; G+: green manure; & green manure)

Treatment Spelt Chickpea Wheat Lentil

NUE N uptake NUE N uptake NUE N uptake N uptake
efficiency efficiency efficiency efficiency

Tillage

P 18.73a +3.68 0.54a1+0.42 8.23a+2.24 0.73a £0.49.84a +3.66  0.62a +0.46 0.60a £0.52

C 20.47a £3.37 0.55a+0.43 8.91a+2.80 0.72a £0.4g.75a +3.02  0.63a +0.47 0.54a +0.48

Green manure

G+ - - 8.36a +2.27 0.37b £0.06 - - 0.28b +0.10

G- - - 8.78a £2.80 1.08a +0.40 - - 0.86a +0.56

Fertilization

F* 17.52b +3.34 0.13b £0.02 7.43a+1.80 0.54b £0.22 .3Wb+2.27 0.17b £0.01 0.27b £0.08

F- 21.67a +2.50 0.95a+0.07 9.72a+2.65 0.91a6:0.20.22a+2.20 1.08a +0.08 0.88a £0.55

Means 19.60 0.54 8.57 0.73 17.80 0.63 0.57

Notes: For each factor, the mean values in eacimoofollowed by a different letter are significgntlifferent between treatments according to SNK.

146



Capitulo IV

a) T

15

>
o
T
% 1.0
() I
a4
8
£ o
) T
o
0.5
z o
G+F+ G+F- G-F+ G-F-
b) [

N uptake effiency

= ==

G+F+ G+F- G-F+ G=Fs=

Figure 2.Box plot forthe interaction between G (green manure) and Fnffard manure) on
the N uptake efficiency of the legume crops: (agkjea and b) lentil.

As regards chickpea, the worst results were fonn@+ both in interaction with F+ and
F-, whereas G- x F+ showed intermediate valueeftill no substantial differences
were found among the other interactions, which sbwignificant lower values

(particularly for G+ x F+) as compared to G- x Figlre 2).
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N balance

In table 5 the soil N surplus/deficit by each tme@nt combination, over the 4-year
experiment, is reported, with means + standardatievi for each SMN, N uptake and
N supply. The chickpea and lentil crops had a ckfiié performance: the first legume
took up 38-52 kg N hg whereas lentil took up 16-34 kg N-haDespite this difference,
the P-G-F- combination showed the highest N uptakapsolute value, for both crops.
The chickpea took up a N rate slightly higher thha N supply for all treatment
combinations, except C-G-F+ and C-G-F+. On thereowt lentil took up less N than

the supplied rate, except for P-G-F- that showsdilaN depletion.

The N balance showed that the N surplus/deficit thashighest in G-F+ combination
both with P and C tillage. By contrast, the P-GiFelatments combination showed the
lowest value (deficit of 49.94 kg N fip Moreover, the P-G-F- combination determined
a higher N deficit (by more than 100%) compared{G-F+. Finally, an intermediate
surplus value was obtained by C-G-F+ and C-G-F-.

Discussion

Treatments effect on cash crops biomass, vield\aafliciency

The type of tillage did not affect N uptake wheisasated with various sources of N
(table 3 and 4), unlike Ishaq et al. (2001) resuitgparticular, NUE values did not show
any difference between P and C in all cash cropss Tesult is in accordance to
Montemurro (2009) and in contrast to Lopez-Bellatal Lopez-Bellido (2001), which

found greater values in conventional than no tdlagstem.

In general, legumes do not need supplemental NiZation (Clayton et al., 2004). In

particular, chickpea crop can obtain at least shing N» fixation, but the proportion of

N fixed is negatively correlated with availabiliof inorganic N in the soil (Walley et

al., 2005). However, in this crop rotation, chic&geok up a N rate slightly higher than
the N supply for almost all combinations of treatse(except for C-G-F+ and P-G-F+;
table 5), thus suggesting that unfavorable growaummpditions for the symbiotic

association likely occurred (e.g., reduced soilewatvailability, high soil mineralization

rate, etc.).

148



Capitulo IV

Table 5. Soil N surplus/deficit (kg N h&) for the whole field experiment divided by treatment combinations (P: conventional plough; RC: reduced
chisel; F: composted farmyard; NF: no fertilizeiCgreen manure; NoM: no green manure; SMN: soilaral nitrogen).

