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RESUMEN

La presente memoria de tesis doctoral incluye elifi@s estudios con el fin de
analizar el comportamiento biologico de poblacioseBromus diandruy su respuesta
a diferentes estrategias de manejo en sistemaslistas de secano bajo siembra
directa, durante las campafias 2008-09, 2009-10 30-2Q0. Estos estudios se
desarrollaron en dos parcelas de ensayos expedlegnfparcela 1 y parcela 2),
pertenecientes al grupo de Agronomia de la Unitzrsie Lleida y ubicadas en un
campo de cereal en la localidad de Agramunt, Lleidaparcela 1 consistié en un
campo donde a lo largo de tres camparfias se esfabler rotacion cebada — trigo —
trigo donde el factor principal considerado fuefdaha de siembra del cultivo. Las
fechas de siembra fueron F1: mitad de octubrepfiad de noviembre y F3: principios
de diciembre. En la parcela 2 se establecié unyers@nde desde hace mas de 22 afios
(iniciado la campafa 1990-91) se realizan de focor@inua cuatro tipos distintos de
manejo del suelo: chisel, subsolador, siembra w@irgcvertedera. Durante las tres
campafas analizadas se establecié una rotaciodaceliaigo — cebada en la parcela 2.
En ambas parcelas se utilizé el herbicida mesasuifmetil + iodosulfuron metil sodio
las campafias que se sembro trigo para controperblacion deB. diandrus

Con el fin de describir la emergencia Be diandrusen funcion de grados
hidrotérmicos, se desarrolld6 un modelo utilizandtod de la cohorte F1 de las
campafias 2008-09 y 2009-10 de la parcela 1 y s#wadn datos de F1 de la campafia
2010-11 asi como también con datos suministradmsegdentes de otras localidades. El
modelo fue aplicado con éxito en la tercera campfi parcela 1 y en tres manejos
de la parcela 2.

En el ensayo de la parcela 1 se analizo la infiaetie la fecha de siembra (F1,
F2, F3) sobre la emergencia y demografi@ddiandrus.Los resultados indicaron que
en las tres campafas la emergencia acumulada siéngpsignificativamente mayor en
F1. De acuerdo con el modelo hidrotérmico desadoll el retraso en la fecha de
siembra del cereal permitio, segun camparias, rezhexen la emergencia acumulada
entre un 82 y un 97% entre F1 y F2, y entre un 88 99% entre F1 y F3. La eficacia
del herbicida mesosulfuron metil + iodosulfuron ingbddio se vié aumentada en F2 y

F3 por el retraso fenoldgico que mostraba la padaag por su menor densidad.
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A partir de plantas tomadas de la F1, F2 y F3 dmataela 1 se estudio el efecto
del momento de emergencia (cohorte) sobre la 8taksB. diandrus tanto en una
situacién donde no hubo un herbicida selectivo paraontrol como donde, a priori, Si
lo hubo (en trigo las camparfias 2009-10 y 2010-&f)ausencia de este herbicida, la
cohorte F1 mostré mayor densidad y mayor lluviaelaillas y, a su vez, una respuesta
denso-dependiente en los distintos parametros tdes§ analizados excepto en el
namero de cariopsides por espiguillas. Las plastigervivientes al herbicida utilizado
en trigo, mostraron valores menores para la maydeigparametros analizados sin
diferencias entre cohortes, y a su vez, unos \aloeyores de esfuerzo reproductor. La
asignacion de recursos mostré distinto gradientel greso de las cariépsides segun su
posicién, siendo mayor en espiguillas apicalese@spa aquellas basales dentro de la
inflorescencia, y en caridpsides basales respeauicales dentro de la espiguilla. Las
plantas supervivientes al herbicida selectivo napstr una clara disrupcion en esta
distribucion de recursos.

En el ensayo de la parcela 2, en las tres campaBasbservé un gradiente
decreciente en la emergencia acumulada y densidal. dliandrusen el sentido
Chisel > Subsolador > Siembra directa > Vertedestos resultados contradicen la idea
de una mayor presencia de esta especie en sistienrmaslaboreo. Es de suponer que las
razones subyacen en las condiciones presentes @ninteros centimetros del suelo en
los distintos sistemas comparados. La dormiciérudgitth por la luz (fotoblastismo
negativo) presente en esta especie, podria vedseida en situaciones de siembra
directa debido al sombreo ejercido por el rastsoja paja, proceso que parece tener
lugar de forma preferente antes de la siembraud@v@. Un manejo continuado similar
permitiria reducir el banco de semillas del suelo los métodos de control previos a la
siembra. A su vez, tras muchos afios de un mismodgpmanejo, resultaria posible la
existencia de una dormicién adaptativa —prolongaclaso varios meses- que seria mas
manifiesta en situaciones de laboreo superficial.

La integracion de las diferentes estrategias deejogoropuestas en esta tesis
permiten establecer un correcto programa de madej®. diandrusen sistemas

cerealistas de secano en siembra directa.
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ABSTRACT

The present doctoral thesis includes different isgidn order to analyze the
biological behavior ofBromus diandruspopulations and their response to different
management strategies in rainfed cereal systemsrumattill, during the 2008-09,
2009-10 and 2010-11 growing seasons. These studere carried out in two
experimental plots (plot 1 and plot 2), belongirgythe Agronomy Group of the
University of Lleida, and located in a cereal figh\dAgramunt, Lleida. Plot 1 consisted
in a field where a barley — wheat — wheat rotatwes established over the three
seasons, and where the main factor consideredhegasotving date of the crop. Sowing
dates were F1: mid- October; F2: mid- November BBdearly- December. In plot 2 a
trial was conducted continuously for more than 8arg with four different types of soil
management: chisel plough, subsoiler, no-tillage amouldboard plough. During the
three analysed seasons a barley — wheat — batayon was established in plot 2. In
both plots when wheat was sown, the herbicide tsedntrolB. diandruspopulations
was mesosulfuron methyl plus iodosulfuron methgisin.

A model based on hydrothermal time was developeszidbe the emergence Bf
diandrususing data of two growing seasons (2008-09 an®-2@) from F1 in plot 1,
and validated with data from F1 in 2010-11, as wasllwith data supplied from other
locations. The model was successfully applied entliree seasons in F2 and F3 of plot
1 and in three management systems of plot 2.

In the plot 1 trial, the influence of sowing dakl( F2, F3) on the emergence and
demography ofB. diandrus was analyzed. The results indicated that cumwativ
emergence was always significantly higher in Flalh seasons. According to the
hydrothermal model developed, the late sowing dditeereal allowed reductions of
cumulative emergence of 82-97% from F1 to F2, an80s99% from F1 to F3. The
efficacy of mesosulfuron methyl plus iodosulfuroethyl sodium herbicide was higher
in F2 and F3 because of the phenological delay stoly these cohorts and their
smaller weed densities.

The effect of the emergence moment (cohortBomliandrusfitness was studied
with plants taken from the F1, F2 and F3 of the filoboth in non effective herbicide
situation (2008-09) and in selective herbicide aitbn (2009-10 and 2010-11). In
absence of the selective herbicide, cohorts of lkiwed higher densities and more
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abundant seed rain, which provoked a density depgncesponse in the different
fithess parameters analysed, except in the numbearyopses per spikelets. Plants
surviving the selective herbicide used in wheatwsdtb lower values for most

parameters analysed, without differences amongrtghand in turn higher values of
reproductive effort. Allocation of resources al$mwed a clear decreasing gradient in
the weight of caryopsis from basal to apical possgiinside the spikelet and from apical
to basal spikelets inside the inflorescence. Tlaatpl surviving the selective herbicide
showed a clear disruption in the distribution adé resources.

In the plot 2 trial, a decreasing gradient in tle@gity and cumulative emergence
of B diandruswas observed every season as follows: chisel pleugubsoiler> no-
tilage > mouldboard plough. These results conttattiie idea of a greater presence of
this species in no-tilled systems. Presumablygediifit environmental conditions of the
first cm in the soil among the tillage systems doekplain these results. The light-
induced dormancy (negative photoblastism) of tpiscges could have been reduced in
no-tillage situations due to the shade caused &ysthbble and the straw, process that
appears to occur mainly before the crop sowing.inAlarly continued management
could reduce the soil seed bank with control metHmefore sowing. In turn, after many
years of the same management system, the pogsdfilan adaptive dormancy —lasting
several months- could take place on seeds in thesgdace of the different tillage
situations.

The integration of different management strategiesposed in this thesis
establishes a prop&. diandrusmanagement program in rainfed cereal systems under
no-tillage.
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RESUM

La present memoria de tesi doctoral inclou difeyemstudis amb la finalitat
d'analitzar el comportament biologic de poblaci@esBromus diandrusi la seva
resposta a diferents estrategies de maneig emnmeisteerealistes de seca mitjangant
sembra directa, durant les campanyes 2008-09, 20092010-11. Aquests estudis es
van desenvolupar en dues parcel-les d'assajosireepéals (parcel-la 1 i parcel-la 2),
pertanyents al grup d’Agronomia de la UniversigtLteida i situades en un camp de
cereal a la localitat d'Agramunt, Lleida. La pafieell va consistir en un camp on al
llarg de tres campanyes es va establir una rotanib=— blat — blat on el factor principal
considerat va ser la data de sembra del cultiu.dagss de sembra van ser F1: meitat
d'octubre; F2: meitat de novembre i F3: principgsditsembre. A la parcel-la 2 es va
establir un assaig on des de fa més de 22 angg&fifa campanya 1990-91) es realitzen
de forma continua quatre tipus diferents de madeigol: chisel, subsolador, sembra
directa i arreu de pales. Durant les tres campaayaktzades es va establir una rotacio
ordi — blat — blat en la parcel-la 1 i ordi — blabrdi en la parcel-la 2. En ambdues
parcel-les es va utilitzar I'nerbicida mesosulfuroetil + iodosulfuron metil sodi les
campanyes que es va sembrar blat amb la finalgatahtrolar la poblacié d8.
diandrus

Amb la finalitat de descriure I'emergénd@B. diandrusen funciéo de graus
hidrotermics, es va desenvolupar un model utilitzéades de la cohort F1 de les
campanyes 2008-09 i 2009-10 de la parcel-la aeslidar amb dades de la cohort F1
de la campanya 2010-11 aixi com també amb dadesisigirades procedents d'altres
localitats. EI model va ser aplicat amb exit etel@era campanya de la parcel-la 1ien

tres manejos de la parcel-la 2.

En l'assaig de la parcel-la 1 es va amalia influencia de la data de sembra (F1,
F2, F3) sobre I'emergencia i demografiaBdeliandrus Els resultats van indicar que en
les tres campanyes I'emergencia acumulada sempgsea significativament major en
F1. D'acord amb el model d’emergéncia desenvolgbattard en la data de sembra del
cereal va permetre, segons campanyes, reduccionkeraargéencia acumulada de
B. diandrusentre un 82 i un 97% entre F1 i F2, i entre un 86 99% entre F1 i F3.

L'eficacia de I'herbicida mesosulfuron metil + isdduron metil sodi es va veure
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augmentada en F2 i F3 pel retard fenologic quenanesia poblacio de mala herba i per
la seva menor densitat.

A partir de plantes preses de la F1, F2 i F3 dmafael-la 1 es va estudiar I'efecte
del moment d'emergencia (cohort) sobre la fitned3. diandrustant en una situacio on
no va haver-hi un herbicida selectiu per al seurobncom on, a priori, si ho es va
utilitzar (en blat les campanyes 2009-10 i 2010-EL) absencia d'aquest herbicida, la
cohort F1 va mostrar major densitat i major plugalldvors i, al seu torn, una resposta
denso-dependent en els diferents parametres @sditmnalitzats, excepte en el nombre
de cariopsides per espiguetes. Les plantes supetsia |I'herbicida utilitzat en blat, van
mostrar valors menors per a la majoria de parasainalitzats sense diferéncies entre
cohorts, i al seu torn uns valors majors d'esfepgaductor. L'assignacio de recursos va
mostrar també un clar gradient decreixent en eldeeles cariopsides des de posicions
basals a apicals a l'interior de I'espigueta i desposicions apicals a basals entre
espiguetes dins la inflorescéncia. Les plantes rsiyemts a I'herbicida selectiu van
mostrar una clara disrupcié en aquesta distribdeiGecursos.

En l'assaig de la parcel-la 2, en les tres campam®geva observar un gradient
decreixent en I'emergéncia acumulada i densitaB.ddiandrusen el sentit chisel >
subsolador > sembra directa > arreu de pales. Agjuesultats contradiuen la idea d'una
major preséncia d'aquesta espécie en sistemesnieasdirecta. Es de suposar que les
raons rauen en les condicions presents en elsngriceatimetres del sol en els diferents
sistemes comparats. La dormicié induida per la {fotoblastisme negatiu) present en
aguesta espeécie, podria veure's reduida en sihsacie sembra directa a causa de
l'ombreig exercit pel rostoll i la palla, procésegsembla tenir lloc de forma preferent
abans de la sembra del cultiu. Un maneig contisuailar permetria reduir el banc de
llavors del sol amb els metodes de control quimévig a la sembra. Aixi, després de
molts anys d'un mateix tipus de maneig, resulfaossible l'existencia d'una dormicio
adaptativa —perllongada fins i tot diversos mesgog- seria més manifesta en situacions
de labor superficial.

La integracié de les diferents estrategies de ngapmposades en aquesta tesi
permeten establir un correcte programa de man&griat deB. diandrusen sistemes

cerealistes de seca en sembra directa.
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INTRODUCCION GENERAL






Introduccién general

Antecedentes

Bromus diandrugs una graminea anual de invierno, de origen eredliteo que
se ha extendido por diversas regiones del mundalishubucion actual alcanza todos
los paises de la cuenca mediterranea, sudoesterdea- Ameérica del Norte y Australia
(Smith, 1980; Riba y Recasens, 1997). En Espafiaidmadescrita como una mala
hierba en los campos de cereales de muchas zorasrasseta norte (Garcia- Baudin,
1983). A partir de ahi, el nivel de infestacionlen campos de cultivo fue aumentando
de forma significativa (Riba y Recasens, 1997)ldsniltimas décadas, el monocultivo
de cereales de invierno, la implementacion de ¢@snile agricultura de conservacion,
especialmente la siembra directa, y la ausencidatbicidas especificos en post-
emergencia, han convertiddBa diandrusen uno de los problemas mas importantes en
estos agro-ecosistemas (Riba y Recasens 1997, Yodrwrne, 2004, Kleemann y
Gill, 2006).

La emergencia constituye el evento mas importanteeleciclo de las malas
hierbas anuales ya que determina el subsiguiente ¥xsupervivencia de la planta
(Forcellaet al, 2000). Es por ello que el uso de modelos hidmittdes de emergencia,
basados en datos de temperatura y potencial hideicsuelo (Spokas y Forcella, 2009),
son una herramienta Uutil para el manejo integradonthlas hierbas en sistemas
cerealistas ya que ayudan a predecir el momentel eque se produciran dichas
emergencias y poder, de esta forma, optimizar eh@mbo de control.

El éxito demografico d8. diandrusradica en el alto porcentaje de supervivencia
de plantulas y en su alta fecundidad, de acuerddectasa de emergencia que ha tenido
lugar en otofio e invierno (Riba y Recasens, 19BIf).obstante, estos parametros
difieren segun cohortes, reflejando la importam@amomento de emergencia sobre la
presion que posteriormente pueda ejercer sobrelteda Las cohortes que emergen
inmediatamente después de la siembra del culteresentan la fuente principal de
aporte de semillas al banco de semillas del suétoris, 2007). Varios autores han
realizado importantes aportaciones sobre la bialdgB. diandrusy su influencia en el
rendimiento de los cereales (Gill y Blacklow, 19&ill et al, 1987; Kleeman y Gill,

2006; Kleeman y Gill, 2009), sin embargo, pocosidiss han analizado el efecto del
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momento de emergencia de una cohorte en su post@Eness reproductora y
especialmente en la variacién demografica que phadar, a corto plazo, cuando tiene
lugar un retraso en la siembra del cultivo.

En los sistemas de no laboreo, la ausencia de rémdel suelo permite a las
semillas permanecer cerca de la superficie debsaehdicion favorable para lograr su
establecimiento. Por otra parte, muchas semilld3. déandrusposeen cierta dormicion
(Gill y Corstairs, 1988; Kleeman y Gill, 2006; KgnBlacklow, 1989), por lo que ese
pequefio porcentaje que permanece en el suelo destan@on a otra puede dificultar
los métodos de control. En este sentido, el retessta fecha de siembra del cultivo
podria ser una estrategia de manejo que permdiiti@inar, con las operaciones de
presiembra, las plantas que hayan emergido en .ofstodios previos han demostrado
que el retraso de la siembra del cultivo provoca disminucion significativa de la
competencia potencial de ciertas poblaciones dmigeas y un control mas eficaz de
las nuevas plantas emergidas (@ilal, 1987; Powles y Matthews, 1996).

En una etapa muy temprana de la agricultura, erémbdel suelo fue desarrollado
como un medio para facilitar la eliminacién de égetacion presente -el control de las
malas hierbas- y promover el desarrollo de losvagdt(Fernandez-Quintanilla, 1997).
Sin embargo, la implementacion de los sistemasaluteréo de conservacion, si bien han
aportado beneficios econémicos y medioambienthkas,mostrado ciertas dificultades
en el control de las malas hierbas. Entre los cas@sconocidos sobres@ediandrus.

En los sistemas cerealistas del NE de Espafa y oewreto en Cataluiia, la
implementacion de las técnicas de siembra directaicié hace mas de 25 afios. En ese
periodo de tiempaoB. diandrus ha protagonizado, en buena parte, los problemas
producidos por las malas hierbas. La ausencia decigas especificos para su control
ha dificultado mas la posibilidad de estableceragsgias de manejo. Sin embargo, dos
hechos que han acaecido en los ultimos afios, germiantear un escenario distinto.
Por un lado la aparicion de herbicidas antigrangream eficacia sobm. diandrusen
trigo; por otro, el retraso de siembra del cultoan el fin de eliminar las nascencias
otofiales de esta especie y proceder a su elimmamé herbicidas no selectivos
(principalmente glifosato). Precisamente, desde h@os afos, ciertos agricultores que
llevan mucho tiempo implementando la siembra direeh sus campos de cereal
constatan una menor presenciaBladiandrusen sus campos de cultivo y en algunos
casos con densidades incluso inferiores a las g@stna en campos donde se contindan

realizando labores del suelo mediante chisel octatisr.
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Esta constatacion, conduce a plantearnos la pdsithilde desarrollar un
programa de manejo integradoBlediandrusde forma que puedan integrarse de forma
eficaz métodos de tipo cultural y quimico. Par@ esulta imprescindible conocer
aspectos sobre su comportamiento biologico y quuesta a factores que incidan en el

comportamiento demografico de la poblacion.

Objetivos de la tesis

Los principales objetivos de esta tesis fueron:

1- Establecer un modelo de emergencia faramus diandrusen base a grados

hidrotérmicos y validar dicho modelo en escenattissntos.

2- Conocer la respuesta a medio plazo (tres a@®fecto combinado del retraso de la
fecha de siembra del cultivo y la aplicacion de herbicida especifico sobre la

demografia poblacional d& diandrus

3- Analizar la fitness reproductiva @gomus diandrusde acuerdo con el momento de
emergencia de las cohortes otofales, y los posdaewhios que tengan lugar en la
misma, en aquellas plantas que sobreviven al efkcto herbicida antigramineo.

4- Analizar el efecto acumulado (a largo plazo)dgintos tipos de manejo del suelo
(no laboreo, chisel, subsolador y vertedera) sebpatron de emergencia y demografia

de la poblacion.

Estos objetivos se integran dentro de un marco aeejn integrado que se pretende

establecer para esta especie.
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Metodologia y planteamiento experimental

El estudio fue llevado a cabo en la localidad deaAwint, en la provincia de
Lleida, durante las campafias 2008-09, 2009-10 ¥-201 Se realiz6 en dos campos
experimentales distintos (parcela 1 y parcela 2 gene estableciendo desde hace
afos el grupo de Agronomia de la Universitat dedale

La parcela 1, consisti6 en un campo experimentaldelose establecié una
rotacion cebadaHordeum vulgare campafia 2008-09) y trigol'fjticum aestivum
campafias 2009-10 y 2010-11) bajo el sistema debséedirecta. Esta parcela tenia un
disefio experimental en bloques completamente aizatos con tres repeticiones. El
factor principal considerado fue la fecha de sient®l cultivo.

La parcela 2, consistié en un campo experimental gune desde hace 22 afios se
vienen estableciendo distintos sistemas de margjsuklo: siembra directa, chisel,
subsolador y vertedera. Durante las tres campagiasnghyo se establecidé una rotacion
trigo-cebada-cebada. La parcela tenia un diseiogies completamente aleatorizado

con tres repeticiones. El factor principal consadier fue el sistema de manejo del suelo.

