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Introduccié general

1. Els sistemes agricoles

1.1. Aspectes generals

Els ecosistemes agricoles son sistemes antropeggucdepenen de I'activitat humana.
El seu origen i el seu manteniment van associdésiatervencié de I'home, que ha
transformat I'entorn per a la produccio d’alimengsincipalment. L’antiguitat i la
naturalesa d’aquestes intervencions, ha donatadloo acoblament de les practiques
agricoles amb els sistemes que se’n generen. Bestagotiu, I'agricultura no només té
un paper clau en la provisié d'aliments per a leslgcions humanes, siné també en el

manteniment dels ecosistemes associats.

La terra agricola representa una part molt impodahpaisatge, prop del 37,6 % de la
superficie terrestre, el que situa I'agriculturanca principal Us del sol (Food and
Agriculture Organization of the United Nations 2D18questa proporcié és semblant en
el context de Catalunya, on la superficie destirsaliagricultura ocupa 1.125.268 ha, el
35,1 % del territori (Institut d’Estadistica de &lanhya 2013). D’aquesta superficie,
gairebé el 70 % és destinada a la produccié daisuierbacis extensius, dels quals més
de dues terceres parts corresponen a conreus tsedeaseca (Institut d’Estadistica de
Catalunya 2013). Més del 30 % de la superficiecatiride Catalunya (380.648 ha) es
destina a la produccié de cereal. Aquesta impodat@nsio, tant a nivell mundial com
regional, posa de manifest la rellevancia d’aquestemes per a la conservacio del

territori.

1.2. Laintensificaci6 agricola

La gestid agricola ha anat canviant en relacio elsitevencos tecnologics per atendre les
demandes alimentaries d’una poblacié mundial creéix&quests canvis van esdevenir
més notables durant la segona meitat del segleaxtdn de 'anomenada ‘Revolucio
Verda’, amb la qual es va duplicar la produccié diahde cereal en tan sols 40 anys
(Tilman et al. 2002); les dades disponibles pekestdt espanyol aixi ho testimonien

(Figura 1). No obstant, aquest augment de la p@dina anat en detriment de la qualitat



Introduccié general

ambiental en general (Tilman et al. 2001). Tantdansi6 de les arees cultivades a costa
d’ecosistemes naturals com la intensificacio depl@stiques agricoles per aconseguir
terres meés productives (Foley et al. 2011) hart etda per incrementar la produccio,
pero també sén la causa dels diferents impactesambiéntals. L'analisi dels canvis
succeits en I'agricultura arreu del mon entre B{sd.985 i 2005 mostra que la produccio
ha augmentat un 28 % mentre que la superficievadii ho ha fet tan sols un 2,4 %
(Foley et al. 2011). Per tant, la intensificaciélaeyestié agricola, empesa per I'is de
varietats molt productives, la mecanitzacié de tEsques agricoles, lI'aplicacio de
fertilitzants quimics i I'Gs de pesticides, entialiles, ha estat la principal responsable de
I'increment de la produccié agricola (Matson efl8B7), tal i com mostren les tendéncies

a Espanya dels ultims 50 anys (Figura 1).
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Figura 1: Tendéncies de l'agricultura a Espanya en els Ulfafdsanys. Rendiment dels cultius
cerealistes, area sembrada amb cultius cerealstesum de fertilitzants i importacions totals de
pesticides. Grafics elaborats a partir de les dddd=aostat (2015).
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La intensificacio en I'Gs de la terra agricola tyagpermes una concentracio de la funcié
productiva, sovint, ha anat en detriment de la ciégtadels agrosistemes de subministrar
béns i serveis. Les elevades aportacions de tzitilis i pesticides tenen un fort impacte
sobre la qualitat dels sols i causen la contamindeiles aigies subterranies (Tilman et
al. 2002). La intensificacio de les practiques @ies també exerceix importants canvis
en la composicié d'especies de les comunitatschies i és la causa de la remarcable
disminucié de la seva biodiversitat (Robinson &Heutand 2002; Sans et al. 2013).
Encara que els efectes de la intensificacié agrisdlan evidenciat arreu de manera
general, els processos implicats operen a esaahesates tant a escala de paisatge, on la
interaccié amb I'entorn pot ser molt important (Rslon & Sutherland 2002; Tscharntke
et al. 2005), com a escala de camp, on la gesté o té un paper primordial (Benton et
al. 2003; Norton et al. 2009).

1.2.1. Intensificacio agricola a escala de paisatge

La intensificaci6 que ha caracteritzat lI'agricudtud’aquestes Ultimes décades ha
comportat canvis importants en els paisatges dgsicba concentracié parcel-laria de la
segona meitat del segle XX va anar associada eefiagio de camps i a la reduccio i
simplificacio estructural de molts dels habitattsdearges i altres formacions vegetals
associades als conreus (Stoate et al. 2009). Dstmjumanera, el paisatge agricola
d’algunes zones ha patit un procés de simplificadé® de paisatges constituits per un
mosaic de conreus i marges i amb una elevada midpdihabitats naturals i semi-
naturals al seu voltant, a paisatges simples dasy&a grans extensions cultivades i amb
poca heterogeneitat estructural (Robinson & SwhdrR002; Roschewitz et al. 2005;
Tscharntke et al. 2005; Baessler & Klotz 2006).pesdua dels habitats adjacents als
conreus i la fragmentaciéo dels habitats naturals llegpansio de I'agricultura ha
incrementat el risc d’extincio de les especies goltlacions més petites i aillades, fet
gue ha comportat la pérdua de biodiversitat (Rasithest al. 2005; Tscharntke et al.
2005).