P P C C P Std P Std C Std C
G-F- Std Dev G- F+ Std Dev G- F- Std Dev G- F+ Std Dev G+ F- Dev G+ F+ Dev G+ E- Dev G+ F+ Std Dev
2012
SMN b 1643.00 +116.00 1702 +163.50 1647.00 *+170.70 1EP8 +102.8 - - - - - - - -
N uptake 107.30 +16.85 155.20 +37.12 95.86 +@0.0139.30 +2245 - - - - - - - -
N supply 23.55 +1.44 20.14 +3.40 22.93 +2.40 027. +3.00 - - - - - - - -
2013
N uptake 46.60 +18.34 47.90 +17.56 42.68 +20.080.66 +11.36 53.17 +9.07 44.83 +27.16 51.02 878. 38.14 +13.90
N supply 43,53 +1.86 43.07 +2.81 42.48 +3.50 233. +2.40 44.31 +3.14 44.40 +3.04 4244 +0.71 844 +1.48
N after legume -3.07 -4.83 -0.50 2.57 -8.86 .430 -8.58 6.67
2014
N uptake 137.90 +28.94 24520 +46.80 131.6 +48.3241.9 +4479 - - - - - - - -
N supply 26.56 +2.10 35.79 + 3.46 26.45 +1.73 436. +3.49 - - - - - - -
2015
SMN t 1445.00 1361.00 1468.00 1383.00
SMN t 1733 +90.44 1987.00 +163.30 1759.00 *142.50 21.88+212.70 1726.00 =+ 2082.00 + 1653.00 + 2118.00 *178.70
142.00 142.00 221.50
N uptake 21.60 +291 25.03 +11.07 18.65 +9.74 116 +6.46 34.00 +590 23.53 +5.90 18.45 +7.736.03 +3.32
N supply 27.90 +2.95 31.39 +2.22 25.40 +2.63 426. +3.30 30.91 +2.84 30.87 +2.84 28.19 +3.67 .528 +320.00
N after legume  6.30 6.36 6.75 10.30 -3.09 7.34 9.74 12.52
N -101.86 -49.94 -59.83 185.00 269.00 728.00 6.06B 754.00

surplus/deficit
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The mean values of NUE recorded in this study &reals were very low, indicating
that they require a higher N fertilization rate foptimizing yields. Moreover, the
variable rainfall distribution during the cycle dduhave influenced crop N uptake
(figure 1). The lower values of the N efficiencyrgmeters in fertilized than in not-
fertilized plots for cereals were probably relatedthe peculiar characteristics of the
compost used (partially decomposed), determinihgylher yield in amended plots than
those without compost, but a low efficiency in Neus the short term, since N uptake

was limited by the slow-release of N by minerai@atof compost.

By contrast, the more stabilized fraction of thenpost could improve soil fertility and
influence N efficiency in the long term (DiaconodaMontemurro, 2010)These results
are in agreement with Montemurro (2009), who fothmat N utilization efficiency was

not correlated with wheat grain yield.

In chickpea, the best N uptake efficiency resulesenobtained in plots with neither
compost nor green manure (i.e., double negativéralprand the worst in plots with
green manure irrespective of amendments with cotnffigsire 2), suggesting that the
green manure preceding this legume crop could retabsustainable solution.
Conversely, the fertilizer treatment alone could Umed, despite the NUE value
probably did not derive from the fertilizer effemhly, but also could be due to other
biotic and abiotic factors that can influence thecgess of the legume-Rhizobium
association. Results on yield and N efficiency peeters for chickpea are in accordance
with Bonfil and Pinthus (1995), which reported thegiplication of 100 kg N ha
promoted N uptake by chickpea without enhancinglfseed yield, maybe because
additional fertilizer N encouraged vegetative gitowistead of assimilates allocation to

seeds.

Also in lentil, all the green manure x fertilizationteractions other than the greatest one
(G- x F-) had low N uptake efficiency values, comiing that additional fertilization for
legumes should be avoided, irrespective of the Wcso(figure 2). In particular, lentil
took up less N than the rate supplied, except wtspmanaged with mouldboard
ploughing only fertilized with green manure (taldlg this might be explained by the
better incorporation by tillage (and, then, minaion) of the cover crop residues in
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the soil, since this crop is not able to acquirembinin-N from soil layers deeper than
0.6 m, due to the shallow root system (Schmidtkal.e2004). However, this last result

could also have been due to other biotic and abiattors.

The N surplus/deficit

Considering the N balance over the whole cropdiartdtable 5), as it was expected the
N surplus was the highest in the G+ combinationt$ Wi+ (both P and C), suggesting
that a share of the N by green manure and organiiZer remained in soil, with the
risk of losses by leaching. Therefore, a possiblet®n could be to avoid G+ combined
with F+ in cereal — legume rotations. Also, thispdus should be considered in a long-
term rotation, including a crop able to uptake tmsneral N, thus avoiding
environmental risks (Montemurro et al. 2010). Tlast speculation is further supported
by the N deficit found in the P-G-F+ combinatiomatt would indicate the possibility of
maintaining soil fertility with a slightest soil Nepauperation with a single N source
(i.,e., by F+ only). On the other hand, the P-G-Bmbination seemed to be not
sustainable, since it determined a higher N defwitereas the surplus obtained by C-
G-F+ and C-G+F- suggests the needs to better mdahagetation in these two cases, to
avoid N loss.