F1

F2 Bloque 1

F3

F1

F3 Bloque 2

F2

F2

F1 Bloque 3

F3

Parcela de ensayo 1. Disefio en bloques al aza88 cepeticiones. F1, F2, F3: fechas de siembra
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Arado de vertedera

Subsolador

Bloque 3
Chisel

Siembra directa

Siembra directa

Subsolador

Bloque 2
Chisel

Arado de vertedera

Arado de vertedera

Chisel

Bloque 1
Subsolador

Siembra directa

Parcela de ensayo 2. Disefio en bloques al aza83 cepeticiones

Objetivo 1: Con el propésito de elaborar un modgle pudiese predecir las
emergencias d8. diandrusbasado en datos de temperatura del aire y hunmelad
suelo utilizando el software de Spokas y Forcefl09), se elabor6 un modelo
hidrotérmico aplicable a diferentes fechas de siamgbdocalidad. Se procedié a validar
el modelo en otras localidades y situaciones dasi(Capitulo 1).

Objetivo 2: El factor considerado fue el momentcseenbra del cereal en otofio,
con tres niveles (fechas de siembra): F1 mitadotigboe, F2 principios de noviembre y
F3 principios de diciembre. Se estimé la emergenoégiante conteos destructivos
semanales de plantulas Bediandrusen cinco cuadros fijos de 0.intLa estimacién
de la densidad y la evaluacion del efecto herbigdat-emergente se realizaron
mediante conteos de densidad en momentos conadtotargo del ciclo del cultivo.
Los resultados y discusion de este estudio cornelgyoal capitulo 2.

Objetivo 3: Cada afio en el mes de junio, se reomgiplantas dé3. diandrus
correspondientes a tres cohortes (F1, F2 y F3blesidas segun las distintas fechas de
siembra del cultivo. A partir de ellas se estimadifierentes parametros de la fitness
vegetativa y reproductiva, peso de 1000 cariépsilda diferente asignacién de
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recursos a partes reproductoras segun las possctEntas cariopsides en la espiguilla,
en funcién del momento de emergencia de la cohode su respuesta al efecto del
herbicida post-emergente. En cada una de estaslgmrse realizaron conteos para

estimar la densidad a lo largo del ciclo del coltfCapitulo 3).

Objetivo 4: Para analizar el efecto acumulado golaplazo (22 afios) de
diferentes tipos de manejo del suelo sobre la desfiagde una poblacion dB.
diandrus,se compararon las emergencias registradas a o digciclo del cultivo en
cuatro tipos de manejo del suelo: laboreo con Lhssésolador, vertedera y siembra
directa. Para determinar la eficacia del herbi@dat-emergente se llevaron a cabo
conteos de densidad en cada tipo de labor y seldgiond con el rendimiento del
cultivo obtenido en cada caso. La densidadBdaliandrussegun el tipo de labor
también se relaciond con la fecundidad obtenida yluvia de semillas que esas

poblaciones aportan a la campafa siguiente (Capfjul
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CAPITULO 1

“Hydrothermal emergence model forBromus diandrus’



El presente capitulo ha sido publicado en la ravisteed Science bajo el titulo:
“Hydrothermal Emergence Model for Ripgut BromBrgmus diandrug y cuyos
autores son: Addy L. Garcia, Jordi Recasens, Hran&ella, Joel Torra y Aritz Royo-
Esnal.Weed Scienc2013 Vol 61 (1): 146-153.
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Hydrothermal emergence model forBromus diandrus

Introduction

Emergence is considered the most important evethieitife of an annual species
because it determines subsequent survival and ssiafethe plant (Forcellat al,
2000). The ability to predict weed emergence coeithance crop management,
facilitating implementation of more effective strgies by optimizing the timing of
weed control (Leblanet al, 2004; Myerset al., 2004); this is becoming increasingly
relevant for growers because of current pressuredace chemical input or to adopt
nonchemical methods (Grundy al.,2000). Emergence of several weed species can be
predicted using modeling techniques (Colbathal., 2005). A principal goal of
emergence modeling for wild species is to predestranation timing under fluctuating
field conditions (Meyer and Allen 2009). Seed geration and emergence are strongly
influenced by soil temperature and water potensiaf] they can be predicted by using
modeling techniques based on hydrothermal timer @aal.,2006; Haj Seyed Hadi and
Gonzalez-Andujar, 2009). Hydrothermal time mech#ally relates the weed seed
bank to seedling emergence using soil microclinsataulations (Spokas and Forcella,
2009).

Temperature, when converted to thermal time, owgrg degree days (GDD),
has been used to predict seedling emergence. Ehef @verage air or soil temperature
above a specified threshold is accumulated oves dmyil weed emergence (Royo-
Esnalet al., 2010a). Hydrothermal time is a GDD-like measureribat accumulates
when daily average soil water potentials and teatpegs are greater than threshold
values below which seedling emergence cannot d&xehutteet al.,2008). According
to Forcellaet al., (2000), hydrothermal time (HTT) models are freglebetter for
predicting emergence than GDD.

The modeling of emergence of winter weeds from lardbnd should be
especially valuable for climatic conditions of Meiranean-type environments, where
initial weed emergence and crop sowing are govehyethe timing of precipitation in
autumn, and later emergence is likely to be regdléty soil temperature in addition to

soil moisture (Kleemann and Gill, 2006).
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Models, as those based on hydrothermal time, haen lused to predict the
emergence of several winter cereals weeds, Asena sterilisssp. ludoviciang
(Leguizaménet al., 2005) andGalium species (Royo-Esnat al., 2010a), under the
climatic conditions of dry-land agricultural systeraf Spain. In the last decades, the
adoption of continuous winter cereal production Hreimplementation of conservation
agriculture techniques, such as direct drillingyvenaurned great bromeBfomus
diandrusRoth) into one of the most important weeds in ¢hesreal systems (Riba and
Recasens, 1997). Although implementation of modledd predict the emergence of
Bromus species could have great implications for integtatveed management
programs, no model has been developed yet.

In no-till systems the absence of soil disturbapeenits the seeds to remain near
the soil surface, which is a more favorable condifior seedling establishment of some
species. Furthermore, some seeds of great bromebmagprmant (Gill and Carstairs,
1988; Kleemann and Gill, 2006; Kon and Blacklow84§ and those low percentages
that remain in the soil from one season to the newtd hinder control methods. In this
sense, chemical control of great brome is moreicestl and difficult than for other
weeds because herbicides effective against greatdusually damage the crop as well
(Peeper, 1984).

Accordingly, in this scenario, new strategies ageded to manage great brome
populations in reduced tillage systems that culyesrie being adopted in northeastern
Spain. For example, delay of sowing date is onth@fmost practical methods that can
be used by growers, as it effectively controls veedttht emerged in October and early
November (Cirujedeaet al., 2008). However, its efficacy depends on the climat
conditions during autumn, mainly rainfall regimeadasoil temperature, and on
subsequent emergence of seedlings from the rengasoihseed bank.

To improve these strategies and obtain more efkecihanagement, models
capable of providing information about the timinfjemergence as functions of soil
moisture and soil temperature may be useful. Caresdty, the objectives of this
research were to develop a hydrothermal time ssgdimergence model for great
brome using data derived from observations in fathwinter cereals, and to validate

and apply the model with independent data fromrogh@wing seasons.
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Materials and Methods

Experimental site

Field experiments were conducted from autumn tangp2008 to 2009, 2009 to
2010, and 2010 to 2011 in an experimental cereld that was managed since 2006 to
2007 under no-tillage. The field was located in &gunt, Lleida, in northeastern Spain
(41°48N, 1°07E). The soil was a Fluventic Xerocrept (3.28 ta33@et of deep), with
30.1 % sand, 51.9% silt, 17.9 % clay, 2.3 % orgamadter, and pH of 8.5.

Experimental designs

Two experiments were used to first develop the fmtehe emergence of great
brome and its validation, and second for the pcatapplication with different field and
soil management systems. The first experimentl (frjaconsisted in a randomized
complete block design with three replications. Rliae was 6.56 by 54.68 yards. One
factor was considered, the cereal sowing date.fifstesowing date (F1) had been on
October 20, 19, and 14; the second sowing date g2)ovember 7, 12, and 18; and
the third sowing date (F3) on December 12, 3, aBdinl 2008, 2009, and 2010,
respectively. BarleyHordeum vulgarel..) cv. ‘Sunrise’ and ‘Hispanic’ were sown in
2008 and wheafTfiticum aestivuni.) cv. ‘Bokaro’ and ‘Artur Nick’ in 2009 and 2010
Each year, crops were sown at 180 kg-seéll (480 to 450 plants-R). Sowing was
performed with a no-till disc drill in rows 0.62 e apart. Plots were sprayed with
glyphosateg{Roundup Plus) at 540 g ai fiaone to six days before each sowing date
(October 14, 16, and 13 in F1; November 6, 4, @athlF2; and December 5, 2, and 9
in F3, in 2008, 2009, and 2010, respectively). 00 to 2009, a post-emergence tank
mix of isoproturon plus diflufenican (1243 + 69 g% was applied in February. In
2009 to 2010 post-emergence weed control was adisirag by iodosulfuron-methyl
sodium plus mesosulfuron-methyl-sodium (3 + 15-bai plus wetting agent). In 2010
to 2011, broadleaf and grass weeds were contrgtet-emergence by tribenuron-
methyl plus metsulfuron-methyl (10 + 5 g-haplus wetting agent) in March.
lodosulfuron-methyl sodium plus mesosulfuron-mesgdium (3 + 15 g ai ha plus
wetting agent) was applied February 9 in F1 (iig) and April 13 in F2 and F3 (2 to
5 leaves). Fertilizer was applied each year in &afyrto March at 150 Kg N-32% Ha
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The second experiment (trial 2) also consisted cdralomized complete block
with three replications. This experiment was destgno study three different soil
management systems: subsoiler (SS), chisel plo@iP), and moldboard plough
(MbP). The sowing date in this experiment corresisogach year to the second sowing
dates of trial 1. Crop type and sowing density vieeesame as in trial 1, except in 2009
to 10 in which was sown barley cv. ‘Hispanic'.

Weed emergence was estimated in each plot in tengoent quadrats, each 0.1
m?. After each sowing date, destructive counting @éddings started and continued
weekly until the end of May, except for the thirglson in trial 1, when counting of

seedlings began in mid September (FO0), before spwaimd ended in April.

Weather data
Daily rainfall and maximum and minimum air temperas were obtained from a

standard meteorological station located at the xeatal fields.

Model development

The model was developed with data from F1 in sea8608 to 2009 and 2009 to
2010. Simulated soil temperatures (thermal time), dd water potentials (hydrotime,
HT) were used to calculate hydrothermal time (Hb&sed on the equation described
by Romaret al., (2000):

HTT =) (HTXTT)
where HT = 1 wheny > yb, otherwise HT = 0; and TT ¥ — TowhenT > Th,

otherwise TT = Oy is the daily average water potential in the sjel from 0 to 5 cm;
wb is the base water potential for seedling ememgeicis the daily average soill
temperature in the soil layer from 0 to 5 cm dids the base temperature for seedling
emergence (Martinsoet al., 2007; Royo-Esnakt al., 2010a). With this formula,
growing degree-days are accumulated only when themnpotential and temperature
conditions were higher than the base water poteatid base temperature. The HTT
was estimated using the Soil Temperature and Meistlodel (STM?2) (Spokas and
Forcella, 2009). STM? requires as input daily maximand minimum air temperatures
and daily precipitation, along with information d¢ime geographical location and soil
texture and organic matter. HTT were accumulategr @ays beginning on the date
when the main rainfall occurred prior to the fisstwing date. The base water potential
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and base temperature were determined iterativétylleding HTT using a set of water
potentials (-2.0 MPa to —0.5 MPa, at —0.1 MPa wrdbs) and temperatures (0 to 2 C at
1C intervals). Namely, the scale of HTT was chaniggadnodifying theyb and theTb
until the highest accuracy was obtained for theati@hship between HTT and
cumulative emergence of great brome. Typicallyagbeome emergence begins mid- to
late summer, but because all emerged seedlings Weéled before sowing,
hydrothermal time was calculated from the firstuzon rains each year.

The functional relationship between cumulative eyeace and HTT was

described by a sigmoid equation with the besAfiChapman equation was used,

y=K(1-[exp{-bx}])’

wherey is the percentage of emergencés time expressed as HTT, akdb, anda are
empirically derived constantK is the maximum percentage of emergence recofued,
is the rate of increase amlds a shape parameter. Fitting of the Chapman ifumdor
cumulative emergence was performed using SAS RO@ NLIN; SAS Institute Inc.,
Cary, NC, USA). Model parameters were further aggidoy nonlinear least-squares

regression and the goodness of curve fitting byreshof joint hypothesis (P < 0.05).

Cumulative emergence model validation and readjastm

In the third season (2010 to 2011), emergenceafajeeat brome were also taken
before the first sowing date in trial 1 (describesl FO). For this reason, the model
developed for describing the emergence of greanerwas validated with these data
(FO), as well as with F1 in 2010 to 2011 and daedanfCaoet al., (2011), obtained in
two other localities of Huelva (South of Spain) 2605 to 2006 and 2006 to 2007.
Agreement between predicted and actual emergericesvavas determined with the
root-mean-square error (RMSE):

RMSE = \/1/ ni()ﬁ - yi)?

where xi represents actual cumulative percent emergends, predicted cumulative
percent emergence, amdis the number of observations (Mayer and Butl&93).
RMSE provided a measurement of the typical diffeeehetween predicted and actual
values in units of percentage seedling emergenbe. RMSE ranges to evaluate the
accuracy of the model are based on Royo-Esnal (2010b): < 5, excellent prediction;

5 to 10, very good prediction; 10 to 15, good peedn; > 15, insufficient prediction.
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When RMSE were not optimally described by these etfo(RMSE>15) the Chapman
equation was modified by adding a lag-phade (

y=K(@~[exp{-bx-7])*
The lowest RMSE values indicated that the emergeraxdel fit had been optimized.

Cumulative emergence practical model application

Different sowing dates (F2 and F3 in trial (1) agges of tillage (SS, ChP, and
MbP in trial (2) of the three growing seasons wased to evaluate the practical
application of the emergence model defined above.

Correction factors were calculated to adjust thedative emergence in F2 and
F3. Both factors consider prior emergence durieghth. The corrections were 69% and
92% for F2 and F3, respectively, and they represbat percentages of seedling
emergence that were eliminated with the delay ef sbwing date through seedbed
preparation. The correction factor 69% was alsa usérial 2 as the crop was sown on
the same date as in F2 in trial 1 each year.

Results

The three seasons differed considerably in termmioffall (Figure 1a), which
represents an ideal situation for development btiso microclimate-based models, but
not in temperature. Figure 1b represents the swmiperature and soil water potential in
the first 5 cm of depth, calculated with the STiing daily maximum and minimum
air temperature (represented as mean air temperatufigure 1a) and rainfall. Total
rainfall from September to harvest (June) in 26®2@09 was 500 mm, while in 2009
to 2010 it was 637 mm, and in 2010 to 2011 only 4®0. Besides the rainfall quantity,
number of rainy days also differed between theetls@asons (64 in 2008 to 2009, 77 in
2009 to 2010, and 27 in 2010 to 2011, Figure lajchvis reflected in the soil water
potential as long wet or dry periods (Figure 1bheTiirst season, the average of
autumn-winter precipitation was 234 mm (OctobefF#ruary), which fell mainly in
October (84 mm). Spring was rainy, with 155 mm ety April and May (150 mm in
April). In the second season, autumn-winter wastevd357 mm), while spring was
dryer than the previous season (85 mm). In thegse d®asons there had been short
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drought periods that are reflected in the soil watgential (Figure 1b). Finally, in 2010
to 2011 autumn-winter resulted extremely dry (13)mwhich decreased considerably
the soil water potential, while spring was rain$§Imm between March and June). For
modeling purposes, such great natural variabihitynagnitudes of driving variables is
highly desirable. In the three years, the averag#ew air temperature (December
through February) was 4 C. Overall, the soil and tamperature did not vary
significantly from each other as the depth at wisoh temperature had been calculated

(five cm) is highly influenced by air temperature.

a)

30 60
2008-09 —— Air temperature (C) 2009-10 2010-11
B Rainfall (mm)

Air temperature (°C)
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L .u’
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15
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1 oc) B
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Figure la. Air temperature (°C) and rainfall (mfb. Soil temperature (°C) and soil water po&dnti
(MPa) in the first five cm of depth for seasons 09, 2009-10 and 2010-11.
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Figure 2. Cumulative emergence of great brome (sepdi?) in a) three sowing dates (FO= previous to
first sowing date, F1= first sowing date, F2= sateowing date and F3= third sowing date) and in b)

three different soil managements throughout theglgrowing seasons (ChP= chisel plow, SS= subsoiler
and MbP= mouldboard plow).

The cumulative emergence in trial 1 was always dérigh F1 than in F2 and F3.
The beginning of emergence was coincident in 2@08a09 and 2009 to 2010 with
rainfalls occurring in October. In 2010 to 2011nfalls in autumn only occurred in
September. Each growing season shows a decreasidigrgt from F1 to F3. In 2008 to
2009, the cumulative emergence of great brome rdiffeaccording to the delay in
sowing date (Figure 2a.). Delay of sowing from BIFR entailed an 82% reduction in
the cumulative emergence, and 81% reduction in &F3. Between F2 and F3,
percentage of cumulative emergence increased byrv2909 to 2010, the emergence
of great brome in F1 was higher than the year leefbne percentage of reduction from
F1to F2, F1 to F3, and F2 to F3 was of 98%, 993d, 40%, respectively. In general,
cumulative emergence in 2010 to 2011 was lower tha?2008 to 2009 and 2009 to
2010 for the three sowing dates, and rainfall wasoat nil from October to January.
Percentage reduction in cumulative emergence wés 88%, and 56%, respectively,
from F1 to F2, F1 to F3 and F2 to F3.

In trial 2, cumulative emergence in ChP was highan SS and MbP in the three
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growing seasons and consistently lowest in MbPufieg2b). Cumulative emergence
was higher in 2009 to 2010 than in 2008 to 2009 20D to 2011. Considering that
higher cumulative emergence occurred in ChP thaB8Snand MbP, a percentage of
100% was assigned to ChP. Accordingly, reductionsumulative emergence were
59% in SS and 97% in MbP in 2008 to 09. In 2002Qaeductions reached 56% in SS
and 98% in MbP, and in 2010-11 they were about #8%5 and 99% in MbP.

Seedling emergence model development
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Figure. 3. Observed cumulative emergence of gneahé in 2008-09 and 2009-10 and representation of
the model developed with these data as a functidrydrothermal time (HTT). Emergence fitted using
the Chapman function.

The emergence model (Chapman function) calculasetyudata from F1 in 2008
to 2009 and 2009 to 2010 is shown in Figure 3. dthbseasons, emergence was
characterized by a quick flush followed by a momadgal pattern. To optimize
emergence model fit, a unique base temperaturdasel water potential was required.
The base temperature and base water potential Tdrwere estimated iteratively. The
best fitting T, was determined to be 0 C and the best fittiggvas —1.35 MPaR¢ =
0.80). Estimates of the variabl&s b, z, anda fitted to HTT for great brome are 100,
0.013, 55, and 21.4, respectively.

Seedling emergence model validation

Figure 4 shows observed and predicted emergenaog tis8 Chapman function
(above), based on FO and F1 during 2010 to 2011h Bescriptions showed good fit
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and reasonable accuracy with predicted emergenddSER of 11.4 and 10.9
respectively for FO and F1). In both cases a laapplf) was determined by repeatedly
testing RMSE, with a final fix at 55 HTT. The modelas also validated with

emergence data from two locations in Huelva prawifigure 4c).

120

100 4

80

ce (%)

60

404

20 4

Cumulative emergen

04

0

Figure 4. Model validation of cumulative seedlingnexrgence of great brome as a function of
hydrothermal time (HTT) in Agramunt (Spain). a) EQmulative emergence considered from September.
b) F1, cumulative emergence considered from Oct¢bawing date). c) Cumulative emergence using
data obtained in Huelva (Caat al, 2011) L1=location 1 (closed circles), L2= locati2 (open circles).
The line represents predicted emergence using tueinparameters listed in the text. RMSE: Root Mean
Square Error.

Practical application

The emergence model successfully predicted the ganee of F2 and F3 from
trial 1 (Figure 5) and those from SS, ChP and Mianftrial 2 (Figure 6) during the
three growing seasons.

In trial 1, according to the scale established tftew RMSE values, out of six
simulations, two were excellent (RMSE < 5), threeravvery good (RMSE 5 to 10),
and one was good prediction (Figure 5). In seasid820 2009 and 2009 to 2010,
values from F3 were better described (RMSE = 2@ &8, respectively) than those
from F2 (RMSE = 5.3 and 10.1, respectively). In tcast, in season 2010 to 11, F2
showed a slightly better RMSE (5.6) than F3 (7Epally, for F3 values, the 2008 to
2009 growing season (RMSE = 2.2) showed the begFigure 5). Thus, the model
described the emergence of F2 and F3 accurateljpoumti adding any lag-phase,
however, in some cases the use of a lag phasél{sk& at 55 HTT) improves the fit,
as in F2 and F3 in 2009 to 2010.
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Figure 5. Hydrotermal seedling emergence modelieqn for great bromevith delay of the crop
sowing date in no-tillage systems in Agramunt (8pé#&r three growing seasons, 2008-09, 2009-10 and
2010-11. Root Mean Squarre Error is shown with®@MEE) and with the use of a lag phase of +55 HTT
(*RMSE). F2, cumulative emergence (%) from Novembserd F3, cumulative emergence (%) from
December. The line represents predicted emergenctneb model developed without the lag phase.
Symbols represent observed emergence.
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Figure 6. Hydrotermal seedling emergence modeliegan for great bromen differents tillage systems
(subsoiler, SS; chisel plow, ChP; and moldboardvplbbP) in Agramunt (Spain) for three growing
seasons 2008-09, 2009-10 and 2010-11. Root Meaari®grror is shown without (RMSE) and with lag
phase of +55HTT (*RMSE). Lines represent prediagatrgence without a lag phase. Symbols represent
observed emergence.

