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Resum

1. Introduccid

El coneixement de la biologia i I'ecologia de poblacions d’'una espermet
analitzar quines son les claus del seu éxit o fracas en un andeimtinat. La
dinamica de les poblacions vegetals, és a dir, I'evolucio del nodibdividus de la
poblacié en I'espai i en el temps, és especialment atractivdele punts de vista teoric
i practic quan l'objecte d’estudi son les especies arvenses.dd@a perspectiva
teorica, I'estudi d’especies arvenses permet aprofundir el coraeatals cicles vitals
i 'estructura espacial. Des d’'un punt de vista practic, eligenmeent del cicle vital de
les espécies arvenses, de les estratégies de regenerdéesosdges poblacions i dels
mecanismes de colonitzacié de I'espai haurien de permetresehgide programes de

control més racionals de llurs poblacions.

D’un temps enca, s’han realitzat nombrosos treballs sobre la biologialotjé
de males herbes anuals (Gonzéalez-Andujar & Fernandez-Quintanilla, 199 Bijddra
1993; Sans & Masalles, 1994; Fernandez-Quintanilla & Sans, 1997 &Sdasalles,
1997) i perennes (Piret al, 1997, 1998, 2002; Chamorro, 2003) a la Peninsula Iberica.
El motiu d’aquest interes creixent per la biologia i I'ecologdgales males herbes és
justificat pel fet que sén un element molt important dels agrasteoses degut a que
poden afectar negativament les collites. Es més, si no s’erogpémesura de control,
les poblacions d’aguestes espécies augmenten exponencialment i poddunircansti
perill encara més gran per les collites d’anys posteriorsaEtudlitat el control de les
males herbes a la majoria de sistemes agricoles es bbss &herbicides perqué son
un mitja fiable i relativament barat. Desgraciadament, aguegtandéncia sumada a
I'ds (i abus) intensiu i extensiu dels herbicides (entre sajptaguicides) causa danys
col-laterals al medi ambient que constitueixen una amenaca enéargran que les
males herbes. Aix0 i I'alarma social generada pel seu impabte la salut ambiental i
humana ha forcat a dissenyar noves practiques agricoles que tingoompte la
reduccioé de I's d’herbicides sense provocar pérdues excessives a les.collit

Una de les disciplines que més atencié ha merescut durariraks téimps, amb
relacio6 a la reducci6é de [laplicacié d’herbicides, és I'agnicalt de precisio.

L’agricultura de precisid, d’acord amb Pierce i Nowak (1999)I'a@glicacio de



tecnologies i principis per a la gestio de la variabilitat espacta@mporal associada a
tots els aspectes de la produccié agricola per a la millora de la pro@uda qualitat
ambiental Ara bé, I'exit d'aquesta disciplina depen principalment de lla@d i la
gestio escaient en el temps i en I'espai de la variabdibaervada. No obstant els
progressos recents, el potencial de millora economica, ambiestaial d’aquestes
practiques resta encara lluny de ser assolit, basicament panmgpaditat espai-temps de

la produccié agricola encara no ha estat estudiada en profunditat.

L'agricultura de precisio es justifica pel fet que els aggosistemes no son
espacialment homogenis i no funcionen de la mateixa manera any rera lany,
presencia de males herbes no n’és una excepcio. La distribuci® mhalks herbes en
rodals, descrita i caracteritzada per nombrosos equips de r¢Celda & Mortensen,
1992; Donald, 1994; Hausler & Nordmeyer, 1995; Rswal, 1996a; Nordmeyer &
Niemann, 1997; Gonzéalez-Andujar al, 2001a; Revet al, 2001; Wiles & Schweizer,
2002; Jurado Expositet al, 2003; Barros@t al, 2004), podria ser una de les claus que
conduis a una racionalitzacié de I'Gs d’herbicides. Diversos auworsonjecturat sobre
els beneficis que s’obtindrien dels tractaments localitzats rddiss i I'ajust de les
dosis d’herbicida a la composicio floristica i a la densitat aelals (Dielemaret al,
1999; Faechnegt al, 2002; Gerhardst al, 2002; Jurado Expositt al, 2003).

Hi ha, pero, diverses limitacions a I'aplicacié generalitzadayint poc critica,
de les técniques de I'agricultura de precisio. En primer llsense afany de fer prevaler
els interessos economics, els costos addicionals generats gredixement, mesura |
gestio de la variabilitat no han de sobrepassar el guany obtinguysstes practiques.
En segon lloc, l'eficacia a llarg termini d’aquestes practicgegpot veure afectada,
entre altres, per la dispersié de llavors i I'estabilitpiaesl dels rodals, aixi com per
I'estabilitat de les relacions competitives. De manera génets factors amb una
variabilitat temporal elevada i una baixa dependencia espacaal s&s dificils de
gestionar que aquells que presentin una forta dependencia espaoil eélevada
estabilitat temporal. Aixi doncs, la preséncia ben definida delsfotiastabilitat
temporal dels rodals i I'estabilitat dels seus efectes dalm@llita representen els pilars
ecologics i agronomics sobre els quals se sostenen els prineipiagdcultura de

precisio i, en consequencia, han de ser coneguts en detall.
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L’analisi i la modelitzaci6é de la variabilitat espadi estat motiu de creixent
interes per als equips de recerca (Wéesal, 1992; Mortensert al, 1993; Cardinat
al., 1995; Dieleman & Mortensen, 1999; Gonzalez-And@garal, 2001la; Rew &
Cousens, 2001; Faechner & Deutsch, 2002; Wiles & Schweizer, 2002; JuradddExposi
et al, 2003) perqué representen una primera passa en el disseny de ntegutamdent
localitzat amb herbicides. L’analisi de la variabilitat espla ha estat utilitzada
basicament per a I'elaboracié de mapes detallats a pamiodiatges grollers, per a
I'establiment de bases solides especialment orientades a regptimar I'esfor¢ de
mostratge (Wiles & Schweizer, 2002) i per a la valoracid dentariesa en els
processos de presa de decisions (Watesd, 1993; Faechneat al, 2002).

Aixi mateix, la persistencia i estabilitat temporal delsat®es un factor decisiu
en la planificacié de noves tecniques de control de males herbedeUes qliestions
fonamentals és la possibilitat de reduir els esfor¢cos de nysstigue va lligada a la
persistencia dels rodals; si aguests es mantenen establesramny a les mateixes
zones garantiria que el mapatge dels rodals d’'un any seria Utdl psseny dels
tractaments en anys posteriors, tot confiant que les males merlsésscapin de I'area
mapada (Wilson & Brain, 1991; Gerharefsal, 1997a; Dieleman & Mortensen, 1999;
Colbachet al, 2000a; Barroset al, 2004).

L’'analisi detallada de la variabilitat espacial i la sevalucio en el temps hauria
de servir per facilitar la interpretacié del patré de distribwspacial del organismes,
dels factors ambientals i la manera com interaccionen elsninsgla altres ells. Alhora,
els investigadors haurien de dirigir els seus esforcos a comerkesdcaracteristiques
biologiques i ecologiques de les males herbes que generen detepair@is en rodals
i a explicar les causes de l'estabilitat temporal dels rodalscomprensié d’aguests
mecanismes pot facilitar el disseny d’estrategies més disigadia gestié d’aspectes

concrets de la variabilitat espacial de les males herbes.

Nomeés un coneixement acurat del que succeeix en els rodals deemzgpot
permetre de dissenyar models realistes de la seva dinaspaaiad. La dispersio de
llavors (Rewet al, 1996b; Colbach & Sache, 2001), les tasques agronomiques (Cardina
et al, 1997; Dieleman & Mortensen, 1999; Marshall & Brain, 1999; Colletchl,
2000b), i la interacci6 amb el medi fisic (Andreasen & Streibig, 18&isler &



Nordmeyer, 1995; Heiselt al, 1999) i amb altres espécies (Johnson & Mullinix, 1995)
son factors que afecten la dinamica de les males herbes iogtrédbueixen d’'una

manera o altra a I'agregacio de les males herbes en rodals.

Ara bé, molt sovint es tracta en termes generals de “mala”hawbaun tot
indiferenciat. La realitat és, pero, ben diferent; les madrbes generalment formen
comunitats constituides per diverses espécies, la composicid dedilssdepéen del
clima, les caracteristiques edafiques, i la historia deluculéi gestié que se n’hagi fet.
Les comunitats arvenses son constituides per diverses espéeielfereixen en les
seus atributs (competitivitat, mecanismes de dispersio, fenologiz@ interaccionen
entre elles. En consequeéncia, I'analisi conjunta de les difeegpecies que formen la
comunitat de males herbes pot oferir una visi6 més realistapdeisns temporals i

espacials de la seva distribucio.

Pero les males herbes no només interaccionen entre elles, siadntpéeho fan,
obviament, amb la planta conreada. | els resultats de la compgiedela expressar-se
de maneres diferents a les diverses zones d’'un camp, de la madese que la collita
depen de la capacitat de retenci6 d’'aigua, la textura del sol, la ibisipairde nutrients,
etc. (Earlet al, 2003; Tayloret al, 2003). Molts plantejaments de l'agricultura de
precisio es basen en I'assumpcio d’'un patro estable de coltiteir{@t al, 1997); per
tant resulta fonamental saber si les relacions competitives larcomunitat d’arvenses

I el cultiu romanen estables en el temps i en I'espai.

La variabilitat espacial i temporal dels rodals, en qualsevs] ba de ser
convenientment tractada. Una de les prioritats és posar eroratpogsta variabilitat
amb els atributs biologics de les males herbes. Entendre quietssaiributs biologics
I les caracteristiques ecologiques que més afecten lads®&raica pot oferir una base
solida per al seu control. En general s’accepta que els atrifiotogics que
contribueixen a la inestabilitat temporal dels rodals sén la n@ooabanc de llavors
permanent i la capacitat de dispersié a llarga distanciarg&i&e Roush, 1993; Zhang
& Hamill, 1998). Un dels factors que més importancia pot tenin@d de promoure la
dispersi6 rapida i a llargues distancies de les llavors ésda mitjancant segadores.
Diversos autors han estudiat les segadores com a causa @pdesidi dins i entre
camps (Ballarét al, 1987b; McCannt al, 1988; McCanny & Cavers, 1988; Howard
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et al, 1991), perd poques vegades s’ha relacionat les segadores amb Bditaairia

espacial de les poblacions de males herbes.

L’'avaluacié detallada de la importancia de les caracteristigeenografiques
(persisténcia del banc de llavors, patré de germinacio, supendws immaturs, ...),
de la dispersio de les llavors i de les practiques de control ebneictura de les
poblacions i I'estabilitat espacial i temporal dels rodalsridmrgix a la comprensio de
la dinamica a llarg termini de les seves poblacions i pot afedrvaluosa informacio
que condueixi a una gestid6 meés racional de les males herbes. ,Ameséaquestes
informacions requereixen estudis llargs i complexos (sobre I'edicdals herbicides i
altres métodes de control, sobre la interaccio entre cultiala imerba, sobre el cicle
vital de la mala herba) que molt sovint no existeix o que dificilragnot obtenir. Una
alternativa generalitzada a I'experimentacio a llarg tergsriavaluacio de la dinamica
poblacional sotmesa a determinades condicions mitjancant modemdéacio
(Firbank & Watkinson, 1986; Ballarét al, 1987a; Perry & Gonzalez-Andujar, 1993;
Wallinga, 1995; Wallinga & Oijen, 1997). L'4s de models matematid&estudi de la
dinamica de poblacions permet obtenir una visié sintética de I'egadultarg termini
de les poblacions. D’altra banda, aquests models també permetetardgtins sén els
estadis del cicle vital o les practiques de gestié que tenefeate més gran sobre les
poblacions a llarg termini, i permeten dissenyar practiques agron@mjgeeancideixin

precisament en aquests estadis.

2. Objectius

El principal objectiu d'aquesta Tesi és I'estudi de I'estructura iniicea espacial
deLolium rigidumGaudin en conreus de cereals de seca, en relaciéo amb la competénc
d’Avena sterilisL. i amb els mecanismes de dispersio, per tal de coneixer les
caracteristiques que determinen una distribucio agregada en ramaifilbueixen a
generar diferencies en el patré de distribuci6 i la dinanspaaal de les poblacions.

L’estudi s’ha realitzat des de diferents aproximacions:

a) La comparacié del patré espacialAlena sterilisi Lolium rigidumen un

camp de cereals, a escales espacials contrastades] der datectar quins son els



factors que regulen I'evolucié de l'estructura espacial del conj@spdties (Capitol

).

b) La valoracié de la variabilitat espacial a petitaaksd entre anys de les
relacions competitives A. sterilisi L. rigidum en comunitats arvenses de conreus de
blat, mesurades en termes de reduccié de la collita, mitjafieahidi sincronic i

diacronic en posicions topografiques contrastades dins d’'un mateix camp (CHpitol Il

c) La valoracié de I'efecte de diferents tipus de segadores kobrspersio de
les llavors dd.. rigidum, aixi com I'avaluacié de la relacié entre la dispersio secundaria
per segadores i la distribuci6 espacial de les plantules a petita(€agital 1V).

d) L'avaluaci6 de les diferencies entre les prediccions meldels espacials de
dinamica de poblacions de rigidum i les prediccions dels models que no tenen en
compte l'espai; i, a més, avaluar I'efecte de diverses iquest de gestié de les
poblacions dé. rigidumsobre I'evolucio dels rodals en un camp previament no infestat
(Capitol V).

3. L’eleccio de les espécies

Molt sovint els estudis sobre I'estructura espacial de poblatoes en compte
una unica especie, o tracten les diferents espéecies individialmieé les tracten com
un conjunt indiferenciat (Dieleman & Mortensen, 1999; Ca&yal, 2000; Jurado
Expositoet al, 2003); la realitat, com ja s’ha esmentat, és ben diferentedgicies
arvenses formen en general comunitats pluriespecifiques, encarenajuesovint

empobrides i poc estructurades per I'Us intensiu i sovint desaforat d’hesbicide

Entre les espécies que més sovint coexisteixen als conreasedésde seca de
la regié Mediterrania destaquéwena sterilisL. i Lolium rigidum Gaudin. Totes dues
sén graminies anuals que creixen als conreus de seca, en gexiecainaen ambients
lleugerament ruderalitzats (Bolos & Vigo, 2001). Tot i que ambdues iespgén
natives de la conca Mediterrania, han esdevingut males herbesmpmttants arreu del
Mén en zones de clima mediterrani (Martin, 1996). Les dues esp&dies
particularment problematiques als conreus de cereals de secagyesta rad la

bibliografia referent a la interacci6 amb els cultius és mablindant, perdo gairebé
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sempre les dues espéecies son tractades per separat (CoudeRhté&ri, 1998; Dhima

et al, 2000; Dhima & Eleftherohorinos, 2001; Gonzalez Ponce & Santin, 2001,
Lemerle et al, 2001; Izquierdoet al, 2003). L’estructura espacial de les seves
poblacions no ha estat encara estudiada en detall, i solament algors les han
incloses en estudis més generals sobre l'estructura espacias dmales herbes
(Gonzalez-Andujar & Navarrete, 1995; Lambal, 1999; Barros@t al, 2004). A més,

la dispersié de les llavors només ha estat estudiada en el Aasterilis o altres
espéecies del mateix génere (Gonzalez-Andujar & Perry, 1995|ifghiet al, 2002).

Cal destacar, que sempre que ens referim a la dispersié des I[mvdPoacies, ens
referim a la dispersié de fruits sencers (les carios)nt acompanyats de restes

florals.

L. rigidum Gaudin (margall) és una graminia anual que pot assolir gairebé un
metre d’alcada, tot i que els individus poden ser molt varialdanida i d’aspecte. Els
fillols, que molt sovint presenten a la base una coloracié violaa®cians), un cop
elongats tenen de dos a quatre nusos. En estadi de plantula grieseritilles
inicialment conduplicades; un cop desplegades sén glabres i llueesuiren fins a 15
x 0,8 cm. La inflorescencia é€s una espiga fins de 30 cm, constituidanesr20
espiguetes distiques que tenen de 2 a 10 flors. Les espiguetes, urdaogsnrarament
es desarticulen abans de la collita, de manera que la dispsrpi@dueix basicament
sota I'accio de les segadores.

L. rigidum habita erms, vores de camins i conreus d’anuals de seca, pero
ocasionalment també forma part de prats d’anuals o de canmefitgies mediterranies.
Actualment és una de les males herbes més esteses en els campsseec€atalunya
(Recasenegt al, 1996) on ha esdevingut I'espécie dominant (i, de vegades, I'lnica), en
resposta als canvis de les practiques agronomiques dels campsalie (@ecrement de
la pressié d’herbicides, canvi a sembra directa). Divershglissindiquen quel.
rigidum pot ser una mala herba extraordinariament competitiva en conrexesedds
(Lemerleet al, 1996; Lemerlest al, 2001); diversos atributs biologics com son l'alta
variabilitat genética (Gilet al, 1996), I'elevada produccié de llavors (Monaghan, 1980;
Gill, 1996a, b) i l'elevada supervivéencia de les llavors durardtiliei la tardor
(Gramshaw & Stern, 1977) semblen haver contribuit al seu éxit coralaa herba i



explicarien la seva persistencia a llarg termini en els aenri@’altra banda, en els
altims anys diversos genotips resistents a herbicides han estaadetareu del Mon
(Matthews, 1996a), inclosa Catalunya (Tabegiaxl, 1996).

Avena sterilisL. (cugula, cugula grossa) és també una graminia anual, que
facilment supera el metre d’alcada. Les fulles, majorita@rarbasals, mesuren fins a 60
x 1,4 cm; les beines i marges de les fulles inferiors poden abregl o piloso—
pubescents. La inflorescéncia és una panicula ampla, poc ramosamlésacions
terminals presenten 1 o 2 espiguetes péndules. De cada espiguetd,myasepdar fins
a 5 flors, només solen ser fertils les dues inferiors. Aqudstasspiresenten una aresta
negra llarga, colzada i retorcada fins de 8 cm de llarg. lee®r es desprenen

conjuntament, molt sovint abans de la collita del cereal.

A. sterilis habita principalment erms recents i lleugerament ruderalss e
camins, guarets i conreus de cereals. Es la mala herba mésrabiwrstasa a la regio
central d’Espanya, aixi com a d’altres regions sota clima metiteA. sterilisés una
especie molt competitiva, que redueix, fins i tot quan es preadrdixes densitats, les
collites i, amb molta menys incidéncia, la qualitat d’aquestesidMEI96b)A. sterilis
aixi com altres espécies del génere, comAarfatual. i A. strigosaSchreb., es troben
entre les males herbes més competitives dels conreus déPbtde & Gill, 1987,
Torner et al, 1991; Gonzalez Ponce & Santin, 2001). Darrerament s’han detectat
genotips resistents a diferents grups d’herbicides arreu del (Mietschke & Medd,
1996; Heap, 1997; Cavaat al, 1998).

4. Patrons espacials i temporals dels poblaments mi  xtes de Lolium

rigidum i Avena sterilis en conreus de cereals

Introduccio i objectius

El coneixement de la distribucié espacial de les males halbesonreus és
crucial per entendre la dinamica espacial dels rodals, i patablie models de
dinamica de poblacions més realistes (Carddhaal, 1997). A més, la descripcid
acurada de la distribuci6 de les males herbes dins dels anpsnreu pot oferir
informacié molt valuosa sobre els diferents factors que aféeteistribucié espacial de
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les males herbes, com interaccionen i la importancia relativehigtenen. Aquests
factors, pero, poden operar a escales molt diferents, ra0d per laequdih essencial
treballar a una dimensio ajustada a I'escala del fenomenpumetea realitzar una analisi
adequada d'aquests factors. La descripcié conjunta de les difespéisies que viuen
en un mateix habitat permet avaluar la importancia dels ti@tsggizs de les espécies
en relacid a 'estructura espacial i 'evolucio de les pobiec Aquest capitol pretén: 1)
coneéixer I'estructura espacial a gran escala de poblamertssnuel. rigidum i A.
sterilis; 2) avaluar I'evolucié de I'estructura espacial a gran esadlarg de tres anys
consecutius; 3) relacionar la variabilitat espacial a graal&samb els fenomens de
dispersié primaria i secundaria i les relacions d’interi@eeantre ambdues espécies; 4)
posar en relacié el patr6 espacial a petita escala d'ambdyeEies amb els

mecanismes de dispersid i les practiqgues agronomiques.

Material i métodes

Per a l'estudi de l'estructura espacial de les poblaciongeeets escales i
I'evolucié de l'estructura espacial a gran escala es vantzezaldos mostratges
paral-lels. A gran escala es va fer un mostratge extensiu d’'undmatiat Triticum
aestivumcv. Soissons) infestat predominantment perigidum i A. sterilis per tal
d’evitar I'efecte d’altres espécies acompanyants. A petdal@®s va fer un mostratge

intensiu de quatre petites parcel-les dins del mateix camp.

Les campanyes de mostratge van ser dutes a terme els hivierasyde2001,
2002 i 2003 en una finca comercial d’aproximadament 8 hectarees, situaimel
municipal de Calonge de Segarra (comarca de I'Anoia, 41°45’32” Nord29”3#5t).
Aquesta finca havia estat sembrada amb blat els anys anteffoser sembrada també
amb aquest cultiu durant el desenvolupament de I'experiéncia. La dedadfinca es
va deixar a I'agricultor que, amb excepcio de I'aplicacié d’herbicidapeaar d’acord
amb la rutina habitual. Les operacions de sembra, sega i llartaadser efectuades en
la direccio Est—Oest aproximadament, seguint les linies de rpiemaient. Les herbes
dicotiledonies van ser tractades amb una barreja d’herbicidgsosteemergéncia
(clorsulfuré i metil-tribenurd) cada any. Per evitar la int@énfieia de factors externs a la
propia dinamica de les males herbes, I'experiéncia va sealima@it dissenyada sense
graminicides; pero I'important increment de la densitat de nieddses I'any 2002 ens

11



va portar a fer un tractament amb metil-diclofop, que no va tenir gfantes sobre la
poblacié de graminies degut a les fortes pluges que van caun@sdelspla seva
aplicacié. A més, hi ha indicis de que com a minim la poblacid.dégidum és
resistent a herbicides inhibidors de Il'acetil coenzim calasai —metil-diclofop i
tralkoxidim, J. Recasens i A. Taberner, comunicacié personal-. Lelpkvan ser
identificades i comptades cada any abans de I'aplicacié d’haebicentre el 7 i el 31
de gener, depenent de I'any). Els recomptes van ser obtinguts aisosa@tents cada
any. La relocalitzacié va ser garantida mitjancat un sestdifierencial de localitzacié
global (DGPS, Differential Global Positioning System) AshtecH2G{Magellan

Corporation, Santa Clara, California, USA).

El mostratge a gran escala es va dur a terme mitjancant alia de 16
columnesx 14 files (150 m Est—-Oest 130 m Nord-Sud) equidistants 10 m. Les
densitats de totes dues herbes van ser avaluades a totgerssccions de la malla.
Degut a la variabilitat a escales inferiors al metre g@semten les poblacionk,
rigidum va ser comptat en nou quadrats de 10 cm de costat, situats aheandrdins
d’'una area d’'un metre quadrat. La densitét dterilisva ser avaluada en 4 quadrats de
25 cm de costat dins de I'area d’'un metre quadrat en el moméantcdiita dels anys
2001 i 2002. L'any 2003 va ser comptada conjuntamentlambidumen els quadrats

de 10 cm de costat.

El mostratge a petita escala va ser realitzat en quateljes quadrades de 10
m de costat I'any 2003. Aquestes parcel-les van ser seleccionadasrpgeptesentacio
d’arees amb diferents densitats d’'ambdues espécies. No obstana algasitat de..
rigidum va ser similar entre parcel-les degut a que era elevadzaiffomogenia a tot el
camp. La presencia A. sterilis era molt més localitzada al camp, i va ser possible
trobar arees amb densitats elevades i arees amb baixa dengitdtes parcel-les de 10
m de costat van ser mostrejades també en una xarxa regular, p2iofitks x 21

columnes, amb 441 punts de mostratge equidistants 0,5 metres.

Per dur a terme 'analisi de la variabilitat espacial tagraa com a petita escala,
les dades de densitat van ser transformades mitjancant lagapén evitar la forta
asimetria de les dades, i se’'n va treure la tendenciaigspagancant I'algorisme del

median polish(Cardina et al, 1995). Aquest procediment, executat en una malla
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regular, descomposa les variables en I'efecte fila, I'efeaiemna i el residu, que és el
que se sotmet a l'analisi geostadistica. La dependéncia éspades mostres es va
caracteritzar mitjancant correlogrames direccionals exgesEen forma de
semivariograma. L'index de correlacié espacial va ser caltatdt per les dades
transformades com per als residus del procés de I'algorishmeediéan polisha partir
d’ara, els residus) per avaluar I'efecte de la tendengiaced sobre les assumpcions
geostadistiques. La correlacié va ser calculada en quatreidirede 'espai (0, 45, 90
i 135 graus en el sentit del rellotge des del Nord) per cadaiedpaay, amb una
tolerancia angular minima per avaluar el grau d’anisotropia. Hvagogrames
experimentals aixi obtinguts van ser ajustats a un model teoidt (ckds models
esférics més la variabilitat no estructural) mitjancanfpmcediment dels minims

guadrats ponderats (Cressie, 1985).

L’estabilitat espacial dels rodals i les relacions egraps d’ambdues espécies
van ser analitzades només a gran escala. L'estabilitatiaispe les poblacions de
males herbes va ser caracteritzada mitjancant tres praagdimiferents: el coeficient
de correlacié de Pearson amb les dades transformades i amids;rel coeficient de
codispersio (Goovaerts, 1998) sobre els residus; i el test proposayrmda (1996).
Les relacions espacial-temporals entre les dues espacieser analitzades mitjangant
el coeficient de correlacié de Pearson amb les dades traasiiesm amb els residus,

aixi com amb el coeficient de codispersio.

Resultats

Les poblacions d’'ambdues espécies van evolucionar de manera difdlarg al
de l'estudi. Les dues espécies van incrementar molt les seveacipobl (tot i
I'aplicacio d’herbicida el 2002). Com gue rigidumja ocupava tot el camp a l'inici de
I'experiencia, no es va detectar una expansié dels rodals, pero reiouganitzacié de
les zones d’alta i baixa densit#. sterilis va experimentar una forta expansio dels

rodals.

A gran escala, les poblacions de les dues espécies van preseetaiéteia
espacial, tot i que variable segons l'especie i I'any, tantossiderem les dades

transformades com els residus. La sostraccié de la tendespaaial de les dades va
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facilitar la reduccié de I'anisotropia zonal en I'estimadil semivariograma teoric i
I'establiment del rang efectiu de dependencia espacial. Dos mesfélscs van ser
necessaris per descriure correctament l'efecte “forafingtoma de periodicitat)
d’alguns semivariogrames experimentals (principalmenA.asterili§ i el rapid
increment de la semivariancia a distancies curtes. En geAersterilis va presentar
una dependéncia espacial més forta Queigidum la variabilitat no estructural va
representar entre I'11% i el 27% de la variabilitat totatréeel 0% i el 26% en 'analisi
duta a terme amb els residus), mentre qué_pegidum va representar entre el 0% i el
53% (entre el 3% i el 60% en l'andlisi duta a terme amb aisiug). De manera
general, les dues especies van presentar un descens de la tedrrabiéstructural al

llarg dels tres anys.

A petita escala ambdues espécies van presentar dependéncial espues les
parcel-les; el nivell de variacié no estructural va gstarsota del 50% en gairebé tots
els casos. Les dues espécies van presentar efecte ‘ffaatSotropia zonal a una
parcel-la o altra, pero la incidencia d’aquests fenomens va adlernmés gran a..
rigidum que aA. sterilis En generalL. rigidum va presentar un patré de variacio
periodic en la direccié perpendicular al pas de la maquingriecda i anisotropia zonal
en la direcci6 paral-lela al pas d’aquesta. Segurament acere&tseins estan lligats a la
manca d’'un mecanisme de dispersio pre-collita i una forta acd@s degadores sobre
la dispersio de les llavors. En cani, sterilisno va presentar efectes “forat” clars
(excepte en una parcel-la) pero si una lleugera anisotropia tgeamamb rangs de

dependeéencia espacial més llargs en la direccié paral-lela al pas de lesesegad

Les analisis d’estabilitat de les poblacions van oferir ta@sutontradictoris. Tot
i que perL. rigidum cap de les proves va oferir evidencies d’estabilitat edpaeisA.
sterilis els diferents procediments van donar resultats contraposatst &t t8yrjala no
va recolzar I'estabilitat espacial dels rodals que visuatirs®bserva, no obstant existir
certa correlacié entre la densitat de les poblacioAs sterilis entre anys consecutius,
tant amb les dades transformades com amb els residus, ebpmeans indica que la
correlacié no es deu a I'existéncia de tendéncia espacial dades. El coeficient de

codispersio recolza aquests resultats.
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D’altra banda, el desenvolupament de les estructures espacitdtesledues
especies no és independent. Tot i que hi ha una correlacié popitivd®,806,P <
0,001) entre les densitats transformaded..degidumi d’A. sterilisel 2001, aquesta
correlacio desapareix en I'analisi amb els resigus @,097,P > 0,05). Aixo indica que
la correlaci6 era deguda a la tendéncia de les dades. No pletadetecta una
correlacio negativa entre les densitats. dterilisen qualsevol dels anys i derigidum
el 2003 Pr. rigidum 2003A. sterilis 2001 = -0,315,P < 0,001), i aquesta correlacié roman
significativa tot i la sostraccio de la tendén@@ fgidum 2003-A. sterilis 2001 = -0,323,P <
0,001). Aquesta relacié també s’observa en l'analisi del coefidentodispersié.
Aquest fenomen ens indica una relacié antagonica énterilisi L. rigidum, on
I'especie més competitivd\( sterilig en el decurs de I'estudi, desplaca progressivament

I'especie que és inicialment més abundant.

5. Estabilitat espacial i temporal de les relacions entre males herbes
i pérdues de collita en poblaments mixtes de Lolium rigidum i Avena

sterilis

Introduccid i objectius

L’estabilitat de les relacions d'interferéncia entrereses herbes i el cultiu a
diferents escales espacials (p.e. regions, camps) i temperksbase per a I'aplicacié
de certes practiques d’agricultura de precisié i la teteidlindar economic (Colviret
al., 1997). Tot i aix0, I'estabilitat de les relacions competitiveseeel conreu i les
males herbes entre diferents parts d’'un mateix camp no haessidtada. A més,
I'avaluacié de I'estabilitat de les relacions competitivesesakiconreu i els poblaments
mixtes de males herbes que tot sovint es presenten entels bal estat escassament
explorada. Només en uns pocs casos s’ha analitzat I'efecte de potdamixtes de
males herbes sobre el conreu (Hume, 1993; Pannell & Gill, 1994; Svenhtin1994;
Moechnig et al, 2003), sovint en condicions experimentals i sense parar cap mena
d’atencié a l'estabilitat d’aquestes interaccions. Aquesttaapretén: 1) establir la
capacitat competitiva de. rigidumi d’A. sterilisen poblaments naturals mixtes, en un
conreu de blat; 2) avaluar I'estabilitat d’aquestes relacionmgpetitives entre posicions
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topografigues diferents dins d'un mateix camp; 3) valorar quina egalfilitat

interanual de les relacions competitives entre aguestes males herbasreal

Material i métodes

L'experiéncia es va realitzar en una finca comercial lazalda al terme
municipal de Calonge de Segarra (comarca de I'Anoia, 41°45'32" Nord29”3#5t)
que havia estat sembrada amb blaiticum aestivuntv. Soissons) els anys anteriors i
durant la realitzacid de I'experiencia. Aquest camp presentavaopografia molt
irregular. Tota la finca pertany a un Unic sistema de drenatgeanseadrre del limit
Sud-Est cap al cantdé Nord-Oest; la textura del sol varifashea a franco-argilosa,
sense diferencies notables entre les diferents zones del tasndades de pluviositat i
temperatura obtingudes provenen de l'estaci6 de la Xarxa Agro-Méigiceo de

Catalunya més propera, a Pin6s (comarca del Solsones), a uns 7 km al Nord de la finca.