1.2.2. Intensificacio agricola a escala de camp: gestidiega

La intensificacio agricola a escala de camp s’esgaerincipalment en la gestio dels

conreus. La gestio intensiva que ha caracteriagtitultura durant les ultimes decades
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en els paisos desenvolupats i en vies de deservobr conforma el que es coneix com
agricultura convencional (Gliessman 2000). De mamggneral, la gestié convencional
es caracteritza per elevades aportacions exteeestditzants organics i inorganics i de
pesticides quimics, la mecanitzacio que ha perméaurada intensiva, la simplificacié
de les rotacions, la sembra de grans extensiom®decultius i I'Us de llavors comercials
liures de males herbes, entre d'altres. Aquesteictigues no només afecten
negativament la qualitat ambiental i la biodivextsét escala de camp i de finca (Stoate et
al. 2009) sin6 que també tenen consequencies Bemi@n de les explotacions agricoles
(Matson et al. 1997; Robinson & Sutherland 2008n@n et al. 2002; Foley et al. 2011).

Per tal de pal-liar aguests efectes de l'actiataicola, s’han desenvolupat i recuperat
diferents models de gestié agricola més respectuastd el medi ambient. Es tracta
d’estratégies amb un enfocament més ecologic,jegren I'experiencia de I'agricultura
tradicional amb els coneixements cientifics i téggies actuals, amb I'objectiu de
disminuir 'impacte mediambiental de les practiquesvencionals (Matson et al. 1997).
Pretenen preservar la fertilitat i la qualitat dsits i de I'entorn, a la vegada que potencien
la biodiversitat i preserven [I'equilibri ecologicataral (Food and Agriculture
Organization of the United Nations 2002). Represgnén certa manera, un retorn a la
gestié tradicional: basen la fertilitzacié en ligpti6 de matéria organica i en la
incorporacio de lleguminoses i d’adobs verds emdégcions de cultiu, i fan un control
mecanic de les males herbes, entre d’altres. Madgriracta d’'una bona estrategia per a
la preservacio de la qualitat de I'habitat, I'agfiara ecologica no aconsegueix unes
produccions tan elevades com [l'agricultura conwvamai (Food and Agriculture
Organization of the United Nations 2002; SeufedleR012). Es segurament per aquest
motiu, entre d’altres (Musshoff & Hirschauer 2008 la gestid ecologica és encara un
model productiu minoritari, que tan sols represeh&% de la terra agricola a Europa i
no arriba al 10 % de la superficie agricola de IGaya. Tot i aix0, I'area ocupada per
I'agricultura ecologica ha augmentat considerabtdraks darrers anys: entre el 2003 i el
2013 es va duplicar la superficie agricola gestlande manera ecologica a Catalunya

(Consell Catala de Produccio Agraria Ecologica 2013
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1.2.3. Efectes de la intensificacié agricola sobre la ledsitat

Un dels efectes més destacables de la intensifiegeicola tant a escala de parcel-la com
de paisatge ha estat la perdua de biodiversitatéMghlin & Mineau 1995; Robinson &
Sutherland 2002; Tilman et al. 2002). Els sistemgscoles, entesos com el mosaic
d’arees conreades i habitats naturals i semi-rlajuapleguen una proporcié elevada de
la biodiversitat en comparacié amb altres sistaimesstres (Pimentel et al. 1992). Pero
també son els sistemes on ha tingut lloc un detiés acusat en els dltims anys (Preston
et al. 2003) (Figura 2). Convé, doncs, invertiroegbs en la conservacié d’aquelles
especies que habiten en arees agricoles a leslgurtisnsificacié que ha tingut lloc les
ha afectat més negativament (Pimentel et al. 1#3acta d’un equilibri complex, que
comporta la necessitat d’harmonitzar la producgidcala i el manteniment integral de
la diversitat dels diferents grups biologics quieitea els agrosistemes (Sans 2007; Zhang
et al. 2007).

THE MEAN change index For sPECIEs oF THE UK Biobrversity Action Pran

Broap HaBITATS. A POSITIVE VALUE INDICATES A RELATIVE INCREASE, A NEGATIVE
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Figura 2: index del canvi mitja de la diversitat d’espécieRegne Unit segons I'habitat. Els valors
en positiu indiquen un increment de la biodivetsjtan canvi, els valors negatius indiquen pérdea
la biodiversitat entre els mostrejos de 1930-195987-1999 (Preston et al. 2002).
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Tot i que en general es parla d’'una pérdua de \@ositat, també han tingut lloc canvis
importants en la composicié especifica de les catasn Mentre que hi ha una tendéencia
per moltes especies a disminuir la seva frequentaires troben unes condicions
favorables i es fan dominants. A més, aquestesiespgue es fan més abundants sén
sovint especies generalistes, el que condueix abamalitzacid6 de les comunitats
biotiques (Albrecht 2003). Per tant, la faceta me@sarcable d’aquesta disminucio de la
biodiversitat als sistemes agricoles ha estat lauaede taxons especialistes, que
prosperen preferentment en sistemes agricolesparsificats (Robinson & Sutherland
2002). Aquests efectes de la intensificacio agaic®han descrit en diversos grups
d’organismes, pero sobretot en ocells, artropogéamnites que depenen d’alguna manera
dels sistemes agricoles (Robinson & Sutherland 2002