Sowing date in the different soil management p{tial 2) was coincident with

F2 in trial 1; therefore the 69% factor correctienplained above, was applied to the
emergence values. The model described emergenaessially in the three soil
management systems during the three years with letehpdifferent weather situations
(Figure 6). In the model application in F2 and R3rial 1, the use of a lag phase was
not necessary because the fits were good. Howevéial 2, the use of a lag phase of
55 HTT, in 2008 to 2009 and 2009 to 2010 improveal fits. This did not happen in
2010 to 2011, when the exclusion of a lag phaseth@sbest option for the description
of emergence. The accuracy of this model develdpethe emergence of great brome
was excellent in two situations, very good in aeotfive and good in the last two
situations. The RMSE values of this experiment eahffom 4.4 to 14.2%. ChP was
generally better described in the sequence ofhreetseasons (2008 to 2009, 2009 to
2010, and 2010 to 2011), with RMSE values of 5.0, énd 4.4, respectively; followed
by SS, 7.6, 6.1, and 5.7, respectively; and MbR, 44.1, and 11.9, respectively)
(Figure 6).
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Discussion

Germination and emergence are basic processeg isutiwival and success of a
plant (Del Monte and Dorado, 2011) and the abiiitypredict weed emergence could
enhance crop management by facilitating the impieat®n of more effective weed
control strategies through the optimization of tineng of weed control (Leblanet al,
2004; Myerset al.,2004). Cumulative emergence of great brome ih Irigas higher in
F1 than in F2 and F3 regardless of the season.rdicgpto some reports, the first
cohort of seedlings contributes more to stand bgmand subsequent seed production
as well as stronger competition with associatedpgrahereby having the largest
contribution to the next generation (Cetoal.,2011). Total cumulative emergence was
higher in 2009 to 2010 than in 2008 to 2009. Theeabe of a selective herbicide in
barley, favored the growth and development of gresime and, therefore, its
contribution to the soil seed bank was higher mftillowing year. The use of selective
herbicides for great brome control in wheat provbkereduction of fecundity (data not
shown) in 2009 to 2010. For this same reason, hegetith the drought suffered in
autumn 2010 to 2011, a reduction of total cumuéaémergence occurred that season.

Kleemann and Gill (2006) showed rapid germinatidnse@eds of great brome
following initial autumn rains. In these experimgsimilar trends were observed, i.e.,
beginning of great brome emergence was coincidéhtnainfall periods. According to
Riba (1993) germination and emergence could occuleua wide period of time,
ranging from late summer to mid-winter, althouglsiconcentrated in the autumn.

In trial 2 cumulative emergence was higher in dhglew followed by the
subsoiler and moldboard plow. An explanation fois tbrder in soil management
systems is that seeds may need only a superfaa@ring of soil to perceive darkness.
As long as the embryo remains buried, it is likielygerminate, and this is facilitated by
the way the seed falls to the ground and can beg&dto the soil (Del Monte and
Dorado, 2011). Thus, the chisel plow deposits & ldyer of soil over the seeds, which
allows germination. In contrast, in moldboard ploed plots, which had the lowest
cumulative emergence observed, soil inversion jpost seeds too deep to emerge.
This also occurs in the related rigid bronig&rgmus rigidusRoth) (Gleichsner and
Appleby, 1989).
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Hydrothermal time seedling emergence

Hydrothermal time emergence models that base piealécon field observations
during previous growing seasons offer relativelpust predictions and with simple
inputs and development (Forcediaal.,2000). The model developed in this work seems
to be strong enough, as it was developed with @@t two completely different
seasons in terms of rainfall, and it has been & with a third season in the same
field, as well as with independent data from thets@f Spain (Huelva).

The water potential with which emergence of greatie was best explained was
-1.35 MPa. In contrast, Del Monte and Dorado (2@dd9erved in a lab conditions that
high germination percentages (above 75%) of greainé were obtained in darkness
with water potentials —0.4 MPa. Germination in the lab was significaritiwer, but
still appreciable at —1.25 MPa. Thus, our fieldd aimulation-derived value of —1.35
MPa may be deduced as the base water potentiad whi.4 MPa is the optimal water
potential for the germination (and emergence) o theed. To optimize emergence
model fit, a unique base water potential is reqlif®chutteet al., 2008). This base
water potential may not be the best for any padicseason, but it is the best overall for
describing the three seasons with a robust model.

An advantage of the Chapman equation is the uselgfthree parameters that, in
turn, makes it a simple model. The model predicteddling emergence in different
locations (Agramunt and Huelva) with reasonableusaxy. The RMSE values of this
experiment calculated for model validation, (1140, 10.9 in F1, and 12.6 and 14.0 in
Huelva) were similar to RMSE values for model vatidn in other studies for common
lambsquarters@Ghenopodium albu(Romanet al., 2000), tropic ageratumAgeratum

conyzoidep(Ekelemeet al.,2005), andsaliumspp. (Royo-Esnadt al.,2010a).

Practical application

An interesting part of this model is that it coulve been applied in other
management systems (in the same locality whereag @eveloped), which implies a
wide range of situations where it probably can Isedu All of the RMSE values
obtained in the practical applications were beldy ihdicating a very good predictive
capability. The use of the lag phase in some dastger improved the fit of the model
to the observed data.

The model applied to F2 and F3 in the three grovdagsons showed slightly
better accuracy for F3 than for F2. This could haeppened because 92% of the
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population was destroyed by seedbed preparatioh@ndorrection factor left very low
variation for K values (100%). The lack of needadfag phase in these results is
remarkable and gives a more robust basis to thesihadhich we believe is valid for
rainfed cereal systems where sowing dates are véeable.

Great brome is a common weed present in many gilegtems, although it is
associated with no-till (Kleemann and Gill, 2006pr this reason showing how the
model predicted the emergence of great brome irero#oil managements was
important. Therefore, the model also was appliedhisel ploughed, subsoiled and
moldboard ploughed areas. In fact, the RMSE vatieained from these comparisons
strengthened the perceived value of the model/lageae below 15 (without use of a
lag phase). In some cases, however, the use @ phase did improve the fit of the
model to the observed data. This might imply theg tescription of the emergence
could still be improved, maybe with the inclusiohather factors that have not been
used here, such as remnant seed dormancy alleviaRegarding differences in
accuracy of the model among tillage systems, it s@sewhat less accurate in MbP
than in SS and ChP. This likely happened becauigeainuch lower seedling densities
in MbP than the other soil management systems, wiitorresponding decrease in
reliability of the MbP data.

To summarize, soil temperature and soil moistuemséo be the determinant
factors driving emergence of great brome, as theyiraother weeds (Forcelkt al.,
2000; Romaret al.,2000; Royo-Esna¢t al., 2010a). With these two factors, a model
that describes the emergence of this weed wasameland demonstrated to be robust
and reliable, as it was validated with four differeata sets and put into practice in five
management systems (two sowing delays and threédiliage practices) over three
years. The model can be used henceforth to impomrgrol and management of

great brome.
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Hydrothermal Emergence Model for Ripgut Brome (Bromus diandrus)
Addy L. Garcia, Jordi Recasens, Frank Forcella, Joel Torra, and Aritz Royo-Esnal*

A model that describes the emergence of ripgut brome was developed using a two-scason data set from a no-tilled field in
northeastern Spain. The relationship between cumulative emergence and hydrothermal time (HTT) was described by a
sigmoid growth function (Chapman). HTT was calculated with a set of water potentials and temperatures, iteratively used,
to determine the base water potential and base temperature. Emergence of ripgut brome was well described with a
Chapman function. The newly-developed function was validated with four sets of data, two of them belonging to a third
season in the same field and the other two coming from independent data from Southern Spain. The model also
successfully described the emergence in different field management and tillage systems. This model may be useful for
predicting ripgut brome emergence in winter cereal fields of semiarid Mediterrancan regions.

Nomenclature: Ripgut brome, Bromus diandrus Roth.

Key words: Chapman function, great brome, hydrothermal time, sowing delay, tillage systems.

Emergence is considered the most important event in the
life of an annual species because it determines subsequent
survival and success of the plant (Forcella et al. 2000). The
ability to predict weed emergence could enhance crop
management, facilitating implementation of more effective
strategies by optimizing the timing of weed control (Leblanc
et al. 2004; Myers et al. 2004); this is becoming increasingly
relevant for growers because of current pressure to reduce
chemical input or to adopt nonchemical methods (Grundy
et al. 2000). Emergence of several weed species can be
predicted using modeling techniques (Colbach et al. 2005). A
principal goal of emergence modeling for wild species is to
predict germination timing under fluctuating field conditions
(Meyer and Allen 2009). Seed germination and emergence are
strongly influenced by soil temperature and water potential,
and they can be predicted by using modeling techniques based
on hydrothermal time (Bair et al. 2006; Haj Seyed Hadi and
Gonzalez-Andujar 2009). Hydrothermal time mechanistically
relates the weed seed bank to seedling emergence using soil
microclimate simulations (Spokas and Forcella 2009).

Temperature, when converted to thermal time, or growing
degree days (GDD), has been used to predict seedling
emergence. The use of average air or soil temperature above a
specified threshold is accumulated over days untl weed
emergence (Royo-Esnal et al. 2010a). Hydrothermal time is a
GDD-like measurement that accumulates when daily average
soil water potentials and temperatures are greater than
threshold values below which seedling emergence cannot
occur (Schutte et al. 2008). According to Forcella et al.
(2000), hydrothermal time (HTT) models are frequently
better for predicting emergence than GDD.

The modeling of emergence of winter weeds from arable
land should be especially valuable for climatic conditions of
Mediterranean-type environments, where initial weed emer-
gence and crop sowing are governed by the timing of
precipitation in autumn, and later emergence is likely to be
regulated by soil temperature in addition to soil moisture
(Kleemann and Gill 2006).

Models, as those based on hydrothermal time, have been
used to predict the emergence of several winter cereals weeds,
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oat (Avena sterilis ssp. ludoviciana) (Leguizamén et al. 2005)
and Galium species (Royo-Esnal et al. 2010a), under the
climatic conditions of dry-land agricultural systems of Spain. In
the last decades, the adopton of continuous winter cereal
production and the implementation of conservation agriculture
techniques, such as direct drilling, have turned ripgut brome
(Bromus diandrus Roth) into one of the most important weeds
in these cereal systems (Riba and Recasens 1997). Although
implementation of models that predict the emergence of
Bromus species could have great implications for integrated
weed management programs, no model has been developed yet.

In no-till systems the absence of soil disturbance permits
the seeds to remain near the soil surface, which is a more
favorable condition for seedling establishment of some species.
Furthermore, some seeds of ripgut brome may be dormant
(Gill and Carstairs 1988; Kleemann and Gill 2006; Kon and
Blacklow 1989), and those low percentages that remain in the
soil from one season to the next could hinder control
methods. In this sense, chemical control of ripgut brome is
more restricted and difficult than for other weeds because
herbicides effective against ripgut brome usually damage the
crop as well (Peeper 1984).

Accordingly, in this scenario, new strategies are needed to
manage ripgut brome populations in reduced tillage systems
that currently are being adopted in northeastern Spain. For
example, delay of sowing date is one of the most practical
methods that can be used by growers, as it effectively controls
weeds that emerged in October and early November (Cirujeda
et al. 2008). However, its efficacy depends on the climatic
conditions during autumn, mainly rainfall regimes and soil
temperature, and on subsequent emergence of seedlings from
the remaining soil seed bank.

To improve these strategies and obtain more effective
management, models capable of providing information about
the timing of emergence as functions of soil moisture and soil
temperature may be useful. Consequently, the objectives of
this research were to develop a hydrothermal time seedling
emergence model for ripgut brome using data derived from
observations in rain fed winter cereals, and to validate and apply
the model with independent data from other growing seasons.

Materials and Methods

Experimental Site. Field experiments were conducted from
autumn to spring 2008 to 2009, 2009 to 2010, and 2010 to



2011 in an experimental cereal field that was managed since
2006 to 2007 under no-tillage. The field was located in
Agramunt, Lleida, in northeastern Spain (41°48'N, 1°07'E).
The soil was a Fluventic Xerocrept (100 to 120 cm deep),
with 30.1% sand, 51.9% sil, 17.9% clay, 2.3% organic
matter, and pH of 8.5.

Experimental Designs. Two experiments were used to first
develop the model for the emergence of ripgut brome and its
validation, and second for the practical application with
different field and soil management systems. The first
experiment (trial 1) consisted in a randomized complete
block design with three replications. Plot size was 6 by 50 m.
One factor was considered, the cereal sowing date. The first
sowing date (F1) had been on October 20, 19, and 14; the
second sowing date (F2) on November 7, 12, and 18; and the
third sowing date (F3) on December 12, 3, and 13 in 2008,
2009, and 2010, respectively. Barley (Hordeum vulgare L.) cv.
‘Sunrise’ and ‘Hispanic’ were sown in 2008 and wheat
(Triticum aestivum L.) cv. ‘Bokaro’ and ‘Artur Nick’ in 2009
and 2010. Each year, CI0ps were sown at 180 kg:seed ha™"
(400 to 450 plants m ). Sowing was performed with a no-
till disc drill in rows 19 cm apart. Plots were sprayed with
glyphosate (Roundup Plus) ar 540 g ai ha™" one to six days
before each sowing date (October 14, 16, and 13 in FI;
November 6, 4, and 12 in F2; and December 5, 2, and 9 in F3,
in 2008, 2009, and 2010, respectively). In 2008 to 2009, a
POST tank mix of isoproturon plus diflufenican (1243 +
69 g-ha™") was applied in February. In 2009 to 2010 POST
weed control was accomplished by iodosulfuron-methyl
sodium plus mesosulfuron-methyl-sodium (3 + 15 g ai ha™'
plus wetting agent). In 2010 to 2011, broadleaf and grass weeds
were controlled POST by tribenuron-methyl plus metsulfuron-
methyl(10 + 5 gha™ ' plus wetting agent) in March.
lodosulfuron- methyl sodium plus mesosulfuron-methyl-sodi-
um (3+15 gaiha ' plus wetting agent) was applied February
9 in F1 (tillering) and April 13 in F2 and F3 (2 to 5 leaves).
Fertilizer was apphed each year in February to March at 150 kg
N-32% +ha™"'

The second experiment (trial 2) also consisted of a
randomized complete block with three replications. This
experiment was designed to study three different soil
management systems: subsoiler (SS), chisel plough (ChP),
and moldboard plough (MbP). The sowing date in this
experiment corresponds each year to the second sowing dates
of trial 1. Crop type and sowing density were the same as in
trial 1, except in 2009 to 10 in which was sown batley cv.
‘Hispanic’.

Weed emergence was estlmated in each plot in ten
permanent quadrats, each 0.1 m’. After each sowing date,
destructive counting of seedlings started and continued weekly
until the end of May, except for the third season in trial 1,
when counting of seedlings began in mid September (FO0),
before sowing, and ended in April.

Weather Data. Daily rainfall and maximum and minimum
air temperatures were obtained from a standard meteorolog-
ical station located at the experimental fields.

Model Development. The model was developed with data
from F1 in seasons 2008 to 2009 and 2009 to 2010.
Simulated soil temperatures (thermal time, TT) and water

potentials (hydrotime, HT) were used to calculate hydrother-
mal dme (HTT) based on the equation described by Roman
et al. (2000):

HTT=Y (HTxTT) 1]

where HT = 1 when tf > /b, otherwise HT = 0; and TT =
T — Tb when T > Tbh, otherwise TT = 0.  is the daily
average water potential in the soil layer from 0 to 5 cm; b is the
base water potential for seedling emergence; T'is the daily average
soil temperature in the soil layer from 0 to 5 cm and 7% is the
base temperature for seedling emergence (Martinson et al. 2007;
Royo-Esnal et al. 2010a). With this formula, growing degree-
days are accumulated only when the water potendal and
temperature conditions were higher than the base water potential
and base temperature. The HTT was estlmated using the Soil
Temperature and Moisture Model (STM?) (Spokas and Forcella
2009). STM? requires as input daily maximum and minimum
air temperatures and daily precipitation, along with information
on the geographical location and soil texture and organic matter.
HTT were accumulated over days beginning on the date when
the main rainfall occurred prior to the first sowing date. The base
water potential and base temperature were determined iteratively
calculating HTT using a set of water potentials (—2.0 MPa to
—0.5 MPa, at —0.1 MPa intervals) and temperatures (0 to 2 C
at 1C intervals). Namely, the scale of HTT was changed by
modifying the Y4 and the 74 until the highest accuracy was
obtained for the relationship between HTT and cumuladive
emergence of ripgut brome. Typically, ripgut brome emergence
begins mid- to late summer, but because all emerged seedlings
were killed before sowing, hydrothermal time was calculated
from the first autumn rains each year.

The functional relationship between cumulative emergence
and HTT was described by a sigmoid equation with the best
fit. A Chapman equation was used,

y=K(1=[exp{—bx}])" 2l

where y is the percentage of emergence, x is time expressed as
HTT, and K, 4, and « are empirically derived constants. K is
the maximum percentage of emergence recorded, & is the rate
of increase and # is a shape parameter. Fitting of the Chapman
function for cumulative emergence was performed using SAS
9.1 (PROC NLIN; SAS Institute Inc., Cary, NC, USA).
Model parameters were further adjusted by nonlinear least-
squares regression and the goodness of curve fitting by
contrast of joint hypothesis (P < 0.05).

Cumulative Emergence Model Validation and Readjust-
ment. In the third season (2010 to 2011), emergence data of
ripgut brome were also taken before the first sowing date in
trial 1 (described as F0). For this reason, the model developed
for describing the emergence of ripgut brome was validated
with these data (F0), as well as with F1 in 2010 to 2011 and
data from Cao et al. (2011), obtained in two other localities of
Huelva (South of Spain) in 2005 to 2006 and 2006 to 2007.
Agreement between predicted and actual emergence values
was determined with the root-mean-square error (RMSE):

RMSE= l/nZ(x, ) 3]

i=1

where x; represents actual cumulative percent emergence, y; is
predicted cumulative percent emergence, and 7 is the number
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Figure 1. (a) Air temperature (C) and rainfall (mm). (b) Soil temperature (C) and soil water potential (MPa) in the first five cm of depth for seasons 2008 to 2009,

2009 to 2010 and 2010 to0 2011.

of observations (Mayer and Butler 1993). RMSE provided a
measurement of the typical difference between predicted and
actual values in units of percentage seedling emergence. The
RMSE ranges to evaluate the accuracy of the model are based
on Royo-Esnal et al. (2010b): < 5, excellent prediction; 5 to
10, very good prediction; 10 to 15, good prediction; > 15,
insufficient prediction. When RMSE were not optimally
described by these models (RMSE>15) the Chapman
equation was modified by adding a lag-phase (2):

y=K(1—[exp{ —bx—2z}])’ (4]

The lowest RMSE values indicated that the emergence model
fit had been optimized.

Cumulative Emergence Practical Model Application. Dif-
ferent sowing dates (F2 and F3 in trial (1) and types of tillage
(SS, ChP, and MbP in trial (2) of the three growing seasons
were used to evaluate the practical application of the
emergence model defined above.

Correction factors were calculated to adjust the cumulative
emergence in F2 and F3. Both factors consider prior
emergence during the F1. The corrections were 69% and
92% for F2 and F3, respectively, and they represent the
percentages of seedling emergence that were eliminated with
the delay of the sowing date through seedbed preparation.
The correction factor 69% was also used in trial 2 as the crop
was sown on the same date as in F2 in trial 1 each year.
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Results

The three seasons differed considerably in terms of rainfall
(Figure 1a), which represents an ideal situation for develop-
ment of robust microclimate-based models, but not in
temperature. Figure 1b represents the soil temperature and
soil water potential in the first 5 cm of depth, calculated with
the STM? using daily maximum and minimum air temperature
(represented as mean air temperature in Figure 1a) and rainfall.
Total rainfall from September to harvest (June) in 2008 to
2009 was 500 mm, while in 2009 to 2010 it was 637 mm, and
in 2010 to 2011 only 190 mm. Besides the rainfall quantity,
number of rainy days also differed between the three seasons
(64 in 2008 to 2009, 77 in 2009 to 2010, and 27 in 2010 to
2011, Figure 1a), which is reflected in the soil water potential
as long wet or dry periods (Figure 1b). The first season, the
average of autumn-winter precipitation was 234 mm (October
to February), which fell mainly in October (84 mm). Spring
was rainy, with 155 mm between April and May (150 mm in
April). In the second season, autumn-winter was wetter
(357 mm), while spring was dryer than the previous season
(85 mm). In these two seasons there had been short drought
periods that are reflected in the soil water potential (Figure 1b).
Finally, in 2010 to 2011 autumn-winter resulted extremely dry
(13 mm), which decreased considerably the soil water potential,
while spring was rainy (156 mm between March and June). For
modeling purposes, such great natural variability in magnitudes
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Figure 2. Cumulative emergence of ripgut brome (seedling'm_l) in (a) three sowing dates (FO = previous to first sowing date, F1 = first sowing date, F2 = second
sowing date, and F3 = third sowing date) and in (b) three different soil managements throughout the three growing seasons (ChP = chisel plow, SS = subsoiler, and

MbP = moldboard plow).

of driving variables is highly desirable. In the three years, the
average winter air temperature (December through February)
was 4 C. Overall, the soil and air temperature did not vary
significantly from each other as the depth at which soil
temperature had been calculated (five cm) is highly influenced
by air temperature.