Es van delimitar tres arees de 31xmd1 m (a les quals s’hi fara referéncia en
endavant com a arees 1, 2 i 3) situades en posicions topografiquestadeasaamb
diferencies d’elevacié des del punt més baix fins de 10 metsesa g@rocurar que
aquestes arees fossin el més planes possible, tot i que @gllloamp hi havia arees
planes extenses. A meés, aquestes arees també diferien lheeigersn la inclinacio i
I'exposicié. Tot i que inicialment presentaven infestacions desigdal les dues
especies, el rang de densitats a cadascuna de les areaficezat per permetre les
analisis estadistiques.

Dins de cada area es van establir 24 quadrats de mostratge adblcostat,
equidistants 9 m en una malla regular. Aquestes unitats van seregelcefdes amb
un DGPS Ashtech G-12 (Magellan Corporation, Santa Clara, Califdo84a,) per
garantir la localitzacié exacta cada any. La densitat de mafbss va ser mostrejada a
I'hivern (7 i 8 de gener de I'any 2001, i 30 i 31 de gener de I'any 2002igidum va
ser recomptat en nou quadrats de 10 cm de costat situats adiatzde les unitats de
mostratge;A. sterilis va ser comptada en 4 quadrats de 25 cm de costat degut a la
densitat més baixa i la mida més gran de les plantules. Lagsanfeollita) de blat va
ser recollida a la maduresa del conreu (7 de juliol del 2001 i Jilidkedel 2002) en 4
marcs de 25 cm de costat.
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Per poder calcular les pérdues de rendiment degudes a les nmbks dwevan
fer mesures del rendiment potencial del blat en aquestes baeesllita sense mala
herba es va calcular a partir de 6 quadrats de 0,5 m de cogtasadésregularment dins
de cada area. Aquestes unitats van ser desherbades mitjanghcaci@ de metil-
diclofop a dosi de 712 g.i.a. haEl segon any, degut a fortes pluges després de
I'aplicacio, I'herbicida no va tenir I'efecte desitjat; pexcaes va establir el nivell de
potencialitat com el nivell maxim de collita trobat en lesaiside mostratge amb les
infestacions més baixes de males herbes i la maxima bioassaeal (Jasieniugt
al., 1999).

La relacio entre la densitat de males herbes i les perdueditievaker descrita
mitjancant la modificacié proposada per Swinttnal. (1994) del model hiperbolic

proposat per Cousens (1985)

I w

(1)

erduadecollita=—_L———
P 1+Z Lw /A
onw; €s la densitat de I'espedigel parametrd; és el pendent inicial de I'efecte de

I'especiei i A és la pérdua maxima de collita a densitats elevades de mala herba.

Les corbes de competici6 van ser estimades mitjancant el presedie
regressié no lineal. Quan la regressio no era significativa leesoan ser excloses de
les analisis subsegtients, pero si eren significatives i ianeéa de I'error era constant
entre arees, les corbes obtingudes van ser comparades pel prateine suma de
quadrats extra (Ratkowsky, 1983; Lindquestal, 1996). Aquest procediment permet
detectar si els parametres estimats son diferents petaaacea i any, €s a dir, si els
efectes de.. rigidum (I;) i d’A. sterilis(Io) s6n els mateixos entre arees i anys; i si les
pérdues totalsA) produides pels poblaments mixteAd'sterilisi L. rigidum son
constants entre arees i anys. La comparacié entre corbes efedanda primer entre
arees dins de cada any, i després entre anys, degut a quelditeagspacial a petita
escala és plausible que sigui més petita que la variabilteranual (especialment en
ambients on la variabilitat interanual pot ser molt gran, comnaltseamts mediterranis).
Si els parametres de les corbes no son significativamenem$eentre arees, les dades

poden ser tractades conjuntament per comprovar I'estabilitat dels pasemdte anys.

17



Resultats

A l'area 3 no hi va haver cap relacié entre la densitat desrtarbes i les
pérdues de collita; per aquesta raé aquesta area va ser excldea dralisis
subseguents. A les arees 1 i 2 la relacié hiperbolica entlenkitat de males herbes i
les pérdues de collita va ser significativa els dos aRys (0,0001). No obstant, la
bondat d’ajust del model descrit va ser forca diferent entreiamtse arees. L’ajust va
ser millor per a I'area 1 el primer any?(®&ustada = 0,6125) que el segoA éRistada =
0,20086), mentre que a l'area 2 I'ajust va ser millor el segon ahaj(Rtada =
0,65387) que el primer (Ryjustada = 0,38419).

Com que la regressio va ser significativa i la variancidedot va ser constant
entre arees, es van comparar les corbes de competencia eagraias d’'un mateix
any. Els resultats de la suma de quadrats extra indiquen quieacid’eompetitiu dé.
rigidum, ni I'efecte competitiu dA. sterilis ni les péerdues de collita maximes van ser
diferents a petita escala, tot i que la collita potenciaderadiferent entre les diferents

arees del camp.

Atés que no es va detectar variabilitat espacial cap dels s en els
parametres estimats, les dades d’ambdues arees van seradeslitonjuntament per
provar I'estabilitat interanual dels parametres de competéBtiprocediment de la
suma de quadrats extra indica que es mantenen constants entrefaaiesdompetitiu
d’A. sterilisi les pérdues maximes de collita; aixo vol dir que aquests paesTsEON
poc variables en funcié de les condicions ambientals. L’efecte caoimgietl. rigidum
varia entre anys, la qual cosa indica que les condicions ambiemdiBquen la seva
capacitat de competir amb el blat.rigidumva ser molt menys competitiu el segon any
que el primer. D’altra bandé, rigidumva ser menys competitiu qée sterilisa totes
les arees i tots dos anys; es pot, doncs, entendre que és un compésidelnle que no

pasA. sterilis fins i tot a densitats molt elevades.
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6. Distribucié espacial de les plantules de  Lolium rigidum deguda a

la dispersié per segadores

Introduccio i objectius

La distribucio espacial de les males herbes als conreusedstéionada amb
nombrosos factors, entre els quals hi ha I'acci6 de la maquiagrieola sobre la
dispersié de les llavors. L'efecte d’aquests factors agrondmaicie ser quantificat per
poder millorar les prediccions de l'evolucié de la mida de les pabla de males
herbes (Rewet al, 1996b; Paicest al, 1998; Wallingaet al, 2002). La modelitzacio
matematica de la dispersio de llavors pot ser utilitzada peir ppedaxes d’expansio de
les males herbes, aixi com per explicar les causes de dpersitat de les poblacions
de males herbes, i suggerir les implicacions que aixo té pergastié de les seves
poblacions (Woolcock & Cousens, 2000). El present estudi pretén: 1) mavalua
contribucié de dos tipus de maquines segadores —estandard i amb picapgata-ce
sobre la dispersio de les llavorsideigidunt 2) examinar I'efecte d’aquestes maquines
sobre el patr6é de distribucio de les llavorsLdeigidum 3) descriure el patré espacial
de les poblacions de rigiduma petita escala i posar-lo en relacié amb el tractament de

la palla que fan les segadores.

Material i métodes

Per a l'estudi de I'efecte de les segadores sobre la dismisilavors es va
realitzar una experiéncia en una finca comercial d’ordi a Eitatde Concabella (els
Plans de Si6, comarca de la Segarra, 41°40'51” Nord 1°20'6” Estystaqfinca
inicialment no presentava infestacionsldeigidum Es va dissenyar una experiéncia
d’'una factor, el tipus de segadora, i tres répliques. Es van delitreta parcel-les
(repliques) dins de cadascuna de les quals es van establir duaseldbpauna de les
quals va ser segada amb la segadora estandard (Deutz Fahr 3578H) amb aofea danpl
tall de 4,80 m, i l'altra amb la mateixa maquina pero acoblartreeanisme de picar
i esbargir la palla. Al mig de les subparcel-les es varblgstaitjancant sembra,
sengles rodals de 4 m5 m a una densitat de 6000 llavoré.ifmmediatament després

de la sega es van recol-lectar mostres multiples cadarBehsentit de la marxa de la
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segadora des de 9 metres per darrera del centre del rodal fi®smaper davant
d’aquest. Les cinc submostres que composaven cada mostra multyzla psendre
perpendicularment al sentit de la marxa, una centrada amb |'éaxsggadora y dues a
cada costat separades per un metre. A cada submostra es Vectacalins de quatre
marcs de 10 cm de costat tot el material vegetal dipositatsaperficie del sol. El
recompte de les llavors de cada submostra es va fer per gagmam condicions

d’hivernacle.

La redistribucié de les llavors en la direccio de la marxéadeegadora va ser
ajustada a una funcié composta per una funcié normal i una exponencial negativa
descriuen respectivament l'alliberament en massa de la majeriles llavors poc
després de ser recollides per la segadora (el paramdtaguesta funcio representa la
posicié de l'alliberament en massa) i la lenta deposicio @l que estan sent
processades per la segadora (el paranfaepresenta I'invers de la taxa d’alliberament
de llavors, i implica la capacitat de transport longitudinal de llavors). La
redistribucié en la direccié perpendicular va ser descrita perfun@d de Cauchy
centrada en I'eix de la segadora; el parametre de fedtauesta funcidé representa el

grau de concentracio de les llavors amb el residu —palla i goll- de la collita.

L'ajust de les funcions va ser realitzat mitjancant regbassilineal per minims
quadrats. La comparacidO entre segadores va ser portada a terjaacanit
I'aproximacié de variables indicadores (Netet al, 1990), que permet testar
directament si la diferéncia entre els parametres atimper cada tractament és

significativament diferent de zero.

La descripcio i I'avaluacio de la relacié entre el patradposicié de la palla
després de la sega i la distribucio de les plantulds dgidumva ser portada a terme
en una altra finca. Es va seleccionar un camp de Tigic(m aestivuntyv. Soissons)
amb elevada infestacio natural Iderigidum al terme de Calonge de Segarra (comarca
de I'’Anoia, 41°45’32” Nord 1°31'29” Est). Es van seleccionar quatreepéas de 10 m
x 10 m per tenir representacio d’arees amb diferents densitat@ fer un seguiment
de la deposicio de la palla i la densitatldeigidum seguint una xarxa regular de 21
files x 21 columnes, amb 441 punts de mostratge equidistants 0,5 metres. Aquestes

parcel-les van ser mostrejades I'estiu del 2001, I'hiverrsiiliedel 2002 i I'hivern del
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2003. La presencia de palla es va avaluar després de la segmamé dades binaries
(preséncia o absencia) i les plantuled_deigidum van ser comptades en marcs de 10
cm de costat. En les analisis només se’n van emprar les dattes de les parcel-les
perqué una de les parcel-les era molt a prop del marge del tasggiadora va passar
dues vegades per sobre de manera que la presencia de lopadiaesponia amb la

deposicio original.

Les relacions entre la deposicio de palla i la densitat déufgardel. rigidum
es va realitzar mitjancant l'analisi de la semivarianbéa dades binariesn¢licator
semivariancg autosemivariancia si s’analitza només una de les duesblearia
semivariancia creuada si s'analitzen les dues variablesaalAguesta analisi es va
utilitzar per descriure el grau de dependéncia espacialsdeal@éables (presencia de
palla i densitat dé. rigidum) i el grau de dependencia espacial entre elles {paHa

pallaanys, pallanyo-plantulesny,, plantulesnyo-plantulesgnys).

Resultats

Les maquines segadores tenen un paper molt important en la dispelsg de
llavors deL. rigidum Les segadores poden transportar les llavols dgidumfins als
18 m en el sentit de I'aveng; a més hi ha una fraccié importaleisdéavors que son
propulsades enrera, especialment en la segadora amb picadora. heigpsdavors a
les mostres més allunyades del rodal indica que la dispersiarjimar a distancies
encara meés llargues. La dispersid.deigidum per segadores és superior a la d’espéecies
del genereBromus (Howard et al, 1991), perdo no tan eficient com Ranicum
miliaceumL. (McCanny & Cavers, 1988), les llavors del qual poden arribar andists
superiors a 50 m. Les diferencies entre espécies poden seaéepliger la diferent
fenologia de les especies i per la mida de la cariopsi. Lesiesmiel gener8romus
retenen poques llavors en el moment de la collita i son llavorsseg0s en
conseguencia rapidament expulsades per les segadorediaceumambé reté poques
llavors en el moment de la collita, pero les seves llavors )séa petites i en
conseqguencia poden quedar retingudes a la maquinaria amb facilitggidum en
canvi, reté la majoria de les llavors fins al moment deetgasde manera que moltes

d’aquestes llavors son dispersades per les segadores.
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Els dos tipus de segadores presenten un patré de redistribucié evdes
similar, amb una acumulaci6 maxima de llavors propera al focugpokmio de la
maxima acumulacio varia significativament en funcié de la segader®(059 per a la
segadora estandargii= -1,277 m per a la segadora amb picadora). L’acumulacio de la
major part de les llavors molt a prop del focus indica que I'adeifes segadores té
poca importancia per a I'estabilitat dels rodals. No obstantgteg no hi ha diferencies
significatives entre maquineg € 7,445 per a la segadora estandgsdi3,124 per a la
segadora amb picadora), la taxa d’alliberament de llavors a angser avanca la
segadora condiciona fortament I'expansié dels rodals. Com que aquesta ta
d’alliberament de llavors és relativament baixa, es produeiegukts esteles de

llavors, que impliguen una forta expansio dels rodals.

La dispersio en la direccié perpendicular al moviment de les segaédsiforca
limitada. La redistribucio lateral a totes dues segadores prodnaixacumulacio de
llavors sota la linia central. Pero existeixen diferéneiese les dues segadores; la
distribucié de les llavors de la segadora amb picadora és menysdapuat@ab més
llavors dispersades cap als costats 0,455 per a la segadora estandard 0,694 per
a la segadora amb picadora). Com que la diferencia entre untipalgele segadora rau
en el processament que fan de la palla, aquesta diferénciaestistaibucié de llavors
indica que hi ha una fracci6é important de les llavors que és dispersada amép. la pall

Pel que fa a I'estructura espacial a petita escala, paflemar que la deposicio
de palla i la densitat de rigidumes correlacionen tant en la direccié del moviment de
les segadores com en la direccié perpendicular a I'anterioes Taties variables
presenten un patr6 comu de variacio, amb una pauta gradual dincrement de
I'autosemivariancia en la direccié paral-lela al moviment deségyadores, i una pauta
periodica, amb pics cada 4 m, en la direccié perpendicular. Alenégmivariancia
creuada entre la preséncia de palla i la densitat de lglameL. rigidum presenta els
mateixos patrons de variacio, gradual i periodic, tot indicant eakenent totes dues
variables, preséncia de palla i densitat. dagidum comparteixen I'estructura espacial,

| per tant una causa comuna.
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7. Modelitzacié de la dinamica espacial de  Lolium rigidum en camps

de cereals

Introduccio i objectius

Els estudis de dinamica de poblacions de males herbes que rgbhansitats
mitjanes no poden explicar la dinamica espacial de les poblagiansGroenendael,
1988; Wallinga, 1995). A més, les prediccions poden ser molt diferentesde |
realitzades sense tenir en compte la component espacial. Dipersessos, com ara la
dispersié de llavors, la dinamica intrinseca de les poblaciangienso-dependéncia i la
component estocastica en els processos demografics i de dispBusixen sobre la
dinamica i I'estructura espacial de les poblacions de maldedeEn aquest treball
s’ofereix una visié sintética dels efectes de la dispersio, pelsessos denso-
dependents i I'estocasticitat demografica i de dispersio solatiedanica i I'estructura
de poblacions deolium rigidum una mala herba anual molt abundant en els camps de
cereals del Nord-Est de la Peninsula Iberica amb un bancwibesllao persistent,
mitjancant un procés de simulacié basat en el cicle vitas icaracteristiques de la
dispersié. Aquest estudi pretén establir: 1) fins a quin punt elslsnodespacials de
dinamica de poblacions ofereixen una mesura fiable de la dinamicarggdum 2)
quina és la taxa d’expansié derigidumen els camps de cereals i si aquesta taxa depen
de la gestio que se’n faci; 3) quines implicacions té la gesiice 4’estructura espacial

delL. rigidum

Meétodes

Estructura del model

Per conéixer I'efecte del canvi dels parametres demografictgesddiferents
practiques de gestid i el comportament estocastic dels procgssugyrafics, es va
dissenyar un model espacial basat en un model del cicle vitalrdgdum publicat per
Gonzélez-Andujar i Fernandez-Quintanilla (2004). En aquest model esclanre,
amb algunes modificacions, els processos de dispersié de llavorspriadtria

(barocora) com secundaria (per l'accié de la segadora), edizats per Blanco-
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Morenoet al. (2004). D’altra banda, també es va incorporar I'efecte estoc@stels

processos demografics segons I'aproximacio de Perry i Gonzéalez-Andujar (1993).

Totes les simulacions van ser portades a terme en un “camp” hanoogelrat
de 50 mx 50 m, dividit en cel-les de 0,5x0,5 m (10201 cel-les en total). Les plantes
no van ser tractades individualment siné que van ser sumades i assignagtup a la
coordenada del centre de la cel-la a la qual corresponen. El prosiésutieié va ser
iniciat amb 10 plantules en la cel-la central —coordenades (0,0a#tirade les quals es
calculen els adults. La produccio de llavors a la cel-laléslada a partir de la densitat
d’adults i de la seva fecunditat, que és una funcié depenent de ldeseit. A partir
de la produccié de llavors es calcula la quantitat que queda disppeitdea dispersid
després de les perdues per predacié. Les llavors que hi romanen persadies
mitjancant la generacié d’'un conjunt aleatori de distancies dla@da distribucié de
frequencies descrita per Blanco-Moregtoal. (2004), que son les que defineixen, junt
amb la posicié de la cel-la de la planta mare, a quina cel-lkdehser incorporades. Un
cop a la cel-la de desti, aquestes llavors s’'incorporen aldealt&vors, a partir de les
quals s’originara la poblacié de plantules de la seguent iteracié del modelutBcgm

Simulacions

En aquest model s’inclou I'efecte de diverses practiques deotogtre regulen
d’alguna manera o altra els processos demografitsrigidum Les diferents tactiques
de control simulades en el model sén I'endarreriment de la sefopbearedueix el
percentatge efectiu de llavors del banc que s’estableixeracoidntules); I'efecte de
I'establiment de conreus competitius o0 amb elevada densitatdid’aubletal dels
herbicides (que redueixen la fecunditat dels individus); i laucapde llavors en el
procés de collita mitjangcant segadores (que redueix la quantitavdies que arriben a
incorporar-se al banc de llavors). D’altra banda, el cicle conwealcde cereal continu
pot patir una disrupcio mitjancant la intercalacio d’un any de guguetdegut al regim
de llaurades redueix molt el percentatge de plantules queraaribestadi adult i trenca
el cicle d’expansié dels rodals degut a que no hi ha I'accié deetgdores sobre les

llavors.
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El valor dels diferents parametres del model utilitzakssasimulacions va ser
obtingut a partir de diferents treballs publicats sobre la b@ogi control i els
mecanismes de dispersié de rigidum (Matthews, 1996b; Matthewst al, 1996a;
Taberner, 1996; Walsh, 1996; Fernandez-Quintamtlaal, 2000; Navarreteet al,
2000; Walsh & Parker, 2002; I1zquier@s al, 2003; Monjardincet al, 2003; Blanco-
Moreno et al, 2004; Gonzélez-Andujar & Fernandez-Quintanilla, 2004). Cada
combinacio de parametres es va simular 5 vegades per tal deecdmeariabilitat dels
resultats. Els valors corresponen a la mitjana de les 5 siondad.es simulacions van
ser iterades 30 vegades (corresponent a 30 anys a partir de lazaolGphisense

variacio en els valors dels parametres entre iteracions.

La sensibilitat del model al canvi en el valor dels paraseta ser calculada
mitjancant el metode establert per Pannell (1997). Aquest autor prept=ilar la
sensibilitat del model com la diferéncia entre la respostenddel amb el valor maxim
del parametre i la resposta del model amb el valor minim que guudrerel parametre,
estandarditzada per la resposta del model amb el valor makpardenetre (és a dir, el
grau de variacié que hom pot esperar dins dels limits estalserts yariacié del valor
del parametre). La sensibilitat del model va ser calculada [gevariacioé de la densitat

d’equilibri.

Resultats

Els resultats dels processos de simulacio indiquen que la pobleiGeguint
una corba sigmoide, pero la mida de les poblacions requereix moltem@s per
estabilitzar-se que no pas allo que prediu un model no espaciamAigix, el model
espacial prediu, per un temps determinat, densitats de poblacié ixés dpae el no
espacial mentre no s’arriba a la densitat d’equilibri. La derdsgguilibri depen de les
practiques de control imposades en el cicle vital.degidum, perd no del procés de
dispersio. Només a fecunditats molt baixes (i per tant a densiéapoblacié molt
baixes), I'efecte conjunt del comportament estocastic de lagodbla dispersio de les
llavors afecta de manera substancial la densitat d’equdibla poblacié. La densitat de
poblaci6 es manté per sota del nivell predit pel model no espamiath un

comportament erratic i aciclic (caotic), sense un increment acusatededcupada.
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La densitat de poblacié sense cap mesura de control imposaddchs étal és
de 2318,65 llavors M aquests nivells de poblacié sén molt elevats i poden causar
importants perdues de collita si no sén convenientment gestionatsndihilgat del
model de simulacié a la variacid dels diferents parametremglafics és diversa.
Només aquells parametres que actuen directament sobre la pdodiecdlavors
(fecunditat) o les pérdues de llavors abans de la seva incorfpatasanc de llavors
(pérdues per predacid) repercuteixen de manera significativaa emida de les
poblacions a llarg termini. La germinacié i I'establiment deplastules tenen un efecte
molt limitat sobre la mida de la poblacid, ja que I'efecte alevadriacié d’aquests
parametres es veu ampliament compensada per la resposta, depenent datladédas

fecunditat dels individus.

L'efecte de les diferents practiques de gestidé de les pohkdel. rigidum
tenen també resultats diversos segons a quina part del cidle rigdum afectin.
Algunes de les tactiques de control imposades individualment eondsdl mrovoquen
reduccions importants de la mida de les poblacions (aplicacié i 90.9%;
establiment de cultius competitius: 52.4%; captura de llavors: 57 .B&kembra
tardana, pero, falla en el seu objectiu final, que és reduimel dm llavors abans de la
sembra (es produeix un increment del 3.58%) tot i que resulta efestlaareduccio de
la poblacié de plantes que s’estableixen i competeixen amb el détmanera que es
redueixen les péerdues de collita. L’establiment d’'un cicleotiio biennal entre guaret
i cultiu del cereal fa que també es doni una important reduccidatel dee llavors
durant I'any de guaret. Aixd minimitza les perdues del conreu de $agyent, pero
durant I'any de cereal, si no hi ha control de les poblacionis dgidum, es produeix

un gran increment dels efectius.

La combinacié de diferents técniques de gestio de les poblacidnsidgelum
resulta més beneficiosa que I'aplicacié de tecniques individlds. exemple,
I'establiment d’'una estratégia on es combinin els herbicides ja duosi, la sembra
tardana, els conreus competitius i la captura de llavors duraotlila, pot reduir les
poblacions dd.. rigidum en un 95.14%. La combinacié només de metodes culturals,

com ara el cicle biennal de guaret més la sembra tardandesiabliment de conreus
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competitius, poden reduir un 92.2% les poblacionk. dgidum segons els resultats del

nostre model.

Tot i aix0, totes les practiques es mostren poc o gens efeetilagestriccié de
I'expansio de la poblacioé de rigidum L’ocupaciéo completa del camp es dona en un
periode entre 14 i 20 anys per totes les practiques individuals dé, gestepte
I'establiment d’'un cicle biennal guaret i cereal. Aquest ciclental endarrereix
I'expansié del rodal dé.. rigidum degut a que durant I'any de guaret no hi ha la
dispersié a gran distancia de les segadores i perquée a més leigpeblael-les amb
pocs individus sovint s’extingeix. Els programes integrats de gesl&s gblacions de
L. rigidumtambé limiten en certa mesura I'expansio del rodal, encarageviten la

completa infestacié del camp amb el temps.

8. Conclusions generals

A continuacio s’enuncien les principals conclusions d’aquest trehal s’han
fet explicites a les discussions en anglées dels diversos sagétdd Tesi. De manera
general, la gestio espacial i temporal de la variabilitat deapuits mixtes deolium
rigidum i Avena sterilisen conreus de cereals té un gran potencial d’aplicacié @ractic
No obstant, determinades caracteristiques de I'estructura aspades poblacions, de
les relacions competitives amb el conreu i dels mecanismessgergid podrien
suposar un obstacle a I'hora d’aplicar técniques d’agricultugaretgsio amb garantia
per a totes dues espeécies. Les dues espéecies tenen patragidendtributs del cicle
vital diferents, i aix0 comporta que les possibilitats d’'una gesti@rdeisié siguin

diferents per a cadascuna d’elles.

1-L’analisi de la distribuci6 espacial d’'una mala herba en una ctahanvense
en un determinat moment i escala no ofereix una explicacié deviaestructura i
dinamica espacial. L'analisi de I'estructura espacial erélifts escales, de I'estabilitat
espacial dels rodals, i I'analisi conjunta de les principalscespél’'una comunitat
arvense poden ajudar a superar algunes de les deficiencies deis attotporals

monoespecifics.
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2—L’estructura de les poblacions de rigidum i A. sterilis a gran escala és
diferent de la que presenten a petita escala; aix0 indicalgudactors que incideixen

sobre I'estructura espacial de les poblacions varien en funcié de I'escala.

3-A. sterilis mostra una estructura espacial constant a escala de camep senc
amb rodals ben definits i estables. Aquestes caracteristigmssitueixen una base
solida pel disseny de tractaments localitzats de les seveacpoidl en camps de
cereals. En canvi, I'estructura espacial de les poblaciohsritgdum és poc definida i
temporalment inestable. Aquestes caracteristiques suposen un olssiacke pel

disseny de tractaments localitzats de les seves poblacions.

4-A. sterilispot reemplacal. rigidumen poblaments mixtes de camps de blat si
no hi ha Il'aplicacié6 d’herbicides. En aquells llocs on les poblaciods sierilis
persisteixen al llarg dels anys poden arribar a substituir lesriggdum, degut a que la
capacitat competitiva 4. sterilisés més gran que la derigidum

5-L’efecte competitiu dé. rigidum sobre la collita del blat és estable dins d'un
camp, independentment de la posicié topografica. No obstant, la capanitaetitiva
de L. rigidum pot variar molt entre anys consecutius, en funcié de les condicions
ambientals durant I'estacié de creixement. L'efecte competith. sterilis sobre la
collita del blat és estable entre posicions topografiquescairi entre anys dins d’'un

mateix camp.

6— A. sterilisés més competitiva que rigidum enfront del conreu, i aquesta
relaci6 es manté estable entre anys i entre posicions topograficuesarcada
estabilitat de la competitivitat A’ sterilisfa que sigui més adequada per a un escenari

d’agricultura de precisié que no pasrigidum

7—Les segadores poden transportar les llavots dgiduma llargues distancies
(més de 18 m), encara que aquest fenomen es poc rellevant per a I'eddelslitatials,
perqué la distancia modal és propera a zero metres independentinépusiele
segadora (estandard o amb picadora de palla) que s'utilitzilpesega del cereal. Els
rodals no es desplacen per I'accié de les segadores. No obstargl an@yiment a
llarga distancia d’algunes llavors afavoreix I'extensié dels ragdalis conseqiencia, la

infestacié de camps sencers.
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8-La forma de les corbes de dispersié per l'accid de les segapermet
suposar que I'expansio dels rodalsldeigidum té lloc mitjancant un front tancat que

es mou amb una taxa anual constant, sense I'aparicio de poblacions “filles’saillade

9-La dispersio de les llavors Herigidumper les segadores comporta I'aparicio
d’'un patré espacial periodic a petita escala. Les segaddalisfribeieixen una part de
les llavors dd.. rigidum barrejades amb el goll i la palla de manera que es genera un
patré en bandes paral-leles de plantules, amb una alternanca dedeledesla i de
baixa densitat que sovint es pot observar en els camps de cee=aliaviors dA.
sterilis no es dispersen amb les segadores degut a que la majorialldeolesss’han
incorporat al banc de llavors abans de la collita del cereatpeseqiéencia les seves
poblacions no presenten cap patré en bandes paral-leles a petita escala.

10-La llaurada i el banc de llavors residual d’anys anteriors ruieafale
manera important I'estructura espacial de les poblaciohs mgidum, com demostra la
forta concordanca espacial entre la deposicio de la pallatdareollita i la densitat de

plantules.

11-La gestié dels residus de la sega té un gran potencial pertral clenles
poblacions dd.. rigidum en camps de cereals. La captura del goll amb mecanismes
especialment dissenyats pot constituir una bona estratégia per leedwiantitat de
llavors que s’incorporen al banc i, en consequencia, reduir la formacio d'aetasada
densitat, que afavoreixen la persistencia dels rodals, tot ickayd d’herbicides. No
s’ha d’oblidar, pero, que hi ha una fraccié important de llavors qudispersades amb

la palla i per tant no poden ser controlades mitjancant la captura del goll

12—La incorporacié de la component espacial als models demografics de
dinamica de poblacions de rigidum no afecta la densitat d’equilibri. En canvi, els
models no espacials de dinamica de poblacions tendeixen a sobreestimar
sistematicament la densitat mentre no s’assoleix la ded&iguilibri. EIs models no
espacials prediuen taxes de creixement de poblaci6 més elevadeseair en compte

la migracié de llavors entre zones d’'un mateix camp.

13—EI model de dinamica espacial prediu una elevada variabilitatpelacio

deL. rigidumen I'espai, amb la formacioé de bandes d’elevada densitat iadesaamb
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bandes de baixa densitat, semblants a les que es troben de mamafa&natls camps
de cereals. Les bandes depenen de la dispersio de llavorsspgatiora perd no de la

densitat de la poblacié de I'any anterior.