2. La diversitat vegetal dels agroecosistemes

2.1. Ladiversitat vegetal associada als sistemes dgsico

Les espécies arvenses son el conjunt de plantesotprétzen els conreus tot i no haver
estat sembrades de manera intencionada per I'#griddl desenvolupament i I'expansio
de I'agricultura en els seus origens va compoataeleccio d’una flora associada capac
de prosperar en aquests ambients. La diversit&taled/aquests sistemes depen, doncs,
de I'establiment de les llavors que hi arriben gispersié i de les que formen part del
banc de llavors (Ryan et al. 2010), de manera qudiVersitat d'un camp estara
determinada no només pels factors ambientals caniin®d, el context paisatgistic i les
caracteristiques fisiques del sol, siné tambéipes ide gestid agricola (Roschewitz et al.
2005; José-Maria et al. 2010).

Les espécies arvenses, també anomenades ‘maless’hdran estat considerades un
factor limitant per a la produccié del cultiu peegbi competeixen directament pels
mateixos recursos. S’ha calculat que poden cawsdues de fins al 30 % de la collita
(Oerke 2006). A més, les plantes arvenses poderaracbom a hostes de plagues i
malalties de les plantes cultivades i afectar negaient la produccié i la qualitat de la

collita (Masalles 2008). Per aquests motius, etrobinla reduccio de les poblacions de
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les males herbes ha estat un dels objectius pailsoife les estratégies de gestié agricola.
No obstant, el nombre d’espécies arvenses realprehtematiques per a la produccio
del cultiu és limitat. La majoria de les espécie®ases rarament provoca grans perdues
de producci6 i, en canvi, contribueix de manerasi@arable a la biodiversitat d’aquests
habitats (Albrecht 2003).

La biodiversitat €s una part fonamental del patrimwatural i esta en relacié amb la
historia dels usos del territori. Concretamentiisil entendre els paisatges de la conca
mediterrania sense I'agricultura. En consequeteidiversitat d’especies arvenses té un
valor intrinsec en formar part de la propia bioditat d’aquests sistemes, amb un
important valor estetic i de conservacié del pgsagricola, indicador d’una agricultura
tradicional poc intensiva (Aboucaya et al. 200@&r@Quie et al. 2005). A més, les espécies
arvenses tenen un paper fonamental des d’'una pévgpéuncional i ecologica. Les
especies arvenses proveeixen recursos alternagiusa pol-linitzadors, herbivors i
granivors i son I'habitat i el refugi per a la fauassociada als cultius (Altieri 1999;
Marshall et al. 2003; Clergue et al. 2005).

2.2. Laflora segetal

Entenem per flora segetal el conjunt d’espéciesra®s que habiten preferentment als
conreus cerealistes de seca. Diversos autors lesahamenat espécies arvenses
caracteristiques o obligades dels conreus de sef8atcliffe & Kay 2000; Albrecht
2003; Romero et al. 2008b; José-Maria et al. 2A1®Djlora segetal inclou especies que
provenen del Proxim Orient, des d’on van ser inifdds per ’'home amb I'expansié de
I'agricultura, el que entenem per arqueofits. Bstla d’espéecies no natives d’'una regid
geografica que van ser introduides i naturalitzamtigament, abans del 1500 dC (PySek
et al. 2004). Ara bé, també inclou especies quégrataser autoctones, en l'actualitat es

troben principalment en els camps de conreu.

Les espécies segetals, en general, sén espécis gne requereixen les pertorbacions
periodiques caracteristiques dels camps per pedestablir-se anualment des del banc
de llavors o des de propaguls arribats dels camjpeents. La persistencia d’aquestes
plantes molt sovint depéen d’una fecunditat molvatia i d’'una capacitat de germinar que

s’estén durant periodes relativament llargs (MasaR008). A la vegada, moltes
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d’aquestes especies caracteristiques dels camealistrs de seca sbén incapaces de
persistir en ambients més competitius (Marshall9200Qa persistencia de les seves
poblacions a les nostres latituds, doncs, sembkadh al manteniment de les explotacions
agraries. Per aquestes raons aquestes especiessaferen caracteristiques de l'ordre
fitosociologic Secalietalia cerealidBr.-Bl., 1936, que aplega les comunitats de males

herbes dels camps de cereals d’hivern.