The cumulative emergence in trial 1 was always higher in
FI than in F2 and F3. The beginning of emergence was
coincident in 2008 to 2009 and 2009 to 2010 with rainfalls
occurring in October. In 2010 to 2011 rainfalls in autumn
only occurred in September. Each growing season shows a
decreasing gradient from F1 to F3. In 2008 to 2009, the
cumulative emergence of ripgut brome differed according to
the delay in sowing date (Figure 2a.). Delay of sowing from
F1 to F2 entailed an 82% reduction in the cumulative
emergence, and 81% reduction in F1 to F3. Between F2 and
F3, percentage of cumulative emergence increased by 7%. In
2009 to 2010, the emergence of ripgut brome in F1 was
higher than the year before. The percentage of reduction from
F1 to F2, F1 to F3, and F2 to F3 was of 98%, 99%, and 49%,
respectively. In general, cumulative emergence in 2010 to
2011 was lower than in 2008 to 2009 and 2009 to 2010 for
the three sowing dates, and rainfall was almost nil from
October to January. Percentage reduction in cumulative

emergence was 73%, 88%, and 56%, respectively, from F1 to
F2, F1 to F3 and F2 to F3.

In trial 2, cumulative emergence in ChP was higher than SS
and MbP in the three growing seasons and consistently lowest
in MbP (Figure 2b). Cumulative emergence was higher in
2009 to 2010 than in 2008 to 2009 and 2010 to 2011.
Considering that higher cumulative emergence occurred in
ChP than in SS and MbP, a percentage of 100% was assigned
to ChP. Accordingly, reductions in cumulative emergence
were 59% in SS and 97% in MbP in 2008 to 09. In 2009 to
10 reductions reached 56% in SS and 98% in MbP, and in
2010 to 2011 they were about 48% in SS and 99% in MbP.

Seedling Emergence Model Development. The emergence
model (Chapman function) calculated using data from F1 in
2008 to 2009 and 2009 to 2010 is shown in Figure 3. In both
seasons, emergence was characterized by a quick flush followed
by a more gradual pattern. To optimize emergence model fit, a
unique base temperature and base water potential was required.
The base temperature and base water potential for HTT were
estimated iteratively. The best fitting 7} was determined to be
0 C and the best fitting 1), was —1.35 MPa (R = 0.80).
Estimates of the variables K 6, z, and  fitted to HTT for ripgut
brome are 100, 0.013, =55, and 21.4, respectively.

149

Garcia et al.: Modeling Bromus diandrus emergence  »



100

80 4

60

401

® Observed

20 4 —— Predicted

Cumulative emergence (%)

T T T 1
0 200 400 600 800 1000 1200 1400 1600
HTT
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Seedling Emergence Model Validation. Figure 4 shows
observed and predicted emergence using the Chapman
function (above), based on FO and F1 during 2010 to
2011. Both descriptions showed good fit and reasonable
accuracy with predicted emergence (RMSE of 11.4 and 10.9
respectively for FO and F1). In both cases a lag phase (2) was
determined by repeatedly testing RMSE, with a final fix at 55
HTT. The model was also validated with emergence data
from two locations in Huelva province (Figure 4c).

Practical Application. The emergence model successfully
predicted the emergence of F2 and F3 from trial 1 (Figure 5)
and those from SS, ChP and MbP from trial 2 (Figure 6)
during the three growing seasons.

In trial 1, according to the scale established for the RMSE
values, out of six simulations, two were excellent (RMSE
<'5), three were very good (RMSE 5 to 10), and one was
good prediction (Figure 5). In season 2008 to 2009 and 2009
to 2010, values from F3 were better described (RMSE = 2.2
and 3.3, respectively) than those from F2 (RMSE = 5.3 and
10.1, respectively). In contrast, in season 2010 to 11, F2
showed a slightly better RMSE (5.6) than F3 (7.5). Finally,

for F3 values, the 2008 to 2009 growing season (RMSE =
2.2) showed the best fit (Figure 5). Thus, the model described
the emergence of F2 and F3 accurately, without adding any
lag-phase, however, in some cases the use of a lag phase
(established at 55 HTT) improves the fit, as in F2 and F3 in
2009 to 2010.

Sowing date in the different soil management plots (trial 2)
was coincident with F2 in trial 1; therefore the 69% factor
correction, explained above, was applied to the emergence
values. The model described emergence successfully in the three
soil management systems during the three years with
completely different weather situations (Figure 6). In the
model application in F2 and F3 in trial 1, the use of a lag phase
was not necessary because the fits were good. However, in trial
2, the use of a lag phase of 55 HTT, in 2008 to 2009 and 2009
to 2010 improved the fits. This did not happen in 2010 to
2011, when the exclusion of a lag phase was the best option for
the description of emergence. The accuracy of this model
developed for the emergence of ripgut brome was excellent in
two situations, very good in another five and good in the last
two situations. The RMSE values of this experiment ranged
from 4.4 to 14.2%. ChP was generally better described in the
sequence of the three seasons (2008 to 2009, 2009 to 2010, and
2010 to 2011), with RMSE values of 5.9, 6.0, and 4.4,
respectively; followed by SS, 7.6, 6.1, and 5.7, respectively; and
MbP, 4.1, 14.1, and 11.9, respectively) (Figure 6).

Discussion

Germination and emergence are basic processes in the
survival and success of a plant (Del Monte and Dorado 2011)
and the ability to predict weed emergence could enhance crop
management by facilitating the implementation of more
effective weed control strategies through the optimization of
the timing of weed control (Leblanc et al. 2004; Myers et al.
2004). Cumulative emergence of ripgut brome in trial 1 was
higher in F1 than in F2 and F3 regardless of the season.
According to some reports, the first cohort of seedlings
contributes more to stand biomass and subsequent seed
production as well as stronger competition with associated
crops, thereby having the largest contribution to the next
generation (Cao et al. 2011). Total cumulative emergence was
higher in 2009 to 2010 than in 2008 to 2009. The absence
of a sclective herbicide in batley, favored the growth and
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developed without the lag phase. Symbols represent observed emergence.

development of ripgut brome and, therefore, its contribution
to the soil seed bank was higher in the following year. The use
of selective herbicides for ripgut brome control in wheat
provoked a reduction of fecundity (data not shown) in 2009
to 2010. For this same reason, together with the drought
suffered in autumn 2010 to 2011, a reduction of total
cumulative emergence occurred that season.

Kleemann and Gill (2006) showed rapid germination of
seeds of ripgut brome following initial autumn rains. In these

experiments similar trends were observed, i.e., beginning of
ripgut brome emergence was coincident with rainfall periods.
According to Riba (1993) germination and emergence could
occur under a wide period of time, ranging from late summer
to mid-winter, although it is concentrated in the autumn.

In trial 2 cumulative emergence was higher in chisel plow
followed by the subsoiler and moldboard plow. An
explanation for this order in soil management systems is that
seeds may need only a superficial covering of soil to perceive
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darkness. As long as the embryo remains buried, it is likely to
germinate, and this is facilitated by the way the seed falls to
the ground and can be wedged into the soil (Del Monte and
Dorado 2011). Thus, the chisel plow deposits a thin layer of
soil over the seeds, which allows germination. In contrast, in
moldboard ploughed plots, which had the lowest cumulative
emergence observed, soil inversion positioned seeds too deep
to emerge. This also occurs in the related rigid brome (Bromus

rigidus Roth) (Gleichsner and Appleby 1989).

Hydrothermal Time Seedling Emergence. Hydrothermal
time emergence models that base predictions on field
observations during previous growing scasons offer relatively
robust predictions and with simple inputs and development
(Forcella et al. 2000). The model developed in this work
seems to be strong enough, as it was developed with data from
two completely different seasons in terms of rainfall, and it has
been validated with a third season in the same field, as well as
with independent data from the south of Spain (Huelva).
The water potential with which emergence of ripgut brome
was best explained was —1.35 MPa. In contrast, Del Monte
and Dorado (2011) observed in a lab conditions that high
germination percentages (above 75%) of ripgut brome were
obtained in darkness with water potentials = —0.4 MPa.
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Germination in the lab was significantly lower, but sill
appreciable at —1.25 MPa. Thus, our field- and simulation-
derived value of —1.35 MPa may be deduced as the base
water potential while = —0.4 MPa is the optimal water
potential for the germination (and emergence) of this weed.
To optimize emergence model fit, a unique base water
potential is required (Schutte et al. 2008). This base water
potential may not be the best for any particular season, but it
is the best overall for describing the three seasons with a robust
model.

An advantage of the Chapman equation is the use of only
three parameters that, in turn, makes it a simple model. The
model predicted seedling emergence in different locations
(Agramunt and Huelva) with reasonable accuracy. The RMSE
values of this experiment calculated for model validation, (11.4
in F0, 10.9 in F1, and 12.6 and 14.0 in Huelva) were similar to
RMSE values for model validation in other studies for common
lambsquarters (Chengpodium album) (Roman et al. 2000),
tropic ageratum (Ageratum conyzoides L.) (Ekeleme et al. 2005),
and Galium spp. (Royo-Esnal et al. 2010a).

Practical Application. An interesting part of this model is
that it could have been applied in other management systems
(in the same locality where it was developed), which implies a



wide range of situations where it probably can be used. All of
the RMSE values obtained in the practical applications were
below 15, indicating a very good predictive capability. The
use of the lag phase in some cases further improved the fit of
the model to the observed data.

The model applied to F2 and F3 in the three growing
seasons showed slightly better accuracy for F3 than for F2.
This could have happened because 92% of the population was
destroyed by seedbed preparation and the correction factor left
very low variation for K values (100%). The lack of need of a
lag phase in these results is remarkable and gives a more robust
basis to the model, which we believe is valid for rainfed cereal
systems where sowing dates are often variable.

Ripgut brome is a common weed present in many tillage
systems, although it is associated with no-till (Kleemann and Gill
2006). For this reason showing how the model predicted the
emergence of ripgut brome in other soil managements was
important. Therefore, the model also was applied to chisel
ploughed, subsoiled and moldboard ploughed areas. In fact, the
RMSE values obtained from these comparisons strengthened the
perceived value of the model, as all were below 15 (without use of
a lag phase). In some cases, however, the use of a lag phase did
improve the fit of the model to the observed data. This might
imply that the description of the emergence could still be
improved, maybe with the inclusion of other factors that have
not been used here, such as remnant seed dormancy alleviation.
Regarding differences in accuracy of the model among tillage
systems, it was somewhat less accurate in MbP than in SS and
ChP. This likely happened because of the much lower seedling
densities in MbP than the other soil management systems, with a
corresponding decrease in reliability of the MbP data.

To summarize, soil temperature and soil moisture seem to be
the determinant factors driving emergence of ripgut brome, as
they are in other weeds (Forcella et al. 2000; Roman et al. 2000;
Royo-Esnal et al. 2010a). With these two factors, a model that
describes the emergence of this weed was developed and
demonstrated to be robust and reliable, as it was validated
with four different data sets and put into practice in five
management systems (two sowing delays and three soil tillage
practices) over three years. The model can be used henceforth to
improve control and management of ripgut brome.
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Options for an integrated management oBromus diandrus
in dry land cereal fields under no-till

Introduction

In the Ebro Valley region in north-eastern Spahne introduction of conservation
tillage systems more than 25 years ago inducedfisigmt and important changes in the
management technology of winter cereals (Alvarorte et al., 2007). This
transformation was crucial due to the agronomic emdronmental benefits associated
with zero or minimum tillage (Holland, 2004). Netlezless, conservation tillage
systems, and especially direct drilling, bring sadiféiculties in the control of certain
weed species. Some evident cases have appearbis iaréa where the presence of
species likeBromus diandrusRoth is large (Arraeet al, 2007; Riba and Recasens,
1997).

B. diandrusis an annual grass weed native to the Mediterramegion but has
spread throughout the world. It has been suggestgidthe increased abundance of
B. diandrusin field crops in southern Australia —where itoise of the most noxious
weeds- is associated to cereal monocrop, widesmdagtion of conservation tillage
and to the absence of effective herbicides focatstrol in cereals (Kleeman and Gill,
2009a). In Spain, this species was first reported aveed in cereal fields of the Duero
Valley (Garcia Baudin, 1983), and further, a sigaift increase of infestations have
been observed in winter grains of other Spanisionsg(Recasenst al, 1996). Its
biological behaviour in no tilled dry land cerealds of Spain seems to be similar to
those appointed in cereal crops in Australia. Olelty reports on the biology and
population ecology of this species and their redgoto crop management in cereal
systems in Spain are available (Riba, 1993; RiltaRe&casens, 1997). However, due to
the absence of effective herbicides for its conttioére has not been developed any
integrated weed management proposal.

In these dry land cereal systems of NE Spain yigds low and strongly
dependant on the highly variable and erratic rdiffampurlanéset al, 2002; Cantero-
Martinezet al, 2003), and the adoption of conservation tillaigategies permits a long
term higher soil water content. Nevertheless, tbenpetitive effect of weeds as
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B. diandruscan significantly reduce crop yields and the narmange of economic
benefits. Options of adopting alternative cultistibtegies for weed control, like crop
rotation, are limited due to climatic constrainsheifiefore, in this no tilled cereal
monocrop scenario, a nonselective herbicide isllysapplied before sowing, mainly
glyphosate, to eliminate emerged seedling; howéver pre-sowing control might be
limited because of light inhibition of germinatiosf B. diandrusseeds (Gill and
Blacklow, 1985; Harradine, 1986; Jauzein, 1989)dileg to protracted seedling
establishment and evasion of early control meas(Keeman and Gill, 2006). Del
Monte and Dorado (2011) have recently demonstrtitatithe dormancy dynamics of
this species in Mediterranean climates is charsetrby two distinct germination
flushes (autumn and spring), coinciding with twot dioniting soil humidity and
temperature periods, confirming that new late emecgs could take place several
weeks after crop sowing.

The recent introduction of herbicides for the seleccontrol of B. diandrus
opens new options for an integrated managementasoerin wheat the herbicide
mesosulfuron-methyl plus iodosulfuron-methyl-sodjumproposed for the control of
gramineous weeds, includiri®} diandrus but in order to obtain acceptable efficacies
the herbicide application must be before the tiheaéstage of the weed (Rapparéti
al., 2006; Kleeman and Gill, 2009b). In this sense, diption of delaying the crop
sowing date permits the avoidance of the main antilmshes of weed emergence and a
better control of those late emerged cohorts. Teweahse of the weight and the fewer
contributions to seed bank of late emerged coli@$sbeen demonstrated in other grass
weeds (Riceet al, 2001; Conleet al, 2002, Gallaret al, 2010). On the other hand, a
drawback to take into account when sowing is deldagethe possible reduction of the
crop yield (Moss, 1985; Planes al, 1999; Anderson, 2007). However, Forcaltaal,
(1993) found that the advantages of delayed sodatgs for weed control enhancement
offset the lower crop yields. In this sense, supposed that in cereal fields infested by
B. diandrusdelaying crop sowing allows the control of the mautumn emergences
and decrease the competitive effect of the weethelfaim is to obtain greater density
reductions of this species by delaying the cropisgwlate, it must be taken into
account its emergence behaviour according to testyrer and soil moisture to adjust
this decision to the optimal date. Recently, Gastial. (2013) have developed and
validated a model that predicts the field emergesfahis species following the STM
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program (Spokas and Forcella, 2009), and that dhbetome a strategic tool in the
implementation of an integrated management program.

Due to the absence of integrated weed managemegtaons for this species in
cereal systems in Spain, the results of that agprshould have immediately practical
application, especially in conservation tillageteyss. With this aim a three-year field
experiment in a cereal field under no tillage wstalklished to study: 1) the emergence
patterns ofB. diandrusin function of crop sowing date according to avprasly
developed emergence model, 2) the effectiveneddfefent chemical control methods
applied each season ovBr diandruscohorts according to their different stage of
development, and 3) analyse the demographic changde B. diandruspopulation
along the three growing seasons, integrating bathur@al and chemical control

methods.

Materials and Methods

Location and experimental design

Field trials were conducted from autumn to springirth the seasons 2008-09,
2009-10 and 2010-11 in an experimental cereal tiedd was managed since 2006-07
under no-tillage by the Agronomy Group of the Umsiy of Lleida. The field was
located in Agramunt, Lleida, in north-eastern Spdii*48°N, 1°07°E). The soil was a
Fluventic Xerocrept (100-120 cm deep), with 30.18ads 51.9% silt and 17.9% clay,
pH of 8.5 and organic matter content (OM) of 1.8Pthe first 25 cm.

The experiment was set up in a complete randomieck design with three
repetitions. Sowing date with three levels was ¢inéy considered factor: F1, mid-
October (20, 1%nd 14 October in 2008, 2009 and 2010, respecjivélg, mid-
November (7, 12 and 18 November) and F3, early bbéee (10, 3and 13 December)
(Table 1). Since season 2006-07, this trial wasesbwith barley and it had been
carried out with the same three sowing dates umdsy tillage, but weed emergence
was monitored since 2008-2009. In 2008-09, baftéydeum vulgard..) was sown at
a rate of 180 Kg-ha In 2009-10 and 2010-11, winter whe@tificum aestivuni.) was
sown in a similar density (Table 1). Fertilizer wagplied each year in February to
March at 150 Kg N-32%- Haaccording to yearly soil test recommendations.
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Figure 1. Daily mean temperature (°C) and rairffalin) over the trial period, from September 2008uly 2011 in a cereal field located in Agramunt, Sigain.

Table 1. Crop sowing dates (F1, F2 and F3) a@ebveontrol methods performed in 2008-09, 2009+tD2010-11 seasons in the trial field.

Season Crop and sowing date Postemergence herbictdeatment
2008-09 Crop: Barley cv. ‘Hispanic’ Isoproturon 1243 g-&a plus diflufenican 69| 2.4 D plus MCPA plus Dicamba (1.5 L:hal
ga..-ha + Metribuzin (50 g a.i.-ha
F1 20 October 19 February 19 February
F2 7 November 19 February
F3 10 December 19 February
2009-10 Crop: Wheat cv. ‘Bokaro’ Mesosulfuron-methyl pioglosulfuron-methyl-
sodium (15 and 3 g a.i.-ha-?)
F1 19 October 5 March
F2 12 November 5 March
F3 3 December 5 March
2010-11 Crop: Wheat cv. ‘Bokaro’ Mesosulfuron-methyl pleslosulfuron-methyl{ Tribenuron-methyl plus metsulfuron-meth
sodium (15 and 3 g a.i.-ha-?) (10 and 5 g a.i.-ha-?)
F1 14 October 9 February 30 March
F2 18 November 13 April 30 March
F3 13 December 13 April 30 March

y

Each season a pre-sowing herbicide treatment (otiede days before) with glyphosate was applialiplots, at a rate of 1,5 L-hand N- fertiliser

was also applied in February-March 150 Kg:ha
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Herbicide treatments

The plots were sprayed with glyphosate abse of 540 g a.i-i@ne to three
days before each sowing date (Table 1). In 2008ga&t-emergence tank mix of
isoproturon plus diflufenican (1243 + 69 g a.ithavas applied 19 February. In F1, 2.4
D plus MCPA plus Dicamba (1.5 L-fgplus Metribuzin (50 g a.i.-hj was also
applied in February. In 2009-10 post-emergence wamdrol was accomplished by
mesosulfuron- methyl plus iodosulfuron-methyl sodi(l5 + 3 g a.i-haplus wetting
agent) 5 March. In 2010-11 broadleaf were contdoifepost-emergence by tribenuron-
methyl plus metsulfuron-methyl (10 + 5 g a.i*helus wetting agent) in 30 March.
Mesosulfuron-methyl plus iodosulfuron-methyl sodi@h% + 3 g a.i-hia plus wetting

agent) was applied 9 February in F1, 13 April inaf2 F3.

Parameters estimated

Each season destructive weekly count8ofliandrusseedlings were started in
each 6 x 50 fmplot, according to the different sowing datesfiie permanent quadrats
(0.1 nf) until the end of April. Furthermore, each seapeniodic samplings of weed
density were collected with ten 0.F guadrats thrown randomly along the plot.

Daily rainfall, maximum and minimum air temperasir&ere obtained from a
standard meteorological station located at the xeatal field.

The functional relationship between cumulative emace (CE) and
Hydrothermal Time (HTT) was obtained applying thgneid Chapman equation
described by Garciet al (2013) forB. diandrus

y =100(1 — [exp {0.013}]) 2+*3%°

wherey is the percentage of cumulative emergence aféefitst autumnal rains andis
time expressed as HTT. This model was based oedghation described by Romah
al. (2000) and HTT was estimated using the Soil Teatpee and Moisture Model
(STM?) (Spokas and Forcella, 2009).