14—El model de simulacié de la dinamica espacial no explica icajpale nous
rodals isolats que sovint es detecta en els camps, degut a queésl geadispersio €s
continu en l'espai. Els nostres resultats suggereixen que lai$agsgacial i temporal
dels parametres demografics, aixi com la variacio de I'eficéei les practiques de
control de males herbes, han de jugar un paper fonamental en irestdablde
distribucions espacials agregades en rodals. L'efecte d’aquestxid&vasispacial i
temporal sobre la dinamica espacial de les poblacions ha dstsdiada en detall per
comprendre la distribucié en rodals que s’observa en condicions naturals.

15— El model de simulacié de la dinamica espacial prediu una expapgié a
tot el camp de la infestacié de rigidum en pocs anys, quasi independentment de la
gestio que s’hi faci. Aixo indica que la taxa d’expansié no depéndintagrafia de la
poblacidé, siné6 solament dels mecanismes de dispersi@. déggidum Només les
practiques que minimitzen el moviment de llavors, com ara |'estabti del guaret, o
aquelles practiques que redueixen drasticament (més del l@5§apantitat de llavors
que s’incorporen al banc de llavors poden endarrerir I'expansio. L’Unexaenan
efectiva de restringir I'expansio dels rodalslderigidum és el disseny de practiques
que disminueixin la distancia de dispersié alhora que redueixin la @hatisiponible

de llavors.
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General introduction

1. Introduction

1.1. Motivation

Weeds are an important element in cropping systems because theydoea
crop yield and if no action is taken they will reproduce and threfaieme crops.
Nowadays most cropping systems mainly rely on the use of herbicides) afe
generally reliable and relatively cheap. Investment on herbicides irttasased
constantly since their appearance; from 1960 to 1990 the relativeniagreeof
herbicide sales over those of other pesticides (i.e. mainly fungiaitsnsecticides,
see Table 1) rose from 20% to 45%, and by 1990 world investment in hesbwab
about 12600 billion US dollars (Zimdahl, 1999). However, the increasing use (and ove
use) of these products has led to greater environmental sideseffeaddition, the
public is concerned about herbicide use, particularly issues regardingdifmty, water
quality, and safety for those handling herbicides and also their efie¢tee ecosystem.
Therefore, new agricultural management practices should aim to radduieides in

order to lower their environmental impact and minimise crop yield loss.

Table 1 World sales of crop protection products, 1960 t8Ql9vith 2000 estimated in billions
of dollars (Hopkins, 1994)

Pesticide 1960 1970 1980 1990 2000
Herbicides 160 918 4,756 12,600 16,560
Insecticides 288 945 3,944 7,840 9,360
Fungicides 320 702 2,204 5,600 7,560
Other 32 135 696 1,960 2,520
TOTAL 800 2,700 11,600 28,000 36,000

Precision agriculture, which advocates the reduction of agricultysats (e.g.
herbicides) is gaining increasing attention. According to Pierce andalN¢®999)
“precision agriculture is the application of technologies and principéesnanage
spatial and temporal variability associated with all aspects of adfucal production
for improving production and environmental qudlityHowever, successful precision

agriculture depends on the accurate assessment of variabilitytsagealuation and
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management in space and time. The potential for economic, environmahteb@al
benefits of precision agriculture are largely unrealised becdlse space-time

continuum of crop production remains to be addressed adequately.

1.2. The benefits of managing within field spatio-temporal variability

Cropping systems do not have homogeneous properties across space nor do they
behave the same way every year. Weed presence within fields &nretception.
Weed scientists are particularly interested in the weed pégtibution since this could
provide the key to making herbicide use more rational and environmeratdlyhMany
researchers have hypothesised about the benefits of applying theidesrimnly on
weed patches (Heisedt al, 1997; Lutman & Rew, 1997; Paice & Day, 1997,
Christensen & Heisel, 1998; Gerharesal, 2002; Jurado Expositet al, 2003) or
adjusting the active ingredient and dose of these products in acatdaneed species
and density (Forcelleet al, 1993; Dielemanet al, 1999; Faechneet al, 2002;
Gerhardset al, 2002). These practices constitute site-specific weed manageiment
other cases, measures may focus on those areas that surpassnaesel of weed
pressure, mainly a threshold density (Cousens, 1987; Coble & Morteh368,;
Wallinga, 1998; Swantoet al, 1999) that defines (in conjunction with crop value) the

amount of area to be sprayed.

However, these management practices imply the extra costs surveying,
modelling and managing variability with precision. Clearly, the manageroént
variability should not surpass the potential gain from these practices (&pi&£3).

The cost-benefit balance of site-specific management has beéiedstfor
several cropping systems (Paice & Day, 1997; Patcal, 1998; Barroso, 2004). In
general, the smaller area infested by weeds and the lower the noimteches, the
greater the benefit. However, there are also other consttaitiie use of site-specific
weed control. In this regard, these authors have also pointed ouhéhling-term
output from these practices can be affected by seed dispersaleatainporal stability
of weed patches. In more general terms, as stated by Pierce amdk KI899) it is
easier to manage parameters with high spatial dependence andriparakvariance

than vice versa Therefore, the conditions required for feasible site-specigedwv
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management depend on spatial variability and stability of the managparanteters

across years.

1.3. Assessing variability

Several studies have analysed spatial variability and modelled péal s
dependence of weed populations (Wigsal, 1992; Mortenseset al, 1993; Cardinat
al., 1995; Cardinat al, 1997; Dieleman & Mortensen, 1999; Gonzalez-Andéjaal,
2001a; Rew & Cousens, 2001; Faechner & Deutsch, 2002; Wiles & Schvwaiper,
Jurado Expositcet al, 2003) as a first step for the implementation of site-specific
management. Spatial variability modelling has been used mainly draetaifed maps
from data obtained from coarse sampling. Researchers have appbsthtistical
techniques (mainly analysis of semivariance and kriging, which are thewnost
widely used) to describe weed variability. They have also applied agistiss to
redesign sampling methodologies in order to (theoretically) reduceoptidhise
sampling effort (Wiles & Schweizer, 2002), and to assess the aimtgrin the decision
making process (Wilest al, 1993; Faechneat al, 2002).

Weeds, in spite of the continuous application of herbicides, remainnpriese
crops. However, the main concern of Weed Science is not so muchntperaé
persistence of weeds but the temporal consistency of patches. Aradlysted patches
from previous years allows to map them once and then treat duringltbeirig
seasons (Wilson & Brain, 1991; Gerhaedsal, 1997b; Dieleman & Mortensen, 1999;
Colbachet al, 2000a; Barroset al, 2004) expecting them not to escape from the

mapped area.

Furthermore, spatial analysis offers further advantages. Thelsmatig@onent
of data has been seen in ecology both as a trouble to analysessawadyato increase
the variability explained by models (Legendre & Fortin, 1989; Legendre, 1993)
allows the interpretation of spatial patterns of organisms, oémve@onmental factors
with which they interact and of the joint spatial dependence betwg@amisms and
their environment (Rosst al, 1992). Therefore, researchers should now focus their

efforts on elucidating the biological and ecological traits oédgethat lead to patchy
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distribution and patch stability (or temporal consistency). These atatl help to

establish the feasibility of site-specific weed management.

1.4. Modelling spatio-temporal variability

In terms of biology and ecology, it is paramount to understand the spatial
dynamics of weed patches (Cardieqal, 1997). Moreover, a precise description of
weed distribution within fields is crucial for management purposesta produce
realistic models (Rew & Cousens, 2001). It has been postulated that seedabl(&maws
et al, 1996b; Colbach & Sache, 2001), farm management (Cawmtinal, 1997;
Dieleman & Mortensen, 1999; Marshall & Brain, 1999; Colbathal, 2000b),
interaction with the physical environment (Andreasen & Streibig, 199uslEi& &
Nordmeyer, 1995; Heisatt al, 1999) and interaction between species (Johnson &

Mullinix, 1995) are factors that affect weed dynamics and contribute to pagshine

An analysis of spatial variability and its evolution using appropsgaéstical
tools at suitable scale of resolution should provide valuable infmmanh the factors
that contribute to determining weed distribution. Several studies aaweessed the
effect of sampling scale (and design) on the description of spatialbility of weed
populations (Rew & Cousens, 2001; Cousenhsl, 2002). To understand the spatial
population dynamics, the sampling resolution must be appropriate to thenisetha
involved and the specific objectives to be achieved (Rew & Cousens, 20p0ajches
coincide with variation in edaphic variables over dozens of meteesappropriate
sampling interval should be more or less the same scale. Howeweersely, only
mechanisms that act at that scale or greater are detétCtdte pattern is to be
determined by phenomena acting at metric (or submetric) scale,ntben closer

sampling distances are required.

However, the temporal stability of spatial distributions should not be
overlooked. Most spatial studies consider only the distribution of waealsingle time
point (cf. Rew & Cousens, 2001), but few assess the spatio-tem@duiditysof patches
(Chancellor, 1985; McCanngt al, 1988; Wilson & Brain, 1991; Johnsat al, 1996;
Walter, 1996; Gerhardst al, 1997b; Colbaclet al, 2000a; Barroset al, 2004). The

displacement of some species is small, whereas others show sadderexpansions,
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fluctuations at patch margins, colonisation of previously non-infestts fietc. These
observations indicate that a detailed study for each speciegusegk elucidate the
dynamics of weed patches. Information on these dynamics and the efffiects
management practices would allow us to predict the stability orneigpa of weed
populations.

1.5. The analysis of weed communities

Until now we have referred to “weed” as a general term. Howeveszds tend
to form mixed communities, whose composition depends on climate, soil
characteristics, and crop and tillage history. Weed communitiesstofs number of
species that differ in life-history traits (i.e. competitivenetispersal mechanisms) and
interact in complex ways. The outcome of interactions may lead tbypdistribution.
Thus, the analysis of the distribution of all weeds in a communityoavide a realistic
insight into spatial and temporal patterns. The results from thedes could also be

extrapolated to similar but unstudied species.

In addition to interactions within and between weed species, weedsalpete
with the crop, which is (supposedly) genetically homogeneous and is (supposedly)
seeded in an almost regular pattern throughout the field. However, &lopiginot
homogeneous across the field, and neither is the output from compettiiiaebecrop
and weeds. Many precision farming scenarios are based on the assuaipdiable
yield pattern within a field (Colviret al, 1997). Yield may be highly dependent on
many environmental factors, such as soil water holding capacity,tesdilire or
structure, nutrients, etc. (Eaat al, 2003; Tayloret al, 2003). Furthermore, crop yield
can vary over years, depending on the weather, the time of seeding, ¢heftim
fertilisation, etc. (Joernsgaard & Halmoe, 2003); consequently alsoutpeit from

competition with weeds can vary over years.

Those interested in establishing precision farming practices cstibatefore
study the level of spatial and temporal variability of the competitelationships
between the crop and the weed community. The stability of theseomslaps is the

complement to yield stability for the establishment of succegstdision farming
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practices. When weed density—crop yield relationships are not stdbie a field, all

efforts to produce models will be ineffective.

1.6. The role of seed dispersal on spatio-temporal variability

Some life-history traits of weeds may explain the persistefgatches across
years. On the one hand, this stability is enhanced by a persistehbank (Mortensen
& Dieleman, 1997, 1998; Dieleman & Mortensen, 1999) and pre-harvest seethghedd
with no special mechanism for long distance dispersal (Baebsb, 2004). On the
other hand, a transient seed bank and the capacity to disperse langedistan lead to
patch instability, the rapid generation of new patches (McCahmy, 1988; Zhang &
Hamill, 1998) and the expansion of those already established (Batlaaé 1987b;
McCanny & Cavers, 1988; Gherstal, 1993).

If seed dispersal processes have a notable effect on the tspapioral
distribution of a given weed, then the contribution of secondary dispersal bylagal
implements should be determined. Weeds are embedded in a “crop nlagre’the
crop matrix might be understood as the field itself, not the vegetape@nent only),
which is affected by many agronomic operations, like ploughing, seed bed figpara
herbicide application and harvesting. Combine harvesting promotes ttespapad of
weeds (McCanny & Cavers, 1988), thereby causing patches to extend witlhéng Ba
al., 1987b; McCanny & Cavers, 1988; Howaad al, 1991) and between fields
(McCanny et al, 1988). However, the spatial variability of weed populations have
rarely been related to combines (Dieleman & Mortensen, 1999; Co#bath2000a).

1.7. The use of simulation models

The evaluation of the effect of field management on intrinsic popusation
dynamics, taking into account both the space and time components, may delaekter
understanding of the long-term population dynamics of weeds in fields amgroved
weed control. However, this evaluation usually requires vast amount ofodata
herbicide efficacy, weed—crop interference and weed population dynasmicsy, in
most cases, are not available. Moreover, the acquisition of thesésdiifficult, it is

almost impossible to set up field experiments for an evaluatiorhisf nature. A
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widespread alternative to the long-term experimentation is to adelsnof population
dynamics to evaluate the output from weed control programmes (Firb&&tinson,

1986, 1987; Cousens & Moss, 1990; Gonzalez-Andujar & Fernandez-Quintanilla, 1991;
Gonzélez-Andujar & Fernandez-Quintanilla, 2004). These models alsoatémrihle
spatial dynamics of particular weed species (Balidrél, 1987a; Perry & Gonzélez-
Andujar, 1993; Wallinga, 1995). Models offer a synthetic insight into Kedylioutput

of long-term population dynamics without costly field experimentation atttbut the

uncontrolled variability that field trials intrinsically imply.

The use of mathematical models in spatial population dynamicgpdsvarful
tool for the description, analysis and prediction of the evolution @dwmpulations
(Pacala & Silander, 1990; Gonzalez-Andujar & Perry, 1995), and theyakdso for
assessment of the effects of changes in demographic parametbes randel results.
This implies that the life cycle stages or management peactitat have a stronger

effect on the global output can be identified.

2. The species choice

This Thesis focuses on two weed species that are very common imddcgleeal
crops. We chosAvena sterilid_.* andLolium rigidumGaudin, both annual grass weeds
that grow in cereal and other non-irrigated crops, and in disturbedrgfuti@bitats
(Bolos & Vigo, 2001). Although these two plants are native to theitetfednean basin,
they have become important weeds in many other regions with a Madéarn climate

(Martin, 1996). Both weeds are particularly problematic for deceaps (whether

L A. steriliscomprises two subspecies in the North East ofrSfaisterilisL. ssp.ludoviciana
(Durieu) Gillet et Magne —not ssludoviciana(Durieu) Nyman— and the typical subspedesterilisL.
ssp.sterilis) the distribution of which in this territory is hwell understood. It seems that the subspecies
present in most part of the cereal fields of thexiin Peninsula i8. sterilisssp.ludoviciana However, it
seems to be rare in the North East where thersmeeimens belonging tA. sterilis ssp. sterilis that
penetrate into the cereal fields. Further studiesn@eded with regards to the actual distributibhath
subspecies. In order to avoid confusing or errosame of one name or another, we've decided to keep

throughout the Thesis the usefofsteriliswhether it is one subspecies or the other.
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barley or wheat), and many attempts have been made to charatttersampetitive
ability against wheat, but always separatelylforigidum (Forcella, 1984; Dowling &
Wong, 1993; Lemerleet al, 1995; Lemerleet al, 1996; Taberner, 1996; Cousens &
Mokhtari, 1998; Lemerlet al, 2001; Izquierdcet al, 2003) andA. sterilis(Martin et

al., 1987; Balyanet al, 1991; Torneret al, 1991; Gonzalez-Andujar & Fernandez-
Quintanilla, 1993; Dhimeaet al, 2000; Dhima & Eleftherohorinos, 2001; Gonzélez
Ponce & Santin, 2001). The spatial structure of the populations of theseeteds has
been not studied in depth, and only a few authors have included them in meral ge
studies of spatial structure (Gonzalez-Andujar & Navarrete, 198&blet al, 1999;
Shirtliffe et al, 2002; Barrosaet al, 2004). Dispersal behaviour has been reported for
A. sterilisand very similar species (Gonzéalez-Andujar & Perry, 1995; Sterdif al,
2002), but not foL. rigidum Therefore, the dispersal behaviour of the former was not
analysed here and the population evolution simulations under distinct mearage

practices were performed far rigidumonly.

2.1. A brief description of the study species

L. rigidum Gaudin is an annual grass weed belonging to the Pooideae
(Festucoideae) subfamily (Dahlgrehal, 1985), tribe Poeae (Tutet al, 1964). Plants
are highly variable in size and appearance, and are generadlg. tliftie culms (tillers)
range from 30 to 80 cm (sometimes more), and are erect or gémiatikhe base. The
leaves are linear, with the blade 4 to 15>xM8 cm, with narrow, acute auricles, which
slightly embrace the culms. The sheaths of basal leaves arb/ ymsualish pigmented.
The prefoliation of seedlings is conduplicated. Leaves and stesnglabrous and
lucent. Many culms per plant produce inflorescences. The infloresierecealender
spike, 8 to 30 cm long, composed of up to 20 spikelets, disposed distichouslyaifihe m
axis of the inflorescence is very scabrous. The spikelets needgor18 mm long, and
are sessile. Spikelets posses only the lower glume (excetgrithi@al spikelet that has
both) which is 7 to 20 mm long, and this does not usually cover all flowaicsh
spikelet presents 2 to 10 florets, whose lemmas are from 4 to llomyrand present 3
to 5 marked nerves. Lemmas are rarely awned. Once mature, spiketbtseeds
disarticulate above the glumes and between the florets, althoughcdis#idn rarely

occurs before crop harvest, and seeds disperse in spikelets or whole spikatBagme
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At dispersal, the majority df. rigidum seeds are dormant and require a period
of dry after-ripening to release dormancy (Steadmiaal, 2003a).L. rigidum seeds
germinate in cereal fields during autumn and winter, although a shygleation—
dehydration cycle during summer can considerably accelerate the geymirate
(Lush & Groves, 1981; Steadman, 2004); thus, a large fractian rididum seedlings
can be already established well in advance of crop emergence. lhmgjednseeds
have a relatively short life in the seed bank (Gill, 1996a). Vegetdtvelopment and
flowering take place in spring. Seedlings begin to produce tdlietise end of winter —
growth stage 2 of the decimal scale of Zadeksl. (1974)- and by the end of the
tillering they develop much faster (Taberner, 1996Yigidumshows a high fecundity.
Seed production can attain 900 to 1000 seeds per plant (Reeasén$997) although
seed production might be highly dependent on intra and interspecific coompetnd
also on weather conditions during development (Ferndndez-Quintehiid, 2000;
Izquierdoet al, 2003).

L. rigidum inhabits mainly wastelands, roadsides and annual crops, but it also
appears in therophytic pastures and chamaephytic pastures in Madaeriaabitats,
between 0 and about 1450 m above sea level. It is one of the most wadespesls in
Spanish drylands, especially in the North-East. According to sevevalysiL. rigidum
is present in more than 50% of the cereal fields of Cataloniea@Raset al, 1996)
where it has become the dominant (and sometimes the only) weed ebedaie
change in the agronomy of the cereal crops (increasing herbicidsuggreslirect
seeding)L. rigidum can be an extremely competitive weed in cereal crops (Lewmierl
al., 1996; Cousens & Mokhtari, 1998; Lemesde al, 2001). Its invasive success is
enhanced because of its high genetic variability (&lllal, 1996), seed production
(Monaghan, 1980; Gill, 1996a, b) and seed survival over summer and autumn
(Gramshaw & Stern, 1977). Moreover, in recent years many herbicidéargsi
genotypes have been detected (Matthews, 1996a). Since 1982, resistande D up
herbicide action groups has been reported (Llewellyn & Powles, 2004¢llye et al,
2002). Specifically, ACCase inhibitor resistance lin rigidum threatens cereal
production in Australia, Canada, Chile, France, South Africa, Spain, theedJ
Kingdom and the USA (Heap, 1997).
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A. sterilisL. is an annual grass weed that belongs to the Pooideae (Feésa&oi
subfamily (Dahlgreret al, 1985), tribe Aveneae (Tutiet al, 1964). Plants are erect or
geniculate, caespitose. Culms are 55-160 cm high, and are not branched_ehoes.
are mostly basal and basal leaf sheaths can be glabrous or pulbesuérde. Leaf
blades measure up to 60 eml.4 cm. The leaves do not have auricles but present a
ligule 2.5-8 mm long, almost triangular in shape, decurrent, membranouse,ddritise
or truncate. Leaf blades join the sheath gradually, have a prominert amdriscabrous
or ciliate margins. Prefoliation is convolute. The inflorescence p&nicle, pallid and
green, nodding, open, symmetrical or nearly symmetrical, and fully eds&he main
inflorescence axis measures up to 45>c@26 cm. The primary inflorescence branches
are scabrous; paired or clustered, sometimes branching at theabdsearry 1 or 2
pendulous spikelets. Spikelets are 20 to 45 mm long. They are latenalyessed, and
are formed of 2 to 5 florets. Only the lowest 2 florets are awtedawns are black
coloured, bent, twisted and dorsal, and measure up to 8 cm. The flotatsdithe
hermaphrodite ones are rudimentary. The spikelets do not disartiaslaieseparate
unit, but they do above the glumes (between the upper glume and lowest taryn
The lemmae are firmer than the glumes; they present a haisyly(pabaxial surface
and are bifid at the apex (lobes occasionally with a short BriSteds disperse readily

when mature, usually before crop harvest under Spanish conditions.

A high proportion of the seed population is dormant —up to 95%— with a
relatively long life —up to 43 months— (Sanchez del Agtal, 1995). Seeds present at
least two sources of dormancy (endogenous and exogenous) that are grathaddry
as a response to temperature and soil moisture (Fernandez-Qlairgaal, 1990).A.
sterilis responds to cooler temperatures compared to éthenaspecies (Fernandez-
Quintanillaet al, 1990; Medd, 1996a) and germination occurs in autumn, winter and
early spring. Although the development of this weed is fairly partdlehat of the
cereal in spring is usually faster. Mature individuals produce artisgesls before crop
harvest. Seed production per plant is usually low —12 to 30 seeds pee paniplto 50
seeds per plant— (Sanchez del Areb al, 1995; Medd, 1996a), although seed
production from untreated plants can reach up to 10000 sée(idend, 1996a).
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A. sterilisinhabits mainly wastelands, roadsides and annual crops between 0 and
1400 m above sea level. It is the more abundant and extended weed licrogean
Central Spain and in many other regions with Mediterranean clirAatsterilis is a
highly competitive plant and reduces crop yields and, to a much ledset, ecrop
quality (Medd, 1996b).A. sterilis like other Avena species, is among the most
competitive weeds in wheat (Poole & Gill, 1987; Toreeal, 1991; Gonzalez Ponce &
Santin, 2001). In addition, multiple resistance to several herbicid@enagtoups has
been detected (Nietschke & Medd, 1996; Heap, 1997; Geatvaln 1998).

3. Objectives

This Thesis evaluates the distinct “spatial” topics of théoyand ecology of
A. sterilisandL. rigidumin cereal fields, in order to elucidate the effects of degler
and competition withA. sterilison the spatial structure and dynamicd ofigidum in
cereal fields, which can have a profound effect on the output frogass#cific

management. This study aims to:

a) Compare the spatial pattern A¥ena sterilisand Lolium rigidum within a
single field at contrasting spatial scales in order to detecfaitters that drive the

evolution of the spatial structure of the assembly of these two species (Chapter Il

b) Assess the short scale spatial and inter-annual stabilitgeotdmpetitive
capacity ofA. sterilisandL. rigidumin mixed communities against wheat in terms of
yield reductions, using synchronic and diachronic studies at contrastingappimal

positions (Chapter IlI).

c) Analyse the effect of different kinds of combines on the seee@rdlpofL.
rigidum and evaluate the relationship between secondary seed dispersad byrrthi
machinery and the fine-scale spatial distribution of seedlings (Chapter 1V).

d) Evaluate the effect of spatial population dynamick.afgidum with respect
to the predictions of non-spatial population models and study the evolutiweeaf
patches within a previously uninfested field in relation to weedag@ment practices
(Chapter V).
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4. The study sites and the experimental approach

To fulfil these objectives, we performed several experimentsasites, one to

address the spatio-temporal evolution and the other for dispersal by combines.

Dispersal by combines was studied in a small field (1.8 ha) in Cdiecdba
Segarra, Catalonia, 41°40'51” North 1°20’6” East). The field wascts because it
had no natural infestation of rigidum, and allowed for the design of the different plots
and replicates required within a single flat and homogenous surfatteaugh the
positioning of the different plots and replicates ensured harvestthga minimum of
combines passes, the field was large enough to avoid overlap betwesnamiot

replicates during seed dispersal.

Spatio-temporal studies of competition and structure in a mixed weed
community were performed in a medium sized field (8 ha) locate@aionge de
Segarra (L’Anoia, Catalonia, 1°31'29” E 41°45'32” N, ). Field choiaes wased on
several criteria. The field had to be a large enough field to dtbowome intra-field
variability in soil parameters or at least have an irreguipography, in which distinct
areas could be distinguished by exposure and slope. The field also had todgular
infestations ot.. rigidumandA. sterilisand have been sown with small grain (cereal) in
recent years. Using these selection criteria, a field wasted from a previous cereal

field survey.

Only a 1.90 ha rectangular area (150<ri30 m) was used in the experiments.
This part of the field was topographically irregular with diffelesn elevation of up to
10 m, although it was within a single drainage system, running from thie-sastiern
corner to the north-western corner. The north eastern cornemfthadst part of the
field) was a south facing back slope with a steep section. Theestilte of the whole
field ranged from loam to clay loam, and differences between zonesnaggligible.
The topographical and soil heterogeneity was expected to influenceinfesthtion

and the competitive relationships between crop and weeds.

Weed community was dominated byrigidum, and, in some well defines zones

A. sterilis was also present in abundance. Another annual weed species, such as
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Polygonum avicularé., Papaver rhoeas., Polygonum convolvululs., Chenopodium
vulvaria L. andKickxia spuria(L.) Dumort (in order of decreasing abundance), were
also present. Only some individuals of perennial weeds, suEbh@wrbia serratd..,
Centaurea scabiosh. andGagea villosaBieb.) Duby were present. The sterilis-L.
rigidum assembly was chosen for a more thorough analysis since it is dme robst
characteristic and consistent weed assemblies in winter \@hdatvinter barley fields
not only in Spain but also in many areas with a Mediterranean-likeatel.
Dicotyledonous weeds are a really minor component of the weed communiigny
conventionally managed cereal fields (at least in north easpain)Sand hardly never
have a leading role in weed community (exc€psium arvensgL.) Scop. in some

cases).

The weed community was selectively managed during the study. Given our
interest in the intrinsic demographic patterns of the dominant wespdidlly L.
rigidum) and in the effects of weeds on crop yield, although grass weedslovemant
per se graminicides were avoided at the beginning of the experiments; hQveevad-
leaf herbicides were scheduled yearly. To prevent a massive buibfl gyass weed

populations, diclofop-methyl was used at half the recommended rate in the second year.

This study focused on a two-species community and may not reflect field
conditions. However, this design was selected in order to overconbienttaions of
single species studies. Moreover, single-weed studies are ugeaftymed under
controlled conditions, with weeds sown at the required densitiek,eaperimental
designs free of other weed species. The fieldwork proves to be & sdymoblems (in
design, management and statistical treatment of data) but alsgamable source of
information on the real (temporal and spatial) variability of biamabprocesses. Weed-
community field studies could offer a more comprehensive vision of tthe

dimensions of the problem caused by these plants.
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Spatio-temporal patterns of weed assemblies

Summary

Through a detailed case study of a two-spediesigidum andA. sterilig weed
community at contrasting scales, this paper aims to throw someoligtite various
factors that affect weed distribution across space and #msterilis showed fairly
stable spatial distribution and spatial structure of its pdipnlaacross time at large
scale, with well-defined patches, although weed population can rise quitkbh may
cause some statistical methods to miss spatial staHilityigidum showed poorly
defined patches (though a clear trend in one direction) that westatbe across time.
Interaction between species could also explain to some degred distibution at
large scale. At fine scale both species showed a cleardtiteraffect from primary
dispersal (more important iA. sterilig and secondary dispersal from combine
harvesting (more important In rigidum).
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1. Introduction

The spatial distribution of weeds within fields has received iseckattention in
recent years. In theoretical terms, it is crucial to undedsthe spatial dynamics of
weed patches in order to achieve realistic models of weed popul&fardinaet al,
1997). Further, accurate description of weed distribution within fieddsrucial for
weed management (Rew & Cousens, 2001). Seed dispersal, farmer marageme
interaction with the physical milieu and interaction with othercggs are all factors that
affect weed dynamics and contribute in one way or another to weed patchiness.

The description of weed spatial variability at different scaéas give us insight
into all these factors, the way they interact and theirivelamportance in the spatial
distribution of weeds. However, the effect of the sampling scale ¢hool be
overlooked. Description of spatial variability of weed populations atrdifft scales has
been reviewed by some authors (Rew & Cousens, 2001; Coetsain2002). Different
sampling designs for investigating the factors leading to actuabdison of weeds at
different scales have been assayed. Large-scale sampling (i.e-figtoblsampling,
regional distribution) was undertaken when the aim was to detettbmslaips between
weed distribution and ecological gradients (Hausler & Nordmeyer, 1985gkét al,
1999; Cousenst al, 2002) and management (Colbagthal, 2000a). With fine-scale
sampling (part of a field, intra-patch sampling) researchersiddeddhe factors driving
seed dispersal, factors causing variation within weed patches amdettmal dynamics
of patches (Couseret al, 2002; Shirtliffeet al, 2002; Blanco-Morenet al, 2004).

Usually, weed communities consist of several species that diffie-history
traits (i.e. dispersal mechanisms, competitiveness) andaahtevith each other in
complex ways. For this reason, joint spatial structure analyses gaadistic perception
of spatial and temporal patterns. Thus, the comparison of the spatiabilty of
different species in a single field and consequently under the satie hgricultural
and abiotic factors may help identify the mechanisms that leadt¢hypdistribution
and extrapolate to similar but unstudied species. Only a few studies hawsitleslich
comparisons (Clagt al, 2000; Colbactet al, 2000a), and unfortunately these only
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focused on large-scale sampling, so missing information on processeasgiairk finer

scale than the whole field.

Lolium rigidum Gaudin (annual ryegrass) addena sterilisL. (wild oat) are
two of the major grass weeds in Mediterranean dryland crops (Goyxddgljar &
Fernandez-Quintanilla, 1993; Gill, 1996b; Medd, 1996b; Recastnal, 1997).
Although they have been studied for a long time because of their affectop yield
(Pannell & Gill, 1994; Lemerlet al, 1995) and the world-wide appearance of resistant
genotypes (Heap, 1997), they have been largely disregarded in spatiakstsiatlies.
Only some weeds of the genAgenahave been the subject of some studies of spatial
structure (Lamkbet al, 1999; Rewet al, 2001; Shirtliffeet al, 2002), which provided
certain guidelines for the site-specific management of such weeds.