L’avaluacio de la diversitat d’especies vegetalelsncamps de conreu tipicament s’ha
dut a terme considerant el conjunt d’espécies quen sembrades intencionadament per
I'agricultor (per exemple Roschewigt al, 2005; Hiltborunneet al, 2008). Ara bé, pot
ser més adequat considerar tan sols les espéaesogucaracteristiques dels sistemes
cerealistes de seca, ja que contrariament al nototaled’especies, aquest contingent no
inclou aquelles espécies que apareixen frequentfoemtdels camps (Albrecht 2003).
D’aquesta manera, espécies mes generalistes amitida Cirsium arvenséL.) Scop.)

o I'apegalds Galium aparinel..) no son considerades en I'avaluacio de la ditesr

2.2.1. Impacte de la intensificacio agricola en la florggtal

Malgrat les espéecies segetals estan adaptades gelesrbacions periodiques
caracteristiques de les practiques agricoles tdémsificacio de la gestio agricola de les
tltimes decades és la principal causa de I'impodanlivi de les seves poblacions (Sans
et al. 2013). En general, les espécies caractpresti d’'un habitat concret sbn més
susceptibles de ser afectades pels canvis ennéscamns ambientals i en I'Us de la terra
gue aquelles més generalistes (Albrecht 2003)oBsarjiiencia, la intensificacioé agricola
ha suposat una disminuci6é de les poblacions d'é&pesegetals com la niella
(Agrostemma githagd..), el blauet Centaurea cyanu4.), la ballarida KHypecoum
procumbensL.), I'herba de I'amor Ranunculus arvensit.) o la rosella morada
(Roemeria hybrida(L.) DC.) entre daltres, a la vegada que altrepeeies mes

generalistes han esdevingut més abundants (Magal&s Romero et al. 2008b).

La pérdua de diversitat d’espécies segetals hadesarita en diferents paisos europeus
com Alemanya (Albrecht 1995), Dinamarca (Andreaseal. 1996), Hongria (Kovacs-
Hostyanszki et al. 2011), el Regne Unit (Sutcl&d&ay 2000; Robinson & Sutherland
2002) i Espanya (Cirujeda et al. 2011). A Cataluagaesta questio també ha estat
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objecte d’estudi (Chamorro et al. 2007; Romerol.eR@08b), encara que no ha rebut
I'atencié adequada (Saez et al. 2011).

Son molts els canvis que han tingut lloc en laigastls conreus herbacis extensius en
els darrers 60 anys, de manera que és dificil @pidequadament els canvis que han
ocorregut en la diversitat dels sistemes agricieplement en relacié amb un Unic factor
(Sutcliffe & Kay 2000). Malgrat aix0, s’atribueixna contribucié significativa de la
simplificacio de les rotacions (Hyvonen & Salone€dD2) aixi com de les llaurades
intensives (Mas & Verdu 2003; Santin-Montanya et28l13) en la davallada de la
diversitat vegetal als sistemes agricoles. Penalgespecies segetals en concret, pero, la
millora en la neteja de les llavors de la sembradhar estat la causa de la disminucié de
les seves poblacions (Firbank 1988).

Tanmateix, es considera que I'is d’herbicides artrolar les poblacions de males
herbes ha estat una de les practiques agricolesmggeha afectat les poblacions
d’espécies arvenses (Robinson & Sutherland 2002s Ra al. 2010). Des de la

introduccié de I'herbicida 2,4-D el 1946, el desslopament i I'Gs de nous productes
s’ha relacionat amb la davallada de la diversitasgkcies arvenses (Heap 1997). A la
vegada, I'elevada i constant aplicacio d’herbicidissconreus ha donat lloc a I'aparicio
de fenotips resistents d’algunes espécies arvensates de les quals han esdevingut
realment pernicioses (Heap 1997; Kudsk & Streil®ig2 Ulber et al. 2010).

L’increment en I'Gs d’adobs, en particular delsitgesi quimica, també pot haver exercit
una pressio important sobre la diversitat d’esgesegietals. L'increment en la quantitat
I disponibilitat de nutrients pot arribar a causéectes directes de toxicitat sobre les
plantes, perd més generalment altera les intena&a@ompetitives entre el cultiu i les
especies arvenses a favor del primer (PysSek & U1§84). En conseqlencia, la flora
segetal ha esdevingut un competidor pobre (Kovarsydnszki et al. 2011). Aquest
efecte s’ha intensificat amb el creixent Us deetats de cultiu de creixement més
vigoros. Els fertilitzants organics, per bé que groduposar una entrada equivalent de
nutrients al sistema, en general s6n menys coratenitralliberen els nutrients més
lentament, de manera que es redueixen els efeetgdius de la fertilitzacié sobre la

diversitat d’espécies arvenses (Robinson & SuthdrD02).
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Els canvis en l'estructura del paisatge agricotab& han contribuit en la perdua de
diversitat d’espécies arvenses caracteristiques dehreus de cereals (Kovacs-
Hostyanszki et al. 2011; Solé-Senan et al. 2014prdécés de simplificacioé del paisatge
ha afectat negativament les espécies segetalstsBs/@évestigacions han suggerit que
amb aquest procés, d’'una banda, s’ha reduit laoprdp d’habitats semi-naturals i
naturals que els poden servir de refugi i, d’dmada, en homogeneitzar el paisatge, s’ha

facilitat la intensificacio de la gestio agricola.