Conclusions

This study assessed the effect of soil tillageanig fertilizer and green manure on N
use in a cereal-legume rotation in organic farmibgferent tillage methods did not
induce different effects on yield and N efficienpgirameters, whereas both organic
fertilization and cover crops incorporation int@ thoil caused significant differences in
each cropping cycle, depending on the crop speRiesults suggest that legumes do not
need supplemental N fertilization and on the whsiece N surplus in the soil was the
highest in plots combining green manure with farrdymanure (both with mouldboard
ploughing and chiseling), therefore, this combipealctice should be avoided in cereal
— legume rotations. Moreover, the residual effeerqgears should be considered when

formulating fertilizer requirements in a specifiogmotation.
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Disminucion de intensidad de laboreo y control @eflora arvense en cultivos de

cereales convencionales de secano

Rendimientos del cereal

Los resultados del experimento de dos afios de idaran cultivos de cereales con
gestion convencional ponen de manifiesto que eldingento del cereal fue
significativamente mayor en las parcelas con ageloertedera con inversion de las
capas del suelo comparado con las parcelas coa deadincel sin inversién del suelo.
Este patron puede estar asociado a diferentess;ausade ellas es la flora arvense ya
gue su abundancia fue mayor en las parcelas coo decincel (Berner et al., 2008;
Peigné et al., 2007). El menor rendimiento delaleza las parcelas con arado de cincel
también puede explicarse por el al aumento de mapactacién del suelo que puede
limitar el flujo de agua y de nutrientes y en cansacia, limitar la emergencia del
cultivo y el crecimiento de las raices (Peignélet2007). Waniak y Soroka et al.
(2014) indican que la reduccion de la intensidadl ldboreo puede dar lugar a
condiciones desfavorables para el crecimiento yardedo de los cultivos en

comparacion con el laboreo convencional.

El control de la flora arvense tuvo un efecto digativo sobre el rendimiento del cereal
Gnicamente durante el primer afio. El control quémmediante la aplicacion de
herbicidas favorecid el rendimiento del cereal dteael primer afio, sin embargo, no
tuvo un efecto significativo en el rendimiento dejundo afio. Este efecto puede estar
relacionado con la abundancia de la flora arvetiado que, durante el primer afo, el
herbicida disminuyd dréasticamente la abundancidadBora arvense. Sin embargo,
durante el segundo afio, el control en post-emelgeramnto mecanico como quimico,

no ejercio un efecto significativo en la biomasdadftora arvense.
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El control mecanico de la flora arvense pudo haéiado el cultivo durante el primer
afo del experimento, ya que el rendimiento del alefee inferior en las parcelas
gestionadas con la grada de puas flexibles quasgpdrcelas con herbicida y sin ningun
tipo de control. La excesiva sequedad del sueloay &dversas condiciones
meteoroldgicas tras el tratamiento dificultarorrdauperacion del cultivo. La eficacia
del control mediante la grada de puas flexiblesudter el segundo afio permite obtener
rendimientos similares a los que se obtienen caomirol quimico y al mismo tiempo
no afectar la flora arvense. La grada de puas psedeficaz siempre y cuando se lleve
a cabo de manera adecuada en relacion con ladasecmiento de la flora arvense y
del cultivo, pero también teniendo en cuenta lasdimiones climaticas (Pardo et al.,
2008). Por otro lado, el cereal puede ser maskdersilas variaciones interanuales de
las temperaturas y de la cantidad de precipitagigante la fase de crecimiento que al
dafio causado por la grada de puas flexibles (Rsrdb, 2008), sobre todo en la region
mediterranea, ya que la escasez de agua combimaddas altas temperaturas en

primavera puede disminuir significativamente eldiemiento de los cereales.
Flora arvense

La riqueza y abundancia de la flora arvense fusignificativamente mayores en las
parcelas con arado de cincel que en las parcefaarenlo de vertedera (Peigné et al.,
2007) debido a que la germinacion y emergenciasiedmillas de las especies arvenses
se ve favorecida al concentrase en la parte sortiel suelo (Gruber y Claupein,
2009). El aumento de la rigueza de las especiesns®g tras dos afos de laboreo
minimo puede ser de especial interés para condardarersidad de la flora arvense en
los cultivos, ya que puede promover una mayor difieacion de nichos ecoldgicos
manteniendo una alta diversidad de especies penomabdundancia de cada especie
(Murphy et al., 2006; Plaza et al., 2011). Sin emgbael uso del laboreo minimo puede
aumentar la infestacion de la flora arvense, eapreente de las especies perennes, las
cuales pueden afectar el rendimiento del cultivesel de dificil control (Gruber y
Claupein, 2009). En este experimento, la abundatei@onvolvulus arvensik., una
especie perenne muy problematica en los cultivdsalceos anuales ha incrementado el
96% del primer al segundo afio de estudio debido eelativa tolerancia al laboreo
(Gruber y Claupein, 2009).
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Los resultados del efecto del tipo de control sdbrdlora arvense indican que la
aplicacion de herbicidas disminuy6 drasticamentblandancia y la riqueza de especies
de la flora arvense en comparacion con el contestamico. Sans et al. (2011) sugieren
qgue para preservar la biodiversidad y los serviemssistémicos asociados, el objetivo
del control de flora arvense no debe ser la compmtininacion, sino la reduccion del
tamano de las poblaciones por debajo del umbrabdgetencia con los cultivos para
obtener rendimientos econdémicamente aceptablegesArpgle que la abundancia de la
flora arvense no disminuyo en las parcelas conrgbntecanico mediante la grada de
puas flexible, no se detecté un incremento acunoutdla flora arvense en el segundo
afo. Los agricultores suelen aplicar herbicidaghadamente todos los afios porque
temen que la infestacion de flora arvense sea mayafio siguiente (Barberi, 2002;
Peigné et al., 2015), pero en este experimento mmnéramos este efecto. En
conclusion, a la hora de aplicar cualquier métodocdntrol de la flora arvense, es
importante hacer un balance entre las pérdidasskcha y el coste del tratamiento y el
posible dafio al cultivo debido a la fitotoxicidad kbs herbicidas y el dafio mecéanico

por las grada de puas flexibles (Armengot et 8l1.22.