In addition, weed communities of winter wheat crops in many Medieara
climate areas are usually dominatedLbyigidum andAvenasppl. assemblies (Pannell
& Gill, 1994), with few broad-leaved weeds present in such agro-stewsy. This adds
special interest to the joint description of the spatial siracof both weeds, since it
could reflect the real situation in many cereal fields. Moreohessd two weeds might
illustrate other biological and agronomic phenomeAgena species are far more
competitive thanL. rigidum (Pannell & Gill, 1994), which can lead to inequalities
between them in competition with the crop, which could, for instancet $eed
production. Their dispersal mechanisms also differ: primary didpefrda rigidum is
very limited because most seeds do not spontaneously fall from Spikese spread
by combine harvesters dozens of meters (Blanco-Moetrad, 2004). In contrastA.
sterilis sheds most seeds before the crop harvest, resulting in minimalsdispgr
combines (Barroset al, 2004). The effect of other agricultural operations such as
cultivation on the dispersal of weed seeds is thought to be mucmigsgant (Howard
et al, 1991; Colbaclet al, 2000b; Blanco-Morenet al, 2004).

The aims of this study were to evaluate the spatial structlrergfidumandA.
sterilis populations and their development over three years at large schte eelate
their spatial variability to dispersal mechanisms and interéererelationships. The
paper also compares the fine-scale spatial patterns of bothsspedi€iscusses them in
relation to dispersal behaviour and management practices.

52



Spatio-temporal patterns of weed assemblies

2. Material and Methods

2.1. Field site

To examine the interference relationships and evolution of the Isgiatiature
of the two species, all sampling was carried out in a cerelal dominated byL.
rigidum andA. sterilis so avoiding the confusing effect of companion species. Weed
species differed in abundance and distribution pattern, which aidedetbetion of
changes over time. To avoid the misleading effects of herbicides omttiresic
population dynamics of weeds and on the increase of weed patches, thenerpeas
initially designed without grass-weed herbicides (however, see bigowletail of
herbicide use) because the chemical control is known to reduce weddtipopsizes

and spatial distribution of some species (Barretsal, 2004).

Field surveys of grass weed populations were conducted from 2001 to 2003 at a
commercial field at Calonge de Segarra (Central Catalonia, easthSpain, 41°45'32”
North 1°31°'24” East) to analyse the spatial structure of populatibAs sterilisandL.
rigidum. The 8-hectare field was irregularly shaped, and only 1.95 ha of tbeniezk
surveyed. The topography was heterogeneous, with differences in height of up.to 10 m
The entire surveyed surface belonged to one single drainage systerh, mvhic
approximately from the south-eastern corner to the north-western .cdimersoil
texture of the field ranged from loam to clay loam. Preliminaryyaea showed there
was no clear relationship between weed distribution and soil piepéBanset al,

2002; Blanco-Morenceet al, 2003): management history before the beginning of the
experiment was probably responsible for the spatial distribution of weeds.

Each year in late October the field was sown wititicum aestivumL. cv.
Soissons at 180 kg fhawith the farmer's own seeding equipment. All agricultural
operations (sowing, harvesting and ploughing) were done approximately imshéoE
West direction, following minimum slope lines. Fertiliser was adddce; a granular
application of NPK 10-15-15 at 325 kg haefore sowing and a liquid application of
SN32 (Urea-Nitrate-Ammonium) at a rate of 280 kgl the winter. Weeds were
controlled with post-emergence herbicides. Broad-leaf weeds weated with a

mixture of herbicides (chlorsulfuron at 9 g.a.i*h#us tribenuron-methyl at 9.375 g.a.i.
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ha') every year. In 2001 there was no treatment for grass weeds tonadipitoring of

the intrinsic dynamics of target species, but in 2002 there wasapplication of
diclofop-methyl at 350 g.a.i. Hato prevent a large increase in weed populations.
However, there is some evidence that at leadt thigidum population has some degree
of resistance to diclofop-methyl and to tralkoxidym (J. RecaseAs &aberner, pers.
comm.). Moreover, heavy rainfall after herbicide application led tshvedf and

reduction of herbicide effect.

Weed individuals were identified and counted prior to post-emergence
applications (from January 7 to 30, depending on year). Weed density by spasies

obtained at the same locations each year.

2.2. Sampling

2.2.1. Large-scale sampling

In order to ensure regular sampling, a 16-columid-row grid (150 m wide
East—Wesx 130 m long North—South) was established approximately in the middle of
the field. Distances between grid points were 10 m in both north-sogtleast-west
directions. Sampling plots were georeferenced using a sub-metraey Ashtech G-

12 (Magellan Corporation, Santa Clara, California, USA) differegt@bal positioning

system (DGPS) to ensure accurate re-location each year.

Densities of both weeds were evaluated in all grid nodes. Beoaubke high
weed density and the sub-metric spatial variability of populationsgidum density
was evaluated in nine 10 cm10 cm quadrats, randomly placed within a Xxrh m
area to increase support for density observatidnsterilis density was evaluated in
different waysA. sterilisdensity in 2001 and in 2002 was evaluated at harvest in four
25 cmx 25 cm quadrats randomly placed within each area. Previous studiésund
that A. sterilis density was rather constant from seedlings to mature plamtstinge
survival is high (>70%) at low to medium densities (up to 200 seedimngs
(Gonzalez-Andujar & Fernandez-Quintanilla, 1991; Gonzalez-Andujar &apelez-
Quintanilla, 1993; Gonzalez-Andujar, 1994). sterilis density in 2003 was estimated
with the same system as forrigidum
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2.2.2. Fine-scale sampling

Four 10 mx 10 m areas were selected in 2002 for the study of fine-scale
structure of both weed populations. The areas were selected toacomege of weed
densities. Howevel,. rigidumdensity was high and fairly homogeneous throughout the
field, so differences in density between areas were unimportantddimgty of A.
sterilis, which was much more localised in the field, varied greatly éetwthe
surveyed areas. These 10xn10 m areas were sampled in a 21 colunfil row grid;
there were 441 nodes 0.5 m apart. In each nodeggidumandA. sterilisdensities were

recorded in a 10 cm 10 cm quadrat.

2.3. Data analysis

2.3.1. Large and fine-scale spatial distribution

Summary statistics (mean, median, minimum and maximum, skevkuesssis
and percentage of records with zeros) were computed for eachspeeids. Because
seedling counts were positively skewed (only slightlyLforigidumin 2003, Table 1),
in all cases log(z+1) transformation was used in subsequent analyses. Transformation
is also useful to avoid non-normality and heteroscedasticity in btependence of

means and variances was examined according to Hahkdti(1986).

Table 1 Statistical description dfolium rigidumandAvena sterilisinfestations in the study
field for all three years.

Variable Mean Median Minimum Maximum Variance Kurtosis  Skewness % Zeros
A. sterilis
2001 12.34 0.00 0.00 152.00 590.02 9.09 2.85 54.02
2002 44.93 12.91 0.00 319.96 4813.21 3.52 2.03 24.11
2003 225.25 105.56 0.00 1066.67  71854.28 0.96 1.40 12.95
L. rigidum
2001 454.27 311.11 11.11 2688.89 177013.22 5.44 1.98 0
2002 1709.37 1533.33 222.22 5077.78 815013.86 1.10 0.96 0
2003 2225.25 2133.33 388.89 5288.89 821081.98 -0.20 0.41 0
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Spatial trends in weed density data were removed by means of dienrpelish
algorithm (Cressie, 1993; Cardieaal, 1995), which, in a grid, breaks down the values
into a row effect, a column effect and the residual that is usdte geostatistical

analysis:

Zy=2,-2,-Z.+Z (1)
wherez’; is the median polish residue for poiptZ; is the log-transformed data value,
Z;is thej™ row log-transformed mediarz, is thei™ column log-transformed median

and Z_ is the global log-transformed median. The results from the logforamsd data

(which will be referred herein as to raw data) were compai#dtive median polish
residues (referred to as detrended data), to assess theoéffiesids on geostatistical

assumptions.

Within each year, spatial dependence between samples was dnalifsehe
correlogram expressed in terms of a semivariogram. The correlattier has been
described in depth elsewhere (Isaaks & Srivastava, 1989; &amlsi1992; Deutsch &
Journel, 1998); its advantage over other measures of spatial conigntinait it offers a
standardised measure of spatial dependence which is useful whparc@rvariables
with disparate levels of variability (Rossit al, 1992). In addition, a correlogram
provides a better interpretation of spatial pattern than a seagvam when local
means and variances change within the domain. Moreover, spatidhttonrean be
modelled even in the presence of trend in the data, since tliesedfevarying local
means and variances are filtered (Res$sl, 1992; Wiles & Schweizer, 2002). To keep
consistency with geostatistical tradition, all correlograneshere expressed in terms of

standardised semivariance, according to the relationship:

1-p,=y,/0° (2)
wherepy is the correlation coefficient at distanceyhis the semivariance at distance h

ando? is the sample variance.

Correlograms were computed in four directions in space (0, 45, 90, 13®slegre
clockwise from north) with minimal angular and bandwidth tolerances (@dgPees

and 20 m), in order to obtain a clear directional correlogram throughsthef strictly
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aligned pairs of points. Small angular and bandwidth tolerances shmulckeetaining

as much of the original anisotropy as possible (Isaaks & Sawasi989; Deutsch &
Journel, 1998), although it reduces the quantity of data pairs includedhno&ahe
correlogram points. For a more detailed description of geostdtistiethods to
summarise spatial structure see any basic geostatis@tser¢Clark, 1979; Isaaks &
Srivastava, 1989; Legendre & Fortin, 1989; Deutsch & Journel, 1998) and, more
specifically to weed science, see a recent study dealing iih wétaterminology and
procedures (Wiles & Schweizer, 2002). Sample correlograms wetdatad by means

of the semivariogram procedure (PROC VARIOGRAM) of SAS (SA®)9) and a
post-processing of results to convert them into correlogram valuesel&iion
coefficient can vary between -1 and 1, but standardised semivarianced shoul
theoretically be bounded between 0 and 1; so, although the expressi@ould yield
values greater than one, the maximum allowable semivariange {thle sill) was 1.
This makes sense, in that our primary interest is to definedigtance at which

observations become independent (the range, in geostatistical jargon):

prange = 0
prange - yrange/a -
where prange IS the correlation coefficient at the rangenge is the semivariance at the
range ands? is the sample variance. All sample correlograms were modeikd the
same functional form so that comparisons between species and weald be
straightforward. Two nested spherical models with a nugget effeet wged to model

the spatial correlation structure of the seedling counts:

[T, if h=0

L o B A g o
y(h):gi;w%[s%%%% Hc 5%%05% Hn‘0<h<a1 o

EF0+01+CZELS%E~O5%§E if ay <h<a,

E%“LCNLCZ if h>a,

wherecy is the nugget effect;; andc, are the respective contributions of the first and
second spherical model, anda, are the ranges of the spherical modelstarsdthe lag

distance.
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Correlograms were modelled using the four directional sample comatsgr
The variation in all four axes is modelled jointly with an ellipisat is described with
the minimum and maximum radii lengths and the direction of theirmx&lation to the
main directions (north-south and east-west). The range in eachiahrest then
specified through the polar equation of the ellipse, which states that:

8, = /(B B0) (RuBira+ &, 03 a) (5)
wherea, is the range in the direction,amax is the maximum radius of the ellipse model
andami, is the minimum radius of the ellipse. A single model of spa#igation is then
fitted simultaneously to all directions using the non-linear regregsiocedure (PROC
NLIN) of SAS (SAS, 1999) with weighted least squares (Cre48985). To preserve
clarity in subsequent figures, we opted to show only two main directions i
semivariograms: 90° from North-South direction, which was approximatedy

direction of crop rows; and 0°, the perpendicular direction.

2.3.2. Spatial stability of populations and spatio-temporal interspecific

relationships

Year-to-year population stability of each target species andioredhtps
between species were analysed only at large scale, becausd spatiture of
populations at fine scale is (as will be shown) highly dependent oruligral factors
that are not consistent from year to year. Stability of weed paomsatvas measured by
the Pearson correlation coefficient with raw and detrended dataalandby the

codispersion coefficientxy(h), which is defined as:

Pxy (h) = L(h) (6)

B \/ yXX (h)yYY (h)

wherex(h), yv(h) andyy(h) are, respectively, the semivariance coefficient of variable
X, the semivariance coefficient of variabeand the cross-semivariance betw&eand

Y at lag distancdr. The rescaling of cross semivariance values by the corresponding
direct semivariance values yields the codispersion coefficMdnth can be interpreted

as a linear correlation coefficient between the spatialements of both attributes
(Goovaerts, 1998). Here tixeandY variables are the same weed in different years (e.qg.

L. rigidumin 2001 and.. rigidumin 2002). The codispersion coefficient was computed
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only with detrended data, since results of raw and detrended d&taoughly the same

and so the inclusion of both added no relevant information.

Spatial stability of weed populations was also measured by meatise of
statistical test proposed by Syrjala (1996) to test for ardiifee between the spatial
distribution of two populations. The test is a modification of a Cranaér Mises non-
parametric test for a difference between two univariate prhyaldistribution
functions. This test has been used recently to analyse the spalbidity of A. sterilis
population changes over time (Barrasaal, 2004). For statistical considerations, since
this is a randomisation test, the test is conducted over 1000 peomsitéByrjala,
1996).

The spatio-temporal interspecific relationships were analipgetheans of the
Pearson correlation coefficient (with raw and detrended dataghwhbvides a static
non-spatial analysis of the relationship of the relative values bfdpacies, and also by
means of the codispersion coefficient. In this case,Xh&nd Y variables are the
densities of different species in the same or different yeédrs. computation of
correlation and codispersion coefficients between speciesferaft years shows the
effect of previous populations on actual distribution.

3. Results

3.1. Changes in L. rigidum and A. sterilis population density

Each species performed differently during the course of the study. Roggue
distribution for both weeds showed strong skewness in the first yeigruasal in the
literature for most weed counts. In the caseAofsterilis skewness was still more
marked because of the high number of plots with zero counts (Tabfethg ¢tase df.
rigidum, as a result of increased density, the population became more hwooge
across the field and frequency distribution became nearly symmératale 1). During
the course of the study, both weeds increased their numbers, despiteriiede
treatment in 2002. During the experiment, mean density. ofgidum increased by
489.9%; and oA. sterilis,by 1825.4%.
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Fig. 1 Density maps at large scale favena sterilisandLolium rigidumin each of the three
years. Note that the scales are independent fdr waed species. Crop rows were oriented
East to West.

A. sterilisshowed marked expansion of patches: 54% of the plots were free of
this weed in 2001 but only 24.1% were in 2002, and only 12.9% in 2003 (Table 1 and
Fig. 1). Since no plot was free bf rigidum, no expansion of patches was detected, but
rather a reorganisation of maxima and minirha.rigidum population increased at
97.7% of the points sampled between 2001 and 2002, while it decreased at 83&% of t
sampling points between 2002 and 2003. Changes were much larger between 2001 and
2002 than between 2002 and 2003.
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3.2. Large-scale spatial distribution of L. rigidum and A. sterilis

Spatial dependence of populations was detected for both speciesyesnial
(Table 2 and Fig. 2). Semivariograms depicted, at least to some , egpaiial
correlation of weed populations. Empirical semivariograms performédrawv data of

both species surpassed the theoretical sill value 1 in some directions {&g228I).

Table 2 Correlogram parameters for both species in eacthefthree years at large-scale
sampling, as estimated by weighted least squaoes the log-transformed (raw) data and the
median polish (detrended) data.

Co C1 A max QA min ay C max Qmin as
Raw data
A. sterilis
2001 0.27 0.24 63.37 17.94 0.00 0.49 173.02 64.10 66.18
2002 0.16 0.36 15294 32.01 -11.40 0.48 137.56 41.97 72.49
2003 0.11 0.23 6347.25 40.45 1.51 0.66 51.21 33.39 97.12
L. rigidum
2001 0.40 0.14 249.92 2.70 89.29 0.46 321.12 110.02 14.24
2002 0.53 0.29 1251.13 16.05 103.60 0.18 4772.35 93.07 12.49
2003 0.00 0.48 24.38 16.53 127.43 0.52 899.96 29.24 73.29
Detrended data
A. sterilis
2001 0.36 0.30 11.58 36.81 86.02 0.34 164.30 34.24 18.79
2002 0.20 0.43 99.10 8.06 84.17 0.37 62.10 53.54 82.75
2003 0.00 0.67 32.41 14.80 56.09 0.33 50.49 28.22 65.87
L. rigidum
2001 0.60 0.06 10 14.42 99.50 0.34 32.98 6.89 103.02
2002 0.34 0.53 994659 8.73 119.28 0.14 329193 1855 110.42
2003 0.03 0.72 34.97 16.88 105.70 0.25 151.20 24.12 55.38

Co IS the nugget effect; is the contribution of the first spherical mod®l;.«is the range in the
direction of maximum continuity aral ., is the range in the perpendicular direction offtrst
spherical modelp; is the direction of maximum continuity, in degredsckwise from North,
of the first spherical modet; is the contribution of the second spherical modglyy is the
range in the direction of maximum continuity aagh, is the range in the perpendicular
direction of the second spherical model;is the direction of maximum continuity, in degrees
clockwise from North, of the second spherical model

Hole effects occurred foh. sterilisseedling populations. Hole effect was more
or less clearly evident all years W. sterilis spatial structure in the 90° direction
—parallel to crop rows— and the adjacent directions (45 and 135°, dataomm). Hole
effects were not modelled because the distance at which ttedogoam first reaches
the sill is considered the range of spatial dependence. Moreoverthgrnuecesses that

create periodicity commonly act in one direction (Isaaks & Srivastd989),
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determining the distance at which the first bump is present trditetion is sufficient.

ThelL. rigidumpopulation displayed no clear hole effect in any direction at large scale.

Although zonal anisotropy was detected in raw datd_forgidumin 2001 and
2002 (Fig. 2G,H) and foh. sterilisin 2003 (Fig. 2C), it disappeared from the 0° and 90°
directions in the analyses of detrended data (Fig. 2D-F and Fig. Ebt)the 0°
direction, the semivariogram did not attain the theoreticalngtiin the study domain
(Fig. 2G-H).

Raw data Detrended data Raw data Detrended data
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Fig. 2 Spatial structure at large scaleffena sterilisand ofLolium rigidum inferred from
log-transformed (raw) and median polish (detrendkd®. Symbols indicate the values of the
experimental semivariograms and lines show the irfiidey weighted least squares. Do#) (
represent the 0° (across crop rows) direction; @raes ©), the 90° (parallel to crop rows)
direction.

Two spherical models were commonly needed to describe correctlyffedtes
and the rapid increase of semivariance at short distancesomtréution of the spatial
component (1ep) to total variation of populations ranged from 47% to 100% (see Table
2), depending on year and species. Spatial autocorrelation at shetéerces was
generally stronger for thA. sterilis population; the nugget effect ranged from 11% to
27% of total variation (mean = 18.0%). rigidum showed weaker spatial structure: the

nugget represented 40% of total variation in the first yearswihivas about 0% in the
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third year (mean of the three years, 32.3%). Moreover, both specigsllyesbowed
a decrease in non-structural variability (nugget semivariance) theerthree years
(Table 2).

Spatial variability usually increased rapidly with distance ughéorainge of the
first spherical structure, and then flattened partially betwisen first and second
structure ranges (especially clear in Fig. 2D, 2E, 21). Howevergtatve contribution
of both structures (the ratio between and c;) and the ranges and direction of

maximum continuity were not consistent across years for either species Zyabl

3.3. Fine-scale spatial distribution of L. rigidum and A. sterilis

Fine-scale sampling revealed spatial dependence of both weed popufaatins
plots (Table 3 and Fig. 3). The level of non-structural variation (nudtgttlewas
under 50% in all plots for both species, exceptAosterilis seedlings in plot 1. The
nugget effect foA. sterilisin plot 1 was about 86% (Table 3). However, once data were
detrended, the level of non-structural variation rose above 50% pio&dl for both
species, except fdr. rigidumin plot 4, in which the nugget effect was still about 46%
(Table 3).

Both species had hole effects and zonal anisotropy in one or anothéFiglot
3). However, there were differences in the patterns displayed dly s@eciesL.
rigidum population had a characteristic periodical pattern in three out dbdinglots,
with a clear hole effect at approximately 5 m in the 0° doacfFig. 3J-L) and less
evidently in the adjacent 45° and 135° directions (data not shawsterilispopulation
lacked the characteristic periodical pattern except in pldti@ @B). All other plots
showed a monotonically increasing pattern, with longer ranges in thdir@gtion,
regardless of the percentage of variability explained by theakpattern (Fig. 3A, 3C,
3D).

However, zonal anisotropy was greatly reduced or absolutely erasedtiée
analyses were performed on the detrended data. The data onlytdaikstiove zonal
anisotropy in plot 1 foA. sterilisdetrending (Fig. 3F). Geometrical anisotropy and hole
effects were also largely removed from experimental semivanag) with detrending

by the median polish algorithm.
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3.4. Spatial stability of populations

The Syrjala test did not reveal any spatial stability of popmnatiacross years
for L. rigidum or A. sterilis (Table 4). All experimental coefficients yieldedPavalue
lower than 0.05, indicating that the spatial distribution of populationsstedistically
different between years. However, each species correlatedtsvitvih population of
the previous year to some degree (Table 5). Correlation extendedtmer filman one
year forL. rigidum Moreover L. rigidumshowed an important reduction in correlation
between the 2002 and the 2003 populations (fi®a1-2002 = 0.508 t0 P2002-2003 =
0.214). A. sterilis had higher correlation between years in both periges:i(zo02 =

0.812 ando.oo2-2003= 0.746); in addition, this correlation extended from the first to the
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third year [001-2003 = 0.596). These inter-year relationships are also found in the

analysis of the detrended data (Table 5).

Table 3 Correlogram parameters féwena sterilisand Lolium rigidumin each of the plots at
fine-scale, as estimated by weighted least sqUames the log-transformed (raw) data and the
median polish (detrended) data.

Co Cy A1max A1min ay C2 Ao2max A2min as
Raw data
A. sterilis
plot 1 0.86 0.04 7.99 2.52 118.80 0.10 1182.52 2.80 84.64
plot 2 0.39 0.52 10.73 1.54 93.87 0.10 10.27 1.56 93.08
plot 3 0.45 0.47 13.02 451 106.47 0.08 917.64 0.61 89.58
plot 4 0.49 0.23 338.23 0.64 100.28 0.28 6.58 1.69 81.23
L. rigidum
plot 1 0.34 0.30 713.35 5.46 100.70 0.36 6.30 5.20 171.07
plot 2 0.40 0.20 11.58 2.33 109.46 0.41 15.24 2.25 18.30
plot 3 0.43 0.28 6774.02 2.35 90.00 0.28 3.20 1.10 90.62
plot 4 0.28 0.40 2897.14 1.74 90.00 0.32 12.26 1.76 86.31
Detrended
A. sterilis
plot 1 0.87 0.12 45.26 3.05 97.07 0.01 4464.54 0.00 145.55
plot 2 0.63 0.16 5.50 0.91 98.29 0.21 5.38 1.07 99.14
plot 3 0.65 0.10 0.45 0.42 156.11 0.25 3.20 2.37 117.60
plot 4 0.55 0.23 209.33 0.56 100.71 0.23 3.45 2.02 76.17
L. rigidum
plot 1 0.55 0.15 2.96 1.82 0.00 0.30 4.38 2.73 68.00
plot 2 0.46 0.39 4.60 1.50 123.25 0.15 4.04 0.27 94.61
plot 3 0.68 0.30 1.89 0.45 90.00 0.02 2.37 1.31 88.39
plot 4 0.63 0.19 2.94 0.70 92.48 0.18 3.78 0.99 103.65

See Table 2 for further details on symbols.

Table 4 Syrjala test statistic¥) and its level of significance for
the difference in the spatial distribution of pagiidns ofLolium
rigidum andAvena sterilibetween pairs of years. P < 0.001.

2002 2003

A. sterilis
2001 0.376 2.232"
2002 0.789"

L. rigidum
2001 1.125" 2.387"
2002 0.424™
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Table 5 Pearson correlation coefficient fdrolium rigidum and Avena sterilis densities
throughout the three years. The correlation caefitcwas computed on the log-transformed
data (raw data) and on the residuals from the megiaish algorithm (detrended data).

*kk

"P<0.05" P<0.01,” P<0.001.

L. rigidum A. sterilis
Raw data
2001 2002 2003 2001 2002 2003

L. rigidum

2001 1

2002 0.508*** 1

2003 0.054 0.214* 1
A. sterilis

2001 0.306*** 0.070 -0.315%** 1

2002 0.296*** 0.057 -0.223*** 0.812*** 1

2003 0.248*** 0.009 -0.138* 0.596***  0.746*** 1

Detrended data

L. rigidum

2001 1

2002 0.344x** 1

2003 0.065 0.206** 1
A. sterilis

2001 0.097 -0.015 -0.323*** 1

2002 0.025 0.002 -0.269*** 0.610*** 1

2003 -0.018 -0.094 -0.166* 0.378**  0.507*** 1

The codispersion coefficient analysis gives results accordinfase of the
correlation coefficient. The codispersion coefficient from tbmgarison olL. rigidum
densities in two consecutive years yields positive values witiénentire domain,
except at long distances (>100 m; see Fig. 4F), as well awveblatonstant values for
all distances. The codispersion coefficient Aorsterilis in consecutive years shows a
typical “semivariogram” shape, with a more or less steep inereas 0 to 30 m and
then a levelling-off (Fig. 4A-C). The codispersion coefficient Isveff at different
levels, depending on the two years being compared. The “sill” of the cxi@pe
coefficient is about 0.6 between the 2001 and 2002 populations and between the 2002
and 2003 populations (Fig. 4A, C); however, it is about 0.4 between 2001 and 2003
(Fig. 4B).
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3.5. Spatio-temporal interspecific relationships

Raw and detrended data yield contrasting results in the anaysibe
interspecific relationships (Table 5). On the one hand, raw datgserevealed a low
but significant positive correlation betweén rigidum and A. sterilis populations in
2001. Moreover, the relationship between ltheigidum population in 2001 and th&.
sterilis population in subsequent years remained positive and significant. vielQwe
detrended data did not show such a relationship; the correlatioedrettetrended.
rigidum density in 2001 and. sterilispopulations was no longer significantly different
from zero. On the other hand, correlation analyses betlweggidum density in 2003
andA. sterilispopulations showed significant but negative correlation coefficiard$ i
three years. Also, the correlation coefficients remained rnvegatid significant after the

data were detrended (Table 5).
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The codispersion coefficient analysis showed the same treritle asrrelation
coefficient. For thd.. rigidum population in 2001 with th@. sterilis populations of all
other years, the codispersion coefficient remained erratic andtmezero (Fig. 5)
except for long distances in the 0° direction (perpendicular to oreg)rat which the
coefficient became positive. The codispersion coefficient showetka oegative
relationship between tHe rigidum population in 2003 and th& sterilispopulations of
2001, 2002 and 2003 (Fig. 5D-F). The codispersion coefficient for all three comparisons
decreases gradually for about 40 m, and then shows a hole effectdtrahger in the
0° direction, especially clear when comparingigidum density in 2003 and. sterilis
density in 2003 (Fig. 5F).
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4. Discussion

4.1. Effect of detrending data

One special feature that is sometimes not taken into accounttial spaicture
analyses is the effect of trends in data on the spatial seudaiected. Cardinet al
(1995) also looked at trends in the analysis of weed spatial digiribaind observed
that results behaved differently, depending on one or another data sebvéfpre
detrending might be necessary to filter zonal anisotropy, which in timmaéisn of
semivariogram models is translated into extremely high geometisoteopy ratios,
with ranges up to hundreds or thousands of meters, far exceeding theiaimefshe
study site. However, our data detrending still fails to remove coetplétom the

analyses problems such as the presence of zonal anisotropy.

At large scale, detrending is almost completely necessary, thim@ssumptions
that must be met if spatial statistics are to be appliegeply (i.e. independence of
mean and variance and absence of trends) could not be met. Moreowralirsts of
large-scale variability in weed populations might be strongly influebgeithe general
slope of the field from SE to NW (Samt al, 2002) and also by soil and terrain
characteristics. This latter feature has been shown for &@ewaof weeds and fields
(Andreasen & Streibig, 1991; Cardistal, 1995; Hausler & Nordmeyer, 1995; Heisel
et al, 1999; Clayet al, 2000; Wiles & Schweizer, 2002), and could cause marked
large-scale trends in data. Apart from reducing zonal anisotropysftetrending also
caused a reduction in the ranges of the models, at large- and sahaltisscriptions for
both species.

Detrending is a powerful tool indeed for describing spatial structureata.
Some authors have considered using only correlograms to descrila¢ dgiati(Rosset
al., 1992; Wiles & Schweizer, 2002), since they have the advantage overrdtanda
semivariograms of filtering the effects of varying means and vasgarigata from our
study led us to reject this approach because, in the presentengf sends or high

geometric anisotropy ratios, correlograms perform poorly.
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4.2. Large-scale spatial distribution

Our study adds further evidence for the aggregation of weed distribution in
agricultural fields. However, since many researchers did not agplydetrending
algorithm to their data (Halsteaat al, 1990; Clayet al, 2000; Wiles & Schweizer,
2002), it is difficult to compare their results with ours. Moreosgearce the ranges and
structures detected might depend on field size, weed species and aburatahc
sampling design, direct comparison between studies might not be possible.

In our study the spatial structure of each weed is diffefersterilisillustrated
that detrending may not be universally useful and desirable, since sincase
detrending had no noticeable effect on the analyses: the results of anether data
set were roughly the sam@. sterilis showed a fairly similar spatial structure of
populations among years at large scale (when compateditpdum), and a relatively
low nugget effect (low ratio nugget/sill). In addition, geometric @nipy ratios are
moderate, indicating fairly isotropic behaviour Af sterilis populations. Isotropic
behaviour of weeds is expected when the dispersal pattern is radéaffs directional
processes such as wind or the action of farming equipment. Thispigan population
structure may be related to the seed dispersal mechani8mstérilis Under Spanish
dryland conditions, most seeds are already shed on the ground at tiar@estsulting
in minimal dispersal by combines. So, under no wind or inconsistent wincticlire
during seed shed, dispersal is expected to be roughly the same ineatlods.
However, the ranges and the directions of maximum continuity do notrremasistent
across years, indicating that the phenomena involved in the developmepatiaf s
structure may be variable between years, or that the analysearasguable to reveal

clearly the underlying mechanisms of pattern formation.