2.2.2. Distribucio de la flora segetal

Els efectes de la gesti6 agricola i de I'estructlgiapaisatge sobre la flora segetal tenen
un impacte diferencial al marge, a la vora i alteedel camp. L'impacte de la gestio
agricola és més remarcable al centre del cammimigix cap a la vora i els marges dels
camps. D’altra banda, la importancia de I'estructdel paisatge és més destacable als
marges i a les vores dels camps i té menys efaptalacentre dels camps (José-Maria et
al. 2010; Kovacs-Hostyanszki et al. 2011). Aixi danla diversitat vegetal es concentra
en els marges, i disminueix cap a linterior desnps. Ara bé, la flora arvense
caracteristica presenta un comportament diferanfug es concentra a les vores dels
camps (Romero et al. 2008b; Fried et al. 2009;-8ega et al. 2010) (Figura 3).

~
Marge Vora Centre

Figura 3: Esquema de la distribucio de les espécies enaghps, des del marge fins al centre. La
diversitat és més elevada als marges i més bapalceentre dels camps. Tot i aix0, a la vora dels
camps hi habita de manera preferent la flora sege@racteristica dels habitats cerealistes di gee
requereix les pertorbacions associades a la gadstiéultiu de cereals a la vegada que es beneficia
la menor eficacia de les practiques agricoles ediertilitzacid i el control de la flora arvenseaguesta
area del cam
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Les vores dels camps son les franges de terraaddtimés externes del camp, en contacte
amb els marges formats per habitats naturals osaturals (Marshall & Moonen 2002).

A les vores dels camps les practiques agricoles®dys eficaces a causa de la dificultat
de la maquinaria per accedir-hi. Per aquest mtgiguantitat rebuda de fertilitzants i
herbicides és generalment menor, la llaurada n@resegular i hi ha més errors de
sembra, fets que redueixen la pressié competigawtiu sobre les espécies arvenses
(Kleijn & van der Voort 1997; Dutoit et al. 2007pRiero et al. 2008b).

2.2.3. Les especies segetals rares

L’impacte de la intensificacié agricola d’aquesiéisnes decades s’ha fet molt evident
en la important davallada de les poblacions d’@spésegetals fins al punt de convertir-
ne algunes en molt poc frequents o fins i tot gxties regionalment (Baessler & Klotz
2006; Fried et al. 2009; Cirujeda et al. 2011; 8#gret al. 2012). Molts paisos europeus
ja han tingut en compte aquestes especies arvarags frequents en les respectives
llistes vermelles (Schnittler & Ludwig 1996; Mosdral. 2002; Cheffings & Farrel 2005;
Colling 2005; Ture & Bocik 2008; Moncorps & SibR212). Aquesta consideracio els
atorga un cert valor, que constitueix la base pamaajoria d’estrategies de conservacio.
En alguns paisos, les espécies segetals rarestac@nsiderades espéecies prioritaries
per a la conservacio en certs plans d’accio, codeledRegne Unit (Preston et al. 2003) o
el de Franca (Aboucaya et al. 2000).

Malauradament, a la regid6 mediterrania la raresaquistes especies ha atret
comparativament poc l'atencio dels investigadareriservacionistes. Per exemple, les
especies arvenses no son consideradeslilzde vermell de les plantes vasculars
endémiques i amenacades de Cataluffyaez et al. 2011) pel fet de dependre del
manteniment dels sistemes antropics i, alguneked;eder introduides. L’'Unica valoracio
de la seva frequéncia en el territori ha estat duaame en les flores locals, amb criteris
poc sistematics i considerant la flora regionat@munt. En cap cas hi ha hagut al darrere
una analisi detallada de l'estat de les seves panls. Malgrat I'evident pérdua
d’espéecies segetals a Espanya i a Catalunya (Chauetosl. 2007; Cirujeda et al. 2011)
no s’han proposat estratégies per a la conserdéEspecies segetals, o tan sols se n’han

proposat en un ambit local (Mateu & Segarra 1998).
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En el context europeu s’han implementat el quecssf@nen esquemes agro-ambientals
(‘agri-environmental schemes’ o AES) (European Eonwnent Agency 2004), els quals
obliguen a tots els estats membres a desenvolupaplementar programes agro-
ambientals basats en incentius monetaris amb ttbjde mitigar 'impacte negatiu de
la intensificacié agricola. Aquests programes nmé® estan destinats a la preservacio
de la biodiversitat sind6 també al manteniment iaantillora de les condicions
mediambientals. L’agricultura ecologica ha estainpyguda com una mesura agro-
ambiental en alguns paisos (Kleijn et al. 2006y peraquests sistemes de gestié menys
intensius poden afavorir la persisténcia de lee@sp arvenses caracteristiques dels
cultius cerealistes (Kleijn et al. 2006; Rundlotéet2009; Gabriel et al. 2010; Kétdva

et al. 2013). Tot i aix0, I'efectivitat de les messi agro-ambientals en relaci6 amb la
conservacio de la diversitat vegetal a I'area needihia s’ha vist limitada pels efectes
compartits de la complexitat del paisatge i lansi@at de gestié a diferents escales

(Concepcidn et al. 2008).