Post-emergence herbicide efficacy was estimatettheaslifference expressed in
percentage between the density on the day of héebiceatment and 60 days later.
Fecundity was estimated each year in June, whenvewg B. diandrusplants reached
their complete development and fecundity. Twengnfd from each cohort (F1, F2 and

F3) were collected and fecundity (caryopsides/plavas estimated. Seed rain was
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calculated by multiplying final density of greatbne at the end of the growing season
by fecundity from each cohort.

Statistical analysis

According to the different crop sown and differéngiatments applied every year,
data from each season were analyzed separatelydadd were analysed through
ANOVA using SAS 9.0 (PROC NLIN; SAS Institute IncCary, NC, USA). When
differences were detected between treatments, Tu&stg (P=0.05) was used for
comparison of means. Previous to analyses, feqguadis transformed (log (x+1)) and
percentage of weed emergence was transformed {aec (Sx)) to satisfy the
homogeneity of variance assumptions. Back-transddrrdata will be presented for
clarity. The repeated statement option of SAS wssduto compare weed densities
between sampling dates for each sowing date. SBjoaprogram 11.0 was used for
the density and emergence graphic representation.

Results

Weather characteristics of the growing seasons

Rainfall and temperature patterns are represent&ejure 1. The annual average
temperature in the three growing seasons was bilewng-term average temperature
(10.9, 10.6 and 11.4 in 2008-09, 2009-10 and 2l @espectively vs. 11.7 °C). The
first and second growing seasons were above tlgeteam rainfall average (378 mm).
Total rainfall from September to June (at harvese} in 2008-09 was 500 mm, while
in 2009-10 it was 637 mm, and in 2010-11 only 198.m

The first season (2008-09) the average of autunmtewidaily precipitation was
234 mm (October to February), which fell mainly @ctober (84 mm). Spring was
rainy, with 155 mm between April and May (150 mmApril). In the second season
(2009-10), autumn-winter was wetter (357 mm), whslering was dryer than the
previous season (85 mm); and in the third seas6@0d1) autumn-winter resulted

extremely dry (13 mm), however spring was rainyg(btm between March and June).
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Weed emergence

During the experiment, the total CE Bf diandruswas each season higher in F1.
The highest CE was observed in 2009-10 (2664 9)l-tm 2008-09 and 2010-11, CE
was 917 pl-if and 217 pl-ii respectively (Table 3). Emergence was extendel eac
year until the end of April. In 2008-09, the highesnergences observed for F1 (673
pl-m?) and F2 (80 pl-ifi) were significantly different between them (Figug but
coincident in time (mid-November), one month ane areek after their respective crop
sowing dates. The maximum observed emergence {1F®l-m?) was lower than F1
and F2, and was reached in late April (Figure 2).dther significant differences on
weekly emergences were obtained along the seasaedre the three established crop
sowing dates, with the only exception of the lds$eyvation in late April, due to new
few spring emergences recorded on F3. In 2009H® htghest emergence was also
observed in F1 in mid-November (1809 pPmone month after crop sowing. The
highest observed emergences in F2 (18 pl-amd F3 (11 pl-if) were lower than in the
previous season, and their weekly values werefgignily different from F1 until early
January and also in early-mid March. In 2010-1&, highest values were observed in
F1 (106 pl-rif) in late-October. In F2 and F3 the maximum emezgerwere very low
(1 pl-m® and observed in late-November and late-Januasperctively. This season,
only in early December, after the third crop sowitage, values of observed emergence
in F1 were significantly different from those frdr2 and F3.

In 2008-09, the CE oB. diandrusdeclined 82.1% from F1 to F2 (Table 3) and
this decline was even higher in 2009-10 and 201Q9¥15% and 98.1% respectively).
For all growing seasons, the reduction from F1 Bowas very high, with values of
80.8%, 98.7% and 97.2%, respectively for 2008-099210 and 2010-11. The decrease
of the CE from F2 to F3 was only significant in 2000 (49.7%).

According to the crop sowing delay, a decrease han gercentage of plants
emerged in autumn was observed each season (Tad®@r3F1, autumn emergences
represented more than 94% in each of the threemsgasor F2 percentages of autumnal
emergence recorded are 86.6, 44.5 and 53.8% foradbe respective seasons. For F3

emergences recorded in autumn are practically gibtgi (between 0 and 11.7%).
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Figure 3. Hydrotermal seedling emergence predibiethe model from Garciat al. (2013) and
observed CE oB. diandrusin three different crop sowing dates during theéhstudied seasons.

The hydrothermal seedling emergence model develdpedB. diandrusin a
previous work (Garciat al, 2013) is represented separately for each crojpngoslate
(Figure 3). The model described emergence sucdlséim each crop sowing date
averaging data from the three different growingssea. The predicted model estimates
a 50%, 75% and 90% of CE at 264, 329 and 406 H@dpactively. According to this
estimation, delaying crop sowing date permits aiigant reduction of those emerged

plants that represented over the regression litiegriirst crop sowing date (Figure 3A).
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Weed density, herbicide effectiveness and crog yiel

Figure 4 represents the evolution of the density.ofliandrusduring the three
growing seasons. Along each season, significarferdiices on density between
different sowing dates were observed, with sigaiiity higher values for F1. The
initial density for F1 was 200.6, 542.6 and 183:I5 in 2008-09, 2009-10 and 2010-
11, respectively. Initial density for F2 was highier2008-09 (101.8 pl-/) than in
2009-10 (7.5 pl-M) and 2010-11 (47.8 pl‘fn In 2009-10, the highest values of
density for F1 were reached in late November (2637?), whereas in 2008-09 and
2010-11 these maximums for this sowing date weaehed in late April (500.5 pl-f)
and in mid-October (183.1 plfjy respectively. For F2 and F3, the highest deessiti
observed in 2008-09 were 139 pfrand 60 pl-ng, respectively, in both cases in late-
April; however, in 2009-10 for F2 the maximum dépsibserved was 43.6 pl-hin
late-March and for F3 156.8 pl‘nin mid-December. In 2010-11, the highest densities
observed for F2 and F3 were 47.8 pf-and 9.0 pl-i, respectively, in mid-November
and mid-December.

In 2008-09, isoproturon plus diflufenican was coetely ineffective onB.
diandrusin all crop sowing dates (Table 3). In 2009-1@ #pplication of the herbicide
mesosulfuron-methyl plus iodosulfuron-methyl-sodidid not provide a good control
in F1 and F2, where the density reduction of bantegched 58.5 and 55.0%,
respectively, but for F3 herbicide effect reachedugs of 84.2%. In 2010-11, the
percentage of control in F1 was 58.4%, whereaiarkl F3 the weed was completely
controlled (100.0%).
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Table 3. Values of cumulative emergenc®&oimus diandrusdensity when herbicide treatment, herbicide ¢ffet60 days after treatment) and crop yield imcfion of crop sowing

date (F1: mid-October; F2: mid-November; F3: e@récember) during three growing seasons.

2008-09 season

Total cumulative Cumulative emergence decline% of plants emerged ~ Weed density (pl-if) when Herbicide Crop vyield
emergence (pl-ﬁj (%) comparing sowing dates in autumn herbicide treatment control effect (%) (Kg-ha‘l)
from F1 from F2
F1 917 (a) . . 96.9 (a) 539.8 (a) 33.2 3152 (b)
F2 164 (b) 82.1 ) 86.6 (a) 104.8 (b) 11.4 4687 (a)
F3 176 (b) 80.8 -7 6.0 (b) 32.2 (c) 16.1 4498 (a)
2009-10 season
Total cumulative Cumulative emergence decline% of plants emerged ~ Weed density (pl-if) when Herbicide Crop vyield
emergence (pl-ﬁj (%) comparing sowing dates in autumn herbicide treatment control effect (%) (Kg-ha‘l)
from F1 from F2
F1 2664 (a) . . 94.2 (a) 1284.3 (a) 58.5 948 (b)
F2 68 (b) 97.5 ) 44.5 (b) 26.7 (b) 55.0 2683 (a)
F3 34 (b) 98.7 49.7 0.0 (c) 8.8 (c) 84.2 3451 (a)
2010-11 season
Total cumulative Cumulative emergence decline% of plants emerged  Weed density (pl-if) when Herbicide Crop vyield
emergence (pl-ﬁj (%) comparing sowing dates in autumn herbicide treatment control effect (%) (Kg-ha‘l)
from F1 from F2
F1 217 (a) . . 96.8 (a) 102.3 (a) 58.4 1364 (a)
F2 4 (b) 98.1 ) 53.8 (ab) 2.8 (b) 100.0 1265 (b)
F3 6 (b) 97.2 -30.7 11.7 (b) 1.0 (b) 100.0 924 (c)

Different letters between crop sowing dates witdhiich season mean significant differences (p< 0.05).
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In 2008-09 and 2009-10, crop yields obtained iraR@ F3 had been significantly
higher than in F1, while in 2010-11 they had begmificantly lower (Table 3). On
average, the yields of the first season had beeerlthan in the two others. In 2008-09,
maximum yields were observed in F2 (4687 Kitend F3 (4498 Kg-H. In 2009-10
the maximum yield was obtained in F3 (3451 K)h®n the contrary, yields in 2010-
11 were very low, between 1364 Kg'tfar F1 and 924 Kg-h5for F3.

Weed fecundity and seed rain

Table 4 reflects values of weed density, fecunditgl seed rain at the end of each
growing season. In all seasons, the final dendi&.aiandruswas higher in F1 than in
the two other crop sowing dates. In the third seq2010-11), a practical depletion of
the final densitiy was obtained in F2 (0.7 pAnand F3 (0.1 pl-if), whereas in F1 a
mean density of 42.6 pl:frwvas estimated. On average, the fecunditp.ofiandrusin
the first season (2008-09) was higher than in 2D0@nd 2010-11, and it increased in
function of the crop sowing date (F1<F2<F3). In 2@®, the highest fecundity was
observed in F3 (223.6 seedd)plbut the highest seed rain was produced by F1
(27781.6 seeds:fin according to a higher weed density. On the conttthe values of
fecundity were very low in 2009-10 and 2010-11 @iag from 14.7 to 29.8 seeds™jl
and with no significant differences between crowiag dates. Both seasons (2009-10
and 2010-11), the highest seed rain was observellif7886 and 596 seed$m
respectively) and the values for F3 were practca#gligible (1.8 and 1.9 seed$’m
respectively).
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Table 4. Final density, fecundity and seed raindifferent cohorts oBromus diandrugF1, F2
and F3) during the three growing seasdhsdiandruscohorts are established each season in function of

crop sowing dates: F1: mid-October; F2: mid-NovemB8: early December.

Density Fecundity Seed rain
(pl-m?) (seeds-p¥ (seeds-f)
2008-09 season
F1 360.8 (a) 77.3(c) 27781.6
F2 92.8 (b) 139.4 (b) 12903.8
F3 27.0 (c) 223.6 (a) 6021.0
2009-10 season
F1 563.0 (a) 14.7 (b) 7886.7
F2 12.0 (b) 29.8 (a) 348.0
F3 0.1 (c) 18.3 (ab) 1.8
2010-11 season
F1 42.6 (a) 14.9 (a) 596.4
F2 0.7 (b) 25.2 (a) 17.5
F3 0.1 (c) 19.2 (a) 1.9

Estimated data of densities were 20, 28 and 14l Ap#009, 2010 and 2011, respectively. Different
letters between sowing dates for a same season siggaficant differences (p< 0.05).

Discussion

Emergence patterns

The highest cumulative emergencesBofdiandrusobserved each season when
crop was sowing in mid-October (Figure 2) are adicay to the low level of seed
dormancy and rapid flush of autumn emergences afgubifor this species by other
authors (Kleeman and Gill, 2006, 2009a; Gill ancst@ias, 1988; Riba and Recasens,
1996). In a recent study carried out with Australipopulations ofB. diandrus
Kleeman and Gill (2013) found a requirement of arshold stratification to allow it to
germinate due to stimulatory effect of chilly on GAnthesis within the seeds, and
appointed a possible adaptative mechanism of daryn#mat delays germination and
seedling emergence until late autumn and earlyewvimthen temperature drop below
4°C. This observation is according with the resaligained in our experiment, where
the main flushes of emergences were observeddfiding temperatures are registered
in late autumn (early or mid-November) (Figure Id dfigure 2). Furthermore, Del
Monte and Dorado (2011) recently demonstrated aopimdibition of the germination
in seeds ofB. diandruspopulations collected in cereal fields of Cent&gain, and

suggest that this main flush of emergences in lfegé systems take place by seeds
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remaining on the soil surface, where they only neediperficial coverage (i.e. shaded
by field stubble) to perceive darkness and avattlinhibition of germination. On the
contrary, if seeds remain exposed to light, dorpacmuld be prolonged over two
months, and possibly four months. In our study, phetracted seedling emergences
observed during winter and spring represent onlg$% for F1 (overall the three
seasons), when the crop was sown in mid-Octobdn€T2). These results indicate that
the remaining seeds on the soil in no-tilled fieldsch as this of our study, find
favourable conditions to germinate with the firstuann rains. The highest observed
flushes of emergences in the two first seasonsc@nwith high rainfalls recorded in
October (84 and 69 mm, respectively). Del Monte Badado (2011) also appointed
that in non photo-inhibition conditions, only a sex drought or low temperatures at the
end of autumn could limit the germination. Theseditons were recorded in our
experiment in 2010-11 and could explain the obskloe percentage of emergences.
The hydrotermal model developed by Gaetial., (2013) predicts 50%, 75% and
90% of CE ofB. diandrusat 264, 329 and 406 HTT after the first rains utuann,
independently of the season. The application af I T models allows a more accurate

establishment of the date for pre-sowing controhsoees.

Effect of the crop sowing delay

Delaying the crop sowing date implies both a na&alkelduction of the emerged
weed population and a delayed development of tedlisgs. This reduction on CE
ranged between 80.8% and 98.7% (Table 3). No datevailable on the competitive
effect of B. diandruson barley in Spanish cereal systems, but data &nmustralian
research (Gilket al, 1987) confirm that this species can reduce yiefdsheat to 50%
because of early competition. Our results confinmefficacy of this cultural strategy in
reducing competition dB. diandrusin cereal systems. For other grass weeds, Melander
(1995) and Rasmussen (2004) also observed an effecbp sowing time reducing the
weed pressure and improving crop growth relativaveed growth. Furthermore, in
similar cereal field conditions to our experime@jrujeda and Taberner (2009)
observed a significant decrease (50%).olfum rigidumemergences delaying 20 days
the crop sowing date.

However, one constrain of delaying crop sowing datike potential reduction of
the yield (Moss, 1985). In our experiment, whendyawas harvested in our field trial

the first season, significantly higher yields wet#ained when crop was sown in mid-
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November and early December as a clear consequérnhe lower competitive effect
of B. diandrusdensities (Table 3). Sirgf al (1995) also observed a higher increase on
wheat yield due to the avoidanceAdfena steriliscompetition when crop sowing was
delayed 20 days in November. Furthermore, desp#eldwer weed control obtained
with herbicides, it is remarkable to note the higyields obtained overall in barley the
first season, than in wheat the next two. This dondlicate more limited conditions for
the growth of several wheat varieties in the regionagreement with exposed by
Anderson and Impiglia (2002), where barley's praidig and stability is higher than in
wheat. In 2008-09, the more regular rainfall reedrdallowed a better crop
establishment, tillering and grain filling. On tle®ntrary, 2009-10 was dry during
spring, affecting reproductive biomass and mainbirgfilling, and 2010-11 showed a
severe drought during all the growing period.

Analysing intrinsically the B. diandrus demography behaviour, a clear
intraespecific density dependent effect was dedetite first season. The lower weed
densities obtained delaying crop sowing date wisated on higher fecundities (Table
4). In this sense, the final balance expressed emsl sain was higher for F1.
Consequently, the high seed recruitment occurrettiensoil were followed by a huge
seedling emergence in F1 the next season (200asikDpy the highest density values
observed during all the experiment. On the othendhaseedling density was
significantly reduced when the crop sowing was ykda(97.7% for F2 and 98.7% for
F3), which reflects the great efficiency of thidtaval method when huge densitiesBof

diandrusare present.

Herbicide effect

It is well known that the chemical control of thspecies in barley is not
successful (Gilet al, 1987; Kleemann and Gill, 2009a). Furthermore2009-10 when
wheat was sown, the herbicide mesosulfuron-metlud mdosulfuron-methyl sodium
had an unequal effect on the controlBofdiandrusdepending on the crop sowing date
(Table 3). It could be assumed that this low cdri@&weel in F1 was caused by the high
densities registered (>1000 pl¥mmaking it difficult the herbicide absorption lese
of leave stratification. However, despite the lomered density in F2 (26.7 pl¥) the
herbicide effectiveness was also very low (55.0¥hese low control effects seem to
have been influenced by the advanced developmage gtillering) of plants. Similar

results were observed in 2010-11 in F1, where #rbitide effectiveness was only

71



58.4%. Furthermore, in all these cases, the newganees occurred during spring
masked the values of herbicide control.

A lower fecundity was also noticed in those hedwcisurviving plants or
emerging after herbicide application (<30 seedtflatiTable 4). Similar decreasing
results on fecundity were obtained by Kleeman antl @009b) for Australian
populations of this species treated with this shericide. These authors also observed
a limited and variable control d8. rigidus (11-67%) with this herbicide on wheat,
however, other authors obtained good control (90fhkn this herbicide was applied
between three-leaf stage and beginning of tille{iRgppariniet al, 2006). Our study
detects only an acceptable or good control effadd.adiandrusin F2 (84.2%) in 2009-
10 and in F2 and F3 (100%) in 2010-11, when theibiele was applied over low weed

densities and little developed seedlings.

Options for an integrated management program

The very lowB. diandrusdensities observed at the end of the three yadrsate
the effectiveness of the integrated managementdaout. When visited the field trials
in May 2012, where the same herbicide was appliedvineat following the same
gradient of crop sowing dates, the density in Féraged 34 plants:fnwhereas null
density ofB. diandruswas confirmed in F2 and F3 (data not shown).

Results of this study allow assessing three funddmhaspects when establishing
an integrated management ®rdiandrusin dry-land winter cereals fields under no-till:
First, the importance of barley-wheat rotation talbws the use of other herbicides;
second, the importance of integrating the delaythef sowing date in this kind of
management, which allows a significant reductiometrop emergence @. diandrus
both in barley and wheat, according to the dataiobtl from the hydrothermal time
model; and third, the importance of performing Eed#/e herbicide treatment in the
correct leaf-stage of the weed to reduce the fdwisity, limiting significantly the
fecundity of surviving plants and avoiding as muabk possible the seed soil
recruitment. In our study, this approach allowedractical elimination of brome

infestation.
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CAPITULO 3

“Fitness in Bromus diandrus in response to cohort effect and
herbicide stress”






Fitness inBromus diandrus in response to cohort effect

and herbicide stress

Introduction

Direct drilling exhibits difficulties in the conttaf certain weed species. Some
evident cases have appeared in the dry-land cgystms in north eastern Spain, where
species likeBromus diandrusRoth are widespread (Riba and Recasens, 1997¢ Atru
al., 2007). This species was a very common weed on aaddfield margins, and has
proliferated in cereal crops due to the absenceeffdctive herbicides and to the
introduction, over the past twenty years, of covstgon tillage (Young and Thorne,
2004, Kleeman and Gill, 2006).

Cultivation is a useful strategy to control weedpie-sowing, but the adoption of
no-tillage systems obligated to replace cultivatiith broad-spectrum herbicides
before sowing (mainly glyphosate) (Kleeman and,&009a). However, pre-sowing
control of Bromusspecies may be limited because of light inhibitmingermination
(Del Monte and Dorado, 2011) leading to protracteedling establishment and evasion
of early control measures (Kleeman and Gill, 20@&ixthermore, chemical control of
B. diandrusin post emergence is usually non effective andsigimg plants could
restore, maintain or even increase the infestatidhe recent introduction of herbicides
like mesosulfuron-methyl offered an efficient catof B. diandrus(Rappariniet al.,
2006; Couloume and Adrien, 2005), but they arectigke only in wheat, not in barley,
which is the main crop in the region. In additias, efficacy depends on the growing
stage of the weed, not being effective when it @emadvanced than three-leaf stage
(Kleeman and Gill, 2009a). All these constrainte aestricting the effectiveness of
control strategies again&. diandrusin cereal crops where conservation agriculture
(specially no tillage) is implemented. In the daydl cereal systems in NE Spain it is
difficult to adopt alternative strategies for wemhtrol like crop rotation due to limited
rainfall, allowing only the growth of winter cersalith limited profits depending on
the season. This situation draws a scenario whery limited options can be
incorporated to control noxious weeds liBe diandrus In this sense, delaying crop
sowing date could be an additional managementeglyaPrevious studies demonstrate
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that crop sowing delay causes a significant deer@asthe potential competition of
autumn grass weed populations and a more effiagentrol of new emerged plants
(Gills et al, 1987; Powles and Matthews, 1996).

The demographic success Bf diandrusdepends on seedling survival and on
fecundity according to the rate of emergence inauat (Riba and Recasens, 1997). For
other grass weeds it is confirmed that the ememdinte has an important effect on
fitness; cohorts that emerged earlier weighted nam@ contributed more to the seed
bank than those emerged later (Reteal, 2001; Conleyet al, 2002; Gallartet al,
2010). These studies indicated that percentageeaxdlisg emergence, growth rate and
fecundity differed among emerged cohorts, shownggimportance of emergence time
and crop competition on weed demography. Cohortsrgimg immediately after crop
sowing will represent the main source of recruitbhfesm the weed population and seed
bank (Norris, 2007).