L. rigidumillustrates how remarkable differences can be obtained frompsasal
using raw or detrended data. The moderate spatial dependence that ripelum
population showed in 2001 and 2002, with long ranges in the direction parallepto cr
rows (90°) but still longer ranges in the perpendicular directiadirg to effective
zonal anisotropy, was caused exclusively by the trend present itldataean density
increased steadily from East to West). This kind of behaviour migHttke erroneous
conclusions about the shape and direction of patches, and about the underlying
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processes. In these cases detrending allows us to reveatudéspatial structure of
data. In our casg,. rigidumhas very limited spatially structured variation at large scale,
despite the relatively low nugget effect predicted by the weigteed-guares fitting of
the theoretical model. There is no good reason to suppose any spatiziretmore
than a pure nugget effect, especially in the 2D0figidum population (Fig. 2J). This
confirms the general reluctance of engineers and other geastatsto rely solely on
automated procedures to fit models to experimental semivariogRemsdtier, 1996;
Webster & Oliver, 1997; Deutsch & Journel, 1998; Webster & Oliver, 20@0%t L.
rigidum spatial variability may be lost due to the distance between ssmyiech may
be inappropriate to the aims (Rew & Cousens, 2001; Cowgenls 2002). However,
this is a general problem that weed scientists and agraluttansultants should face,
since there is a trade-off between the sampling effort anthfihenation obtained. In
fact, as stated elsewhere for seed banks’ spatial varia@ites & Schweizer, 2002),
if one wants to calculate weed density one should use uncorrekatagules (i.e. the
distance between samples should be longer than the estimated HmgeYer, if the
main aim is to produce a weed map, correlated observations are risedsinpling
must be closer than the estimated range).

However, thel. rigidum population had a completely different spatial structure
in 2003, with a well-defined sill beyond 40 m, and a clearly increasergl tof the
correlogram at short distances. It is roughly similar to the érpetal correlogram
obtained forA. sterilisin 2003. This question will be developed further when the spatial

stability of patches and the relationships between species are discussed.

4.3. Fine-scale spatial distribution

The results obtained from fine-scale raw data tend to corrobdratgeneral
idea that the spatial structure detected depends on the sangali@g@ousens & Croft,
2000; Rew & Cousens, 2001; Couseatsal, 2002). The spatial structure of the two
weed populations is different at fine and large scale. Moreoversyihatial structure
detected at fine scale does not seem to continue at laalge salicating that different
phenomena are operating at each scale.
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Both species show a moderate-to-high nugget effect, indicating tleata¢\¥.5
m, discrete sampling might reveal processes that are beingdmidse nugget effect
was only very high in plot 1 foA. sterilis in which its mean density was very low and
the population was sparse. There might be an inherent error iplisgnseedling
populations (error in counting, identification), which could cause a nudfget &hen
computing the semivariogram. However, even though semivariance descripton a
kriging estimation of weed populations are widely used in the literéiopald, 1994,
Heiselet al, 1996; Colbaclet al, 2000a; Cousenrst al, 2002), we should bear in mind
that weeds behave like point processes, in which there are disa®tiduals dispersed
in the sampling domain. This is one of the main points that causesaimigeat shorter

scales.

Both species still show more common features than those alreadiy Boté#
species show zonal anisotropy in one or another plot (at leastwindata) and a
periodical pattern with a hole effect. However, as has been pautgaeviously, each
species has its own inherent behaviour. Zonal anisotropy occurs édhitbe four
plots forL. rigidum whilst it only occurs in one plot foh. sterilis Zonal anisotropy
indicates the presence of two distinct spatial distributionse@\l Schweizer, 2002) or
an additional source of variability in one direction, so the sileddp on the direction
(Samper & Carrera, 1996). At this fine scale sampling, harvesprequt is the factor
that could explain such variability and give such a consistentt eféeoss locations. It
could also explain the hole effect present in some plots, elipefwa L. rigidum
(Blanco-Morencet al, 2004). Combine harvesters run across crop fields, catching straw
and grain (and weed seeds) from wide swathes, and generate narrowfbarads and
straw. Thus, the harvest trail and the straw band can be settie &vo different
distributions (or the additional source of variability) that weeneoking for (Blanco-
Morenoet al, 2004).

The dispersal behaviour of both species explains such differenche finé¢-
scale variability of their populations in relation to combine hanvgsOn the one hand,
L. rigidum does not shed its seeds spontaneously before crop harvest, and aven afte
harvest most seeds are dispersed as clustered spikeletkeofragments (Recasers

al., 1997). Up to 16% of them may still be attached to broken segmentedbhsads
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(Gill, 1996a), indicating that seeds seldom fall freely from spikelithout the help of
mechanical actionlL. rigidum seed dispersal is strongly affected by combines, which
concentrate its seeds on a narrow strip (Blanco-Moe¢mb, 2004). On the other hand,

A. sterilis has largely shed its seeds on the ground by harvest time under Spanish
dryland cereal conditions (Barrosb al, 2004). As it has no adaptations to aid long-
distance dispersal, most seeds fall within a 1 m radius efdhgin (Gonzalez-Andujar

& Perry, 1995; Medd, 1996a; Shirtliffet al, 2002). This weed species is less

susceptible to a marked effect of combines on its dispersalthiggidumis.

NeverthelessA. sterilisdisplayed a clear periodic pattern in plot 2. Plot 2 was in
a zone that underwent crop lodging beféresterilis shed its seed, which probably
caused the seeds to be retained among leaves and straw of pantsnamdathe cereal,
and so be harvested and dispersed in the same ayigslum The periodical pattern
is lacking from theA. sterilis population of the remaining zones, since dispersal

happened in the usual way.

The effect of detrending data on the spatial structure of both speaieginly
the same as at large scale. Detrending reduces the rargpesdiaf dependence, lessens
the geometric anisotropy ratios and largely erases zonal anisotreysrtheless, it also
fades out the hole effect caused by combine harvesting, though not iotsll The
causes of such a variable effect of detrending on the output of geasthinalyses
must be sought in the directions of variation. Since median polish algorghm
performed over rows and columns in a gridded data set, there is no gaatsitit is
performed according to the trend directions (Cressie, 1993), since itnelineations of
the sampling grid may not coincide with the direction of variation. Irc#se of plots 4
and 5, in which straw swathes from harvest were almost perfalogiyed with the
sampling grid, the already apparent periodical pattern in the €&¢tidm and the clear

zonal anisotropy in the 90° direction disappear almost completely.

4.4. Spatial stability of weed populations

Some previous studies reported spatial stability of weed patchesmaderate
applications of herbicides (Wilson & Brain, 1991; Walter, 1996; Baraisal, 2004).

However, they used different methods, which hinders direct comparisons.
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We found no spatial stability such as that measured by the Sysgalia &ther
weed (Syrjala, 1996; Barrost al, 2004). In the case &f rigidum whose populations
experienced a formidable increase and became homogeneous acrosidtfrerfi a

very unequal distribution, this was reasonable (Fig. 1).

However,A. sterilis patches were located almost in the same places year afte
year, with a gradual increase in density. They wesually stable across years,
although the Syrjala test failed to detect such positional syabllite Syrjala test is
supposed to be unaffected by total amount, since it is a test baskd différences
between two cumulative distribution functions that works on standardislues.
Moreover, owing to the type of statistic (Cramér—von Mises tesiy supposedly
preferable to other types because it is less affected by ¢iserme of a few extreme
observations (Syrjala, 1996). Nevertheless, the other measuremeritgersyear
association give us a different picture. The correlation coefidor A. sterilisbetween
consecutive years is relatively high (above 0.7 for raw data, and above Ociréorded
data; see Table 5). The codispersion coefficient is also high (&bsyand relatively
stable at distances longer than 20 m for the pair 2001-2002 (Fig. 4A)istadcéds
above 30 m for the pair 2002-2003 (Fig. 4C). It is indicative of two $mhsitributions
that correlate with each other [remember that the codispec®efficient should go
towards the correlation coefficient as distance approaches infadagvaerts, 1994b;
Webster & Oliver, 2000)]. The codispersion coefficient follows kimirends in both
directions, indicating approximately the same degree of relationggigrdiess of
direction. Interestingly, this structure appears between pairsngecutive years and
also between non-consecutive years (i.e. 2001-2003, see Fig. 4B), indicatitigethat

same structure of correlation is maintained.

4.5. Spatio-temporal interspecific relationships

The analysis of raw vs. detrended data is also a powerful tool farthimg the
relationship between species. As was previously noted, Pears@tatom analysis
gives very different results depending on whether data are raw endedt. It should
be noted that intraspecific relationships remain largely uedltexfter detrending,
although all correlation coefficients are lowered, but intersigei@fationships change,

at least for the pair of years under consideration. [hegidum population in 2001
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seemed to correlate positively with the sterilis population in 2001 and subsequent
years. In fact, the weed maps for 2001 (Fig. 1) show that the zonésdersely
occupied by both species tend to overlap, although there might be an ecaleascal

for such association. Once the general trend (stronger fdr.thgidum population)
which runs fairly parallel to the drainage system is removed;dhrelation betweeh.
rigidumin 2001 andA. sterilisis lost. It may be seen as a spurious correlation between

the two species.

Nevertheless, the correlation was negative betweeh. thgidum population in
2003 andA. sterilispopulations, and it was preserved after detrending. The relationship
betweenL. rigidum in 2003 andA. sterilisis clearly antagonistic. In those places in
which A. sterilis population is persistent across time, it may steadily supplant
rigidum. L. rigidum is less competitive thaAvenaspecies (Pannell & Gill, 1994). It
may be that, under strong herbicide pressure, competitive relatiorfdbeipsndent on
density) could be masked, as both species tend to be concentratethim aefined
areas prone to higher seed production or less herbicide efficacyrtiNgess, in our
study, in which herbicide application was absent in the first yeémaay have largely
failed the second year, weed populations followed their intrinsic dyna@daespetition
could then play a major role in the establishment of hierarcleiegebn species, so that
the most competitive species takes on a leading role in thé @a@emunity. Intra- and
interspecific competition could cause a significant reductioned séed by one of the
species I(. rigidum in our case), which could lead to lowered populations in the
following year. This may cause the correlation coefficient to lpédri (but negative,
Table 5) betweeW. sterilisin 2002 and_. rigidumin 2003 than betweeA. sterilisin
2003 and.. rigidumin 2003.

4.6. Concluding remarks

We argued in our study that a static picture of weed distribdtes not explain
the spatial structure of weed populations and the dynamics of patctoutish.
Different techniques should be used in spatial structure desnspto reveal
characteristics that could be missed with a single analysisal$desupported the view
that spatial analyses should be performed at diverse spated scaover the different

sources of variability. The sampling scale required depends on thefgus/eys and
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the reasons for data collection (Rew & Cousens, 2001; Cowgeal 2002). The
description of the effect of harvesting on weed pattern through kstedin seed
dispersal could be adequately studied at a scale of tens ahe&rs (although it might
also depend on the direction considered, as discussed above), but theokffec
competition is best described at the scale of tens of metithough this may depend
on the type of habitat (Coomes al, 2002)—. It is clear that such time- and effort-
consuming descriptions are not practical in recommendations to fariewever,
from the common results of diverse studies we should be ablerapelate general
rules for optimising sampling designs —for example, accounting for aopgafwiles &
Schweizer, 2002)—-. Moreover, the joint description of multiple-spessemblies and
their evolution over time could provide insights into the main fagtoescommunity’s

ecology and the role of competition on the distribution of species in agricultudsl. fiel
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Wheat-ryegrass-wild oat interaction stability

Summary

The study of stable crop yield loss—weed density interactiore&dered to be
capital for the application of threshold theory. A two year experimeastasnducted in
three contrasting topographical areas within a single wheat tieeldetermine the
stability of the effect of weed mixtures (dominatedLbyigidum andA. sterilig across
time and location. Weed-free yield varied between locations asawdietween years.
In one area there was no clear relationship between yieldidsweed density. In the
other two areas, however, competition parameters stability wiasteld, though a
change in competitive relationships was observed over years. As éasrdported
previously,A. sterilis was more competitive thdn rigidum, and this relationship seems
to be stable over time and location. Howe\errigidum performed better in the first
year, a dry season, whilst its effect is hardly noticeable ise¢bend year, a wetter one.
Our findings are discussed in relation to threshold theory in weetlotoand the

difficulties that this theory could face on implementation.
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1. Introduction

Variation in interference relationships at different spatial (i.eoreq fields) and
temporal scales has been shown for a number of crop—weed assoclatidgsigt et
al., 1996; Cousens & Mokhtari, 1998; Jasienetkal, 1999; Lindquistet al, 1999;
Moechnig et al, 2003). Such variation in predictions of yield loss from theoretical
models is relevant for the development of decision support systenmegrated weed
management. However, within-field variation has not been descrilsgpth, a matter
that could hinder weed scientists’ efforts to determine reliable econbraghblds.

Lolium rigidum Gaudin (annual ryegrass) aAdena sterilisL. (wild oat) are
two of the most troublesome weeds in Mediterranean dryland crops (Eo#zalljar
& Fernandez-Quintanilla, 1993; Gill, 1996b; Medd, 1996b; Recastias, 1997).L.
rigidum can cause important yield reductions in cereal crops (Lerstréd, 1995;
Cousens & Mokhtari, 1998), although its competitiveness is affected byoemental
factors such as rainfall and light (Lemeeleal, 1995; Izquierdeet al, 2003. A. sterilis
is also highly competitive, and its effects on crop yield are raitieeeven at low
densities (Torneet al, 1991; Gonzalez Ponce & Santin, 2001).

L. rigidum and A. sterilis are particularly problematic for wheaTr{ticum
aestivumL.), one of the most important crops in Mediterranean areas. Mamps
have been made to characterise wheat's performance as afestipetition fromL.
rigidum (Lemerleet al, 1996; Lemerlest al, 2001), and the geographical and temporal
variability of this interference (Cousens & Mokhtari, 1998), as wesllthat from
Aegilops cylindrica(Jasieniuket al, 1999). There are also some studies on the
competitive ability ofA. sterilisagainst wheat (Balyaet al, 1991; Gonzélez Ponce &
Santin, 2001), but they are not so focussed on the variability of imeckr

relationships.

However, as for any weed, interaction betweenigidumand wheat cannot be
evaluated accurately without considering other weed species compreshnt in the
weed community whiclv. rigidum dominates (Hume, 1993; Swinteh al, 1994). An

added value of this study emerge from that weed communities of wihesat crops in
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north-eastern Spain are usually dominated. byigidum andA. sterilisassemblies, and
few broad-leaved weeds are present in such agro-ecosystemsvidugretudy by
Pannell and Gill (1994) on the performanceAefena fatuaandL. rigidum mixtures
under controlled conditions highlights the necessity for multi-speaekeisi to obtain a
realistic picture of the effects of weeds on crop yield. Howewetheir studies, they
controlled weed densities and did not pay attention to the possibigiomarof
competition relationships and crop-yield loss in commercial fidldisteover, their
model tends to overestimate the competitiveness of each weadaids tio represent
the interaction between weeds, such that their predictions exteetigal observed
yield loss. In relation to mixed weed communities, there are oriéwastudies that
compare competitive relationships across time and location (Swaettcal, 1994;
Moechniget al, 2003), and none until now that address the possibility of changes in

competitive relationships within a field.

While many studies have analysed the competitive relationship betwresat
and eithelL. rigidumor A. sterilis further research is needed to evaluate the stability of
combined wheat= rigidum-A. sterilisinterference relationships, especially stability at
scales much smaller than the regional scale. This intereshali scale agricultural
phenomena has been enhanced by the development of precision agricultsexeaald
previous works have already explored yield variation within individeddi$i Colvinet
al. (1997) reported that crop yields within a field showed a coeffiadntariation
ranging from nearly 12% to 30% depending on the year. Taylat. (2003) reported
within field variations from 0.8 to 2.1 t Hdn UK crops. But in spite of this interest in
local variability in agricultural phenomena, there have been few stadidressing the
specific issues of competitive relationship variation (for &sidin a regional scale see
Lindquistet al, 1996, 1999).

Most competition studies analysing single or multi-weed speciestgfbn crop
yield have been carried out under experimental conditions (but see H99e,
Swinton et al, 1994). Under natural conditions, variations in biotic and abiotic
conditions may pose additional challenges to mathematical desespand the
modelling of competition output, but offer the advantage of a closersesgegion of

competition in real situations. In this paper we present data & two-year study
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examining natural weed-mixture.(rigidumandA. sterilig interference on wheat yield,
and determine whether yield loss caused by this weed assemblyblis ataoss

locations within a field and interannually.

2. Materials and methods

2.1. Field site and operations

We carried out our study in a 8 ha field located in Calonge de Sé@Ganaral
Catalonia, north-eastern Spain, 41°45’32” North 1°31'29” East). The ligd been
sown with wheat during the previous years (from 1999 to 2002) and infested
predominantly withL. rigidum, although some well-defined zones had low infestations

of A. sterilis

The field is topographically irregular with differences in elewabf up to 10 m,
though it all falls within a single drainage system, running from théhszasgtern corner
to the north western corner. The soil texture of the field rafrgedloam to clay loam.
Rainfall and temperatures were obtained from the nearest megioablstation, which

was located in Pinds, about 7 km to the north.

Table 1 Mean topographical characteristics of each area.

area Slope (%) Aspect (deg) Elevation (m”)
1 7.69 223.60 1.50
2 5.12 274.51 5.15
3 7.25 176.07 9.96

"Aspect is measured in degrees clockwise from nofttevation is the difference in metres to
the lowermost sampled point.

We selected three areas for comparative purposes. Three esgjaatly field
areas measuring 31 m51 m (which will be referred to as areds2 and 3) were
selected to represent contrasting topographical positions (Tablgelselected areas

that had minimally sloping surfaces, but nowhere was completelynitae field. They
also differed slightly in aspect. Although the infestations..ofigidum andA. sterilis
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were unequal at the beginning of the study (Table 2), the range ofdeesdies in

each of the three areas was nevertheless sufficient to permitcsgtbéisailysis.

Table 2Mean & standard error) weed density of each area initbteaind the second year.

First year Second year
density (pl m?)
area ryegrass wild oat ryegrass wild oat
1 816.2+ 121.1 3.3+1.4 2343.4+ 210.6 20.8+9.0
2 655.1+ 117.2 42.0+9.7 1722.8+ 160.6 1245+ 21.9
3 194.0+ 36.1 22+1.0 1212.0+ 133.6 6.6+ 2.5

The field was ploughed each year (on Septemb8r2090 and September 19
2001) and the seedbed prepared a month later (on Octdb@009 and October 9
2001), before sowing. The farmer seeded with his own seeding equipmenteand t
entire field was sown with wheatiticum aestivuntv. Soissons) at a density of 180
kg ha' (approx. 400 grains 1), on November "8 2000 and November™82001.
Fertiliser was added twice; a granular application of NPK 10-15t1%2% kg h&
before sowing and a liquid application of SN32 (Urea-Nitrate-Ammohiaina rate of
280 kg hd in the winter (February"™2001 and February $02002). A mixture of
herbicides to control broadleaf weeds (chlorsulfuron at 9 g.d%.phas tribenuron-
methyl at 9.375 g.a.i. Hawas applied both years. To ensure measurable populations of
the target weed species, no grass weed herbicide was used isttigedr. However, a
grass weed herbicide (diclofop-methyl at 350 g.at) veas applied the second year in

order to prevent a large increase of weed populations.

2.2. Sampling

24 plots of 1 nx 1 m, 9 m apart were delimited within each area. The plots were
georeferenced using a submetre accuracy Ashtech G-12 (Magellan aiorpoBanta
Clara, California, USA) differential global positioning system @&} to ensure
accurate re-localisation between years, and marked with camedacilitate

measurements during the growing period.
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Density was evaluated off' and &' January 2001, and on"3@nd 3 January
2002. Because of the high weed density and the sub-metric spatddintsrof thelL.
rigidum population, we sampled nine 10 ei10 cm quadrats, randomly placed within
each 1mx 1 m plot to increase support for density observatidnsterilisdensity was
evaluated in four 25 cm 25 cm quadrats both years, because of its larger seedling size
and lower density compared to rigidum Weed density was assumed to be fairly
constant throughout the growing season, so plants were not counted agaiardste
(Fernandez-Quintanillat al, 2000). Crop biomass data was collected at maturity'on 7
July 2001 and 1®July 2002, before harvest. Wheat yield was measured by harvesting
by hand four 25 cnx 25 cm quadrats, randomly selected within each 2 Inm plot.
These 25 cnx 25 cm quadrats were aligned with a wheat row so that the santeenum
of wheat rows was contained in each quadrat. Biomass was then eerfiodr24 h at
60°C and weighed.

To have a measure of potential crop production in each area, crop yededA
free areas was assessed in independent plots. Six additional jglassiring 50 cr 50
cm, were regularly placed within each area. In February plots weated with
diclofop-methyl at 712 g.a.i Hato avoid interference from weeds. Wheat yield in these
plots was also measured at maturity by harvesting the plots by hanta$® was oven
dried for 24 h at 60°C and weighed. Although there was no evidence of any pltytotoxi
impact on the crop, other trials indicate that diclofop-methyl tylgiceduces wheat
yields to some degree (Pannell, 1990). Thus it is possible that pbtesitacould be
biased downwards. The mean potential yield obtained from these veeepldts was
then used to calculate yield loss for each of the 24 plots, sinexpested negligible
differences in weed-free yield within each of the three areas.

The second year, high rainfall after herbicide application led tash wff and a
lack of herbicide effect on weed-free plots. Thus, the maximuid gieeach area was
inferred from those plots presenting the minimum joint wéedterilisandL. rigidum)
infestation and maximum wheat biomass (Jasieeiul, 1999). Therefore, potential
yield may also be biased downwards and yield losses upwards. Nevettheleardly
biased yield loss predictions are a lesser problem becausea fiarmer’s perspective,
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it is better that a model makes cautious management recomnoasddisieniulet al,

1999) than underestimating the effects of weeds.

2.3. Data analysis

Crop yield loss—weed density relationship have traditionally been desdrbe

means of the model proposed by Cousens (1985)

Iw

cropvyieldloss=———
4 1+Iw/ A

(1)

in whichw is weed densityA is the maximum yield loss (asymptotic yield loss) aisl
the yield loss per weed unit as weed density approaches zeial (ghitpe). The
statistical strengths of this model are widely accepted (Coudé85; Kropff &
Spitters, 1991; Pannell & Gill, 1994; Swintat al, 1994), even though this kind of
equation (two parameter rectangular hyperbola) is characterised tigr rnaoor
estimation properties (Ratkowsky, 1990). Nevertheless, its simpliedyb@logically
plausible functional form have favoured it over many other more complesels
(Cousens, 1985).

Variations have been postulated to model the effects of multiegpeceed
assemblies on crop yield (Pannell & Gill, 1994; Swin&iral, 1994). Swintoret al.
(1994) proposed a reformulation of the rectangular hyperbola to take odaord@ny

additional weed species:

. w

(2)

cropyieldloss= —L—+———
Py 1+ z lw /A

where w denotes the density of i weed specied; the initial slope for that species

(in our casd, for L. rigidumandl, for A. sterilig, andA is the maximum yield loss.

Pannell and Gill (1994) proposed another variation of the basic modaiich
crop yield loss from weed mixtures was modelled in a fairly indepérvday for each

weed species:
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0
yield=y, - % 4 W o 3)
O +Iw/Am 1+1,w /A0

in which y,s is the crop yield in the absence of weeds, and all other paranaegethe
same as in equation (2), except Agrwhich is independent for each weed species. All
parameters are estimated jointly, such that yield loss from peeies is a fixed
proportion of the yield following competition with another weed. This modeltha
advantage of considering that the total crop yield loss caused by onesspgaan be
different from the total yield loss caused by another one, insteacbrdidering

maximum yield loss to be a fixed proportion independent of species, as in equation (2).

Both models were evaluated to describe the data presentediogrgield data
for each year and location was fit using the Marquardt least sgestienation method
with  SAS non linear regression procedure (SAS, 1999). Equation (2) provided
marginally better results (slightly higher adjusteGHsetter convergence) and offers the
advantage of being simpler because only one parameter has to bdeestonaeach
weed species included in the model, as opposed to two.

Estimated competition curves were tested for significance bynsneé an
approximate F-statistic (MSR/MSE) (Jasieniwk al, 1999); when neither the
hyperbolic nor any linear fit were significant the data setexatuded from subsequent
tests. When regression was significant and error variance betdeta sets was
homogeneous (Lindquigt al, 1999), the extra sum of squares principle (hereinafter
referred to as ESS) for regression analysis comparisons waleyeh to evaluate
equality of estimated parameters among data sets (Ratkowsky, 1983hak3feen
described in depth by Ratkowsky (1983), and used for comparing non-linear models
applied to crop vyield loss studies, with some variations (Lindogeistal, 1996;
Lindquist et al, 1999; Moechniget al, 2003). The ESS procedure is based upon the
significance of the difference in the residual sum of squar8S)Retween models by

means of an approximate F-statistic:

(RS$ - RSS)/(df, - df,)) (4)
RSS/ df,

Varianceratio =

which measures the increase in RSS in relation to the indredsgrees of freedom of
residuals df) when comparing any moddd: (null hypothesis, “there is one model which
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describes adequately all data sets being compared”) to the omptex model &
alternative hypothesis, “there is a different model for each sktdeing compared”).

The null hypothesis (whatever it is) is rejected if this varéaratio is larger than the

critical F value (Fdf numerator, df denominatar= 0.0E)-
ESS can be summarised in a series of steps:

1. Fit equation (2) to each data set to be compared independently artigoool
residual sum of squares, or, alternatively, all parameters masgtimeated in a single

estimation by minimising:

RS =3 S Ok -1k +1,0) €+ (1. +1.0) A)) ®

in whichi represents one data set from théata sets to be comparedjs the sample
size of they, data set antlrepresents an observation in thedata setr; is L. rigidum
density ando; is A. sterilisdensity for observatioh yl; is the measured yield loss for

observatiort. All other parameters are as described in equation (2).

2. Fit a common,, |, and A to all data sets to be compared. This involves

minimising the sum of squares:

2

RS =3 3 (- (1 +1.0) A+ (1 +1,0) ) ®

Note that tha subscripts from equation (5) have disappeared, indicating that the same
parameter estimates are used for all data sets. CompariB@tofersus RSSallows

us to test the null hypothesis that thel, andA coefficients do not vary among data
sets. Rejection of this null hypothesis indicates thdt or A were different between

data sets, but does not indicate which one.

3. Fit a commor, to the data sets to be compared, whilst allovjrandA to be

different. This involves minimising the sum of squares:

2

RS =3 3 (=1 +1,0) A+ (1 +1,0)/A) )

Note that only the subscript froml; is lacking, indicating that this parameter gets the

same value across data sets, whilst all others are indiv@weath data set. Comparison
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of RS% versusRS& allows us to test the null hypothesis that khparameter varies
among data sets. Rejection of this null hypothesis indicates, tlsatifferent among
data sets. This third step is repeated for each other parametquation (2), testing

whether the observed parameter varies or not among data sets.

Unlike Lindquist and collaborators (Lindquist al, 1996; Lindquistet al,
1999), we first performed ESS to test the stability of competitifatts across space,
as small scale spatial variation (hundreds of metres) wastedp® be smaller than
temporal variation, especially in systems which undergo strong interah variation
such as Mediterranean climate regions (lzquieetlcal, 2003). When competition
parameters were consistent between locations, the data ferltlwasions were pooled
to test stability of competition parameters between years.

3. Results

3.1. Rainfall and temperatures

Rainfall and temperatures during the growing season were somewieatrdif
for each year (Fig. 1). Although cumulative rainfall from October to Jua® rather
similar between years (first year: 371 mm; second year: 400.8 nsngistribution

during the growing period differed.
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Fig. 1 Monthly cumulative rainfall and mean temperatuneintg the first and second years of
the study period.
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Only 135.0 mm of rain accumulated from March to June in the first ydalst
in the same period of the second year there was 246.6 mm. Moreovergedme m
temperature from December to the end of January of the second agdower than
that of the first year, such that neither the crop nor weeds beggow until February,

when temperature conditions were milder and rain begun.

3.2. Weed density and crop yield differences between areas

At the beginning of the study, weed densities were fairly unequal bhetveas
—differences were up to 20 fold iA. sterilis and up to four fold inL. rigidum
populations (Table 2)—. The second yearigidumdensities homogenised across space
because of the lack of grass weed herbicide application duringshgefar, although
there were differences up to twofold in rigidum densities between area 1 and 3.
Meanwhile, differences iA. sterilisdensities between areas were fairly constant —up to

20 fold both years, despite a conspicuous increa&esterilispopulations.

Table 3 Mean & standard error) potential crop yield4, estimated from weed free plots, and
crop yield at harvest for each area in the firgt second year.

First year Second vear
crop yield (g m?
area Vit wheat Vi wheat
1 1374.5+ 98.3 661.0+ 79.1 2035.6+ 27.2 1644.4+ 67.5
2 879.7+ 106.6 516.3+42.4 1277.2+ 103.2 879.3+ 71.6
3 632.7+ 91.54 653.6+ 39.0 1808.0+ 16.8 1511.0+ 52.6

ywr denotes that weed free crop yield in the secomd was not estimated directly from weed
free plots. See text for further details.

Mean crop yield including weedy and weed-free plots for each year are
summarised in Table 3. Although mean wheat yield was rather sib@tareen areas
(610.3 g nif, CV 13.35%) in the first year, in the second year differences batareas
were more conspicuous (1344.9 gZmCV 30.39%). There were also marked
differences in weed-free yield between areas and between fsaasgeneral trend, all
areas showed increased potential crop yield in the second year (up to 150% area
3). Area 1 was consistently more productive both years (differaheelowest weed

90



Wheat-ryegrass—wild oat interaction stability

free yield area ranged from 117% in the first year to a 84% indbend one); the

differences between areas 2 and 3 were not as significant.

3.3. Weed density—crop yield relationships

The relationships between crop yield loss and weed density for pacles
each year and each area are shown in Fig. 2. Crop yield loss istpdeas a fraction
for each weed so as to make interpretation easier. Equation (2)otidrovide a
satisfactory fit for area 3 for either year, but neither diddr regression (first year: F =
0.54,P = 0.47; second year: F = 1.59,= 0.23). Due to this lack of relationship
between crop yield loss and weed density in area 3, this dateasetxcluded from

subsequent statistical analyses.
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Fig. 2 Partial yield loss caused by each weed specieaifthree zones and both years. Circles
represent observed values and lines are bestis lgenerated from Equation 2 individually
for each plot and year.

The relationship between crop yield loss and weed density of eaciesspar
each year was satisfactorily described by equation (2) in aras 2. The approximate
F values were significant (p < 0.001) in each year for the modetibieg wheat yield
loss based on weed densities. The fit was better for area 1 instheefir (adjusted R
0.63125) than in the second (adjustéd=F.20086); whereas for area 2 it was better in
the second year (adjusted R.65387) than in the first (adjusted R.38419).

91



Chapter llI

3.4. Stability of competition between areas

Since regression analyses were significant for areas 1 anddhryears and
error variance among data sets within each year was corstatfor spatial stability

of parameters could be performed.

All three null hypotheses, testing whether, andA were equal between areas
for a given year, were accepted (Table 4); indicating that nortbesk parameters
varies at such a small spatial scalevalues (wheat yield loss as weed densities
approach zero) were similar between areas for a given yeanglieated byP-values
from the ESS test (Table 4), but theralues were higher thdpboth years.