La conservacio de les espécies arvenses és obgctntroversia, ja que el seu habitat
optim, els camps de cereals, és subjecte a ungsstes productius i economics, el que
condueix al conflicte permanent entre la produegdcola i la conservacio d’especies

(Fried et al. 2009; Foley et al. 2011). Tot i aiés necessari destinar esforcos a la
conservacio de la diversitat biologica en els sist® agricoles. Per aquest motiu convé
avaluar I'estat de les poblacions d’especies skgqtae son o han esdevingut rares a
I'area mediterrania, i conéixer millor la seva @S davant les practiques agricoles per

poder establir unes mesures de conservacié adesjuade

3. Disseny de I'estudi

Aquesta tesi pretén millorar el coneixement existeobre les especies arvenses
caracteristiques dels camps de cereals de secaurfitate de I'ordre fitosociologic
Secalietalia cerealidr.-Bl., 1936) i avaluar els motius pels qualsualgs d’aquestes
especies han esdevingut poc frequents en aqudstattaAmb aquesta finalitat, I'estudi
s’ha estructurat al voltant de dos eixos principgle pretenen: 1) analitzar la frequencia
de les espéecies arvenses caracteristiques i egpeciad’aquelles que han esdevingut

rares en relacié a la gestio dels cultius cerealide Catalunya&@pitols 1i 2) i 2) avaluar
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els efectes que han pogut tenir diferents pracsicagricoles en I'eficacia biologica

d’algunes d’aquestes espéeci€afitols 3i 4).

3.1. Analisi de la freqliéncia de les especies arvermesteristiques i rares als conreus

cerealistes de seca de Catalunya

3.1.1. Area d'estudi: les arees cerealistes de seca dal@aya

L’estudi de I'estat de les especies segetals ekiva terme el 2011 a la zona cerealista
de Catalunya, majoritariament a la Depressié Centkzarea d'estudi ocupa
aproximadament 100 km x 80 km (de 41° 22’ a 4290bde 0° 59’ a 2° 12’ E), i té una
altitud mitjana (£ SE) de 558 + 30 msnm (FiguraE)clima de la zona és mediterrani
continental, amb temperatures mitjanes anuals (td8EL2.6 + 0.2 °C (entre 9.5 °C i
14.9 °C) i precipitacions mitjanes anuals de 624 mm (de 416 a 868 mm) (Ninyerola
et al. 2005). Aquesta variabilitat respon al fe¢ ¢jarea estudiada comprén un gradient
climatic, amb unes condicions més seques cap #&brsewes occidental. De manera
general, 'area estudiada es troba sobre margresas calcaris, substrats sobre els quals
es desenvolupen sols de caracter basic.

Girona

L ]
Lleida

Barcelona

Figura 4: Localitzacié de 'area d’estudi a Catalunya. Hisdrats indiquen les localitats mostrejades.
Els tons en griindiquen I'elevacié cada 5 m.
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El paisatge agricola d’aquesta zona és un mosaomeus amb fragments d’habitats
semi-naturals i naturals i zones urbanes, indisinéaries. Els habitats naturals de I'area
estudiada inclouen pinedeRirfus halepensiMill. i P. nigra Arnold subspsalzmannii
(Dunal) Franco), alzinarguercus ilex_.) i rouredes (principalmer®. fagineaLam.),
matollars, pastures perennes i vegetacié de ritberaursos d’aigua intermitents. Als
marges dels camps també hi son frequents bardifisesmars i fenassars i diverses
comunitats ruderals. L'agricultura representa us deos del sol majoritaris en aquesta
area, dominada per cultius cerealistes de secépaiment d’ordi Hordeum vulgard..)

I blat (Triticum aestivumL.) i en menor grau de civadd\Jena satival.) i espelta
(Triticum aestivumL. subsp.Spelta(L.) Thell.). Aquests cultius conformen el mosaic
agricola juntament amb cultius farratgers, espeeat d’alfals Medicago sativa..) i
altres cultius anuals de seca com la cdBragsica rapd.. subspoleifera(DC.) Metzg.)

i el gira-sol Helianthus annug..), pero també amb vinye¥ifis viniferaL.) i camps
d’ametllers Prunus dulcisL.) i d'oliveres QOlea europaeal. var. europaed, entre
d’altres (Departament d’Agricultura Alimentacio €6 Rural. Generalitat de Catalunya
2009).

Les comunitats d’espécies arvenses dels cultiuglsusthan considerat tradicionalment
dins I'ordre fitosociologicSecalietalia cereali®r.-Bl., 1936. A I'area d’estudi, pero, tan
sols hi trobem aquelles comunitats de caracter lbaésfil. Es tracta de comunitats
dominades per especies anuals com la rodepdver rhoead..), el mill de sol petit
(Lithospermum arvensk. subsp.arvense= Buglossoides arvensig..) I. M. Johnst.
subsparvensis, les agulles de pastdg¢andix pecten-venellis subsppecten-veneris
I'herba de I'escorpi Qoronilla scorpioides (L.) Koch), l'unflabou Bupleurum

rotundifoliumL.) o el cospiCaucalis platycarpos.), entre d’altres.