Several studies have reported the biologyBofdiandrusand its influence on
cereal yields (Gill and Blacklow, 1984; Gill and IHwes, 1987; Kleeman and Gill 2006;
Kleeman and Gill 2009a); however, few studies hamalysed the effect of cohort
emergence on fithess and the demographic respohse wrop sowing is delayed.
Furthermore, the restricted use of the specifidicgte mesosulfuron-methyl when
wheat is growing, suggests a study of the fithespanse of survival plants after this
herbicide application. Potential changes on fitnasd their influence to reduce the
population demography could have an interesting licapon on B. diandrus
management strategy integrating cultural and chanechniques.

We hypothesize that the date of crop sowing hagymfisant influence onB.
diandrus fitness and furthermore, on the effectiveness adtygmergence chemical
control in a cereal monocrop system. The specifieaives of this research were to
determine, along three continuous seasons, thet effaifferent crop sowing dates on
the fitness parameters and resource allocatioernpatinB. diandrusfirst in the most
frequent situation, on barley, when the post enmageherbicides applied are not

efficient, and second when a specific chemical rabiig applied on wheat.
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Materials and Methods

Study site

Experimental plots were established in a fieldl tnm Agramunt (41°48’'N and
1°07’E) (Lleida, Spain). The field is located 330 abhove the sea level and has a
semiarid continental Mediterranean climate by thituence of Ebro Valley. The soll
was a Fluventic Xerocre100-120 cm deep), with 30.1 % sand, 51.9% silt Bh@ %
clay, 2.3 % organic matter and pH of 8.5. Rainfadleived at the site during the study

period as well the long-term average are presentédble 1.

Table 1. Monthly rainfall for 2008-09 to 2010-11damonthly mean
long-term rainfall (1975 to 2011) in Agramunt, @ania (NE Spain)

Season Long-term meah
Month 2008-09 2009-10 2010-11 1975- 2011
Rainfall (mm)

October 84 69 1 50
November 31 5 0 36
December 29 112 0 30
January 56 132 0 31
February 34 39 12 18
March 55 64 36 30
April 150 26 20 48
May 5 59 27 54
June 20 76 73 38
Total Oct-June 464 582 169 378

& Rainfall details averaged from 1975 to 2011

Agronomic management

Trials were conducted over three consecutive grgwiasons (2008-09, 2009-10
and 2010-11) in an experimental cereal field urmzo tillage. The site had been under
no-till production for two seasons prior to thetigion of the study. The experiment was
arranged as a randomized complete block designthiige replications. Each plot was 6
x 30 m and the main factor considered was the teos@ng date: first sowing dat@ (
diandruscohort F1), 20, 1@nd 14 October 2008, 2009 and 2010, respectiveborsl
sowing date (cohort F2), 7, 12 and 18 November 22089 and 2010, respectively; and
third sowing date (cohort F3), 10, &d 13 December 2008, 2009 and 2010,
respectively. Barley cv. ‘Hispanic’ was sown in 808nd wheat cv. ‘Bokaro’ in 2009
and 2010. Each year cereals were sown at 180 kijtee€400-450 plants-if). Crop
sowing was performed with a no-till disc drill iows 19 cm apart.
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Plots were sprayed with glyphosate at 540 g al.dre to six days before each
sowing date (14, 16 and 13 October in F1; 6, 4 BEhdlovember in F2; and 5, 2 and 9
December in F3, in 2008, 2009 and 2010, respeg)ivel 2008-09 a post-emergence
tank mix of isoproturon plus diflufenican (1243 9 6 a.i.-hd) was applied in February.
In 2009-10 the post-emergence weed control (in I2éves) was accomplished by
mesosulfuron-methyl plus iodosulfuron-methyl sodi(d + 3 g a.i.-Ha plus wetting
agent) applied in December for F1 and in MarchR@rand F3. In 2010-11 broadleaf
were controlled in post-emergence by tribenuronhylgtlus metsulfuron-methyl (10 +
5 g a.i.-hd plus wetting agent) in March. Mesosulfuron-metipylis iodosulfuron-
methyl sodium (15 + 3 g a.i.-hglus wetting agent) was applied in February in F1
(tillering) and in April in F2 and F3 (2-5 leavedjertilizer was applied each year in
February to March at 150 Kg N-32%%a according to vyearly soil test

recommendations.

Weed density
Each season densities Bf diandruswere estimated in each plot 60 days after

herbicide applications within a 0.1¢* muadrate at ten random locations.

Vegetative and reproductive fitness

Each year in June, wheB. diandrusreached their complete development and
fecundity, 20 plants from plots belonging to eaohart (F1, F2 and F3) were collected
and the following parameters were estimated: nunobestems per plant, number of
spikelets per stem, fecundity (caryopsides pertpland number of caryopsides per
spikelet. Aerial vegetative and reproductive biosessper plant were also estimated.
For this purpose, plants were cut at ground lepkced in a tray, separated in aerial
vegetative biomass (VB) and reproductive biomad®) @d oven dried at 65°C for 24
hours. Reproductive effort was calculated per pteorh the latter two parameters (ER
= RB/VB).

Thousand grain weight
For each different cohort and from different plamsny inflorescences (panicles)
were collected and from them separated the cargepsiFrom 100 caryopsides the

weights of thousand grains for each cohort wereneseéd after three replications.
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Allocation gradient within the panicle

Before crop harvest, for eagh diandruscohort twenty panicles were collected
from different plants (with three replications). éach panicle, two different position of
spikelets -apicalX) and basalg)- and two positions of caryopsides in the spikelet
apical @) and basalk)- were considered, thus obtaining four differeosipons of
caryopsides in the panicléia, Ab, Ba and Bb. The weight of twenty caryopsides
situated in the same position and for each cohad @stimated every season. Weights

are expressed per caryopsis.

Statistical analysis

In order to find possible differences between ctatifferent ANOVA analyses
were performed using SAS (SAS Institute INC., Cayy;, USA). Because different
cereals were sown and different weed managements amplied each year, results
have been analyzeskparately for each growing season. In those calsese ANOVA
analysis were significant, LSD post-hoc tests &.p5 were done. Before analysis, all
parameters were transformed to satisfy the homatyeokvariance assumptions [log
(x+1)], while the reproductive effort was (x + 0.5) transformed. Linear regressions
analyses were performed between biological paramefeegetative biomass vs.
reproductive biomass and fecundity) with Sigma Btobgram 11.0. Previously,

parameters were log (x+1) transformed.

Results

Table 2. Means and standard errors of plant deli®lydays after post-emergence herbicide treatment)
and fitness parameters for three different cohmirBromus diandrusn a cereal field, during the growing
seasons 2008-09, 2009-10 and 2010-11.

N° caryopsy-
Season Cohort Density (pl/nf) N° stem/pl. N° spikelets/pl.  N° spikelets/sterlN® caryopsides/pl.  des/spikelet

F1  5005+1086(a) 29+04(a) 181+1.8(a) 6.9+03 (a) 77.3+8.1 () 43+0.1(a)
2008/09 F2 141.3+307() 39+03(b) 332+31() 580.4(b) 139.4 +10.9 (b) 42+0.1(a)
F3 60.0 + 26.8 (C) 55+0.7(c) 49.3+7.7(c) 680.3(b) 223.6 +32.3 (c) 45+0.1(a)
F1 563.3+76.5() 2.9+03(a) 6.9%07(a) 820.1(a) 13.7+2.2 (a) 2.0+0.2 (ab)
2009/10 F2 210111 () 29+03(a) 13.7+1.9 (b) 533 (b) 28.8 £5.2 (b) 2.1+0.2(a)
F3 3.8+2.5 (c) 22+03(@) 100+3.2(ab) 040.6(c) 18.3 + 7.3 (ab) 1.4 +0.1 (b)
F1 60.5 +19.3 (a) 6.4+0.7(a)  18.3+2.0 (a) 81 (a) 14.7 +2.4 (a) 0.8+0.2(a)
2010/11 F2 2.8+0.9 (b) 44+03(0b) 225+2.7(a) 48.2 () 25.2£2.0 (a) 1.1+0.1 (a)
F3 1.0 + 0.6 (b) 40+04() 18.7+1.9 (a) 46.2 (b) 19.2 +3.8 (a) 1.1+0.2 (a)

Cohorts established each season in function of smping date. F1: middle October, F2: middle
November, F3: early December. Fitness parametdmnated in June before crop harvest. Different
letters between cohorts for the same season mgaificant differences (p< 0.05).
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Weed density

Crop sowing date had relevance for the densitg.afiandrus(Table 2) The first
two seasons, 2008-09 and 2009-10, F1 had densiti®80.5 pl-rif and 563.3 pl-M,
respectively, whereas the third season (2010-k1}énsity was lower (60.5 plh
Each season, densities decreased significantly eeetwcohorts. In 2008-09, this
decrease represented 71.8% between F1 and F2, &&0%éen F1 and F3 and 57.6%
between F2 and F3. In 2009-10, the percentagesens$ity reduction were 96.2%
between F1 and F2, 99.3% between F1 and F3 ané8ie8veen F2 and F3. In 2010-
11, the percentages of reduction were 95.4% betWwéend F2, and 98.3% between F1
and F3. No significant differences on weed densiye observed this season between
F2 and F3.

Vegetative and reproductive fitness

The number of stems per plant increased signifigdrdm early to late cohorts in
season 2008-09. However, in 2009-10 there wersigoificant differences. In 2010-11
significant higher values were observed for F1 @efns per plant) in comparison with
F2 (4.4) and F3 (4.0) (Table 2).

Overall, higher number of spikelets, both per plantl stem, were observed in
2008-09 compared to 2009-10 and 2010-11 (Tabl&lt®.first two seasons significant
differences between cohorts were observed, for Ipattameters, with lower values
registered in F1. In 2010-11 the number of spikeleér stem showed differences
between cohorts with the same pattern.

Fecundity (n° caryopsides per plant) showed greatieres in 2008-09 than in the
next two seasons (Table 2). When comparing cohtitesmaximum value observed
(223.6) was for F3 in 2008-09; in contrast, the mmasm values were for F2 the
following seasons (28.8 and 25.2, in 2009-10 anth211, respectively). Considering
the three cohorts together, the reduction on feitymehs close to 80% in 2009-10 and
2010-11 compared to 2008-09. Moreover, in 2008-@fgaificant increasing gradient
of fecundity between cohorts was observed. In 2DD%nly the fecundity for F1 was
significantly lower than F2. No differences on fadily between cohorts were observed
in 2010-11.
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Despite the significant increase of fecundity obedrbetween cohorts in 2008-
09, the number of caryopsides per spikelet wassstally similar between them (from
4.2 to 4.5) (Table 2). Nevertheless, this params&texved lower values in the next two
seasons. In 2009-10, the number of caryopsides spikelet for F2 (2.1) was
significantly higher than F3 (1.4). In 2010-11, s@nificant differences between

cohorts were observed (ranging from 0.8 and 1.ffopeides per spikelet).

Table 3. Means and standard errors of vegetativendss, reproductive biomass and reproductive
effort per plant for differenBromus diandrugohorts at the end of three cropping seasons.

Season  Cohort Vegetative biomass (mg) Reprodubioreass (mg)  Reproductive effort

F1 415+45 (a) 30.5 3.0 (a) 0.77 £0.02 (a)
2008-09  F2 77.0 £6.0 (b) 45.0 3.0 (b) 0.62 20(0)

F3 121.5 + 23.0 (c) 64.0 + 10.0 (c) 0.57 + 062 (

F1 6.5+1.0 (a) 10.0 1.0 (a) 1.63 +0.14 (a)
2009-10  F2 14.0 £2.5 (b) 20.5 3.0 (b) 1.51 + (40

F3 8.5 + 1.5 (ab) 13.0 + 4.0 (ab) 1.45 +0.15 (b)

F1 115+ 1.5 (a) 22.5+2.5 (a) 2.30 £0.27 (a)
2010-11  F2 16.0 £2.0 () 41.0 £5.0 (b) 2.62 5Qdb)

F3 11.5+1.0 (a) 29.5 + 2.5 (ab) 4.14 +0.87 (b)

Cohorts established each season in function of smping date. F1: middle October, F2: middle
November, F3: early December. Different lettersMeein cohorts for the same season mean significant
differences (p< 0.05). Parameters estimated in Baf@e crop harvest.

Overall, higher values of vegetative and reprodecbiomass were observed in
plants in 2008-09 than in the two next seasonsl€T@p For vegetative biomass this
reduction represents an 88% in 2009-10 and an 84%010-11. For reproductive
biomass, overall, the percentage of decrease i9-200and 2010-11 were 69% and
34%, respectively. In 2008-09, vegetative biomagsificantly increased from cohort
F1 to F3 (from 41.5 tdl21.5 mg). In 2009-10, vegetative biomass only ltedu
significantly higher in F2 (14.0 mg). Not signifitadifferences were found between
cohorts in 2010-11 with a maximum value observed=(16.0 mg).

Averaging three cohorts, the higher value of repobigde biomass were observed
in plants from 2008-09 season, with a significardréase from early to late cohorts
(from 30.5 for F1 to 64.0 mg for F3). In the newfotseasons, reproductive biomass
resulted significantly higher in F2 than F1 (TaB)e

The reproductive effort across cohorts averagederéimt depending on the
cropping season: 0.68 in 2008-09, 1.53 in 2009+id &60 in 2010-11. Furthermore,

there was a clear significant decreasing gradrettie reproductive effort in 2008-09 in
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function of cohorts. On the contrary, in 2010-1@n#icant lower values were only
observed for F1, whereas values of F2 and F3 werehighest observed during the

three seasons.

Relationship between fithess parameters

Figure 1 shows a positive linear relationship betwevegetative and
reproductive biomass. Adjustments were good theettseasons {Ranging from
0.68 to 0.98). In 2008-09, the plants were bigged &he relationship comprised
greater rang values of vegetative and reprodudiiomass than in 2009-10 and 2010-
11. However, the slope was more pronounced in 2@08nd 2010-11, where plants
were constricted to produce a minimum effectiveradpctive biomass from a lower

vegetative biomass.

0,6

0,5 4

04

0,3 A

® 2008/09
O 2009/10
v 2010/11
—— £=0,0418+0,5987*x R?=0.98
—— £=0,0036 + 1,4190*x R?=0.89
—— £=0,0419 + 1,6349*x  R*=0.68

0,2 4

Log reproductive biomass

0,1 4

0,0

0,0 0,2 0,4 0,6 0,8

Log vegetative biomass

Figure 1. Linear regressions between vegetativergmeductive biomass &romus diandrugor three
different cropping seasons: 2008-09, 2009-10 arid) 4.

Significant positive regressions between vegetdiieenass and fecundity (Figure
2) were obtained for the three seasorfs&Rging from 0.43 to 0.94). A greater rang of
values was obtained in 2008-09 corresponding totplaith higher vegetative biomass
and fecundity. However, in 2009-10 and 2010-11 th@re pronounced slopes are
according with lower range of values of both parearse
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3,0

2,5 1

2,0 A

® 2008/09

O 2009/10

v 2010/11
—— f=1.5064 + 1.5567*x R?=0.94
—— £=0.8376 + 5.5959*x R%=0.67
—— £=1.1454 + 2.1355*x  R%=0.43

Log fecundity (caryopsides-pl'™)

0,5 T T T
0,0 0,2 0,4 0,6 0,8

Log vegetative biomass
Figure 2. Linear regressions between vegetativeags and fecundity @romus diandrugor three
different cropping seasons: 2008-09, 2009-10 arid-2d.

Weight of 1000 grains

Overall, in 2008-09 values of weight of 1000 grawsre 24.2% higher than in
2009-10 and 31.3% higher than in 2010-11. In 20@&8ignificant decreasing gradient
from F1 (17.62 g) to F3 (14.87 g) was observed,levim 2009-10 these significant
differences did not follow a gradient in functioh the cohort establishment, where
highest values were observed in F2 (13.76 g) awedbin F1 (10.86 g). There were no
significant differences between cohorts in 2010ahdl, on average, the seed weight of

the three cohorts were lower than the two prevsmasons.

Table 4. Weight (g) and standard errors of 100§Qagases of different cohorts &romus diandrusfor
three different cropping seasons: 2008-09, 200%46 2010-11. Parameters estimated when plants
where completely developed.

Season 2008-09 2009-10 2010-11
F1 17.62 +0.27 (a) 10.86 + 0.13 (a) 11.97 + 080 (
F2 15.96 + 0.19 (b) 13.76 +0.30 (c) 10.98 + 04 (
F3 14.87 +0.15 (c) 12.09 +0.03 (b) 10.32 + 082 (

Cohorts established each season in function of emping date. F1: middle October, F2: middle
November, F3: early December. Different lettersMeein cohorts for the same season mean significant
differences (p< 0.05%).

87



Allocation within the panicle

In general, a clear decreasing gradient of weidhtanyopsides were observed
according to seasons (Table 5). Considering alitipas and the three cohorts together
the mean weights of the caryopsides were 15.90 Mg)2 mg and 10.64 mg,
respectively, for 2008-09, 2009-10 and 2010-11&ahit shown). A cohort effect was
only observed in 2008-09 for all the positions ¢dersed, with greater values for F1
than F2 or F3. On the contrary, no significantetiéinces were found between cohorts
for any position in 2009-10 and 2010-11. In 2008208 2009-10, a position effect was
observed within each cohort —with the exceptiorcatiort F1 in 2009-10—, while in
2010-11 no significant differences were found betmvthe four positions considered. In
2008-09 a similar pattern of allocation were obedrin the three cohorts. The heaviest
caryopsides were those from the bottom spikeldtsatgid in apical position in the
panicle Ab), followed by those coming from basal positiorspikelets situated in basal
position in the panicleBb), whereas the weight of caryopsides coming frontap
position in both, apicalAa) and basal positionBg@) of spikelet in the panicle were

lower and in most cases significantly differentfréb.

Table 5. Mean weight (mg) of one caryopsis accaydinthe position apicabj or basall§) of caryopsis
in the spikelet and the position apicA) @r basal B) of spikelet in the inflorescence of different oots
of Bromus diandrudor three growing seasons. Parameters estimatezh ylants where completely
developed.

Season Cohort Caryopsis position
Ab Bb Aa Ba
F1* 20.33+0.14 () 19.04+056 (ab) B80.41 (ab) 16.94 +0.40 (b)
2008-09 F2* 17.65+1.20 () 16.24+0.3bY 13.86+0.48 (bc) 11.95+0.58 (c)

F3* 17.16+0.84 (a) 14.86+0.12 (ab) .GAB+0.67 (bc) 11.39+0.36 ()
F1 1327 +1.41 (3) 11.51+0.05 (a) 10.96 80.6a) 8.53+0.22 (a)
2009-10 F2 1460 +0.04 (a) 12.66+1.40 (ab) .2290.84 (b) 8.18 +0.42 (b)
F3 13.73+0.47 (a) 12.47 +0.05 (ab) 8.7B% (ab)  8.32+1.09 (b)
F1 1226 +1.53 (a) 10.73+1.72 (a) 11.71981.(a) 11.15+1.64 (a)
2010-11 F2 9.86+0.81 (a) 11.13+0.29 (a) .76%0.27 (a) 9.87+0.62 (a)
F3 10.54 +0.29 (a) 10.51+1.06 (a) 9.83890 (a)  10.38 +1.03 (a)

Cohorts established each season in function of emping date. F1: middle October, F2: middle
November, F3: early December. Different lettersaleetn caryopsides positions for a same cohort mean
significant differences (p < 0.05). Asterisks iratie that values from cohort F1 in season 2008-@9 ar
significantly different (p< 0.05) of values fromhet cohorts (F2 and F3) for any of the caryopskstjmm
considered.
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Discussion

Weed density

The significant decreasing gradient Bndiandrusdensity in function of the crop
sowing date observed during the three growing seafbable 2) responds to a gradient
on seedling emergence according to the loss of d@edancy occurred during autumn.
Germination and emergenceBn diandruscan occur under a prolonged period of time,
ranging from late summer to mid-winter (Riba, 1993&Jthough it is mainly
concentrated in autumn, following initial rains @€imann and Gill, 2006].he delay of
the crop sowing date caused a diminution of thergemees and reduced the weed
density that competed with the crop. The densiigttmated 60 days after herbicide
treatment were different in function of the seasdie first season (2008-09), no post-
emergence effect againBt diandruswas observed with isoproturon plus diflufenican
in barley and the depletion on weed density (71#%wveen F1 - F2) can be attributed
exclusively to the crop sowing delay. In 2009-1@erathe herbicide treatment, F1
showed an even higher density than F1 from theigueseason, but the lower densities
of F2 and F3 cohorts (96.2% and 99.3% of reductiespectively) reflect the effect of
the sowing delay and the efficiency of the chemmahtrol by mesosulfuron-methyl
plus iodosulfuron-methyl sodium. No data was awddaabout densities when the
herbicide was applied, but it is supposed have beajor difficulty for the herbicide
absorption in leaves in F1 in 2009-10 due to thyh Bi. diandrusdensity. In 2010-11, a
clear reduction of density was observed in all ctshoThis season the absence of
rainfalls since crop sowing until February affectd® emergence oB. diandrus
however, a similar pattern of decreasing densitg whserved between cohorts after
herbicide application, with a reduction of 95.4%nfr F1 to F2 and 98.3% from F1 to
F3. These results demonstrate that in direct dgilithe control of this species only with
a pre-seeding application of glyphosate is limiteat, the weed density can be reduced
with a several week delay of the sowing date in lmoation with a post-emergence
application of a specific herbicide. After threeay® a practically depletion d.
diandruspopulation was achieved in F2 and F3 with plamisitg values as low as 2.8
and 1 pl-rif, respectively. This decreasing tendency was eetifiisiting the field trial
in spring 2012 (after the herbicide application ofesosulfuron-methyl plus
iodosulfuron-methyl sodium) and a null densityBofdiandruswas confirmed in F2 and

F3 plots whereas the density for F1 plots aver&depl-m?® (data not shown).
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Vegetative and reproductive fitness

The delay of the crop sowing date implied clearfed#nces in intraespecific
competition and also in fitness response differerineB. diandrus In 2008-09, none
herbicide effect was detected on plants withouirtifon of cohorts, but a clear density
effect was observed in the first cohort, causirgigaificant lower development of the
plants, which were smaller and produced a sigmtitewer number of stems per plant,
lower number of spikelets per plant and stem, agwifecant lower fecundity than the
second and the third cohorts (Table 2). This sea#itm cohort effect on fitness
increased as consequence of lower intraespecifigpetition. However, despite the
increasing fithess across cohort emergence, a fatalction of seed rain (seed®m
was obtained as a consequence of density redu@&6v8 for F1; 19700 for F2 and
13414 for F3.