Capitulos 11, Iy IV
Disefio de sistemas ecologicos sostenibles en agltherbaceos extensivos de secano

El andlisis del rendimiento de los cultivos de abre y de leguminosas y la abundancia
de la flora arvense a lo largo de los 4 afios deté&cion muestra que la fertilizacion es
el factor mas importante. Los mayores rendimied$os cultivos de cereal (espelta y
trigo) en las parcelas fertilizadas con estiéreatisompostado ponen de manifiesto que
la fertilizacién es crucial para mantener una poothn adecuada, evitar la pérdida de
nutrientes en el suelo y mantener la sostenibildatbs sistemas ecolégicos (FlieBbach
et al., 2007). Sin embargo, el rendimiento delivoltle garbanzo y la biomasa aérea del

cultivo de lenteja disminuyo en las parcelas fegdas con estiércol.

El efecto de la fertilizacién sobre la abundan&dadflora arvense varia en funcién del

tipo de cultivo. La biomasa aérea de flora arvdnsesignificativamente menor en las
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parcelas con fertilizacion durante el cultivo deee& mientras que la biomasa de flora
arvense tendié a ser mayor en las parcelas faddig durante el cultivo de lenteja.
Estos resultados podrian explicarse considerando & general, las leguminosas no
necesitan fertilizacién suplementaria con N (Claygd al., 2003) debido a que pueden
obtener el N a través de la fijacion dgdtmosférico (Walley et al., 2005) y la excesiva
fertilizacion podria haber favorecido el crecim@rde las especies arvenses y en

consecuencia haber limitado el crecimiento deiwulie la leguminosa.

El tipo de laboreo no tuvo efectos significativas @ rendimiento de los cereales
(espelta y trigo de invierno) y garbanzo, aunquehns estudios de regiones templadas
sefalan que el rendimiento disminuye en los cudtiyestionados con el arado de cincel,
sin inversion de las capas superficiales del s{i&bmper et al., 2016) a causa del efecto
combinado de la limitacion de nutrientes y la cotapeia con las especies arvenses
(Mader y Berner, 2011; Peigné et al., 2013). Laalisbilidad de nutrientes para los
cultivos no parece que se haya visto afectada pdab®reo minimo en nuestro
experimento. La ausencia de diferencias signifreatide rendimiento de los cultivos en
relacion con el tipo de laboreo también ha sidostaiada por Lépez-Garrido et al.
(2014) en condiciones mediterraneas. Sin embamycl €ltimo afo, la biomasa de
lentejas fue mayor en las parcelas con arado dedesn, coincidiendo con la menor
abundancia de la flora arvense en estas parcdlaxsDs estudios a largo plazo sefialan
gue el rendimiento aumenta después de varios afitebdreo minimo (6 — 7 afios) a
causa de la mejora de la estructura del suelo aymrdce la retenciéon de la humedad
del suelo en consecuencia la reduccion del estdégd en épocas de escasez de agua
(Krauss et al., 2010; Tarresen et al., 2003). Lilesahcias entre los diversos estudios
en el efecto del laboreo minimo sobre el rendinoiel® los cultivos se explican por la
importancia e influencia de factores como la gestié los cultivos, el tipo de suelo y

las condiciones climéaticas (Peigné et al., 2013).

La abundancia de la flora arvense no afecto elimgadto de la espelta y el trigo a
causa de la capacidad competitiva del cultivo, agasiond que la biomasa no superara
el umbral critico de competencia. Por el contragb,rendimiento del cultivo de
garbanzo y la biomasa del cultivo de lenteja distyinprobablemente a causa de la

abundancia de la flora arvense como refleja eltefestadisticamente significativo de
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incorporacion al modelo lineal de la biomasa defltea arvense como variable
concomitante. Las leguminosas anuales se carautepnr ser muy sensibles a la
competencia ejercida por las especies arvensesp@siejemplo, la lenteja es muy
sensible a la competencia debido a su baja estatusa lento establecimiento y al
limitado crecimiento vegetativo (Ahmadi et al., BR1EI efecto negativo de la flora
arvense sobre el crecimiento del garbanzo y laej@nfue mayor en las parcelas
fertilizadas. La rapida liberacion de nutrienteseaes, puede ser ventajosa para la flora
arvense ya que suele ser capaz de absorber negriemt etapas tempranas del
crecimiento con mayor rapidez y eficacia que |dsvas (Barberi, 2002). Esto podria
ser una explicacion de la mayor abundancia deola farvense en las parcelas con
fertilizacion y abonos verdes en comparacion catuktivo de leguminosas. En el caso
del cultivo de lenteja, el cultivo se agosto a eats la intensa sequia de primavera y las
poblaciones de las especies arvenses proliferaspacelmente en las parcelas con
estiércol. Ademas, la abundancia de la flora aevesrs los cultivos de garbanzo y
lenteja se explica por el insuficiente control pastergencia, y pone de manifiesto que
la mejora del control de la vegetacién arvenseosrclitivos de leguminosas es critico

para la viabilidad de la produccién ecolégica dpifeinosas para grano.