3.1.2. Disseny experimental. Capitols 1i 2

Es va seleccionar un total de 304 camps de 32itasalFigura 4). Només es van
seleccionar finques de gestid ecologica (una fperdocalitat) perqué d’aquesta manera
s’incrementava la probabilitat de trobar aquesspe@es segetals (Romero et al. 2008b;
José-Maria et al. 2010). Fora de la Depressio @le@ttalana es van considerar algunes
finques amb conreus cerealistes gestionats de magetogica. Les localitats recullen

un gradient de complexitat del paisatge, estinparair del valor mitja del percentatge de
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terra cultivable (PAL) en arees circulars d'1 kmrdei al voltant de cada camp per cada
localitat. L'estructura del paisatge per aquestesalitats varia des de paisatges
estructuralment simples, amb valors alts de PAlv@iiant del 97 % de terra cultivable)
a paisatges més complexos, amb predominanca ditalbiaturals i semi-naturals (tan
sols un 8 % de terra cultivable) i, per tant, opriessio exercida per I'agricultura €s més

baixa (Figura 5).

Figura 5: Exemples de camps mostrejats (indicat amb un pegte) representatius d’un paisatge
complex (esquerra) i simple (dreta). A la part sigess mostren els ortofotomapes de les areekd’l

de radi al voltant de cadascun d’aquests campksEmatges inferiors es mostren els mateixos camps
amb la Cartografia dels Habitats de Catalunya aticheea un mapa binari, amb els habitats agricoles
en gris clar i els habitats naturals i semi-natuea gris fosc.
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La proporcié de terra ocupada per conreus herbatassius (‘Percentage of arable land’,
PAL) és una de les mesures més utilitzades cordieaitior de la intensificacio agricola
a escala de paisatge. Aquesta variable correla@ortaaltres descriptors del paisatge
com la diversitat i la fragmentacio dels habitdsdensitat dels marges o I'extensio
d’habitats semi-naturals (Roschewitz et al. 2085nés, aquestes correlacions es troben
en paisatges ben contrastats com sén els del mbrebntre d’Europa i els mediterranis
(Roschewitz et al. 2005; Gabriel et al. 2005; Raretral. 2008a).

A cada finca es van seleccionar els camps querhasgiat sembrats durant la temporada
immediatament anterior al mostreig amb els culiimsals que formen part de la rotacio
tipica dels conreus herbacis extensius de se@alsgver a gra i per a farratge, alternats
amb les lleguminoses també per a gra o per a dariiaéls policultius que contenen
barreges de cereals i lleguminoses. Els conreusaplials es van evitar a causa de la
seva heterogeneitat en el moment de sembra. Emesinejar entre 4 i 12 camps per
localitat en funcié del nombre de camps per finga igunien les condicions dels criteris
de seleccio. Per tal de maximitzar la deteccitedeskpecies segetals rares, el mostreig
es va restringir a les vores dels camps. Se’n sluawrla presencia de la flora segetal en
punts de mostreig separats entre ells aproximada®@em al llarg de la vora del camp
(Figura 6). Per tant, depenent de la mida del casmpan mostrejar un minim de tres i un
maxim de deu punts per camp. A cada un dels puntaabtreig es van inventariar les
especies segetals que hi apareixien, en una atkende5 m paral-lela al marge. També
es van anotar una serie de caracteristiques deldgeumostreig com el recobriment del
cultiu i de les espécies arvenses totals, aixi ebtipus d’habitat del marge adjacent
agrupats en les categories: vegetacio llenyosts ppastures, vegetacio ruderal i altres.

La informacid de la gestio de cada parcel-la esbtanir mitjancant entrevistes que es
van realitzar personalment als agricultors. Ambeatgs entrevistes es va adquirir la
informacio sobre la gestié de I'Gltima temporadacencret el tipus de llaurada, el cultiu
sembrat, I'origen de la llavor, el moment i la datsde sembra, el tipus i la quantitat de
fertilitzant, el tipus de control de les males tesrbsi s’hi va fer pasturar el bestiar. També

es va recollirinformacié dels anys des de la cosige agricultura ecologica i dels cultius
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5m

2m

Figura 6: Esquema de la distribucié dels punts de mostrign camp. Els punts de mostreig es van
situar a la vora dels camps, separats entre elis.80cada punt de mostreig es va avaluar la pogsen
de les espécies segetals en arees de 2 m x 5 m.

sembrats durant els darrers cinc anys. Es va esitaatr la gestidé a nivell de finca en
termes de l'orientacié productiva de la finca (esglésta en produccioé vegetal o amb

cultius i ramaderia) i la proporcié de camps amiea&ls en I'any en curs.

L’estructura del paisatge es va caracteritzar nggat la proporcié del paisatge
circumdant ocupada per conreus herbacis exterBAis) (en arees circulars d'1 km de
radi al voltant de cada camp. També es va defimstrlctura fisica dels camps, amb
mesures de I'area i del perimetre dels camps. Aesiesesures de l'estructura dels camps
I del paisatge es van obtenir a partir d’ortofotpesmen color i de la Cartografia dels
Habitats de Catalunya (Carreras & Diego 2004) miggant el programari d’ArcGIS
(versio 9.2). L'estructura del paisatge de lesdgmjtambé es va tenir en compte, a través
del PAL mitja al voltant dels camps per finca diatancia mitjana entre els camps de la

finca.