In our study, the number of caryopses per spikieletthe three cohorts were
similar in 2008-09 (average of 4.35), demonstratireg this parameter does not seem to
be affected by plant competition. Similarly, Tomad Recasens (2008) observed stable
values of the number of seeds per capsulRapaver rhoeaslespite of the decreasing
performance and reproductive fitness in function cohort emergence and crop
competition. These results suggest that despitecttenges on fithess parameters
according to competition, the plant keeps a regnatmechanism that guarantees a
minimal fecundity. Dyeret al (2012), analysing the growth response Bybmus
tectorumto interspecific competition, observed that theedtion of components for
reproduction was maintained even when interspectimpetition had a large negative
effect on target plant growth. In this sense, ih ¢ee feasible to assume a similar
modulating response in an intraspecific competisoanario.

A different fithess gradient between cohorts waseobed the next two seasons.
In 2009-10, overall, plants surviving specific hierthe application were smaller than in
2008-09, with lower values for the majority of #$s parameters. For F1, a
complementary effect of mesosulfuron-methyl pludogulfuron-methyl sodium
herbicide was added to the intraspecific competistress produced by plant density.
This can be confirmed comparing the fitness paramaeior F1 from the first to the
second season, when there was a similar planttgefsirthermore, the pattern of an
increasing fitness response across cohort emergdyssrved the first season was not
confirmed in 2009-10. Unequal lower values of fémeparameters were observed

between cohorts, reflecting that in those survivpignts, allocation pattern is more
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consequence of herbicide stress than density depenidh 2010-11 a similar tendency
IS observed across cohort emergence. This seatamts ghat survived the specific
herbicide application showed lower values thand@&09, for most fithess parameters
estimated. However, the higher number of stem fartbserved in F1 and F2 than
those observed the two previous seasons, couldtiiieuted to other causes than to a
within species competition. As it is well estabéshfor other grass weeds (Cousehs
al., 1988; Medcet al, 1985; Izquierdet al, 1993), the strongest crop competition takes
place early in the growing seasons, affecting widksting. The stress occurred due to
lack of rain in 2010-11 until February reduced toenpetitive effect of the crop, and
despite the lower size of plants, permitted a majeed tillering.

In 2008-09, the increasing fecundity Bf diandrusacross cohorts showed a clear
density dependent response. The values of F1 areolirespondence with those
observed by Riba (1993) in this species from plantkected in relatively similar cereal
fields. On the contrary, in 2009-10 and 2010-11emhhe specific herbicide was
applied, fecundities were smaller. Similar decregsesults on fecundity were obtained
by Kleemann and Gill (2009b) for Australian popidas of this species, recording
fecundities of 71 and 22 caryopsides per plantan treated and treated populations
with mesosulfuron-methyl herbicide, respectiveisTdecreasing fecundity observed
in our study in plants treated with this herbicideelated with the different production
of caryopsides per spikelet, ranging on averageedtitohorts pooled) from 4.35 in
2008-09 to 1.03 in 2010-11. Despite this, this peater was stable between cohorts in
2008-09, and seems to be the more sensitive tdisneption caused when the specific
herbicide is applied.

Increasing values of vegetative and reproductivemiaiss were obtained in
function of cohort emergence the first season @a&)lwhich resulted in a decreasing
reproductive effort. A similar relationship was @éomed by Riba (1993) comparing
summer and winter cohorts of this species. Howeperformance of plants that
survived the specific herbicide application in 2@ and 2010-11, showed higher
values of reproductive effort -irrespective of cdhdhan in 2008-09. This parameter
reflects the reproductive penalty produced by toabs obligating the surviving plants
to a greater effort to produce seeds. In this setise linear relationship between
vegetative and both reproductive biomass (Figurant) fecundity (Figure 2) differed
between seasons, with greater slopes and lowenamdwer rang of values when the

plants are affected by the herbicide. These linglationships allows to predict the seed
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production based on the weed biomass (Thompes$al, 1991, Norris, 2007), and in
our case it has interesting implications in studits/eed population dynamics and also
when a bioeconomic model is constructing using deten surviving plants after

herbicide application.

Weight of 1000 grains
In 2008-09, the decreasing gradient on seed weighfunction of cohort

establishment is related with the increasing fedyrabserved, and simultaneously with
the plant density of each cohort. Riba (1993) abeerved lower seed weight when
fecundity was higher iB. diandrus However, this correlation was not observed the
next two seasons (2009-10 and 2010-11) when thendéty in general was much
lower. No data is available on seed weight of @atreated with the herbicide
mesosulfuron-methyl plus iodosulfuron-methyl sodibat a decreasing expression of
this parameter could be feasible. Moreover, a cemphtary expression of the
decreasing fitness should be obtained throughdudhalysis of the seed dormancy and
viability from plants survival to herbicide treatnis. No records are available yet, but
must be of practical interest in studies of intégglaveed management (IWM) programs

of B. diandrus

Allocation within panicle
Without a specific herbicide (2008-09), a clear asignificant gradient on

resources allocation in function of position ofyegses in the panicle was observed for
each cohort. Caryopsides from apical spikelets sloteavier weight, regardless of
their position within them. This could be interg@tas a result of the different moment
when the spikelets started to develop and the redlience was still inside the plant:
spikelet production follows a downward directiotaring the development from the
highest (apical) positions of the inflorescenceemwhegetative apex is transformed into
reproductive apex, as is defined for several gsagBajol, 1998). Moreover, for other
grasses, Gonzalez-Rabaerahl (1994) and Recasessal (2007) confirmed that these
differences on seed position in the panicle redulte further differences on seed
dormancy. During development, seeds in differerditmms may experience different
temperatures and/or water contents, as well agsource partitioning, which could

influence their dormancy status. This further assest inB. diandruscould provide
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new knowledge on how the position of caryopsis lo ppanicle promotes changes on
dormancy others than environmental factors.

Furthermore, the first season it was also obseavedcreasing gradient of weight
of caryopses inside the spikelet from the basalpical position. These differences are
according to the sequential process of floral dgwelent within the spikelet. In rice,
these differences in grain weight within the spekedre attributed to an intra-spikelet
competition for assimilates pre- and post anth@aderini and Reynolds, 2000). The
absence of these differencesBn diandruswhen the specific herbicide was applied
(2009-10 and 2010-11), could be explained by augigsn of the source-sink balance
during the period of grain filling. The high numbef spikelets without filled grains

observed in plants that survived the herbicidea @t show) evidences this process.

Implications for management
The delay of crop sowing date not only permits éduce the density oB.

diandrusand the weed pressure on crop, but also the tewni of new seeds to the
seed bank. In the absence of a specific herbipidats from late cohorts showed higher
fecundity, a decrease on the reproductive effott ardecrease on the weight of 1000
grains, but their contribution to the final seedrugment is lower than those observed
for earlier cohorts with higher densities. The gleten crop sowing date (i.e. middle
November) should be considered as an efficient gemant tool to control this species
in a cereal monocrop in no tillage systems. Thdiegpn of a specific herbicide like
mesosulfuron-methyl plus iodosulfuron-methyl sodiwmen wheat sowing is delayed,
apart from increasing efficiency due to delayedpfghenology and reduction of weed
density, also reduces the fitness of survival glaAfter three growing seasons it was
possible to practically deplete thB. diandrus population in the field. The
implementation of these both cultural and chematahtegies in no tillage systems
permits to improve those IWM programs establishredryland arable fields where the

options to grow alternative crops to cereals arg lmited.
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Long-term effect of different tillage systems ontte emergence and
demography ofBromus diandrus in rainfed cereals

in north-eastern Spain

Introduction

The adoption of conservation tillage systems isd@asing in semiarid areas
because of environmental benefits and savingsme &nd economic inputs (Holland,
2004; Sanchez-Girodet al.,2007). Nevertheless, these conservation tillagéesys, and
especially direct drilling, bring some difficultieea weed control of certain species.
Some evident cases have appeared in NE of Spairevile presence of species like
Bromus diandrusRoth is large (Garcia-Baudin, 1983; Riba and Retgs1997; Arrlde
et al, 2007). This situation took place several yeatsrahe adoption of these soil
management systems. Simultaneously, different tepmnfirmed thaB. diandrusis
favoured by reduced tillage or no tillage in Auktna fields (Cheam, 1986; Gill and
Blacklow, 1985; Gill and Blacklow, 1984) and theniied control options of this
species favoured its competitive effect on cropldyi€Gill et al.,, 1987; Kon and
Blacklow, 1988). However, several farmers from Gate (NE Spain) which began
direct drilling more than 20 years ago recently apjed that after a continuous
conservation tillage, the problems causedbyliandrusare less important than years
before, and in some cases the densities are |dveer those observed in fields were
chisel plough is still being applied. Neverthelass,experimental data are available to
confirm these observations.

The effect of different tillage practices on weeopplation dynamics is well
documented and is mostly reflected in the diffenaed seed distribution in the soil
profile (Buhleret al.,1997; Doradcet al.,1999; Ball, 1992; Dorado and LAopez Fando,
2006; Murphyet al., 2006; Mas and Verdu, 2003). However, very few iimfation is
available on the long term effects of differentatjle systems on weed population
dynamics. Barberi and Lo Cascio (2001) comparingr fdifferent tillage systems,
observed greater weed seed bank in no-tillage (&fer 12 years of similar crop
management. Similarly, Carter and Ivany (2006 alsserved higher weed diversity in

the upper 0-10 cm of the soil in no-till plots coangd with different tilled plots after 14
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years of management. Nevertheless, in a long-tdudysof 25 years of cereal-
leguminous rotation system in Spain, HernandezePlez al. (2011) found no
differences on weed richness comparing no-tillagemimum tillage and conventional
tillage.

Germination ofBromus diandrusand other related species is considered to be
inhibited by light (Froud-Williams, 1981; Hilton,984; Ellis et al., 1986; Jauzein,
1989), and according to these dormancy seeds irsdhesurface in NT can show a
protracted seedling emergence owing evasion oy earitrol measures in cereal crops
(Kleemann and Gill, 2006). Del Monte and Dorado 1(P0suggest an interaction
between water potential and light conditions forngi@ation, in the sense that water
potential requirement is significantly lower in Haand seeds can find in NT more
favourable conditions for germination once photg#eny has been lost. These authors
appointed the possibility that seeds on the soif meed only a superficial coverage to
perceive darkness. According to them, the darkfesd offered to seeds by stubble
residues or straw, could favour germination. Howewe data is available to confirm
this hypothesis.

Until few years ago, and limited by the absencepos$t-emergence effective
herbicides, the control d. diandruswas only performed by non-selective herbicides
application (mainly glyphosate) previous to crogvsm. This continuous weed control
method together with an early cereal sowing in #nea the first years of no-till
implementation promoted high infetations Bf diandrusas was observed in other
studies (Garciat al, 2013) because prompted a selection of biotypa® radapted to
emerge early in the autumn. In a recent work, Kkeemand Gill (2013) suggest that
the presence of photoinhibition B. diandruscould have an adaptive value, and the
increased dormancy observed in some populationdd cbe associated to cold
stratification requirements. Fleet and Gill (201&)served polymorphism of seed
dormancy inHordeum murinumand they suggest that increased selection peessur
from cropping systems could have selected mechanikat increase the expression of
seed dormancy.

Information on emergence patterns, final fecundrig seed rain in different long-
term tillage systems in our field crops could confiif B. diandrusreally can show
adaptive behaviour depending on the conservatitagei system applied. With this

idea, an experimental cereal field trial initiate® years ago, where different tillage
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systems were continuously implemented during tlesod of time, was monitored

during three growing seasons.

Materials and Methods

Study site

The experiment was conducted over three seasof8-2®) 2009-10 and 2010-
11) in Agramunt (41° 48N, 1° 07°E) (Lleida, Spain)a dry-land field managed for
more than 22 years by the Agronomy Research Graup University of Lleida. The
field is 330 m.a.s.l. and has a continental Methtagan climate. The soil at this
location isXerocrept tipi¢c 100-120 cm deep, with 30.1% sand, 51.9% silt Bn®%
clay, 2.3% organic matter and pH of 8.5. Daily falin maximum and minimum air
temperatures were obtained from a standard metepeal station located at the
experimental field during the study period. Meanmithdy temperature and total rainfall

recorded at the site as well the long term averagepresented in Table 1.

Table 1. Mean temperature and monthly rainfall4gramunt during 2008-09, 2009-10 and 2010-11
seasons, and long term averages.

Mean monthly temperature °C Long-term Rainfall (mm) Long-term
meart meari
2008/2009 2009/2010 2010/2011 1975-2011 2008/202909/2010 2010/2011 1975-2011
September 18 19 19 20 36 55 21 43
October 14 15 13 14 84 69 1 50
November 6 9 6 8 31 5 0 36
December 3 4 3 4 29 112 0 30
January 4 3 3 4 56 132 0 31
February 5 4 6 6 34 39 12 18
March 8 7 9 9 55 64 36 30
April 11 12 15 13 150 26 20 48
May 18 14 19 17 5 59 27 54
June 22 19 21 22 20 76 73 38

 Rainfall and temperature data averaged from 16 2911

Site, tillage and cropping systems

Since 1986 different soil managements were contislyoimplemented in this
field trial: chisel plough (ChP), subsoiler (SSputdboard plough (MbP) and no-tillage
(NT). ChP treatment consisted to a depth of 20 eforle sowing. SS consisted of three
4 cm wide shank spaced 35 cm apart past to a @¢d+25 cm. The MbP consisted of
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three bottoms of 0.50 m width and performed an afpmr to a depth of 25-30 cm plus
one or two cultivator passes (15 cm depth). To krebbds and promote the
germination, a roller was used for tilled systenefobe sowing. In the no-tillage
treatment (NT) sowing was performed with a nodikc drill. Plots were arranged in
complete randomized block design with three repsaPlots sizes were 50 x 9 m.
When the monitoring was started, each plots weteuthe same tillage treatments for
22 years. The cropping system consisted of a bavteat-barley rotation and tillages
were implemented in November. Barldyofdeum vulgard..) was sown 15 November
2008 and 11 November 2010 seasons, whereas wirgatum aestivuni.) was sown
12 November 2009. The sowing rate was always 18h#&gn rows spaced 17 cm
apart. Sowing was done after spraying with heriiditl5 L-hd 36% glyphosate [N-
(phosphono-methyl)-glycine] to keep soil free ofeds. The post-emergence herbicide
used in 2008-09 was isoproturon plus diflufenich4@ + 69 g-H8 and was applied in
19 February 2009. In 2009-10, post-emergence weatrat was accomplished by
mesosulfuron-methyl plus iodosulfuron-methyl sodi( + 3 g a.i.-ha plus wetting
agent) applied 6 March. In 2010-11 broadleaf wenatrolled in post-emergence,
respectively, by tribenuron-methyl plus metsulfuroathyl (10 + 5 g-Haplus wetting
agent) in 30 March. Each season in March, fertibimawas performed with N-32% at
150 Kg-h#.

Parameters estimated

In each plot destructive weekly counts of emergeedvseedlings were started at
crop sowing date in 2008-09 and 2009-10 and in epajpér in 2010-11 in five
permanent quadrats (0.1%m until the end of April. Periodic samplings of ede
densities were collected with ten 0.2 muadrats randomly thrown along the plot.
Estimation of densities started before crop sowing.

A functional relationship between cumulative emege(CE) and Hydrothermal
Time (HTT) was established applying the sigmoid @han equation described by
Garciaet al (2013) forB. diandrus

y =100 (1 — [exp {-0.018]) 2>43%°

wherey is the percentage of CE after the first autumngandx is time expressed as
HTT. This model was based on the equation descrilyeéRomanet al (2000) and
estimated HTT using the Soil Temperature and MaisModel (SMTF) developed by
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Spokas and Forcella (2009). In this model, basegéeature and base water potential
were established at 0°C and -1.35 MPa respectively.

Fecundity was estimated in June 2010 and 2011, Bhemndrusseeds reached
their complete development and maturity. Twentynfddrom each plot were collected
and the number of caryopsis per plant was estim&edd rain in each treatment was
estimated multiplying fecundity by final density.

Statistical analysis

Because of the different crops and different trestis applied in each season,
data from each growing season were analyzed separ&ll data were analysed
through ANOVA using SAS 9.0 (PROC NLIN; SAS Instaulinc., Cary, NC, USA).
When differences were detected between treatmk883, test (P<0.05) was used for
comparison of means. Previous to analyses, weedgemz and weed density were
transformed (log (x+1)) to satisfy the homogenefyvariance assumptions. Back-
transformed data will be presented for clarity. Tepeated statement option of SAS
was used to compare weed densities and cumulatiheggences between assessment

dates. Sigma Plot program 11.0 was used for deasdyemergence graphics.

Results

Weather characteristics of the growing seasons

The annual average temperatures in the three ggosé@asons were slightly below
the long-term average temperature (10.9, 10.6 4l °C the three seasons vs. 11.71
°C). The first and the second growing seasons aleoge the long-term rainfall average
(378 mm). Total rainfall from September to Juneh@tvest time) in 2008-09 was 500
mm, while in 2009-10 it was 637 mm and in 2010-hlyd 90 mm (Table 1).

In 2008-09 the average of autumn-winter preciptativas 234 mm (October to
February), which fell mainly in October (84 mm).rfBg was rainy, with 155 mm
between April and May (150 mm in April). In 2009;dutumn-winter was wetter (357
mm), while spring was dryer than the previous sed8» mm). In 2010-11 autumn-
winter resulted extremely dry (13 mm), however sprivas rainy (156 mm between

March and June).
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Weed emergence patterns

During the experiment CE @. diandrusdiffered between treatments (Table 2)
and followed, each season, a similar and decreapgedjent ChP > SS > NT > MbP.
Values observed each season in ChP are signifycdifterent from those observed in
NT and MbP, and values from SS are significantlijedent from MbP. The highest
values of CE in ChP (1117 plfhand SS (489 pl-f) were observed in 2009-10,
whereas the lowest values in NT (13 pfinand MbP (2 pl-mi) were registered in
2010-11.

Table 2. Total cumulative emergenceBrbmus diandrugpl-m?) in different tillage
systems along three different growing seasons.

Tyllage system Season 2008-09 Season 2009-10 S2a%6rl1
Chisel plough (ChP) 684 (a) 1117 (a) 259 (a)
Subsoiler (SS) 282 (ab) 489 (ab) 138 (ab)
Mouldboard plough (MbP) 20 (c) 21 (c) 2 (c)
No-tillage (NT) 73 (bc) 50 (bc) 13 (bc)

Different letters indicate significant differendestween soil management (p < 0.05).

The emergence @. diandruswas extended until the end of April in all seasons
(Figure 1). In 2008-09 significantly higher valuesemergence were recorded in ChP
and SS (with values close to 200 pf-rand 70 pl-nf, respectively) since mid-
December until mid-January. In 2009-10, few daysratrop sowing, a great flush of
emergences was observed in ChP (> 600 l-amd in SS (> 250 pl-f) showing
significant differences between them and with thesees from the other treatments. In
January and February another flush of emergenceolserved in all tillage systems
with highest values in ChP (> 100 pl¥min 2010-11, sampling of emergences began in
September, before crop sowing and ChP showed mignify greatest values of CE.
Along this season new minor flushes of emergena¥s wecorded until mid-April.