La incorporacion de los abonos verdes antes déleude leguminosa de la rotacion
favorecié el control de la flora arvense durantepstiodo de crecimiento, pero no
afecto significativamente la abundancia de la flamzense durante el cultivo posterior.
Si bien se esperaba encontrar un efecto positiveutro del cultivo de cobertura al ser
incorporado como abonos verde sobre la abundarmik dlora arvense durante el
cultivo posterior, nuestros resultados indican lguabundancia de la flora arvense fue
mayor en las parcelas fertilizadas y con abonodegedurante el cultivo de lentejas.
Este resultado sugiere que la introduccion de ldsivos de cobertura debe ser
cuidadosamente evaluado en funcion de los culiilo$a rotacion y se debe tener en

cuenta la posible competencia por los nutrientelsagua (Plaza-Bonilla et al., 2016).

Cambios en la calidad vy la fertilidad del suelo

El principal factor para mejorar la sostenibilid#al los sistemas agricolas de secano es

la fertilidad del suelo debido a que es la basa p@s procesos que forman parte de la
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dinamica de los agrosistemas. El aumento de ldidad y la conservacion del suelo
exigen gestionar de forma eficiente la humedadsdelo y el contenido de materia
organica (Meco et al., 2011). La cantidad de materganica almacenada en el suelo
viene determinada por el balance de dos procesdtEds: la produccion de materia
organica por la vegetacién y la descomposicién aemiteria organica por los
organismos del suelo, y estos procesos a la vgenden de los factores fisicos,
quimicos y biolégicos del suelo (Guo y Gifford, 2D0Los resultados obtenidos
sugieren que la fertilizacion es un factor impaeaen los sistemas ecoldgicos de
secano debido a que contribuye a mantener losesivdd nutrientes del suelo y puede
aumentar el nivel de materia organica (Alvarez, 52@0auss et al., 2010; Maltas et al.,
2013). En nuestro experimento de cuatro afos, mlen@o de SOC, la reserva de
carbono y el N fueron mayores en las parcelas exitiZzacion. La fijacién biologica de
N2 atmosférico aporta la mayor parte del nitrogenmipeorado a los ecosistemas
terrestres, mientras que la aplicacion de estiéesohecesaria para obtener buenos
rendimientos y para mantener la sostenibilidadodesistemas de cultivo (FlieBbach et
al., 2007; Maltas et al., 2013).

La pérdida global de SOC al final del experimentede estar relacionada con la
acelerada mineralizacion de la materia organicadedla aplicacion de estiércol poco
compostado y estabilizado. Diversos estudios hamodgado que la tasa de
mineralizacion del SOC esta relacionada con laxagilbn de las formas labiles de SOC,
ya que ello induce también la mineralizaciéon delCS@ativo del suelo y acelera la
descomposicion de la materia organica del sueldliflstdierrera y Romanya, 2015;

Romanya et al., 2012).

También es importante sefialar que la inversibnadechpas superficiales del suelo
puede reducir la reserva de carbono en la capaisugel suelo, y esto se ve agravado
por la falta de fertilizacion. Las mayores reserasarbono en las parcelas con arado
de vertedera en las capas mas profundas se dddamvarsion del suelo, que incorpora
materia organica y disminuye el SOC en la superfieor el contrario, el uso del arado
de cincel sin inversiéon del suelo, puede estratifiel SOC y, en consecuencia, las
reservas de carbono del suelo (Cooper et al., 2@Ginismo, la mayor reserva de

carbono en capas mas profundas del suelo en cooirarzon las superficiales, estan
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relacionadas con la mayor densidad aparente dil aumayor profundidad (Peigné et
al., 2007).

La ausencia de efecto de la incorporacion de loa@bverdes en el contenido de SOC
podria estar relacionada con la rapida mineralimadromanya et al. (2012) sefalan
qgue la materia organica que ya ha sufrido algunay@de descomposicion, como el
estiércol semicompostado, es mas eficiente ennga@namiento de SOC en el suelo
que la materia organica fresca. Ademas, Masiliorgtteal. (2017) sefialan que la
incorporacion de cultivos de cobertura ricos emeiggosas con una baja relacion C:N
pueden acelerar la descomposicién del SOC del .sEEelestado de madurez en que se
encuentra la leguminosa en el momento de enterreudéde en el aumento de la
fertilidad del suelo, si se entierra demasiado &elds procesos de mineralizacion

primaran sobre los de humificacion (Lacasta efall3).

La disminucion del 32% de la relaciéon C:N despwsod cuatro afios del experimento
indica que la materia organica labil se descomprgmdamente, y que la que
permanece en el suelo es mas recalcitrante y eseco@ncia menos disponible
(Molina-Herrera y Romanya, 2015). La tasa de libérade nutrientes depende en gran
medida de la relacion C:N, pero también de lasipdales del suelo, las condiciones

climaticas y el método de incorporacion (Barbed2).