Table 4 Parameter estimates for each area each year tfwethstandard errors) arfttvalues
from difference tests between areas.

parameter area l area 2 P-value of test
First year all 0.1419
[ 0.0011 (0.0003) 0.0014 (0.0006) 0.6387
lo 0.0158 (0.0124) 0.0029 (0.0035) 0.2931
A 1.4678 (0.4313) 0.8151 (0.2162) 0.16465
Second year all 0.3407
[ 0.000131 (0.000069) 0.000013 (0.000105) 0.2865
lo 0.0032 (0.0043) 0.0101 (0.0057) 0.3929
A 0.6778 (0.6277) 0.7670 (0.1638) 0.8909

3.5. Stability across years

To test the stability of parameters across years, data fiftenedit locations was
pooled for each year, as there was no evidence for spatial ditésreftee results from

the ESS procedure are summarised in Table 5.

I, varies significantly® < 0.0001) between years (being higher in the first year),
indicating that the competitivenesslofrigidumvaries over time. However, whilkf is
higher in the second year than the first, there being a markedly raffeet of A.
sterilis on the crop, the difference is not significant. suggesting that fhet eif A.
sterilis on wheat yield is rather stable across years. Our ressitsralicate there were

no significant differences in asymptotic yield 083 between years.
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Table 5 Parameter estimates for each year (with theirdstah errors) andP-values of
difference tests between years.

parameter first year second year P-value of test
all 0.0000
I 0.00129 (0.00026) 0.00010 (0.00003) 0.0000
lo 0.0016 (0.0018) 0.0058 (0.0030) 0.1557
A 1.1108 (0.1848) 0.8967 (0.3032) 0.5636

4. Discussion

4.1. Weed density—crop yield relationships

In certain areas of the studied field, we failed to detedtar cesponse in crop
yield to weed pressure. Lack of yield reduction from competition webds has been
shown for other weed species (Bussitral, 1995; Lindquistet al, 1995). Some
authors have also found a lack of fit in situations where crop leskiwas low (van
Acker et al, 1997; Moechniget al, 2003). However, in our case, differences in yield
between plots were up to 80% (maximum and minimum in the first $&46.6 kg/ha
and 287.2 kg/ha; in the second year: 2034.8 kg/ha and 965.2 kg/ha). These results might
indicate that there are many other factors that interatit wiotics to hinder the
interpretation of results.

One possible explanation for the lack of a relationship between crioplyss
and weed density could be water availability. Area 3 is the uppermostaf the field,
characterised by a moderate, slightly south-facing slope (Tableag¢dBon inference
from slope and aspect calculations (Shareatal, 1992), this topography may cause
differences in received solar radiation of between 5 and 9%. Highetion can lead
to overheating and an increase in water deficit in the late growing seapewially in a
dry season as the spring of the first year. Moreover, the topograpbsigon of area 3,
almost the highest area of the field, and the slope, might incre@sereand soil loss

and consequently might decrease water holding capacity (van Westrage2003).

Another factor which may have prevented a significant relation batweed
density and crop vyield is the shortness of the weed density gradidr area in the
first year.L. rigidumdensity ranged from 11 to 733 plant$;mvhilst A. steriliswas not
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present at 19 out of 24 samples. When the gradient used in regressonshort the
response of the dependent variable may be masked by overdispersion @f chata
simply remain undetected (Cousens, 1985). However, the lack of relati@hsig the
second year, when weed density here rose to levels similar toao#aer (ranging from
289 to 2933 plants hfor L. rigidum and from 0 to 38 plants ‘fnfor A. sterilis),
remains unexplained. Pannell and Gill (1994) report 30% maximum craplgsd A
parameter) folL. rigidum at about 400 plants fnwhich is far lower than the weed
density we observed. These striking results suggest that furtleareleds needed to
evaluate environmental conditions that result in a failure tocdeteerference front.

rigidum andA. sterilisin wheat.

With regards to areas 1 and 2, the poorer fit of models in somei@itias
difficult to attribute to a single factor. The high dispersion dadgiven this was not a
controlled experiment, may be the main reason for poor fit (weedtylemss not
controlled, only measured; soil may not have been as homogeneous as thdgght to
wheat may not have been uniformly seeded by the farmer’s seeding equipment).

Our results from competition coefficients for each speciegeaguith those
obtained by Pannell and Gill (1994) for competition coefficients in mestusf L.
rigidum and Avena fatuaalthough differences between species were not as high as in
our results. Since there has been no comparative study bewstarilisandA. fatua
it is difficult to ascertain whether these differencas attributable to different
experimental conditions or just to differences between specigd, @alues also agree
with those of Torneet al. (1991), though they investigated the interaction between
Avena sterilisand barley. Torneet al. reported yield losses equivalent ltpranging
from 0.00124 to 0.00435.

The values of; (yield loss ad.. rigidum density approaches zero) are within the
range of those previously reported forrigidumin competition with wheat (Pannell &
Gill, 1994) and in competition with barley (Izquiera al, 2003). In spite of the
available data, it is difficult to evaluate the extent of thabity of I, since

environmental and experimental conditions vary between studies.

Asymptotic yield lossA) values are also within the range of values previously
reported (Pannell & Gill, 1994; Lemertt al, 1995; Izquierdcet al, 2003. Only the
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individual value ofA for area 1 in the first year is unusually high, exceeding theoretical
limits. However, unconstrained non-linear regression often produese tkinds of
results when observations show substantial variability or the @unaitishape is ill-

defined.

4.2. Stability of competition between areas

Our results indicate that crop—weed competition relationships deampt at
least within a given field. None of the parameters examined vaeigeebn areas. It is
plausible that the lack of between-location differences for psytio yield loss for
either year can be attributed to the low reliabilityAodstimates, owing to data scarcity
at higher weed densities for both species (Cousens, 1985). Howeusdt], were also
rather constant across space (Table 4). This is unsurprising, psttom relationships
are not expected to change within a field unless differencesl itesire or topography
are very marked. In our study field the differences in soil tex@ndetopography are too
small to affect the competitive relationships between spe€al/ at a larger scale
(between states, between fields in different landscapes orcan@gsising different soll
series) would one expect such kinds of variation, due to soil type, or enemtairand
climatic characteristics of the site (Firbagkal, 1990; Cousens & Mokhtari, 1998).
Because of such differences in crop yield—weed density relationghguictions of
crop yield at a given density are likely to be imprecise unlesgffects of soil type and

environment (climate) are included in the model.

The stability of competitive relationships is the complement tad ysghbility
that must be met if we want to establish precision farming ipesctconfidently.
Threshold theory considers that weed population effect is size deperdt as such,
allows to predict the consequences of control decisions (Coblergeisen, 1992). But
if weed density—yield loss relationships are not stable withireld, all efforts in
modelling would be in vain. In our study, given that competitive relationshépstalnle
across the field (except for area 3, which we have excluded framatialysis),
management practices would depend only on the prediction of yield lo&$lo&e can
be forecast using common competitive parameter estimated thedleld but locally
varying yields. Crop yield potential would limit the zones where pr@tifarming can

be applied. So the main factor in the definition of management zoned moolve a
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previous identification of crop yield potential. At this point, estasaif weed-free crop

yield and crop price are still necessary for the implementation of precggilcnléure.

However, some authors have reported within field variation of crop yield
(Colvin et al, 1997; Tayloret al, 2003), as we, to some extent, have also found (Table
3). As our study shows, maximum crop yield differences between aeyasalout
1400 kg/ha in the first year (a dry year) and about 600 kg/ha in the second yeder(a wet
year). Weed-free yield under field conditions may be highly dependent on soi
attributes, such as water holding capacity, soil texture or steyatutrients, etc. (Earl
et al, 2003; Tayloret al, 2003), aside from the individual characteristics of the crop.
Many precision farming scenarios are based on the assumption of \s&ddhlpattern
within a field (Colvinet al, 1997), but short periods of observation do not allow one to
assess yield stability confidently, and it is somewhat prematusgate that yield is

homogeneous across a field based on our results.

4.3. Competition stability across years

Concerning inter-annual stability of competition, some other authors have
obtained similar results, reporting between-year stability foximmam yield loss for
corn—velvetleaf (Lindquistet al, 1996) and corn—foxtail (Lindquisét al, 1999)
interference. Such results are common when the residual disperglataa$ too high,
making it impossible to detect differences, but also when the deesity gradient is
too short to estimate confidently the value of param&igousens, 1985). This causes
high standard error values fArand thus a failure to detect differences.

However it is somewhat surprising that, independent of weed-freeyestip
which has been shown to vary within fields and between years, tHeofevaximum
yield loss is stable across time and space. This stability suglasteere is a yield loss
limit associated with weed density that cannot be surpassed, esgaodicrop growth

or environmental restrictions, at least within the reasonableslimposed in our study.

Lindquist et al. (1996, 1999) offer contrasting results for different weed—crop
combinations. They showed that the effects of velvetleaf and foxtgilbomanay not be
stable across years, depending on field site and years being competreeeByear

variation in crop-weed relationships may result from variatiorhenrelative time of
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emergence of crop and weed, from differential response of crop andtevddfkrent
environmental conditions across years, from shifts in resourdeatiom (water or

light), from variation in crop density, and from other management practices.

In our study, the effect df. rigidumin the second year may have been mitigated
by rain and thus water availability (Fig. 1). If soil water hadbesn a limiting factor,
light would likely have been the primary cause of yield reduction. Leraedl. (1996)
have shown that the crop attributes most strongly correlated wittothpetitive ability
of wheat againstt. rigidumin South Eastern Australia are plant height, the number of
tillers, early biomass production and leaf size, all of themeaeltd shading abilityl..
rigidum plants are generally shorter and less vigorous than wheat, suggeaticgop
yield reduction would be minimised when there are no water restric{a wet year,
with soil with high water holding capacity) if wheat ahd rigidum plants emerge
roughly simultaneously. Competition hy rigidum for water may play a leading role in
reducing wheat yield in normal to dry years or in soils prone to wa&ss (low water
holding capacity), whilst without water stress, wheat yield lossezhibyL. rigidum

might be minimal.

Moreover,A. sterilisis more competitive thaln. rigidumand this relationship is
also stable across years. In faft, sterilis has been reported to be one of the most
competitive weeds in a wide range of crops (Nietschke & Medd, 1996)t eawl cause
severe yield reductions (Martiet al, 1987; Nietschke & Medd, 1996; Dhin# al,
2000; Gonzélez Ponce & Santin, 2001). Howexesterilis is known to be affected by
drought to a greater extent than wheat (Gonzalez Ponce & Santin, 2004 )th€ lack
of effect of A. sterilis on yield loss in the first year could be a result of differéntia
effects of water stress on wheat and wild oat. In the secondwteam, no water stress
was detected (or its effect was minimal) throughout the groveaga, this weed takes
on an important role in crop competition. Some areas also experiendetpartant
increase ofA. sterilispopulation (Table 2) contributing to a still more marked effect of
A. sterilison crop yield, especially in area&. sterilisis an extremely aggressive weed,
which has high tillering capacity, rapid foliar extension and is t@fler than some

wheat varieties (straw of cv. Soissons is short and stiff).
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Also the conjoint effect of wheat, with no water restriction, and\osterilis
might outcompeteL. rigidum Thus the competitiveness df. rigidum almost
disappeared in the second year, and its effect on crop yield is rhifilia result
reinforces the necessity for conjoint estimation of competitwefficients in weed
mixtures (Hume, 1993; Swintaet al, 1994; Cowaret al, 1998; Moechniget al, 2003)
as well as emphasising the importance of minimising contaminationxtipgneous
weeds in competition trials (Pannell & Gill, 1994). Estimating cditipe coefficients
separately for each species would lead to an overestimation inm#asured
competitiveness and in consequence biased recommendations on treafthéhés.
same time it suggests that care must be taken before applyingjcaiigrthe same
economic threshold criteria in different years. Under a risk awerperspective it
would lead to an extremely conservative strategy that would mean easityd
threshold (Pannell, 1995).

The question of coefficient stability is central to establishivgy usefulness of
this approach for bioeconomic models. Some studies have focussed eiforts
ascertaining the geographic area within which a given set oficdeatt is appropriate
(Swinton et al, 1994; Lindquistet al, 1996; Lindquistet al, 1999), and have
highlighted the necessity of parameter stability for a model taudsful. We have
explored the questions of parameter stability within field, acikasstions and across
years. Our results confirm to some extent within field paranseability, especially for
those parameters related directly to the competitive impacteeflsvon crop yield.
Weed-free yield might be the main parameter for evaluating econtimeshold,
because differences determine whether a treatment is wortharhilot, especially in

those areas with low crop yields.

Apart from such considerations on the benefit of precision management
practices, it must not be forgotten that competition parameters kiwwemporal
stability for some weeds, whilst other weeds display more stabhapetitive
relationships across years. It must be evaluated to what ektennstability could

affect management decisions.
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CHAPTER IV
SPATIAL DISTRIBUTION OF LOLIUM RIGIDUM SEEDLINGS

FOLLOWING SEED DISPERSAL BY COMBINE HARVESTERS
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Summary

This paper considers the relationships between the dispersatdd aad the
distribution pattern of an annual weed. A comparative study of seed disjgrs
combine harvesters, with and without a straw chopper attached, \ahséstd using
Lolium rigidum a common weed in Mediterranean cereal crops. Seed dispersatalista
was quantified and the relationships between dispersal and fide seadling
distribution evaluated. Primary dispersallofrigidum seeds occurs in a very limited
space around the parent plants, but the density of seed is low sistserds do not
spontaneously fall from spikes. In contrast, many seeds are spread Hyneom
harvesters. In this study the maximum dispersal exceeded 18 nes$tablished stands
in cereal fields, although the modal distance was close to the.omgaddition, the
action of the combine harvesters tended to accumulaigidum seeds predominantly
under the straw swath, with some lateral movement. This actiod e&plain the fine
scale banded pattern bf rigidumin cereal fields. Although the treatment of straw by
the standard and straw chopper combines differed, the resultantdsdeution

showed few differences.
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1. Introduction

Many weeds exhibit an uneven distribution in fields, and sometimes pedshi
may differ depending on the sampling scale (Fwal, 1997; Cousens & Croft, 2000;
Rew & Cousens, 2001). The spatial distribution may be related to #r@dtion of
numerous factors, such as soil type (Hausler & Nordmeyer, 199%nizie et al,
2000), cultivation (Marshall & Brain, 1999; Colbaehal, 2000b), harvesting (Ballaré
et al, 1987b; McCanny & Cavers, 1988), herbicide efficacy (Dielegtaal, 2000) and
crop interference (Weineet al, 2001), all of which can affect seed distribution,
germination and survival. In recent years, the uneven distribution afswess lead to
the development of site-specific weed control (Gerhatdal, 1997a; Paiceet al,
1998) within precision agriculture (Heisel al, 1997; Nordmeyeet al, 1997), which
optimises agricultural inputs (e.g. herbicides) by varying applicatites reb match
within-field requirements. However, the effect of agriculturalctérs on seed

distribution must be quantified to improve our predictions of weed populations.

Many studies have addressed the spread of weeds (McCanny & Cavers, 1988;
Howardet al, 1991; Rew & Cussans, 1997; Thill & Mallory-Smith, 1997; Woolcock &
Cousens, 2000; Colbach & Sache, 2001; Wallirgal, 2002), since there is great
interest in evaluating the dynamics of weed populations. Also, an improvedekigaw
and understanding of seed dispersal could be useful in terms of thedcgetitogy, in
order to explain the uneven distribution of weed populations within f{€@d#achet
al.,, 2000a). Mathematical modelling of seed dispersal and of movement oy far
equipment has been used to explain the rates of spread of targetpserd,sand to
suggest implications for weed management. For example, combine hay\y@stinotes
the rapid spread of weeds (McCanny & Cavers, 1988), which causgmtities to
extend over time. Combine harvesting has been analysed as a caupershtisithin
(Ballaré et al, 1987b; McCanny & Cavers, 1988) and among fields (McCagirgl,
1988), but has rarely been related to spatial variability of weed pmmdgDieleman
& Mortensen, 1999; Colbacét al, 2000a). Colbackt al. (2000b) pointed out that the
spatial variability of populations along and across crop rows could feetesd by

combine harvesting, though the level of effect would depend on the crop stadiutiee
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weed habit. This could be especially true in cases in which wedidl spariability
differs dramatically depending on the direction and the scale of @disw &
Cousens, 2001).

Lolium rigidum Gaudin (annual ryegrass) is a common grass weed in cereal
fields under Mediterranean climate (Monaghan, 1980; Recaseths1997); in Spain it
is particularly abundant in the North-East, where it is thenmeged in winter cereals.
Little is known about the dispersal of this speclestigidum does not shed its seeds
spontaneously before crop harvest, and even after harvest most seddpensed as
clustered spikelets or spike fragments (Recastnal, 1997), indicating that seeds
seldom fall freely from spikelets without the help of a mectaraction. Moreover,
even after combine harvesting a considerable proportion of seeds ¢ha6%6}ill be
attached to broken segments of seed heads (Gill, 1996&idum could be controlled
through seed management at harvest (Gill, 1996a, 1997), and some studate thdic
as much as 80% of total seed could be removed at harvest if thefreluiifbn is
collected and destroyed (Walsh, 1996; Gill, 1997; Walsh & Parker, 2002), bungrowi
season of the crop and weed play a significant role in the proportlarrigfidum seed

that can be collected in any given year or field.

The dispersal action of combines lonrigidum seed has not yet been quantified
as it has been for other species likatura feroxL. (Ballaréet al, 1987b) andBromus
spp. (Howardet al, 1991). The latter species differ in seed size and dispersal
mechanisms ta. rigidum The seeds ddromusspp. are larger than thoselofrigidum
and are shed freely when matube.feroxis a tall broad-leaved weed, whose seeds are

large €. 5 mm in diameter) and loosely disposed in large seed pods.

Here we studied the contribution of two types of combines, standard ard thos
with an attached straw chopper Ltorigidum dispersal parallel and perpendicular to the
cutting swath. These two combining methods are the most common harggstems
used in conventional cereal fields in north-east Spain. We evalletexdféct of these
combines on the fine scale distribution patteri..ofigidum seeds and the subsequent
seedling patterns. In addition, we describe the fine scale Jdyiati L. rigidum
seedling populations and discuss this on the basis of the treadtmerdp debris by

combines.
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2. Materials and methods

2.1. Dispersal of seeds by combine harvesters

Our experiment was performed in Concabella (Catalonia, north-e&xpaon,
41°40°51” North 1°20°'6” East), in a no-tillage winter barléjofdeum distichor. cv.
Hispanic) crop with no natural infestation &f rigidum Field management is

summarised in Table 1.

Table 1 Agronomy of the experiment in Concabella, Spain.

Weed sowing Lolium rigidum October 19, 2000 6000 seedd m

Crop sowing Hordeum distichorev. Hispanic October 19, 2000 200 kg'ha

Herbicide application Chlorsulphuron + Isoproturon January 10, 2001 15 g-h#1680 g.a.i. ha
Fertilisation Ammonium Nitrate February 8, 2001 200 kg ha

Crop harvest June 7, 2001

The experiment was a one factor design, the combine harvester, aed thr
replicates. Three plots (80 m wiee40 m long) were established 35 m apart (Fig. 1).
Within each plot, two subplots (40 m wide40 m long) were delimited. One was
harvested with a standard combine (Deutz Fahr 3575H) with a cultiitly @ 4.80 m,
while the other was harvested with the same combine but witlsttaer chopping
attachment connected to the outlet (these machines will beectfier herein as CC —
standard combine, and SC —straw chopper combine, respectively). Intbatioss the
chaff spreading mechanism was connected, since the field was under no-tglage re

Prior to crop seeding, a 4 m wide5 m long (along crop rows) stand/area,
located in the centre of each subplot was sown lwithigidum seed at approx. 6000
seeds T, on 19 October, 2000. The stands were covered with a plastic sheet during
herbicide application to protect weed. Seed production at harvesicin stand was
evaluated collecting six 25 cm 25 cm quadrats randomly placed within the stand,
immediately prior to crop harvest. These quadrats were used to evalubpeashection
per unit area. Stand seed production at harvest was 55,2885.4 seeds ) which is
quite high compared to seed production reported by Gill (1996b). On 7 June, 2001, al

plots were harvested. The combine was driven at 6 kin the direction of crop rows.
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The distance between plots and stands prevented seed overlap duringpdigere

was no to very low wind during crop harvest.

80

nd i sc# SCH#? SC#3
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X [NERR—— L O — ; R
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204 jrmminng Lo Lo
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Distance (m)

Fig. 1 Diagram depicting the experimental layout. Theyeglraded areas are the rigidum
seeded stands/areas. The black arrows indicatentbieement of the combine during
harvesting. The black vertical bars indicate thsifimns of transects along the combine track.
CC represents standard combine and SC represeavsctopper combine.

The sampling grid was designed to detect forward and backward seed
movements (Fig. 1), and also to detect seed dispersal along the paufandkis
(lateral seed movement). Thus, the strip opened by the harvestsampaled from 9 m
behind the centre of the stand to 18 m in front of it (total length 2Along this 27 m
stretch 10 transects perpendicular to the track of the harwestersampled (Fig. 2).
The transects were 3 m apart. Five samples were taken irtraaséct: one centred on
the swath and two more on each side, 1 m apart (Fig. 2). Each saagptemposed of
four subsamples, which were taken in a cross-shaped scheme, by vactumaengas
of 10 cmx 10 cm which were placed within a 20 cm radius. To evaluate segerstl,
only germinable seeds were counted. To achieve this samples ovi@ fsom large
straw pieces and small stones and were put into plastic mdyisrated by sprinklers
from 7 August to 20 December, 2001. Seedlings were counted weekly and et cont
of the trays was mixed to encourage further germination, this segjueas continued
until further germination was very low when the experiment was mertenl.
Hereinafter we will refer to the seedlings recovered from tthgs as seeds, to
distinguish these results from the intensive survey of natural popwati@iained in

the next section.
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Perpendicular (m)

SC #1 SC #2 SC #3
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151 coec0 | 69 151ooo00| © 151 c@oco | 72
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()
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o
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91ooco00| 5 9fooooo| 6 91oocoo00| 3

or~omo TOTAL o ow  TOTAL oo  TOTAL
2 OO 90 1227 seeds 2 R, B3 1289 seeds 2 RO BTN 1288 seeds

Fig. 2 Sampling design for each subplot. The inside regea (dashed line) indicates the
position of thel. rigidum seeded stands/areas. The total number of seedéngsded across
each perpendicular transect is given on the righd ef each plot; the numbers below each
plot indicate the total number of seedlings recdrdi®ng the parallel transect lines. The total
sum of seedlings recorded is given in the bottoghtrcorner. The grey scale refers to the
number of seedlings in each sample. CC represtridaad combine and SC represents straw
chopper combine.

2.2. Fine scale spatial variation of L. rigidum populations

In order to describe fine scale variationlofrigidum populations an intensive
survey was performed in another cereal field over a three yaad p@re selected four
10 mx 10 m field plots representing a wide range of ryegrass densiti@g a wheat

field (Triticum aestivumcv. Soissons) conventionally harvested along crop rows,
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located in Calonge de Segarra (Catalonia, north-east of Spain,’32L°4$orth
1°31'29” East). Only one herbicide application was applied to the flatthg the
survey (years 2002 and 2003). A mixture of herbicides (chlorsulfuron at 9 gé.i. h
plus tribenuron-methyl at 9.375 g.a.i-havas applied to control dicotyledonous weeds
on March % 2002. These plots were surveyed in mid summer 2001, winter and mid
summer 2002 and winter 2003 in order to establish straw position afteshand to
evaluate spatial distribution of seedlings in the following growing asedsr two
consecutive years. Straw position after harvest was recorded as presasent (binary
data) on a regular 0.5 m0.5 m grid, and sampling points were aligned in an east to
west direction, which was the orientation of the crop rdwsigidum seedlings were
counted using 10 cm 10 cm quadrats on the same regular grid. All measurements were
performed for two consecutive years to assess the effectsaof daposition on the

distribution of theseedlings and to evaluate year-to-year variation in spatial distribution.

2.3. Statistical analysis

2.3.1. Dispersal of L. rigidum seeds by combine harvesters

A preliminary analysis of data indicated that seeds were degpaxording to a
maximum near the point of introduction, with short tails backward and kails
forward. According to Howarcet al. (1991), this pattern of redistribution can be
described by a compound model, formed by a normal function centred slighihyg beh
the point of introduction, and a negative exponential function from the point of
introduction forwards. It is explained as the conjunction of twandisfphenomena:
most seeds (in p proportion) are released shortly after being collected, but thettrans
of seeds inside the combine is faster than its movement dloeosld, which results in
the slightly backward displacement of seeds. Long forward tailexqlained because
remnant seeds (@-p) proportion) are released much more slowly and gradually while
are being processed by the combine. To avoid differences between aqistd doy
differences in the total number of seeds recorded, all analysespegormed on the

proportion of seeds collected at a given position (transect) for a plot.

The shape of seed distribution was approximately the same in pdinagcular

transects, so all transects were described jointly. Lateoakment of seed dispersal
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was described by a Cauchy distribution function because the ends afnbects (outer
values) were too high to be adequately described by a normal aaheoteivorthy that

the Cauchy distribution function has some peculiar properties: it ddesbey the
central limit theory and the mean and standard deviation of the Caudhipudisn
function are undefined. However, these reasons do not make it an inagpieropodel

for dispersal (Shaw, 1994). The model fitting was performed on the numiseed$
recovered at each point, divided by the total number of seeds odllacta given
distance (transect). Therefore at each distance sampledette reeovered summed to

one and thus had the same weight when adjusting the function, independently of

distance to focus and the total number of seeds.

Functions were fitted with the non-linear regression procedure —RRAT of
SAS (1999)- and treatments were compared using the indicator vaaipteach
(Neteret al, 1990; Juliano, 1993). The indicator variable approach has the advantage
that it produces an explicit test of the null hypothesis of equal ptaesr(®eteret al,
1990).

The resulting equations fitted to the longitudinal movement are as follow:

if distance < 2.5 m:

(distance- (u + du [t:ombiné)2

2(0 +do Et:ombiné2
(0 +do eombin¥2m)® U

0
E B

Norma(u,o) = (p+dpm:omb|néeD

if distance= 2.5 m:

(dlstance— (u +du El:ombin@)2

2(0 +do Et:ombin@2

Normal(u,o) + Exponenti&(B) = (p+dp@30“'b'ném (0+d bing ( ) u
o + do [tombing| 2T
0

: .
+(1-(p+dpLEombing) - pgrdlstance%
HW [0 B+ dp tombing]

wherep is the proportion of seeds dispersed according to the normalduydpiis the
difference in that proportion between combingss the scale parameter of the normal

function, do is the difference in scale parameter between combjnésthe position
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parameter of the normal function athd is the difference in position between combines,
and S is the shape parameter of the exponential @fds the difference in shape
between combines. The varialdembinetakes values O or 1 arbitrarily assigned to the
SC and the CC, and is included to account for the difference betvestments. The
parametersly, do anddg estimate the differences between combines in the values of
the parameterg;, o and 3 respectively. If the parameter estimates are significan
different from 0, then the two combines differ significantly in theregponding
parameters. In that case, for the SC, the estimates of theetarsy, o andf are the
estimates of the treatment parame@ss osc and Ssc For the CCu+du, o+do and
[p+d g are the estimates of the treatment parameigs,socc andScc. The cut-off point
between function domains was established at 2.5 m since it isntheofi the weed

seeded stand.

The lateral seed movements were described using the following equation:

Cauchy=

1
(s+dsm:ombiném[%+% distance QH

s+ ds[eombing i

where s is the shape parameter of the Cauchy distribution functiondand the
difference between combines. This equation does not include any positiorefgaram
because the seed movement is assumed to be symmetrical and centred otintHdewa

interpretation of parameters is the same as for the previous equations.

2.3.2. Fine scale spatial variation of L. rigidum populations

The spatial structure of populations and straw patches was shydiméans of
the analysis of indicator semivariance (Isaaks & Srivastava, X888vaerts, 1994a;
Deutsch & Journel, 1998) in space, simultaneously with examination ofalspat
distribution maps. Mapping is a necessary complement to structureofumetalysis
since the shape of the functions may not correspond unambiguously to a singié type
structure (Legendre, 1993). The indicator semivariance was used save@tsence is
already a binary (indicator) variable, and weed density can be readi¥grted into an
indicator variable through coding in relation to a cut-off. Above the hbtdsthe

original variable is coded as 1, and below it the weed density isl @s@. The spatial
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relationship between straw presence and weed density, and tienséligt of these two
variables between two consecutive years was analysed by a arogarsggram. This
analysis was used to describe the extent of spatial relatiordretvariables (Isaaks &
Srivastava, 1989; Goovaerts, 1994a). In such a way, the cross-semivanidinates
the association between straw presence and high weed density.

Only three plots from the original four were used in the analysiause one
was located too near to the field margin and thus the combine phsseght it twice.
This double pass made it difficult to interpret results, sirtcawsswaths did not
correspond to their original position amd rigidum seeds were probably deposited
twice. Since the remaining plots did not differ noticeably in thection of straw
swaths, they were pooled for analysis.

The analysis of auto and cross-semivariance was carried outdwatialg and
plotting semivariograms in two perpendicular directions, parafidl @erpendicular to
crop rows. The shape of the semivariograms allowed us to descriqeatiad pattern of
the patches (Legendre & Fortin, 1989). Semivariograms were daldulessing the
GSLib subroutine, GAMV (Deutsch & Journel, 1998), for straw presencewaed
density. These analyses were performed for the three areaedead two growing
seasons (2001-2002 and 2002-2003).

3. Results

3.1. Dispersal of L. rigidum seeds by combine harvesters

The number of seeds collected from the two types of combines did ret diff
significantly (Student’s-test = 1.53P = 0.2649), although one replicate for the SC had
almost twice as many seeds as the replicate that showedirtieum (Fig. 2). The
seeds of. rigidum were deposited in a similar manner by the SC and CC, with the
maximum density near the centre of the stand and a long redistrilbmtfoont of it
(Table 2 and Fig. 3). The mean distanteSE) of seed dispersal (calculated as the
distance weighed by the amount of seeds at a given distance) was @@&¥ m for

the SC and 3.138 0.474 m for the CC.
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Fig. 3 Effect of combines oholium rigidumseed dispersal parallel (A, B) and perpendicular
(C, D) to swaths. CC represents standard combideS&hrepresents straw chopper combine.
Boxes are mean seed frequentys0) for the three replicates and the solid linesthe fitted
functions.

Table 2 Comparison of the total number of seeds capturedtl@ proportion ot. rigidum
seeds remaining in the seeded stand/area, anderecolbehind and in front of it. CC represents
standard combine and SC represents straw choppw#ime. Values in parentheses are standard
errors.