The hydrothermal seedling emergence model develdpedB. diandrusin a
previous work (Garciat al, 2013) is represented separately for each tilaggem
(Figure 2). Considering that higher CE occurredCimP than in SS, NT and MbP, a
percentage of 100% was assigned to ChP. Accordingdiuctions in CE were between
48 and 59% in SS, 89 and 95% in NT and 97 and 90MbP along the three seasons.
For all situations, the model predicts 50%, 75% 868 of CE at 264, 329 and 406

HTT after the first autumn rainfalls.
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Weed density

In 2008-09 significant differences on density wdetected between the tillage
systems. ChP values were significantly higher tna8S, and simultaneously values of
both systems were also significantly higher thaMiiP and NT in mid February, early
March and mid-April. This season also stood outhigh density observed in mid-April
in ChP and SS, with values higher than 200 Bl-m 2009-10 a similar tendency was
observed with significantly higher values of depsih ChP and SS during all the
growing period (with maximum of 593 and 298 pf.nrespectively). This season,
observations made in mid-October and early Novenpleemited to detect in NT the
fast increase of density previous to the crop sgwénd their depletion after the pre-
sowing herbicide application. In 2010-11 densitiuea were low in all till systems, and
only those observed in ChP were significantly higlilem mid-December until mid-

April.
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Table 3. Density (at the end of the season), feityiiachd seed rain dB. diandrusand crop yield for
different soil management during three croppingegs.

Density Fecundity Seed rain Crop vyield
2008-09 season (pl - i) (seeds - p) (seeds - fi) (Kg - ha)
Chisel Plow (ChP) 266.0 (a) 3690.7 (b)
Subsoiler (SS) 207.7 (ab) 4698.0 (ab)
Mouldboard Plow (MbP) 6.3 (b) 5228.4 (a)
No-tillage (NT) 45.3 (ab) 5354.6 (a)
2009-10 season
Chisel Plow (ChP) 241.3 (a) 22.5 (a) 5434.1  3239.7 (b)
Subsoiler (SS) 134.7 (a) 30.9 (a) 4162 3983.4 (a)
Mouldboard Plow (MbP) 6.0 (b) 11.2 (a) 67.5 4279.1 (a)
No-tillage (NT) 2.7 (b) 12.1 (a) 32.7 4379.2 (a)
2010-11 season
Chisel Plow (ChP) 74.7 () 56.1 (a) 4190.7  1946.5 (ab)
Subsoiler (SS) 40.7 (ab) 41.5 (a) 1690.3 1962.7 (ab)
Mouldboard Plow (MbP) 0.3 (c) 50.5 (a) 15.2 1675.7 (b)
No-tillage (NT) 7.7 (bc) 55.2 (a) 425.2 2895.8 (a)

Different letters indicate significant differendastween soil management (p < 0.05).

Weed demographic behaviour and crop yield

Table 3 shows the different values of density aecufdity at the end of each
growing season according to the applied differeltage systems. Each season a
decreasing gradient on final the density, ChP >>38T > MbP, was observed. The
highest values were always observed in ChP with 286 and 75 plants:frin 2008-
09, 2009-10 and 2010-11, respectively. Significadifferences in weed density were
observed between NT and ChP in 2009-10 and 201@xtilbetween NT and SS in
2009-10. The lowest final densities were observeBlbP (6 pl-rif), NT (3 pl-n?) and
MbP (0.3 pl-rif) in 2008-09, 2009-10 and 2010-11 seasons, respscti

The herbicide application offered an unequal cdndepending on the tillage
system and season (data not show). Only mesosmifuaihyl plus iodosulfuron-
methyl sodium in 2009-10 showed a good control Th(BI3%) whereas for other tillage
systems the protracted emergence of seedlingsgdspnng masked the control effect.
Furthermore, the effectiveness of the herbiciddiegmpn barley the seasons 2008-09
and 2010-11 was not successful Bordiandrus

No fecundity data was available for the first seadout this parameter range
between 11 and 31 seedd-jh June 2010 and between 42 and 56 seeédimplune
2011 (Table 3). According to the observed dengtyels and fecundity, the estimated
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seed rain the second and the third seasons wehegtign ChP (5434 and 4191
seeds-f, respectively) and lowest in NT (33 seed$rm 2009-10 and in MbP (15
seeds-m) in 2010-11.

Each season, crop yields obtained were differepéni@ding on the tillage system.
Overall, higher crop yields were obtained the fasason than the two others. In 2008-
09, when barley was grown, significantly higherlgsewere obtained in in MbP (5228
Kg-ha') or in NT (5354 Kg-hd) than in ChP (3690 Kg-Ha In 2009-10, wheat yields
were significantly higher in MbP (4279 Kg-Haand in NT (4379 Kg-h} than in ChP
(3240 Kg-hd). In 2010-11, significantly higher barley yieldsere obtained in NT
(2896 Kg-hd) than in MbP (1676 Kg-Ha.
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growing seasons. Asterisks indicate significarfedénces between soil management (p < 0.05).
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Discussion

In the present work the CE & diandrusobserved each season in a long-term
management experiment (22 years) in a cereal fielbws the next decreasing
gradient: ChP > SS > NT > MbP (Table 2). Theseltestontradict previous works
where highest emergences and densitie8.ofliandrus(or related species form the
same genus) were observed in NT compared to othiktillage systems (Gill and
Blacklow, 1985; Kon and Blacklow 1988; Riba and &smns, 1997; Kleeman and Gill,
2006). Higher total emergences and densities wared in those tillage systems (ChP
and SS) where seeds are superficially buried insthie These differences could be
explained by the conditions created in the soilfasier after the same long-term
management and in the possible changes on see@uoynNo data are available of the
possible long term effects of field managementBordiandrusand very few works
report information in this sense. In a long-termdst of 25 years of cereal-leguminous
rotation system in Spain, Hernandez-Plataal. (2011), found lower densities &.
diandrusin NT (0.09 pl-rif) than in minimum tillage (0.14 pl-f), and this species was
considered one of the less important observed in Nifthermore, Barberi and Lo
Cascio (2001) noted that the seed bank densiB. aiandruswas not between the 12
major weed species observed in different tillagetesys (including NT) and two crop
rotations after 12 years of similar crop management

It is well known that the germination of many wesekds can be promoted by
light, in the sense that buried seeds perceivelititeé signal mainly during soil
disturbance (Juroszek and Gerhards, 2004). Nevest)ehe species of genBsomus
show a marked sensitivity to light as a form of aiege photoblastism, especially at low
temperatures (Froud-Williams, 1981; Hilton, 198Zhis photosensitivity is more
significant in the subgenusnisanta to which belong®. diandrus(Jauzein, 1989). In
Bromusspecies, the phytochrome is operating just inojygosite direction to what is
found in the vast majority of photoblastic seeds] &fr (active form of phytochrome)
inhibits its germination (Benech-Arnolet al., 2000). It is difficult to determine the
level of light present in the soil surface in NTsems in contrast with those in the
upper soil level after soll tillage. A possible eo\effect of straw could be considered as
determinant foB. diandrusseeds situated on NT soil surface, facilitating dlormancy

break and their earlier emergence. Dyer (1995) Bedech-Arnoldet al. (2000)
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appointed that, in general, higher levels of resgdin soil surface decrease the soll
thermal amplitude and prevent from light penetraticHowever, Jensen (2009),

observed in a ploughed field that the persisterid®. aterilisandB. hordeaceuseeds

in the soil was very short irrespective of the tdemt whether they were covered or not
by chopped straw.

Del Monte and Dorado (2011) appointed that in Hage sowing techniques, as
those applied in cereals in Central Spain, seed®. diandrusthat remain in the soil
surface need only a superficial covering to peeaarkness. As long as the embryo
remains buried, it is likely to germinate, and tisigacilitated by the way the seeds fall
to the ground and can be wedged into the soibrigdterm conditions of NT as those of
the present work, it could be feasible to assuratttie perception of darkness by seeds
should be easier with field stubble or straw coWrethis situation, full ripened seeds of
B. diandruscan germinate fast in autumn if temperature anttmavailability are not
limiting.

Kon and Blacklow (1988) appointed that there isgh theritable variation within
Australian populations oB. diandrusthat would allow further adaptations to new or
changing environments. Kleemann and Gill (2013p abserved large differences in
germination patterns betweeB. diandrus populations and appointed a possible
selection for greater seed dormancy according tp egnanagement practices. The
authors proposed that the presence of photoindibitn B. diandrus could have
adaptive value under no till systems and seedsdvoelable to germinate after burial
caused by the sowing operations. In our studygewhfit levels of emergences Bf
diandruswere observed previous to crop sowing date itilEbe systems, but several
months after crop sowing (February and March) thedaes were significantly greater
in ChP and SS (Figure 2 and Figure 3). The buffacecaused by ChP and SS in our
study is more tangible than those that can prodoeeng operations.

For Australian populations, Kleemann and Gill (20&8nfirm that dormancy of
B. diandrusseeds should be overcame by cold stratificatiah sarch populations are
expected to germinate much later in the growing@eavhen temperatures will have
declined. On the contrary, Del Monte and Doradd (3Guggest that low temperatures
(< 10° C) could limit the germination of Spanishpptations, which occurs mainly
when temperatures drop at the end of autumn. Ttuesmain flushes before (autumn)
and after (spring) were observed. In our work, ¢héwo main flushes of weed
emergence (October and February) were observetifhadd SS in 2009-10 and 2010-
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11 (Figure 1), whereas lower emergences were atswraded in December and January.
This delayed emergence would have happened in g#eesks with prolonged dormancy.
Furthermore, these authors observed that germmafi®. diandrusseeds exposed to
light needs more favourable conditions to germiratee photosensitivity was lost.
Within these conditions hydrothermal time playseg kole. In a previous work Garcia
et al (2013) developed a model predicting seedling gemere of this species. This
model was validated with data from the present empnt (Figure 2). Despite the
different climatic conditions registered, the models feasible for all tillage systems in
the three seasons.

No differences were observed Bndiandrusfecundity in function of the applied
tilage systems. Values were lower than those fiima (1993) in the same cereal
region, but it should be noted that plants from &ield plots were sprayed with
herbicides during the two seasons when fecundity weaistered (June of 2010 and
2011). The effect of mesolsufuron-methyl plus iadhson-methyl sodium was not so
evident decreasing population density, but a ptsstress effect on fecundity could
have been expressed in those survival plants. Kdaeand Gill (2009) recorded
fecundities of 71 and 22 caryopsides per planpaetsvely, in non-treated and treated
populations with mesosulfuron-methyl herbicide.almearby experimental field to our
study, densities of this species ranged from 28seé to 147 seeds-p) depending if
the herbicide was applied or not (Garetal., submitted).

The differences in crop yield observed betweenmeaare in accordance with the
different climatic conditions recorded. In this senthe lower yields observed in all
tillage systems in 2010-11 are due to the seveyegit, whereas seasons 2008-09 and
2009-10 averaged similar yields to those obtairredlipusly in the region. In our study,
the highest values of crop yield are obtained ind4@ MbP systems, probably because
of the lower weed densities. Lampurlargtsal. (2002) comparing different tillage
systems in a similar experimental field in the ogegialso observed higher crop yield in
NT, which confirm that this management favoured atge and deeper water
accumulation in the soil profile. However these sauthors suggest that yield depends
more of favourable rainfall distribution during tgewing season, especially during the
grain-filling period, than on tillage system.

In conclusion, the present work appointed that ipésschanges in biological
behaviour oB. diandruscould be associated to changes in tillage pragtiepossible

cumulative effect of soil management could havelacsive effect on the population in
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the sense that seeds that are present on theidaie could loose their dormancy faster
than those seeds buried in the upper layers af Aoyiway, further works are necessary
to confirm possible changes in seed dormancy anfyvean adaptive dormancy or a

selection pressure is taking place in these tilBgtems.
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DISCUSION GENERAL Y CONCLUSIONES






Discusion General

Al igual que en otras malas hierbas (Forceliaal., 2000; Romaret al., 2000;
Royo-Esnakt al.,2010) la temperatura y la humedad del suelo dogsti los factores
determinantes de la emergenciaRlediandrus Con estos dos factores y utilizando el
modelo STM de Spokas y Forcella (2009), se ha desarrolladmantelo hidrotérmico
que describe la emergencia de esta especie. Loslosdoidrotérmicos de emergencia
basados en observaciones de campo durante ladestdei crecimiento permiten
elaborar predicciones relativamente fiables a pdeiun desarrollo simple (Forceba
al., 2000). El modelo desarrollado en este trabaj@ esificientemente robusto, ya que
fue elaborado con datos de dos campafas compld@ndéerentes en cuanto a
precipitaciones y se ha validado con cuatro coopirde datos diferentes (de dos
localidades) y puesto en préactica en cinco sisteteasianejo distintos (dos fechas de
siembra y tres tipos de labores de suelo) a lolae tres campafias (Gar@haal.,
2013). El modelo considera como temperatura baSey @bmo potencial hidrico base -
1.35 MPa. La expresion del mismo es:

y =100(1 — [exp {0.013%]) 2>43%
dondey es el porcentaje de emergencia acumulada despuéss dorimeras lluvias
otofiales, K es el tiempo expresado en grados hidrotérmicod JHaste modelo ofrece
una buena prediccion de la emergenci®8ddiandrusy constituye una herramienta util
en el establecimiento de sistemas de manejo deesgicie al mismo tiempo que
permite su utilizacién en distintas areas ceredislentro de un amplio rango de
situaciones.

Debido a que la germinacion y emergenciaBdeliandrusse concentra tras las
primeras lluvias de otofio (Kleemann y Gill, 2008)retraso en la fecha de siembra del
cultivo comporté una disminucién significativa @edmergencia y una menor densidad
de plantas d®. diandruscompitiendo con el cultivo. En la primera campatisndo
no se utlizé el herbicida post-emergente espexifidMesolsulfuron metil +
lodosulfuron metil sodio) en las cohortes preco@@smera fecha de siembra) la
competencia tanto inter como intra-especifica s& ndflejada en una respuesta
decreciente en la fitness, pero resultando enitleirun mayor aporte de semillas a las
reservas del suelo. En las cohortes mas tardiatnéss mostr6 mayores valores,

especialmente en fecundidad y esfuerzo reproduptg un menor aporte final de
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semillas. En las siguientes campafas, la eficagiahdrbicida mesosulfuron metil +
iodosulfuron metil sodio en trigo aument6 con dfaso en la fecha de siembra del
cultivo, debido especialmente al estado fenologitas retrasado que presentaba la
cohorte y a una menor densidad de la poblacionpu®ss de tres campafas y
combinando el retraso de siembra, la inclusionrige €n la rotacion de cereales vy el
uso de un herbicida post-emergente selectivo, sfire@ una practica eliminacién de
la poblacion dé. diandrusen campos cerealistas de secano bajo siembraadidende
las alternativas de cultivo son muy limitadas.

Es conocido que la densidad de las especies des imigidoas varia de un afio a
otro y entre los sistemas de laboreo del suelod@mmand Lopez-Fando, 2006) y el
efecto que pueden tener estos ultimos varian der@eal tipo de malezas presentes en
el campo. Segun Ball (1992) el laboreo con chigpbee las semillas en la parte mas
superficial del suelo facilitando su germinacion eynergencia. Este proceso se
fundamenta en que, tras el laboreo, muchas serfoliasensibles pueden percibir la luz
e iniciar su germinaciéon (Jurozsek y Gerhards, P0B#h embargo, a diferencia de la
mayoria de malas hierbaB, diandrusmuestra fotoblastismo negativo (Del Monte y
Dorado, 2011) de forma que la luz induce dormicién.siembra directa, las semillas
guedan expuestas en la superficie del suelo dulasmtmeses de verano y la induccién
de dormicién parece evidente. Sin embargo es mogibe tras la pérdida de la
fotoinhibicion, las semillas de esta especie entaprias condiciones mas favorables
para germinar en siembra directa que en situacioleedaboreo. En las parcelas
experimentales donde se ha realizado siembra ditanto del campo experimental 1
como del 2, las nascencias de esta especie sent@moa de forma preferente tras las
lluvias otofales, pudiendo reducir la poblacion ¢om métodos de control de pre-
siembra. En estas parcelas sin laboreo, puedee @arsituaciones necesarias para que
las semillas detecten la oscuridad que les penmitgper la dormicion (Del Monte y
Dorado, 2011). La presencia de paja y restos defroja pueden ser factores
significativos.

En cambio, en aquellas parcelas del campo expet@n2rdonde se realizé un
minimo laboreo, se observaron mayores densidadesrgparcelas con siembra directa.
No resulta facil encontrar una justificacion pastegparadigma, aunque cabria buscarlo
en el efecto acumulado (mas de 22 afios) de un migoode manejo sobre la
poblacion. Recientemente, Kleemann y Gill (2013) kh@mostrado que esta especie

muestra una variabilidad interpoblacional en elehige dormicién y a su vez esta
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dormicion puede resultar adaptativa al tipo de npoan&n sus observaciones
comprueban que la pérdida de dormicién puede llagaar mas lenta de lo hasta ahora
conocido, permitiendo a la poblacion Blediandrusemerger en los meses posteriores a
la siembra del cultivo. Nuestros resultados pemméédenciar una situacion donde, en
general, la emergencia se prolonga hasta el meabde Sin embargo, la mayor
presencia deB. diandrusen las parcelas con minimo laboreo (chisel y dadso)
podria deberse a una pérdida de dormicion masmgatta y a una posible dormicion
adaptativa como resultado de un continuado manegnte muchos afos. En cualquier
caso resultarian necesarios mas estudios pararanfbosibles cambios en el ritmo de
dormicién, y poder verificar si existe una dormiti@daptativa y/o una seleccién
poblacional.

Los resultados de este trabajo permiten evaluaraspectos fundamentales a la
hora de establecer un programa de manejo integtad® diandrusen los secanos
cerealistas bajo siembra directa. En primer lugamportancia de una rotacion cebada-
trigo que permita ampliar el espectro de herbicuast-emergentes. En segundo lugar,
la importancia de integrar en este tipo de mangjeetraso en la fecha de siembra que
permita una reduccion significativa de la densideB. diandrus tanto en cebada como
en trigo, mediante herbicidas de pre-siembra nectebs (p.e. glifosato), y en tercer
lugar, la importancia de realizar el tratamientdbieeda post-emergente en el momento
oportuno y de acuerdo al estado fenolégico de tdap@n -de acuerdo con los datos
obtenidos a partir del modelo hidrotérmico des&dal- y poder asi reducir la densidad
final, limitando significativamente tanto la fecudad de las plantas sobrevivientes
como las posibilidades de reestablecimiento deldaeion la campafia siguiente.

Los distintos ensayos realizados en la presenie destoral permiten poner de
relieve aspectos clave de la emergencia y desard®l B. diandrusen sistemas
cerealistas de secano en sistemas de siembraadited dificultades que esta especie
siempre ha planteado en estos sistemas vy las diasitapciones existentes hasta ahora

para afrontar una estrategia de control eficazd@ueerse finalmente superadas.
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Conclusiones

Las principales conclusiones de este estudio sosidaientes:

e Se ha desarrollado un modelo de emergenci8.ddiandrusen base a
grados hidrotérmicos. Este modelo se ha validaddigimtas situaciones

agronomicas y se ha aplicado en diferentes esosnarealistas.

* El retraso en la fecha de siembra del cultivo tieme efecto en la
emergencia y densidad dB. diandrus Las siembras realizadas en mitad
de noviembre permiten una reduccion poblacionalifiigitiva de la mala
hierba (entre un 82 y un 98% segun campafas) se& S viese

comprometido el rendimiento del cultivo.

» La posibilidad de implementar una rotacion cebaig@-n estos sistemas
cerealistas con siembra directa, permiten integéanicas culturales
(retraso fecha de siembra) con métodos de contrshiqo. Tras tres
campafias y mediante un ciclo cebada-trigo-trigo hae conseguido

practicamente reducir la poblacionBlediandrus

* La aplicacién de un herbicida antigramineo postrgerdge (mesosulfuron
metil + iodosulfuron metil sodio) en trigo ha daglma respuesta desigual.
Sin embargo, cuando el retraso en la fecha de serpbrmite una
reduccion de densidad y un desarrollo fenolégicos metrasado en

B. diandrus esta eficacia alcanza valores cercanos al 100%.

« Se ha observado una clara respuesta denso-dependiendistintos
parametros que definen la fithessRlediandrus a excepcion del nimero
de cariépsides por espiguilla. Al aplicar el heidacselectivo en trigo, esta
respuesta en la fithess presenta una clara dismpi aquellas plantas
supervivientes, proceso que queda reflejado pasigmficativo aumento

del esfuerzo reproductor.
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 Se confirma una desigual asignacién de recursodagnestructuras
reproductoras deB. diandrus. Las caridpsides con mayor peso
corresponden a aquellas ubicadas en posicion bdeafro de las
espiguillas y, a su vez, en espiguillas ubicadagosiciones apicales en el

interior de la panicula.

* Un manejo continuado (22 afos) de distintos tippsrnejo del suelo
comporta diferencias significativas en la emergeneicumulada y
densidad deéB. diandrus.Las parcelas sometidas de forma prolongada a
siembra directa muestran menores valores en egam@@os que las

parcelas sometidas a laboreos con chisel y sulmsolad

* Tanto en siembra directa como en los distintosstg® laboreo ensayados
se han observado emergenciag8ddiandrushasta el mes de abril, aunque
los maximos de emergencia y densidad se dan en miosndistintos

segun los tipos de manejo.

126






	PortadaADDY.pdf
	Nom/Logotip de la 
	Universitat on s’ha 
	llegit la tesi
	Integrated Management of Bromus diandrus 
	    in dry land cereal fields under no-till 
	  Addy Laura García
	   Dipòsit Legal: L.703-2013