Lombrices de tierra y biomasa microbiana del suelo

El mantenimiento de la materia organica en el seslamportante ya que protege el
suelo de la degradacion, facilita la dinamica de diclos biogeoquimicos de los
nutrientes, la eficiencia en el uso y conservaaéh agua del suelo y conserva la
biodiversidad edafica (Meco et al., 2011). Adent@dertilizacion organica favorece a
largo plazo las poblaciones de lombrices de tidetsido a la aportacion de nutrientes,
el incremento de la materia organica en el suellmg mayor produccion de restos
vegetales, que en ultima instancia representa megotidad de alimento para las
lombrices de tierra. El estiércol semicompostadocessiderado uno de los mas
adecuados para el crecimiento de las poblaciondsnularices de tierra (Brown et al.,

2004; Curry, 2004). Nuestro estudio confirma qudeldilizacion organica mejora el

crecimiento y la reproduccién de las lombrices werda. La biomasa microbiana
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también aumento6 con la fertilizacion como pone @wifresto el aumento del carbono
microbiano (Gic) y del nitrdgeno microbiano (). El aumento global de« en todas

las parcelas después de los cuatro afios de expéise puede explicar a causa de la
aportaciéon de insumos organicos al suelo dispanilplera la descomposicion. La
aplicacion de fuentes de SOC labiles promueve tigidad microbiana del suelo y en
consecuencia, el aumento de la biomasa microbidain@-Herrera y Romanya,
2015). Por el contrario, la disminucion dehidNpodria deberse a que el suelo es pobre
en nutrientes y a que los aportes externos de dbastcompuestos mayoritariamente
por formas de N no disponible para la descompasi@or los microorganismos

(Molina-Herrera y Romanya, 2015).

De manera general, el arado de vertedera influgatvamente en el tamafio de las
poblaciones de lombrices de tierra a causa detéasa perturbacion que representa la
inversion de las capas superficiales del sueloeBibargo, la abundancia de individuos
juveniles en las parcelas con arado de vertederaifmificativamente mayor que en las
parcelas con arado de cincel. El aumento de lad#nama de lombrices juveniles tras el
laboreo esta relacionado con la respuesta de talrices a la presién creada por el
arado y va encaminada a la recuperacion del tardefitas poblaciones (Bostrom,
1995). El tipo de laboreo también afecta la biomagaobiana y su distribucién a lo
largo del perfil del suelo. En las parcelas cordarde cincel la biomasa microbiana
tiende a ser mayor en las capas superficialessmiduye con la profundidad, mientras
gue en las parcelas con arado de vertedera la ssom&robiana se distribuye de forma

mas homogénea a lo largo del perfil del suelo (\¢iaal., 2009).

La pérdida global de SOC después de cuatro afda deacion y el aumento de la
relacion Gnid/SOC reflejan que los microorganismos del sueldresbnsumiendo la
materia organica. La menor proporcion de la refad®i/SOC en las parcelas con
arado de cincel y sin fertilizacion respecto dedascelas con fertilizacion se explica
por la dificultad de acceso al SOC nativo por pdeidos microorganismos a causa de la
menor perturbacion del suelo que favorece la poiede zonas del suelo mas
compactadas (Sparling, 1992; Vian et al., 2009)c&mbio, en las parcelas con arado
de vertedera el &c/SOC no varia en relacion con la fertilizacién ye dg inversion de
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las capas del suelo puede fragmentar la estrudelrauelo y hacer accesible el SOC

nativo del suelo a los microorganismos (Molina-ldeary Romanya, 2015).

La incorporacion de los cultivos de cobertura caabonos verdes en la rotacion no
afecto significativamente la densidad de lombrigela biomasa microbiana del suelo.
Sin embargo, la biomasa de lombrices aumentd epdalas sin abonos verdes. Este
resultado, que no se ajusta a la hipétesis injgialla incorporacion de materia organica
mediante los abonos verdes favoreceria a las pob&sc de lombrices de tierra, es
dificil de explicar ya que pocos estudios han aad los efectos del abono verde sobre
las lombrices de tierra. Valckx et al. (2011) safalina tendencia al rechazo de la
avena Avena sativa..) como alimento por parte de las lombrices, le gugiere un
posible efecto alelopatico de la avena afectankds fombrices de tierra. La presencia
de avena en la mezcla de plantas de los cultivadertura podria explicar nuestros
resultados, aunque no podemos confirmar un efegielente del abono verde sobre las

lombrices de tierra.

El analisis de la diversidad de lombrices de tipwae de manifiesto que la riqueza de
especies es baja, cuatro especies identificadas &@ea de estudio, si se compara con
otros estudios en climas templados donde la rigaszntre dos y tres veces mayor (9-
13 especies) (Kuntz et al., 2013; Peigné et aD9P0.a comunidad de lombrices esta
dominada por tres especiesporrectodea trapezoideuges, 1828) Aporrectodea
rosea(Savigny, 1826) Allolobophora georgii(Michaelsen, 1890). La densidad Ae
rosea,la especie mas abundante, fue menor en las pamah arado de cincel; algunos
estudios sefialan que esta especie evita la coropiactael laboreo minimo, que tiende
a crear zonas mas compactadas al no perturbatrietesa del suelo (Capowiez et al.,
2009; Peigné et al., 2009). Por otro lado trapezoidesesultdé mas abundante en las
parcelas sin inversion del suelo (con arado deebing esto se debe a que la inversion
del suelo transporta la materia organica haciazdgsas mas profundas, y ésta especie,
gue es anécica, se alimenta de los restos vegstalessuelo en la el horizonte mas

superficial del suelo (Guitiérrez-Lopez et al., @D1
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Balance de nitrégeno N