SC CcC Difference p-value Confidence interval 95%
for difference
Captured seeds 1821.7 (360.52) 1268.0 (20.50) 553.7 0.2649 -448.9 1556.3
Proportion in 0.265 (0.0194) 0.504 (0.0669) -0.239 0.0265 -0.432 -0.046
front

Proportion 0.412 (0.0683) 0.091 (0.0122) 0.321 0.0098 0.129 0.514
behind

Proportion on 0.324 (0.0489) 0.406 (0.0787) -0.082 0.4252 -0.339 0.175

the focus
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The fraction of seeds recovered behind and in front of the standediffer
significantly between combines (Table 2), and it was also statéaebyalues of the
parameter (Table 3), indicating the proportion of seeds that marenoved further
from the focus. The seed dispersal pattern behind the limitheosdurce differed
between combines, as stated by the estimates of the normal funcaometers (Table
3). The position parametegr, indicating the location of maximum seed density, was
placed 0.0588 m in front of the focus for the CC, whilst it was -1.2265 nmdbéhior
the SC. Also the value for the parametdgmdicating dispersion of the seeds around the
maximum, was statistically different between combines (T&hpleThe value of the
parameterocc was 0.5682 and the value okc was 1.0449, indicating that the

distribution of seeds by the SC was less concentrated.

Table 3 Estimates of the parameters (with their standardrenf the function fitted to the
parallel and perpendicular seed movements, withdifference between combines and the
significance of such differences.

Parameter estimate (SE) Difference P-value Confidence interval
sSC cC 95% for difference
u  -1.227 (0.2551) 0.059 (0.03351) 1.285 0.0036 0.440 2.130
Parallel o 1.045 (0.0885) 0.568 (0.0574) -0.482 0.0001 -0.713 -0.250
p 0.867 (0.0588) 0.575 (0.0596) -0.292 0.0015 -0.466 -0.118
B 7.445 (7.5706) 3.124 (0.8140) -4.342 0.6266 -22.142 13.458
Perpendicular s 0.694 (0.0581) 0.455 (0.0251) -0.239 0.0004 -0.369 -0.110

u and o parameters are the normal function parameters,the proportion of seeds dispersed
by the normal function3 parameter is the shape parameter of the expohdetfine.s is the
shape parameter of the Cauchy function fitted tophrpendicular distribution of seeds. CC
represents standard combine and SC representsaiogpper combine.

While the above analysis shows a short dispersal distance ferthaor the 50%
of the seeds, a significant proportion were moved greater distamckghis is of
considerable importance in the context of the expansion of patches. Althoeigh t
proportion of seeds carried forward by both combines was different,tiimaes of the
parameterf, which describes the decline in seed density in front of the point of
introduction, did not differ significantly between combines (Table T3)e lack of
statistical differences may be related to the poor estimafidihe forward tail and the

lack of samples at extreme distances. The maximum dispersalaisvas not assessed
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for either combine, since in all replicates some seeds veemngdfat the maximum

distance sampled (Fig. 2).

With respect to the lateral movement of seeds, they were not homodgneous
distributed across the swath opened by the combines. The disperbal diirection
perpendicular to the combine movement was limited and independent ofsdisper
parallel to the movement. For both SC and CC there was a cleanalation over the
central line, which corresponded to the central straw deposition icateeof the CC
(Fig. 3). Differences between the central line and the margimmged from 5 to 13 fold
for the SC and CC, respectively. The latter concentrates thes de a narrower band.
Thus, the proportion of seeds on the central line was 894629% for CC and 47.16
6.69% for SC (Studentistest = -2.784P = 0.050). The distribution of seeds was flatter
and with more seeds dispersed away from the centre in the plo¢stear by the SC, as
shown by the value of the parameter of the Cauchy distributiossd 0.694 vs.scc
0.455).

3.2. Fine scale variation of populations

The measurements recorded in the experimental field in Calon@egkra
were first explored by mapping. Data points were plotted with ticamahvalues. Straw
deposition and seedling density maps for one of the three plots dedeetshown in
Fig. 4. The other two plots are so similar that maps are not shdwenpdrcentage of
straw covering the surveyed surface ranged from 24.04 to 44.22% (average 31.2% i
2001 and 37.8% in 2002). Mean rigidum seedlingdensity within each plot ranged
from 1026.08 to 2232.88 seedlings&nand the overall averade rigidum density was
1564.47 seedlings frin 2002 and 1910.43 seedling¥ in 2003.

Straw presence and. rigidum seedling density were autocorrelated in both
directions and for both years, indicating that the scale at whictialsgtructure
occurred was greater than the distance between two neighbouring quadrats (5R}. 5A,
5C, 5D). The auto-semivariograms of straw presence (Fig. 5A, 5Beadtrgy density
(Fig. 5C, 5D) showed a similar pattern in both years. Furthermbee, ctoss-
semivariograms also showed a similar pattern, indicating tha thvesvariables have a

shared spatial structure (Fig. 5E, 5F), and are positive, indicapogitive relationship
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between straw presence and high weed density. The extremely |saseros/ariance
values between straw and weed density parallel to swathes in 203K} suggest a
strong association between straw and high weed density.

A Straw presence 2001 B Seedling density 2002
10

Perpendicular (m)

2500

2200

Presence

1900

C Straw presence 2002 1600

Absence 1300

1000

plants m-2

) Perpendicular (m) >

Parallel (m) 10 0 Parallel (m) 10

Fig. 4 Maps of straw deposition (A, C) and seedling dgnd@, D) in the following growing
season. The black areas in straw maps denote Hoakewere occupied by straw and chaff
after harvest, whilst white areas are straw frealé&Sin seedling density maps is expressed in

plants nf. The plot shown is 10 m 10 m.

Spatial semivariance coefficients increased at a greateracross than along
crop rows. There was a clear sinusoidal pattern in the directigerm#cular to crop
rows and to the combine movement across the field. Two peaks wervaibs$or all
variables, the first at about 2 metres, and the second at about 6 nhérongin, except
for seedlings in 2002, that present an irregular pattern furthémeo# m (Fig. 5C).
Semivariance coefficients increased with distance up tor2 2001 and up to 2.5 m in
2002, corresponding to the difference in straw presence and weed densédgrbéte

focal points and distances from these points.
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Fig. 5 Auto-semivariograms of straw presence (A, B) ameldiing density (C, D), and cross-
semivariograms between straw presence and seedimgity (E, F). y is the spatial
semivariance coefficient. Squares) (ndicate the direction parallel to crop rows; circles (o)

denote the direction perpendicular to crop rows.

The auto-semivariogram of straw presence and seedling density abpnigpws

followed a clear monotonic increasing pattern because of loss of antb-cross-

correlation with distance. The increase of semivariance isaiegal by the fact that

straw swaths were not aligned with the sampling grid (Fig. 4A, #@)s had been the

case, the auto-semivariogram would have been 0 in that directiorl fdistances

analysed. The semivariance values forrigidum seedlings were higher at short
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distances than those for straw presence, since density valuesaaranore variable

than those of straw, which are restricted to presence or absence.

The cross-semivariogram of weed density between years (2002 and 2003) is
shown in Fig. 6A. The low and not clearly patterned values of semivariahall
distances indicate a poor correlation between years. The emsgsiogram of straw
presence in 2001 and 2002 (Fig. 6B) shows an inverted pattern with resgaeio
auto-semivariograms (Fig. 5A, 5B). The cross-semivariogram of spegence
perpendicular to rows presents negative values in the beginningatindi¢hat straw
lines are intercalated, and descends to a local minimum at 2.5ich veflects the

distance between straw lines of the two consecutive years.

A 0.2_ Cross-semivariance B 0.2_ Cross-semivariance
] Seedlings 2002-Seedlings 2003 ] Straw 2001-Straw 2002
0.1] 0.1
i ,,0;8 i
i 0000y, g-0-0-08 0t 00 1 o,
0.0] g8 0.g-0n a8 TG T g T e 0.0 ppog s S ol o
y e i O y 1 DVD”D"B’E' g‘:QI:D'-D"D
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Fig. 6 Cross-semivariogram of seedling densities (A) afdstoaw presence (B) in two
consecutive yeary.is the spatial semivariance coefficient. Squargsir{dicate the direction
parallel to crop rows; circles{ denote the direction perpendicular to crop rows.

4. Discussion

4.1. Dispersal by combines

Secondary dispersal df. rigidum seeds was assessed in an experiment that
simulated agricultural conditions in which the weed is common. In tbesditions,
combines make a significant contribution to seed dispersal while rgrichapersal
might be less relevant. As pointed out Walsh & Parker (2002), a highrpoopof L.
rigidum seeds, ranging from 46 to 71%, remain on spikes at harvest time depending on

crop and season, thus entering the header of combines during harvestingndihenge
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seeds are assumed to fall freely from spikelets, but the pegeerda vary as a function
of the harvest time. A preliminary analysis (results not shown) steg¢hat a 6.44%
of the seeds could had been dispersed by the harvest time. Simae fitot actually
sampled, it was not used in the following analyses. This pool of pre-haigpsrsed
seeds are likely to be displaced short distances. A large proportidopécurus
myosuroidesHuds. seeds (Colbach & Sache, 2001), a species with slightlyesmall
seeds than those bf rigidum are dispersed in the immediate neighbourhood of their
mother-plant, mainly because of gravity-related dispersal, and veryséexs are
collected further than 4 m. The majority Bfomus sterilisL. (99%) andAnthriscus
sylvestris(L.) Hoffm. (87%) seed marked in a field margin, and 84.598 .oéterilis
seedsmarked in an open field are disseminated within 1 m of the soume €Ral,
1996Db). In fact, for many weeds natural dissemination distances dréel@l 4 m
(Pacala & Silander, 1990; Howaed al, 1991; Gonzéalez-Andujar & Perry, 1995) and
seeds remain within the focal point (Balla®al, 1987b). Short dispersal distances in
annual weeds is not disadvantageous as the mother-plant wilhdlieae an empty
space; however, it could be a drawback if the seed production of adots [péa
negatively influenced by overcrowding (Ballaeé al, 1987b). In addition, primary
dispersal (and its importance in relation to secondary dispers#l)affieéct the
abundance and pattern of patches. Unfortunately, this issue is outsitm®pieeof our
work, but might be relevant to develop further research on dispersabpatod

expansion.

Our results show that the dissemination lof rigidum seeds is strongly
influenced by the action of combine harvesters. These machines hgvetéhgal to
move seeds over a great distance, presumably more than 18Lmrigidum in the
direction of combine movement, a finding which is consistent with margiespsuch
as Panicum miliaceuni. (McCanny & Cavers, 1988Bromusspp. (Howardet al,
1991; Rewet al, 1996b), andDatura ferox(Ballaréet al, 1987b).

Although in some studies backward dispersal was not sampled (Betlaté
1987b), there were results from other studies (Rewal, 1996b) indicating that
backwards seed movement occurs during harvesting. Combines also disprgjisem

seeds backwards; this movement may occur because of the lower spamdbaie
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movement (forward) than that of straw debris (backward) withinctdmbine, which
would result in an overall backwards movement of debris. However yitatsa be the
result of the propulsion of the straw by the straw chopper. Thesgsefiave been
described as a short range movement (Howearal, 1991), but they have only rarely
been documented for other weeds. Nevertheless, backward and forward mewemment
not relevant to the positional stability of weed patches, sincewkelited) mean
distance that the seeds were moved was close to zero. Thevefoassume that weed
patches (or at least the foci or higher density zones) do not motle agsult of
harvester action. However, it is pertinent to consider the movementesi seeds that
are swept forward by combines. This long distance might cause the appeeaf new
foci (Shaw, 1995; Wallingaet al, 2002) and remnant seeds inside the combine can
infest new fields (McCanny & Cavers, 1988). It should be noted thamihertance of
such movement, and the risk of yield loss at distances furthertfr@rriginal foci, is
dependent on the quantity of seeds that are swept away which, irstdependent on

the relative importance of secondary versus primary dispersal.

Some modelling studies (Le Coret al, 1997; Colbach & Sache, 2001) have
described seed dispersal as a single Weibull function or a conjunttion continuous
functions, indicating that at least two mechanisms contributédhe@odispersal. The
description of seed dispersallafrigidum over all distances with a single function or a
conjunction of two continuous functions was not possible. However, the getoof
functions that provided two separate descriptions of the disperfsaht and behind the
focus allowed us to illustrate the differences between the combimé discuss their

effect on seed dispersal.

Although the normal function explains most of the seed movement, it isabie
important when studying dispersal because the movement of seedseprdyicthis
function is scarce, and it provides poor information on relevant sulsjecitsas the risk
of infestation of new zones and the expansion of patches. Neverttieesgoonential
function fitted to the forward movement offers valuable informations Thia main
factor that should be considered when analysing the risk of expanding spatche

Therefore, the probability of seeds reaching longer distancese#teg for the CC,
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although there were no significant differences between the properiof seeds

recovered at the extreme distances sampled (statistics not shoalne = 0. 427).

According to Wallingaet al. (2002), a plant population can display a spread-out
pattern if the forward tail of the projected seed dispersalecdeclines more slowly
than exponential. Therefore, in SC and CC, a closed front that moveardoat a
constant rate is expected from year-to-year. Here we cannomdetewhether the
curves are exponential or power lines, although this assumption caontsavisat
arbitrary (cf. Wallingeet al, 2002). Moreover, the practical consequences of the kind of

decline are still to be explored.

Our results show that the lateral seed aggregation is moreamel¢han
longitudinal dispersal in the generation of patterns of seedlingsaddanulation of
seeds under the central line by the action of both combines produced scdire
pattern, characterised by high and low density zones which were sdpbyatew
metres (about 2 m but this depends on combine width). Differences perbendicular
movement of seeds between combines were related to the stadmveiné Since both
combines had the chaff spreading system connected to the outletfféinendes are
related to an important fraction of seeds that are processedheitstraw not with the
fine chaff fraction. However, in relation to the risk of spreadingdsde new areas, the

longitudinal movement is the most worrisome to farmers and weed scientists.

4.2. Fine scale variation of populations

The most consistent observation of the seedling spatial distributidheis
repeated banded pattern every 4 m. As in many other studies, autorseroeva
increased much more steeply perpendicular to harvest lines than gartidkin. This is
the pattern expected for any field in which weed patches are elongdtexidirection

of combine movement.

The most striking observation of the semivariogram is that therpasteoughly
the same as that reported by Dieleman and Mortensen (1998bdititon theophrasti
Medik. in corn Zea mayd..) fields, despite differences in the latter crop-weedesyst
There are two substantial differences between our results ardahother studies that

report similar spatial structures (Johnsamnal, 1996; Dieleman & Mortensen, 1999;
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Colbach et al, 2000a; Wiles & Schweizer, 2002). The first is the scale of the
phenomenon. In our case the distance between the first peak andttiiedigh was
about 2 m, whilst for other studies it falls over 10 m. The secondretiffe is the

periodicity of the pattern, which depends on the repeated passes of combines.

The elongated patch pattern of other weeds might depend on the cultivator
action and ridge-tillage planters, which are not used in cergdisfin north-eastern
Spain. Other factors, such as poor overlap of sprayer boom or of cahiyadsses
could lead to elongated weed patches (Dieleman & Mortensen, 1999); hptheser
are exceptions rather than the rule, contrary to our case wlergaeed bands of

seedlings conformed the general pattern of the field.

Analysis of weed pattern stability through the cross-semivariotpetmeen the
2002 and the 2003 density revealed, on this fine scale, a lack of a rstakilenship
between years. In contrast, other authors (Dieleman & Mortensen, @8@ichet al,
2000a) who found large-scale patch stability related to the preséacpersistent seed
bank and to the restricted action of combines and other farm machewayse most of
the weed seed was not retained on the adult plants. In our studyaiheseed
movements were caused by combine harvesting. Although some movement cduld resu
from the planter and chisel ploughing, these are unimportant cordribusince we
observed very good agreement between straw position after harvestinglauoleihsity
zones of weed in the following growing season. If ploughing or sowing had &mgreat
impact, the banded pattern would probably be absent. Similarly, if ndtssaimination
played a key role in seed dispersal, it would have been detected patla gattern as
a positive association between weed density over years becatise gfort distance
dispersal ofL. rigidum seeds. The role of seed banks from previous years should be
discarded because of the short life of seeds in the soil, @96a); some authors
(Gramshaw & Stern, 1977; Gill, 1996a) have reported seed bank decay yeame
ranging from 75% to 90%. Thus even in the presence of a high seed bank daseur
between 2000 and 6000 seed¥, mnpubl. obs.) mainly the seeds produced in the
immediately preceding cropping season should be considered.

Non-spatial models of population dynamics use averages as parametkers, a
model outputs are given as mean densities (van Groenendael, 1988). Henealies
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that rely on mean densities do not provide a precise descriptioreed population
distribution or spatial dynamics in fields (Wallinga, 1995; Paical, 1998; Dieleman
& Mortensen, 1999). In this case, the short distance variatioraglesplbyL. rigidum
seedlings can hinder the application of theoretical models unddr danditions.
Moreover, spatial structure analysis might be flawed because déqgnate scales of
analysis. So, if the aims of spatial structure description @reséd on estimation of
weed density at unsampled locations (e.g. kriging, which has become onenudghe
popular methods), the results could be absolutely wrong. This fine \sar@dion can
make it difficult to determine the overall density of any given location and thesetfiec

yields might be even harder to assess.

It is reasonable to affirm that practices like chaff cditet might be useful to
control this weed, as this agricultural practice can acctmma large fraction of the
seeds dispersed. Moreover, chaff collection could prevent the appeafaranes with

a high density of weeds which can ensure patch survivorship (Dieletnadn1999).

This research indicates thhat rigidum seed dispersal is strongly affected by
combines, which have a great potential to move seeds great dis@mdencentrate
seeds on a narrow strip. Our results also show that seed digpgrsambines is a
major factor contributing to the patchinesd.ofigidum Improvements in weed control
could be achieved by modifying tactics of seed management, especiallsesect to

management of harvest residues, thus reducing the dispersal of seed into new areas.
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Modelling the spatial dynamics

Summary

Seed dispersal is included in a demographic model in order to absess
population dynamics and the spread-ofium rigidumfrom a point source. The model
is used to describe the behaviourLofrigidum populations in the absence of control
practices and to predict the effect of various control strategies sensitivity of the
model to variation in demographic parameters is generally low, eXoepseed
production, for which, within the range of natural variation, sensitivéty be up to
99%. Spread rate is hardly affected by changes in demographic pasrertept for
fecundity, which at its lowest limit keeps the population at acatisize and leads to
occasional extinction. Thus, the management practices with theegfréaluence on
population growth would be those affecting seed production or seed losses during
dispersal. Factors most affecting patch spread would be weed phenotigly (rate of
spontaneous seed shed at harvest) and disruption of the cerealfafjamhe),(but not
demographic parameters, since these do not affect dispersailcdisihe contribution

of dispersal to spatial patterning is discussed.
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1. Introduction

Studies of the spatial distribution of plants have gained increasiagtion in
plant ecology, including weed science. The incorporation of space to populati
dynamics models greatly increases their realism because spatigls preserve the
position of individuals and the movement of propagules is allowed betweatiolts
(van Groenendael, 1988). Furthermore, studies that rely on mean denasitiext c
provide a description of the spatial dynamics of weed populations rtBikreet al,
1992; Wallinga, 1995; Paicet al, 1998; Dieleman & Mortensen, 1999). Theoretical
models have been used to predict the rates of spread and thekgffattthiness on the
population dynamics of weeds (Perry & Gonzalez-Andujar, 1993; Wallinga, 1995;
Woolcock & Cousens, 2000). However, few attempts have been made to deal wit
specific weed cases (Ballaet al, 1987a; Gonzalez-Andujar & Perry, 1995), since a
great deal of information must be known before specific weed dynaraicsbe

modelled accurately.

An important factor affecting the spatial structure of weed pdipoks is seed
dispersal. Mathematical models have been used to gdgt hoc explanations of
population spread and to define the implications of dispersal forcoimérol of
expanding populations. The rate and pattern of spread is influenced by fleeo$iae
seed dispersal curve around the parent plant, which in turn mightdmedffoy both
biotic and abiotic factors (McCanny & Cavers, 1988; Howeardal, 1991; Rew &
Cussans, 1997). Such dispersal curves are often described by negativenteipone
negative power law functions (Portnoy & Willson, 1993). However, the disprmads
in the case of dispersal by harvest machinery are fit to completiéns (Howardet
al., 1991; Blanco-Morencaet al, 2004) since dispersal may occur in more than one
dimension, and not necessarily at the same rates. Moreover, differeig of
implements can exert different effect on seed dispersal (Rew & Cussans, 1997).

Beside dispersal there are many other factors affectingateeof growth and
expansion of populations. Density-dependence has been shown to be a rattadr gener
rule for many organisms (Hassell, 1975; Watkinson, 1980; Coeitnais 2002) which

acts at different life cycle stages. For plants, density depeadss been found at
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recruitment (Lintell Smithet al, 1999), at survival to maturity (Gonzéalez-Andujar &
Fernandez-Quintanilla, 1991), pér capitagrowth (Watkinson, 1980; Lintell Smitét

al., 1999), and at seed production (Watkinson, 1980; Perry & Gonzélez-Andujar, 1993).
The density-dependent population regulatory mechanisms keep the population at
equilibrium density. This equilibrium depends on the competitive abilith@fspecies,

the carrying capacity of the environment and their interaction withrtheagement

factors (e.g. herbicide application, tillage, combine harvesters, ...).

The inherent stochastic behaviour of demographic and dispersal sEedss
another important factor that can have a decisive role on the gratetlmd spread of
populations, particularly at low densities. Population dynamics modelsintiate
stochasticity in demographic and dispersal processes produce equiprdisabéte
solutions instead of continuous and homogeneous ones. Such stochasticityati@mul
models reduces the mechanistic behaviour and allows for differenbnoegcfrom
identical initial conditions (Perry, 1988; Perry & Gonzélez-Andudjar, 1993).
Stochasticity is more important at low population densities thahigit densities,
because at low densities there is a risk of extinction retatedortality and migration

rates (Perry & Gonzalez-Andujar, 1993).

In this paper we address the effect of dispersal, density demenderd
stochasticity on the population dynamicsLofium rigidum Gaudin (annual ryegrass),
an annual weed with a non-persistent seed bank, through the simulatidre of t
population evolution and dispersal from an initial introduction fotugigidum is a
very frequent cereal weed in the North-Eastern Iberian Peninsul ather
Mediterranean climate areds. rigidum has been studied in terms of dispersal (Walsh
& Parker, 2002; Blanco-Morenet al, 2004), competition (Gill, 1996a; Cousens &
Mokhtari, 1998; Gonzalez Ponce, 1998; Lemetal, 2001; Izquierdaet al, 2003),
management of resistance (Bureetal, 1994; Gillet al, 1996; De Pradet al, 1997,
Monjardino et al, 2003; Neveet al, 2003) and population biology (Giit al, 1996;
Fernandez-Quintanillat al, 2000; Gonzalez-Andujar & Fernandez-Quintanilla, 2004),
since it is a serious weed in cereal crops world wide, and moréovas developed
resistance to several herbicide action groups (Buetetl, 1994; Heap, 1997;
Llewellyn & Powles, 2001).
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Gonzalez-Andujar and Fernandez-Quintanilla (2004) have recently pdlésh
simulation model using previously reported data to analyse the eaffegarious
management practices dan rigidum population size. However, their model failed to
allow for any stochastic phenomenon and is adimensional. Our aimeiplore the
effects of dispersal and management practices within an homogenedssalge on the
population dynamics and spatial structureLofrigidum The non-spatial population
dynamics models raise several questions related to the dynamits mgidum
populations: 1) do non-spatial population models offer a reliable meafsureigidum
dynamics? 2) which is the rate of spread. ofigidumwithin a field? Does it depend on
management? 3) which implications does management have figidum population

spatial structure?

2. The model structure

The spatial population dynamics model used is based upon the lifenoydéd
described by Gonzélez-Andujar and Fernandez-Quintanilla (2004) for ntalspa
dynamics ofL. rigidum (Fig. 1). This model will be referred to hereafter as the non-
spatial model. However some modifications have been introduced, chargimey s
control measures related to seed losses, and incorporating stodeasstgraphic and
dispersal processes. All simulations were carried out in a 5&%M5 m square and
homogeneous field, divided in 0.5 0.5 m pixels, totalling 10201 pixels. Although
dispersal was simulated for individual seeds (see below), wepts pl@re summed in
each pixel. Some neighbourhood simulation models retain the information sjatal
coordinates of every individual (Pacala & Silander, 1985), but thesdelm yield
outputs that are difficult to understand intuitively. Furthermore, apgregation of
individuals may have little effect on the output of the spatial pdpualadynamics
model since only a relatively small proportion of the variation inviddal plant yield

is accounted for by measures of local crowding (Firbank & Watkinson, 1987).
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Fig. 1 Simplified life cycle ofL. rigidum Symbols are as followSB seed bankZ, seedlings;
M, mature plantd:, fecundity per plantS, Seed productiore, emergences, seedling survival
to maturity; ¢, is control by delayed seedindj;is seed production per plant as density
approaches zer@, is a parameter related to the strength of demspendences; is control
by herbicides and; is control by competitive cropd; represents seed losses owing to
predation and conventional harvesting, ndeed losses caused by seed catching at harvest.

2.1. Seedling emergence, seedling survival, fecundity and seed production

The number of seedlings emerging in the W@, in seedlings pixé) is given

by the expression:

Z, =eSB (1)
wheree is the proportional seedling emergence from the seed banksg&fls pixél)

in the top 5 cm of soil. The seed bank is considered homogeneous in the uppef 5 ¢
the soil with only one pool of seeds with the same emergencanpabecausd..
rigidum has a very low capacity to germinate from lower depths, andithareery low
persistence of seeds —less than 15% (Gill, 1996a; Taberner, 199& Gillmes,
1997)- in the soil after the first year. Also only one cohort of seedbngsnsidered in

our model, although population structure with several cohorts has been dasdiment
elsewhere (Monjardinet al, 2003; Pannekt al, 2004).
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However, some weed management practices as the delayed seedieduzze
the number of recruits through the destruction of part of the emergtings.
Although the removal rate depends on the emergence rate which is arfuoidtiermal
time and the moment of seedbed preparation (Forcella, 1998; Steatliaar2003b),
the level of control achieved by the delayed seeding is considered t¢onks&ant
(Gonzalez-Andujar & Fernandez-Quintanilla, 2004). Thus; ifepresents the fraction
of ryegrass seedlings destroyed by these practices, the number ahgseed!the
beginning of the season is given by the expression:

Z,=(1-c )esk. 2)
Although for many plants there is a density dependent relationship dretwe
seedling and adult plants, only some authors indicate such a relatiomshipi§idum
(Monjardino et al, 2003; Pannellet al, 2004). They indicate a 2% mortality for
densities above 5000 seedlingd mith no specific reference to experimental results, so
this figure was not used in our simulations. Therefore, seedling stshipao mature
plants (M, mature plants pixé) was considered a fixed proportion of all emerged

seedlings:

M, =sZ, 3)

wheres s the rate of the seedling survivorship.

Fecundity E, seeds plafl) shows a density-dependent relationship with the
number of mature plants, following a hyperbolic model (Watkinson, 1980)
F=f/(1+aM,) (4)
where f is the maximum number of seeds produced by an individualaargl a
parameter related to the strength of density-dependence. Despitalties of the
hyperbolic model parameters may vary widely, we dse®35 anda = 0.34, the same
parameter values given by Gonzélez-Andujar and Fernandez-Quintéktid) (to
allow for straightforward comparisons between the non-spatial anspti@l models.
However, seed production bf rigidum survivors may be reduced by sublethal effect of
herbicides (Monjardincet al, 2003; Pannellet al, 2004) because their vegetative
growth can be negatively affected. Herbicide efficacy is congiderelepend on the

herbicide dose (Navarretet al, 2000). Also, the establishment of vigorous and
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competitive crops (or denser stands) can lead to a reduction pifueluctive output
(Monaghan, 1980; Izquierdet al, 2003). So, the seed production per individual can be

rewritten as:

F=f(-c,)l-c)Q+am,) (5)
wherec; is the reduction of fecundity by herbicide sublethal effectscamithe control

of seed production by competitive crops. Then, total seed production in agjxsl (
given by:

S =FM, (6)

2.2. Dispersal

At this point of the population model we include a dispersal eventghwhi
“disperses” the seeds produced in a pixel into the grid. Seed dispanda split in two
separate phenomena, primary and secondary dispersal by combine harvgs&tieng&
describing seed dispersal as a function of the distance to the s@recgenerated from
experimental data previously reported by Blanco-Morenal. (2004), and had been
modified to account for primary (natural) seed dispersal. Prindéggersal ofL.
rigidum s restricted in space and the amount of seeds is of lesseramgortabout 6%
of the total (Blanco-Morenet al, 2004)—. So, & proportion of the seeds is dispersed
with distances according to a normal distribution function centred onpitted’s

midpoint and with no preferential direction (omnidirectional or isotropic):

Normal(o, )= (n)[exp(— distancé/20?)/a, (2n)°‘5J 7)
where g, is the shape parameter of the normal distribution functian.was

parameterised taking into account that half the seeds shouldpeeséid within a radius
half the height of the mother plant (Cousens & Mortimer, 1995) after primary dikpers

Dispersal pattern parallel to combines’ movement can be descbyped
compound model (Howarét al, 1991; Blanco-Moreneet al, 2004), formed by a
normal function centred slightly behind the point of introduction, and a wegati
exponential function from the point of introduction forwards. These functiome we

established using the following equations:
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around the focus and backward direction of combine movement:
Norma(al ) = (p)(l_ n)I_eXF(_ (diStancgarallel - IJ)Z/ZO-I2 )/UI (27T)05J (8)
and forward the combine movement:

Normal(a, ) + Exponentib(3) =
(P)a-)exed- (st~ /207) 0, (2)** |+ @ p)a-nexel- sty /B) ]

wheren is the proportion of seeds dispersed in the primary dispereal,@ is the

(9)

proportion of seeds dispersed according to the normal distribution functids the
shape parameter of the normal function around the focal pixe$ the position
parameter of the normal function afids the shape parameter of the exponential. The
o, and g values (shape parameters, see Table 1) are differenttfiase offered by
Blanco-Morenocet al. (2004). Our values are three fold higher than theirs, since they
used them to compare the dispersal by two combine types in a desigrinsatripling

was done at three meter intervals.

The lateral seed movement by combines were described using a normal

distribution function:

Normal(ap) =(1- n)[exp(— (distanccgerpemm1r )i /202 )/ o, (271)0'5] (10)
whereg, is the shape parameter of the normal distribution function. Thidiequipes

not include any position parameter because the seed dispersal casginsed to be
symmetrical and centred on the movement of combine. Lateral seed erivVeas been
described here by a normal distribution function instead of a CauckyBls@co-
Moreno et al, 2004), because although the Cauchy adequately describes previously
reported experimental results of combine dispersal (Blanco-Moeerad, 2004), it
yields non-sense results in simulations (lateral dispersaasamnally exceed

longitudinal seed dispersal distance, results not shown).

Although the shape of dispersal curve can be different depending on the kind of
combine harvester (Ballar al, 1987b; Blanco-Morenet al, 2004), we’ll consider
here only a standard combine, since the differences between comtis='sal are
also associated with differences in many other managementcpgaciihe equations

describing seed dispersal were included in the model to obtairs sgrieandom
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numbers which reproduced the dispersal of individual seeds in twengioms. This
could be criticised since an important fraction (up to 16%)..ofigidum seeds are
dispersed clustered in spikelets or spike fragments (Gill, J9B6wever the effect on

dispersal distance can be considered minimal (Blanco-Maeak 2004).