El nitrégeno (N) es uno de los nutrientes mas itgodes para el cultivo. En los ultimos
afos, la agricultura sostenible ha revitalizadm&rés en las rotaciones de cultivos y
sus efectos sobre la eficiencia de la utilizaci@iNdMontemurro, 2009). El estudio del

balance del nitrégeno en los sistemas herbace@nsixbs ecoldgicos es esencial
debido a que su produccion depende tanto de lanizgition del uso de los insumos
que son aportados mediante las enmiendas orgatocas de la minimizacion de la

pérdida de nutrientes. Esta claro que la fertilimaes importante para la fertilidad del
suelo, y para la produccion de los cultivos de aleffeor el contrario, las leguminosas
no necesitan fertilizacion suplementaria con N y@a et al., 2004), ya que pueden
obtener el N a través de la fijacion de Amosférico (Walley et al., 2005). Sin

embargo, en esta rotacion, el garbanzo absorbidasaade N ligeramente superior a la
oferta de N, lo que sugiere que probablemente dasliciones fueron desfavorables
para el crecimiento del cultivo y por lo tanto pdmaasociacion simbiotica para la

fijacion de N.

Por otro lado, el sistema de laboreo no afectobkom@ion de N, en particular, los
valores de la eficiencia del uso de N (NUE) no maweh ninguna diferencia entre las
parcelas con arado de vertedera y arado de cimceirguno de los cultivos de la
rotacion. Este resultado coincide con Montemurf®@, pero difiere de Lopez-Bellido
y Lopez-Bellido (2001), que encontraron valores onay en el sistema convencional
gue en el sistema de laboreo minimo. Los valorediasalel NUE en los cultivos de
cereal en este estudio fueron muy bajos, lo quieangue estos cultivos requieren una
mayor tasa de fertilizacion para optimizar los renentos. Asimismo, también pudo
haber influido la variable distribucion de las s durante el ciclo de crecimiento que
en consecuencia podria haber afectado la absateidh Montemurro (2009) demostro
que el sistema de laboreo afectd el rendimienta gbisorcion de N solamente el afio
caracterizado por una alta precipitacion durardeetapas vegetativas. Por otro lado, la
menor eficiencia en el uso de N en las parceldsiZadas en comparaciéon con las no
fertilizadas en los cereales se debe probablenmeenés caracteristicas del compost
utilizado. El estiércol parcialmente descompuestmpmorta un mayor rendimiento en

las parcelas fertilizadas pero una menor eficiedelauso del N a corto plazo, ya que su
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absorcion se vio limitada por la lenta liberaciéa dl, durante el proceso de
mineralizacion del compost. Como mencionamos anrtegnte en relacion a la
disminucidon del SOC, quizas la aplicacion de estiesemicompostado mas estable
podria mejorar la fertilidad del suelo e influir &n eficiencia del N a largo plazo
(Diacono y Montemurro, 2010).

Respecto al cultivo de garbanzo, el sistema maserfe con relacion al uso del N
ocurrio en las parcelas sin fertilizacion y sin @ai® verdes, lo que sugiere que la
combinacion de un cultivo de leguminosas con apam@s organicas y sobre todo el
uso de abonos verdes que contenga también leguasimases una practica adecuada.
Bonfil y Pinthus (1995) indicaron que la aplicacida 100 kg N ha promovié la
absorcion de N por el garbanzo sin aumentar elimeadto, quizas debido a que el
fertilizante estimul6é el crecimiento vegetativo garo la produccién de grano. Del
mismo modo, para el cultivo de lenteja, los sistemanos eficientes resultaron en las
parcelas con abonos verdes y fertilizacion. Eldisteonfirma que se debe evitar la

aportacion de insumos organicos adicionales eaubisos de leguminosas.

El balance del N a lo largo de la rotacion de eao#ij refleja tal y como se esperaba, que
el excedente més alto de N resultd en los tratadoseson abonos verdes y fertilizacion.
Este resultado sugiere que una proporcion del Ntago por el abono verde y el
fertilizante organico permanecié en el suelo, le guede acarrear riesgos de pérdidas
por lixiviacion. El excedente de N debe tenersewanta en una rotacion a largo plazo,
mediante la incorporacién de un cultivo capaz d®dier este N mineral, evitando asi
riesgos ambientales (Montemurro et al., 2010).d?ar lado, las parcelas con arado de
vertedera, sin abonos verdes y sin fertilizaciowieton el mayor déficit de N,
demostrando asimismo que no es un sistema sogtekibl ambos sistemas se debe
realizar una mejor gestion de la rotacion paraaeVdt pérdida de N ya sea por exceso o
por déficit. Estos resultados pueden ser Utiles laoka de planificar la gestion de los
agrosistemas con una adecuada fertilizacion teai@mdcuenta los tipos de cultivos
implicados en la rotacion, la fertilidad del sugltas condiciones climaticas de la zona
con el fin de optimizar la cantidad y calidad de@idaduccién a largo plazo y reducir los

riesgos de contaminacion.
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Conclusiones