2.3 Seed losses and seed bank

Nevertheless, not all seeds produced in a season are incorporatdteiseed
bank because they can be lost due to depredation, in a prodgrttwrcan be caught
with the grain in the harvester or in specially designed ¢éfédsh & Parker, 2002), in
a fractionl,. However, these losses occur at different moments. Whgeconsidered to
affect all the seeds produced (all seeds are exposed to ridgpratation)l, only acts
on those seeds dispersed by the combine harvester. Primary dibgdraatest time of
L. rigidum s very restricted in space and the amount of seeds is of legs@itance
(Blanco-Morenoet al, 2004), but the seeds that are shed to the ground before harvest
cannot be caught by combines, consequently cannot be dispersed by them. S seed r
(R, seeds pixé&l) can follow two alternate ways, primary dispersal:

Rt primary = S[(l_ ll) (11)

And secondary dispersal by combine harvester:

Rtseoondary = S(l_ll)(l_lz) (12)
After dispersal phenomena, seeds are considered to enter in the seahiznk,
can be expressed in terms of the previous years’ seed bank remnathe plew seeds

incorporated into it:

SBH = 83(1_ e)(l_ m)+ Rt (primary+secndary) (13)
wherem is the natural decay of the seed bank in a yeareaisdthe proportional

seedling emergence from the seed bank.

However, this life cycle model can be disrupted under some management
practices as crop rotation with a fallow season. Fallow is yspihned as a weed
control measure as well as a way to store water and nitroggre£LBellidoet al,

1996; Porteet al, 1996; McGuireet al, 1998). In the fallow yeat,. rigidum seedling
survivorship is very low because of the various tillage. Moreover, dugifmgM, seed
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dispersal as well as seed losses by combines do not take placalySthe primary

dispersal (equation 7) is considered to act over the whole pool of seeds.

2.4 Incorporation of stochasticity in demographic processes

Plant abundance in a pixel should be adjusted to obtain in integer vahgesati
low densities there should be some mechanism for local extinctiay. (688) found
that some process of rounding to an integer was essential to preugats artifactual
results in population modelling. Furthermore, the fate of individualslearly a
stochastic process, subject to unpredictable random effects. Td adjudife-stage
(SB, Z, M) to an integer stochastically, we have followed the cgmbr of Perry and
Gonzalez-Andujar (1993). They added to any of the population stages, dhated
uniform random number between zero and one, dendtechd took the integer part of

the result:

I =int(N +U). (14)

This ensures that any population st&ges rounded up or down to one of its enclosing
integers, with probability according to its closeness to thogeectse integers (e.g.
3.25 is rounded down to 3 with a probability 0.75 and rounded up to 4 with probability
0.25).

2.5 Parameter estimation

Demographic parameter values used in the model have been taken from the
work of Gonzalez-Andujar and Fernandez-Quintanilla (2004), who in turnnedta
them from the literature (Taberner, 1996; Fernandez-Quintaatilbd, 2000; Izquierdo
et al, 2003) or estimated them from previously unpublished results. The effect
control measures on population size has been taken from various géarbesbicidal
action Navarretet al. (2000), Monjardincet al. (2003) and Panne#t al. (2004); for
seed catching efficacy Walsh (1996), Walsh and Parker (2002), Mat(the@&b) and
Matthewset al. (1996a); for crop competition Izquiera al. (2003)]. A summary of
the values used in the parameterisation of the model are shown in Table 1.

The effect of management practices on population size and rapeeaidswas

assessed only for a restricted set of them; only some of thecmmsnonly applied
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(yearly herbicide application at full rate and cereal—fallowtiamtd and some of those
avoiding herbicides (delayed seeding date, crop seeding rate inarehseed capture

at harvest) were tested. Herbicide application at full raae mssumed to exert 90%
reduction in seed production,(= 0.90); the increase of crop seeding could reduce seed
production of individual plants up to 50%s;(= 0.5); the seed capture at harvest was
assumed to have a 60% efficienty £ 0.6). The delayed seeding was considered to
destroy up to 65% of the emerging seedlings=(0.65); and only 2%.s(= 0.002)of the

emerging seedlings is assumed to survive to maturity in the fallow period.

Some authors have hypothesised that the greatest long-term oeoefd be
achieved by the integration of various control options rather than by theatipp of
individual tactics (Jones & Medd, 1997). To test this hypothesis we hauéated the
long term spatial dynamics af rigidumunder the two types of integrated management
programs proposed by Gonzalez-Andujar and Fernandez-Quintanilla (2004). Those
integrated programs (programs B and C) were compared with the coosnon
management practice in most of Spain, the yearly application ofclusrbiat full-rate
(Program A). Program B, which represents the economically optiropping system
(continuous barley), integrates chemical and cultural control (heebatichalf rate —

80% efficacy—, delayed seeding —60% control—, high crop density —-50% reduction of
seed production— and seed catching at harvest —with an estimatedyetiic60%-—).
Program C represents a system in which chemical control has dweepletely
substituted by different cultural management practices (baaléeyaf rotation, delayed

seeding —60% control— and high crop density —50% reduction of seed production-).

Every combination of parameter values was run five times to asbess
variability in the simulation process, and results were averagediovdive runs. The
model runs were carried over 30 years. This time-span is considéyaber than that
taken by non-spatial models to reach the equilibrium density. It wasrchmecause
preliminary trials indicated that it was enough to reach a staipelation size and to
occupy the area. All simulations were begun with an initial populatid® seedlings
in the central pixel (position 0,0). The number of seedlings was chosalow for a

positive integer value after the application of the different controturea.
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Table 1 Parameter values used in the spatial simulatiodetndome parameters can have
alternative values depending on the conditions sedmn the model.

Parameters Symbol Value
Emergence e 0.64
Seedling survivorship (barley year) s 0.76
Seedling survivorship (fallow year) s 0.002
Fecundity f 935
Seed losses (predation, standard harvest) I 0.19
Seed losses (seed catching at harvest) Pt 0.60
Seed bank mortality m 0.84
Control by delayed seeding C1 0.65
Control by herbicides (full rate) C 0.90
Control by herbicides (half rate) C 0.80
Control by crop competition C3 0.50
Seed bank mortality m 0.84
Primary dispersal: omnidirectional

fraction of seeds n 0.06

shape parameter On 0.52
Secondary dispersal: parallel to combine movement

fraction of seeds in the normal function p 0.58

normal function shape parameter g 1.70

exponential function shape parameter B 9.37
Secondary dispersal: perpendicular to combine movement

normal function shape parameter g, 0.68

2.6 Sensitivity analysis

In order to assess the sensitivity of the model to parametegeha sensitivity
index (SI) was calculated according to the method proposed by Pannell (1t997).
proceeds by identifying those parameters most subject to change oraumgert
selecting minimum and maximum values of each of these paramettiEplying the

following formula:

SI = (Dpax = D)/ Do (15)
where Dhax IS the output measure when the parameter under examinationaisitset
maximum value and R, is the output obtained with the minimum parameter value. A
large Sl indicates that a small variation in that parametarits in a large modification

in the model output. The model output was examined in terms of meandessity,
which was defined as the mean density of all colonised pixelteatend of the
simulation. A pixel was considered to have been colonised when it leastbne seed

in the seed bank.
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3. Results

3.1. Simulating the dynamics of L. rigidum population under no management

In general, population grew following a sigmoidal curve. The equilibrium
density (meart SE) without management was about 2318685.71 seeds (Fig.
2A). This high density can be regarded as the carrying capacity of tirerenent
under the specific conditions to which the simulation process israoresl. Under this
conditions the spatial model needed about 11 years to fill the whide(Figy. 2B).
However, the maximum density found in the field was much higher (about 5804.47
seeds M; 250.3% of the mean equilibrium density) and was more variable than the
mean density. Maximum density is achieved earlier (4 years) ti@requilibrium
density (Fig. 2A).
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—O0— maximum density
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Fig. 2 Simulated population trends without managemenngushe standard demographic
parameter set. On the left there are measures milgion size and variability; mean and
maximum density are averages over five runs ofrtieelel. The dashed line indicates the
predicted seed density at a given pixel (0,0) faingle simulation run. On the right there is
the evolution of infested area, expressed as aptge of the field area.

Moreover, the variability of the density in the field is high across spaceraad
The field presents a characteristic banded pattern that leaslalbeen documented for
L. rigidum (Blanco-Morenocet al, 2004), alternating high and low seed densities, from
the second year onwards (Fig. 3). But this variability is not ciemgifrom year to year.
At any given location —see Fig. 2A, line corresponding to the pixel (0,0)e ihdrigh

variability in seed density and this variation is not periodic. ddwsity at any location
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combine, which can vary in the position and the direction from year to year.
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Fig. 3 Simulated seed population density maps without agament using the standard
demographic parameter set. Selected plots fromsimelation run are shown. Scales are
expressed in seedsanNote the different scale of seed densities amarag 1 and all other

years.
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3.2. Sensitivity to demographic parameter variation

The sensitivity analysis show that effect of varying the demographacngsers
on the model output was generally minor except for fecundity, which hadcd SI
0.9989, and seed losses, which had a Sl of -0.3866 (Table 2).

Table 2 Demography sensitivity analysis of the spatialaiyits simulation model in terms of
total seed bank population. Model outputs are esqae in seeds

Parameters Maximum Value (Model output) Minimum Value (Model output) Sensitivity Index
Emergencesd) 0.8 (2192.77) 0.34 (2366.51) -0.0792
Seedling survivorships| 1.0 (2258.85) 0.17 (2207.84) 0.0226
Fecundity f) 1250 (3028.21) 7 (3.36) 0.9989
Seed lossedf 0.35 (1809.61) 0.1 (2509.13) -0.3866
Seed bank mortalityn) 0.89 (2214.48) 0.6 (2485.80) -0.1225

When the lowest fecundity per platX7) is used, the mean population size is
about 3.26+ 0.030 seeds M(Fig. 4) and does not stabilise and does not show a clear
trend towards increase (or decrease). The area infestednsenearly constant (but
erratic) within the time span used in simulation processesrigidum seedling
population undergoes extinction some year (results not shown) although itspersis
through the seed bank.
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Fig. 4 Simulated population trends under no managemeiasune using
the lowest fecundity per plarit£ 7). Standard error values are not given to
preserve clarity.
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3.3. Assessing the effect of individual management practices

The effect of different management practices is shown in Fig. 5io&piph of
herbicide, with an expected efficacy of 90% (Fernandez-Quintaetllal, 1998;
Navarrete et al, 2000), would result in 90.9% population reduction —estimated
population 211.5% 0.115 seeds % (Fig. 5A). The herbicide also causes some delay
in the expansion rate, although it does not prevent infestation of the ¥igldl Thel.
rigidum population needs 19 years (instead of 11 years with no control measure) to
completely fill the field (Fig. 5B).
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Fig. 5 Simulated population trends under some selectathgaament practices. On the right
there is the evolution of population mean densM{C represents the evolution under no
management; DS means delayed seeding 0.65); SL represents seed catching at harlsest (
= 0.60); CC means control by competition from cr@p = 0.50); HF means fecundity

reduction by herbicides at full rate,(= 0.90); FC represents cereal-fallow rotation with
reduced seedling survival during the fallow peri@= 0.002). On the left there is the

evolution of the occupied area, expressed as tleepiage of the field area.

The delayed seeding with a controf)(of 0.65 does not achieve a reduction of
the seed bank. The size of the seed bank at equilibrium is about 240488 seeds
m? (Fig. 5A). Although delayed seeding slightly increases the seed banlbeguil
density (3.58%), it delays the spread rate (Fig. 5B). The timdltthdi whole area

ranges from 13 to 20 years —there is a high variability in this mdesaverage 15.8
years (Fig. 5B).

The seed catching at harvest results in a 57.81% reduction of theasdedthe
equilibrium density is about 978.84 0.585 seeds M (Fig. 5A)—. Under this control
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measure the simulatdd rigidum population takes from 13 to 14 years to infest the
whole field (Fig. 5B).

The control through the establishment of competitive crops omtitease of
stand density produces a long-term reduction of 52.4% of the population sizee€khe
bank under this control measure is about 111482774 seeds h However, the
management of. rigidum with competitive crops reduces only slightly the rate of

spread within the field. The time to occupy the field is about 12 years (Fig. 5B).

The effect of fallow, however, is very different. Fallow redudesLt rigidum
population (1890.42 17.736 seeds fat the beginning of the fallow year, but only
825.26+ 8.545 seeds tin the cereal year, Fig. 5A). The effective reduction of the
seedling population at the beginning of the cereal period is about 64.40%allbhe-
cereal rotation takes more than 30 years to completely filfiehe, but we cannot
define how much longer (Fig. 5B).

3.4. Assessing the effect of integrated management programs

The two integrated programs reduce theigidum population, although there
were differences between them in the density and the spred&iaté). Program A is
the same as using herbicides at full-rate (see sectionshsgdbe effect of individual
management practices). Program B achieved the highest densitficeduhich kept
the seed bank population at 71:90.421 seeds 1 which means 4.86% of the density
without any control. Program C kept the population size between ths bhiini801.08
+ 11.324 seeds Tin the fallow year and 494.363.185 seeds in the cereal year,

which means a 78.67% reduction at the beginning of the cereal year.

Spread restriction was fairly similar in both integrated ¢actProgram B was
more successful in restricting patch spread than program C only doerfgst years.
During the cereal year in program C there was an increase afdheccupied. Neither

of the two programs reached 100% infestation of the area before the 30 years.
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Fig. 6 Simulated population trends under different mansg@ practices (standard and
integrated). On the right there is the evolutiorpopulation mean density. A is the “standard”
herbicide regime. B and C are integrated prograsee fext for details on the integrated
practices). On the left there is the evolutionh® bccupied area (expressed as the percentage
of the field area).

4. Discussion

4.1. The dynamics of L. rigidum population under no management

The integration of different sources of demographic information in weed
population spatial dynamics models can help to understand the weed profdlem a
address more effective management tactics. The construction af pamilation
models can help to identify critical gaps in the understanding of weedmdysa
(Fernandez-Quintanilla, 1988).

Our model predicts thdt. rigidum without any control practice can build up
massive seed banks, up to 2318#6%6.71 seeds ™ which can cause severe yield
reductions (Lemerleet al, 1995; Cousens & Mokhtari, 1998; Lemesé al, 2001;
Izquierdoet al, 2003). But on the demographic basis there are some factors ttat coul
hinder the proper performance of the model. Previous demographic stymbetde
large differences ih. rigidumfecundity, with individual values ranging from 7 to 1250
seeds per mature plant (Monaghan, 1980; Recageals 1997; Fernandez-Quintanilla
et al, 2000). Plant fecundity is largely determined by the interaction atl{eqg. crop

cultivar and density, weed density) and environmental factors (Msdal, 1985;
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Izquierdoet al, 2003). Thus, it is necessary to identify the main factors thedtgsfant

fecundity to prevent massive increase. ofigidum populations.

One could argue that we do not need spatial models at all, sino¢ thié
previously exposed also stands for non-spatial population models. But oundietae
that a longer time span was needed for the stabilisation of pamsatith the spatial
than with the non-spatial models. The non-spatial model needed four titefatons
(years) to achieve the equilibrium density, irrespective of theagement practice or
the density at equilibrium. In contrast, the time that the spai@del needed for
stabilisation depends on the size of the field (results not showmnatie management

practices (see below).

The densities at equilibrium that we obtain are roughly the santhase
obtained by the non-spatial model, indicating that the equilibrium denargebardly
affected by the imposition of dispersal on the model. The equilibriumtdemsler no
management was about 23186%6.71 seeds ¥ which is similar to the results of the
non-spatial model (2357 seeds®ynin a sufficiently large area where most seeds
produced are dispersed within it, dispersal should not affect th&ébagm density

predicted by the spatial model.

However, in terms of evolution of weed population size there are some
differences between the non-spatial and the spatial modelsdifdsgpersal is not taken
into account, the non-spatial model systematically over-estirttegaaean annual plant
density compared to the spatial model. This model performance has beemedted
by Colbach and Sache (2001) fAtopecurus myosuroideduds. The generation of
density inequalities across the field owing to the dispersal proceass that there are
many areas of low density interspersed between high density &refast, the very
high density areas (well above the mean density predicted by theaimel-snodel) are

restricted to narrow bands across the field (Fig. 2).

Furthermore, our model outperforms non-spatial models because it tages i
account stochasticity along with dispersal. At very low density tregers cannot be
overlooked, since they could affect the fate of population. Take the exarhphe

lowest fecundity used in simulation$ € 7). In this situation, if seed dispersal
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mechanisms are not affected by seed production, many pixels would rensivene
seed. This seed can exclusively germinate, remain in the seedbdiek Thus (local)
population extinction is likely, because germination of the seed is net{ aud
persistence in the seed bank into the next season is very unlikelyowor if there is
any exportation of seeds out of the field (e.g. by combines, see Mc€@tahy1988) it
would increase the risk of extinction. Only immigration could ensure pimula
persistence, although at very low densities. Further examination over tongespans
and at landscape scale (cf. Gonzélez-Andajaal, 2001b) could offer some insight

into the persistence of weed populations at such critical size.

4.2. Assessing the effect of management practices

4.2.1. Population size

The different management reduce seedling population between 50% and 90%
(results not shown). But the long term effect, assessed dsviieof control achieved

on the seed bank, is different and show a wider variation than seedlings.

The management measures that act on the seedling stage aredxpdave
a minor effect on the long term control of population size. Seedling gemes
(SI = -0.0792) and seedling survivorship (SI = 0.0226) were likely to Hawesano
effect on the population dynamics lofrigidum (except at very low population levels),
since seed production is mainly regulated by density dependent phenomena, keeping
seed production at high levels independently of weed density. Although only 2 %o
(s =0.002) of the seedlings is supposed to survive to produce seed irldvepiliod
(Gonzalez-Andujar & Fernandez-Quintanilla, 2004), the population produces enough

seeds to replenish the seed bank during the cereal year.

Delayed seeding has been shown to be a good way to limit the seedling
population during the cropping season, thus reducing yield losses by weed dompetit
Some studies in Australia and Spain indicate that delayed sesdingdestroy as much
as 80% of the seedlings, depending on the site and the season (Monaghan, 1980;
Recasen®t al, 2001). If the aim is to minimise crop yield losses in a givenoseas
delaying seeding can be a good strategy; but the size of the seed hahkeiduced,

and consequently the threat for future harvests is not avoidedpiusce causes a
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slight increase in the seed bank because the elimination oingseall the beginning of

the cropping season ensures lower seedling density. Those seedlingsewave
competitors and thus produce more seed than they would have produced at high
population density. However, the results of delayed seeding can be sorsputailis
because some authors have shown that late emerging individlialsgalum can have

lower fecundity (Gonzalez-Andujar & Fernandez-Quintanilla, 1991; Momjarei al,

2003). Some authors indicate an effective reduction (25%) after twe géaelayed
seeding (Matthewst al, 1996b).The effect of emergence time on fecundity should be
studied and incorporated to population models to assess the true céfféelayed

seeding on the long term evolutionlofrigidum populations.

Other management practices such as herbicide application, thasea®crop
competition and seed catching affect the incorporation of new sdediénseed bank,
through the reduction of fecundity or seed rain. Since the carry-dieet ef the seed
bank is expected to be very low [€l(l-m) = 0.054], any reduction in seed shed will
proportionally affect total seed bank.

The integrated programs reduced seed density at the beginning obpipengr
season. The combination of distinct management practices is expectdct thelL.
rigidum life-cycle at different stages, which can result in a largduction of the
population size. The integrated program C, which includes a fallovatcer@tion,
results in a higher seed density than herbicide application at thenimgg of the
cropping season. However, it proves to be effective to reduce the seaajhinigtion
because delayed seeding is used in the cereal year as a cormsoran@esults not
shown). Program B, which combines herbicides at reduced dose with miamalc

practices, obtains the highéstrigidum population reduction.

4.2.2. Rate of spread

In general, the different management tactics have little teffacthe rate of
spread. Concerning the individual management tactics, only herbpptieadion at full
rate and fallow delay the infestation of the whole field, and onlpvalprevents
complete infestation. Fallow takes almost 19 years to stabikéshigh and low density

oscillation limits, and it takes more than 30 years to infest the@levarea. The fallow
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year represents a disruption of the expansion of patches becaussgratd is mainly
related to combines’ secondary dispersal. Moreover, the high seedlirgityanving
to the various tillage tend to reduce patch size during the fallaw gmce most of the

low density areas undergo local extinction.

Seed catching by combines seeraggriori a good tool to restrict patch spread.
However, if the amount of dispersed seeds does not affect the digpstsrn, the rate
of infestation of the field is hardly affected, indicating thas rate does not depend on
the quantity of seed available for dispersal. However, chaff calleeti harvest could
affect dispersal distance, since secondary dispersal meckaaigmthe result of a
combination of differential processing of chaff and straw that ead ko different
dispersal patterns. Whether chaff collection has a distinattedfedispersal remains to

be examined.

Integrated programs were more successful in controlling patch eéspahan
individual practices alone. Integrated programs B and C prevenathatson of the
available space, although it is clear from the trajectorieafe$tation (Fig. 6B) that if

the time-span is long enough complete infestation would occur.

Non-spatial weed population dynamics models only predict mean density. Non-
spatial models do not contemplate the risk of infestation of uninféstddareas. Some
authors have included rough predictions of seed dispersal from previsteblished
weed patches to design “buffer” zones for patch spraying, accounting foosbkibility
of weed escape from patches (Retal, 1997); they considered that a 4 m buffer was
enough to restrict weed spread. Our predictions as well as rdatacother authors
(Ballaréet al, 1987b; McCanny & Cavers, 1988; Howartal, 1991) show that seed
dispersal can considerably exceed such a distance, especially didpersal by
combines is taken into account. The dispersal behaviour of any weed bleowiell

known in order to design useful management practices.

Our model predicts a relatively rapid infestation of the wholél fialmost
irrespective of the management tactics. Only a severe reductsgedfrain can avoid
the infestation of the whole field. This should encourage further studjispersal
mechanisms. Greater attention needs to be given to the descriptidispefsal

phenomena and to the analysis and modelling of the shape of disperdalitdiss
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because rate of spread is more dependent on dispersal than on deroqu@g#sses.
These results broadly agree with those of Woolcock and Cousens (20@0orked
out theoretically the implications of demography and dispersal orpteads of patches

of four hypothetical weed types.

However, there are still more profound concerns about weed dispersaleMa
and Ghersa (1992), through the use of a simulation model, showed thalangherm
seed dispersal may have a more important influence on crop yield than itompEte
practical implication (as has been already pointed out) is tha&edtars should be
converted into weed seed “predators” rather than dispersal ageritesstoy herbicide
and mechanical weed control inputs could be reduced (Maxwell & GhE9S2).
However, our simulation results predict that, unless that seed eaitiarvest could
affect dispersal distance apart from affecting the quantityspfedsal units, the risk of

invasion exists, and therefore a significant risk to future harvests.

Nevertheless, complex spatial simulation models do not ensure accurat
prediction of weed density at discrete points. Small areas unddrngh &ariation that
hinders the prediction of local seed and seedling densities (sexdhgion of seed
density at a given pixel in Fig. 2), thus limiting the value of compledats in
recommending site-specific spraying (Colbach & Sache, 2001); howkegrcontinue
to be useful to simulate the effect of different cropping systembiespread of weed
patches and to choose those management practices minimising wetedianfesnd to

propose suitable control measures.

4.3. Implications for pattern generation

Seed dispersal has been proposed to one of the causes of weed patchines
(Cardinaet al, 1997; Dieleman & Mortensen, 1999; Colbathal, 2000a; Cousens &
Croft, 2000). The banded patternlofrigidum populations is clearly related to the seed
dispersal by combines.

The banded pattern is caused by combines, but it is deeply affectdtk by t
guantity of seeds that are spontaneously dispersed before the crop. ilanvest seeds
(e.g. more than 75%) are shed before crop harvest, the banded pattenotdngsear

(results not shown); however patches become elongated parallel threbgon of
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combine pass. Moreover, if previous years’ seed bank remnants could hagk a
contribution to the seedling population the banded pattern could be fadedaasked
by the superimposition of combine passes through years (Blanco-Metrehp2004).
We have simulated the spatial evolution Lof rigidum populations with a minimal
importance of primary seed shed (6%), which is supported by experinmeatals
(Blanco-Morencet al, 2004). The quantity of seed tHatrigidum sheds before harvest
depends on the temperature and rainfall conditions and also on thet luateesthe
most is delayed the most seed is spontaneously shed (Mattheks1996a; Walsh,
1996; Walsh & Parker, 2002)—, so it could affect the conspicuousness ofrithedba

pattern.

Nevertheless, the spatial population dynamics under different management
tactics does not generate isolated patches. Walkbgd. (2002) hypothesised that a
true risk of a spread out pattern, without a closed advancing frongemdrating
isolated “daughter” patches, would occur if dispersal distributioninéecslower than
exponentially. Our results agree with their theory, as theralarest closed fronts at
the extremes of combine passes (see Fig. 3, year 5). In fact, altiheunghs a closed
front, the risk of colonisation far from the source plants existaus®e the rate of spread
is relatively high. Weeds that retain some seed at harvestrépresent an increasing
concern, since they maximise the quantity of seed that can enteortiigne, thus

increasing the possibility of being carried far away from the mother plant.

Isolated patch formation is necessarily a conjunction of factdmghwnclude
not only demographic and dispersal phenomena. Although we have allowed for some
stochasticity in demographic and dispersal processes, we have adbaispace is
homogeneous, which might not be true (Lopez-Granados, 2002; Tayloret al,
2003). Spatial environmental heterogeneity implies that weed perfoenmaight be
different depending on topographical position within the field, thus leading to

differences in the demography of the different patches (Pigeeeds1999).

Moreover, we have assumed that biotic (inter and intraspeoifinpetition) and
environmental factors are constant, but these can vary from yeaatdGausens &
Mokhtari, 1998; Cowaret al, 1998; Lindquistet al, 1999; Joernsgaard & Halmoe,
2003; Moechniget al, 2003). So, the effect of these biotic and abiotic factors on the
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demographic and dispersal parameters might also be differentelmefwears. In our
model we have not varied the demographic parametess f( a, 11, m) from year to
year or from pixel to pixel within a single run; although there are geadons to
suppose that they vary with the environment (Lush & Groves, 1981; Steadradn
2003b; Steadman, 2004). This work should be extended to include such variation to
offer an insight into the true spatial dynamics of weed and the iammat of

management tactics.
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General Conclusions

The main conclusions emerging from this set of studies are predszited.
Overall, the management of spatio—temporal variabilityafum rigidumandAvena
sterilis mixed communities in cereal crop fields has a favourable outlook e Tines
species have different life history traits that lead to dbffe chances on their precision

management.

1-The analysis of spatial distribution of a weed within a weed contynahia
given moment at a unique sampling scale does not offer an explanatioa spatial
structure or dynamics of weed populations. The analysis of spatiadtuse at
contrasting scales, of spatial stability and the joint analykiall species in a weed
community may alleviate some of the deficiencies of timeless rpeodE spatial

structure studies.

2—The spatial structure of the rigidumandA. sterilisat large is different than
at fine scale. It indicates that the factors that affeet $patial structure of weed

populations vary with the scale.

3-A. sterilisshows well defined and persistent patches which have a consistent
spatial structure. These characteristics facilitate ttesgiecific management of its
populations in cereal fields. Howevek, rigidum populations do not present a
consistent spatial and temporal structure, thus indicating it wouttifiieilt to carry

out site-specific management of its populations.

4-A. steriliscan replacé. rigidumin mixed communities in wheat fields under
no herbicide pressure. In those places wiersterilis populations are persistent over
years it may successively repldcerigidum, sinceA. sterilisis more competitive than

L. rigidum

5-The competitive effect ol. rigidum on wheat yield in mixed weed
communities tends to be stable among locations within a field. Howeveigidum
does not show competitive stability across years; the effett oigidum can vary
largely depending on rainfall and temperature conditions during the growasgrse
The competitive effect oA. sterilison wheat yield appears to be stable among locations

as well as across years within a field.
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6-A. sterilis is more competitive thah. rigidum in wheat fields, and this
relationship is maintained across time and space. The high tgtadfiliA. sterilis
competitive ability makes it a more suitable weed for pregisgriculture tharl.

rigidum.

7—Combines can moue rigidum seeds over long distances (> 18 m), although
this is hardly relevant to the position stability of weed patchese she dispersal modal
distance is near to zero meters irrespective of the kind obicen{standard or with
straw chopper) used. However, the long distance movement of some seedsven

rise to the extension of the patches, thus invading whole fields.

8—-The shape of the dispersal curves by combines suggests tigitlum will
display a spread pattern with a closed front that will move atnatant rate year-to-

year, with no generation of satellite populations.

9-Seed dispersal by combine harvesters establishes the periodicstpatture
of L. rigidum populations at fine scale. Combines redistribute a fractidn afjidum
seeds with chaff and straw causing a banded pattern of seeds ealidgse with
alternating high and low density bands.sterilisis not affected by combine harvesting
since most seeds are shed before crop harvest; thus its populationts stmwany

banded pattern at fine scale.

10—-Ploughing and residual seed bank from previous years do not affect the
spatial structure of. rigidum populations, since there is a spatial relationship between
straw deposition in the preceding year and high seedling density areas.

11-The removal of harvest debris has a large potential for the magwigefh.
rigidum populations in cereal fields. Chaff collection may be a good way tcedtie
seed rain entering the seed bank for the following year; and thus régugerteration
of high density areas, which enable patch persistence despiteri@deeapplication.
However, there is an important fraction of seeds that are dispgrsdly with straw

and thus remain uncontrolled.

12-The incorporation of space into rigidum demographic models does not
affect the equilibrium population density predicted by the models. Hoyewerspatial

models tend to systematically overestimate the density, befongofhédation reaches
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the equilibrium density. Thus non-spatial models predict faster gapulgrowth rates

than spatial models do.

13-The spatial dynamics model predicts a high variabilityLofrigidum
population across space; the model generates interspersed high atehsity bands,
according to the pattern found in cereal fields. High and low densitysbdepend on
the seed dispersal by the combine but not on previous years’ population density.

14-The spatial dynamics simulation model cannot explain the generatiemw of
isolated patches which is often detected in the field, since ghead pattern is
continuous across space. Our results suggest that spatial and tewsp@atson of
demographic parameters as well as variation in the efficacyaolagement practices
play a leading role in the establishment of patchy weed distributionsefidat of this
spatial and temporal variation should be studied to understand the pattiiyution
observed in the field.

15-The spatial dynamics simulation model predicts a rapid sprdadigidum
over the whole field in few years, almost irrespectively of tlamagement practices. It
indicates that the rate of spread does not depend on the demography of th&éguopul
but only on the dispersal mechanismd.ofigidum Only the practices that minimise
seed movements (i.e. fallow) or those that greatly reduce see@n@iie than 95%) can
delay spread. Thus, the only effective way to reduceigidum spread is to design

management tactics that could reduce the dispersal distance along wébdirais.
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