El estudio de las distintas estrategias para dismia intensidad de las actividades
agricolas pone de manifiesto que es necesarior leeabo experimentos a largo plazo
para poder obtener resultados concluyentes sobtescsion las mejores practicas en los
cultivos de secano de la region mediterranea. Uara@ion de los beneficios e
inconvenientes de las practicas agricolas reqeleseguimiento a lo largo del tiempo
debido a que los cambios en las caracteristicasugdbd son lentos y el rendimiento de
los cultivos varia interanualmente con relacidonaadisponibilidad de agua y las
temperaturas. Ademas, el efecto de las practicasodas varia con relacién al tipo de
cultivo; aspectos como la disponibilidad de nutesry la incidencia de las poblaciones
arvenses difieren entre los cultivos de cerealesnderno y las leguminosas de

primavera.

A continuacién se enumeran las principales conohes obtenidas, las cuales han sido
detalladas en los apartados de discusion y coondeside los diferentes capitulos en

inglés, y de manera sintética, en los resumeneasellano:

* El laboreo minimo puede afectar el rendimientoagedultivos si no se realiza
un apropiado control de la flora arvense. El labarénimo como el arado de
cincel sin inversion de las capas del perfil detleu pueden mantener la
abundancia y la diversidad de la flora arvensegsibargo nuestros resultados
sugieren que se debe tener precaucion con lagnadibn de las poblaciones de
determinadas especies, especialmente las espesmiesnps, ya que pueden

afectar los rendimientos.

» El control de la flora arvense ya sea quimico oan@o deberia estudiarse para
cada caso especifico, en funcién del tipo de aulgilas condiciones locales, ya
que a veces los costes del tratamiento y los dedigsados al cultivo pueden ser
superiores a las pérdidas de rendimientos por tapetencia con la flora

arvense.
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La fertilizacibn organica es muy importante parananotar y mantener el
rendimiento de los cereales en los sistemas agsicecoldgicos. Por el
contrario, los cultivos de leguminosas no necesgdilizacion, e incluso puede
ser perjudicial ya que la flora arvense puede henese de la aportacion de

nutrientes y competir con las leguminosas, limitasd crecimiento.

La incorporacion de los cultivos de cobertura ca@bonos verdes en la rotacion
de cultivos ecoldgicos, debe ir acompafiada de iladoso disefio del sistema
teniendo en cuenta las especies a sembrar pasaa legtefectos negativos sobre

el cultivo posterior.

La calidad del suelo, estimada mediante el carloog@nico del suelo, la reserva
de carbono, el nitrégeno total, la biomasa micnubiyy la abundancia de
lombrices de tierra, aumentd con la fertilizaci@in embargo, el uso de
estiércol mas compostado y estable es importante rpantener y mejorar la
fertilidad del suelo a largo plazo.

El laboreo del suelo ya sea con o sin inversidtageapas del perfil del suelo,
puede reducir el contenido de carbono organicsuelo y, en consecuencia, la
reserva de carbono del suelo, si no se lleva a aaloma menor profundidad y
con una adecuada fertilizacion que mantenga lcslggwde materia organica en

el suelo.

En nuestro experimento a medio plazo, el contediglacarbono organico del
suelo y, en consecuencia, la reserva de carborel suelo disminuyeron en
todas las parcelas a causa de la aceleraciondist@mmposicion de la materia
organica por las formas labiles del estiércol aplcy a la pobreza de nutrientes

del suelo.

La eficiencia del uso de nitrogeno es importantea pastablecer sistemas
sostenibles a largo plazo, por ello es importanitareun elevado excedente o un
déficit en los balances del uso del nitrégeno endistemas ecoldgicos. En

nuestro estudio, los excedentes de nitrogeno akexia la fertilizacion y a la



Conclusiones

incorporacion de los abonos verdes indican que egerd evitar ambas

combinaciones en las rotaciones de cereales-leggsasn

Las leguminosas no necesitan fertilizacion supld¢anen por ello debe evitarse
el exceso de aportes de nitrégeno en los cultiedeguminosas para mitigar la

pérdida del exceso de nitrégeno por lixiviacion.

Para mejorar la eficiencia en el uso de nitrogesamportante tener en cuenta
el tipo de fertilizante que se utiliza, ya que uwrtifizante parcialmente
descompuesto puede acelerar la mineralizacién goasecuencia disminuir la

cantidad de nitrégeno del suelo.

Los suelos de los cultivos de secano de la regiéditerranea se caracterizan
generalmente por un pobre contenido de nutrientesng alta tasa de
mineralizacion de la materia organica, por elldnegrescindible mantener los
niveles de nutrientes en los suelos independiemtnte la gestion que se lleva
acabo. Nuestros resultados son variables respeetfecdo de la intensidad de
laboreo sobre los cultivos, sin embargo, para disei sistema sostenible es

imprescindible conservar la calidad del suelo gdalazo.
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