Les dades obtingudes en els inventaris d’aquestreipyan permetre avaluar I'efecte
de les diferents practiques agricoles ecologiqueisell de camp i de finca (localitat)
sobre la diversitat de les especies arvenses egdtaquelles que es consideren rares,
considerant també les correlacions amb la complieddl paisatge i amb I'area i la forma
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dels campsapitol J). Aquesta diversitat es va analitzar, elCapitol 1, mitjancant la
descomposicié multiplicativa de la diversitat (Al4975), que permet fer una particio de
la diversitat total en components independents @a®7). D’aquesta manera la riquesa
especifica d’una finca (diversitgtes descompon en la contribucié mitjana de cachgpca
(diversitata) i en la diversitat deguda a la divergencia ecolaposicié d’espécies entre
els camps d’'una localitat (diversifitcalculada com A =y / o). Paral-lelament, es va
dur a terme una analisi més detallada de I'efezta destid agricola i de I'estructura dels
camps i del paisatge, sobre la probabilitat desirtds espécies segetals rares en un camp,
aixi com les caracteristiques del punt de mostrégyl’habitat adjacent que afavoreixen
la preséncia d’aquestes espéeci@af(tol 9. Aquestes analisis també es van dur a terme
per cadascuna de les espécies segetals rares egésris, per tal de coneixer com
aquestes espeécies responen individualment davantvdeables considerades i si

existeixen uns patrons comuns de respd@sapitol 2.

3.2. Avaluacio dels efectes de certes practiques ag@dcsbbre I'eficacia biologica

d’algunes espécies segetals

3.2.1. Disseny experimental. Capitols 3i 4

S’han portat a terme dos estudis sota condicionsaades per a avaluar els efectes de
determinades practiques agricoles sobre el creixeina capacitat reproductiva de les
especies segetals. En aquests estudis s’ha avVahycte de I'aplicacié d’herbicides
(Capitol 3 i de la fertilitzacio Capitol 4 sobre diverses parelles d’especies segetals, cada
parella d’una familia diferent. Es van seleccidearespécies de cada familia de manera
gue diferissin en la seva freqliencia en el terréstudiat, essent una més rara i una més
comuna per cada familia. Aquest tipus d’assaig evatju permet tenir en compte el fet
que plantes filogeneticament properes poden respodd manera semblant a les
condicions ambientals, el que fa més fiable la canagié entre espécies segetals comunes

i rares.

En elCapitol 3 es va analitzar I'efecte dels herbicides 2,4tBbienuron aplicats a sis

dosis diferents a part dels controls sobre quairelles d’espécies segetals de families
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diferents, incloent una especie rara i una més oamie cada familia (Apiacies:
Bupleurum rotundifoliumL. i Scandix pecten venerig. subsp. pecten-veneris
BrassicaciesNeslia paniculataL.) Desv. subspthracica (Velen.) Bornm iRapistrum
rugosum(L.) All.; PapaveraciesPapaver argemond.. i P. rhoeasL.; Rubiacies:
Asperula arvensid.. i Galium aparineL. subsp.spurium (L.) Simonk). En aquest
experiment es va avaluar el grau d’afectacio deixement i de la capacitat de produir
llavors de les espécies segetals testades a ouihi€28 dies després de I'aplicacio dels
herbicides) i a llarg termini (48 o 55 dies desmté$aplicacio dels herbicides), aixi com
determinar la capacitat de recuperacié d’aquestpscees després de l'aplicacio dels
herbicides a dosis subletals. També es va anatitzes diferéncies entre espécies tenen

una correlacio amb les seves frequéncies al tarrito

Atés que la fertilitzacié pot tenir efectes moltpiontants sobre el creixement i la
reproduccié de les espécies segetals mitjancalierbaio de la competencia entre
'espécie cultivada i les espécies arvenses, ligspar caracteritzar I'efecte de la
fertilitzacio es va dur a terme juntament amb llagaié de I'efecte de la competencia
del cereal. En eCapitol 4s’avalua de manera conjunta I'efecte de I'apli¢als diferents
tipus de fertilitzants (organic i mineral) a difete dosis (alta i baixa) sobre quatre parelles
d’espécies segetals comunes i rares, també apk®lEegons les families a les que
pertanyen (les mateixes parelles quEaitol 3excepte les Apiacies, de les quals es va
substituirBupleurum rotundifoliuni.. perBifora testiculata(L.) Spreng.), creixent amb

competéncia o no de cereal (Figura 7).
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Blat

26cm

Espécie segetal

35cm

lat, Organic, F+
@ Blat, Organic, F-

ense blat, Organic, F+

O Sense blat, Organic, F-

lat, Mineral, F+

(I']) Blat, Mineral, F-

ense blat, Mineral, F+

|} Sense blat, Mineral, F-

Figura 7: Esquema del disseny experimental emprat per ai@vals efectes del tipus (organica i
mineral) i de la dosi (alta, F+ i baixa, F-) detifézants aplicats i de la competéncia (amb blsdnise
blat) amb el cultiuCapitol 4, on es representa la distribucio dels testosrsegbtractament. A dalt a
la dreta, es mostra un test en vista superioetidtamb la mida dels testos i la disposicié delantes
de blat i les espécies segetals al substrat.
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1. Objectius generals

L’objectiu principal d’aquesta tesi doctoral ésuesar I'estat de les poblacions de les
especies arvenses caracteristiques dels secanemsads en relacié amb les practiques
agricoles i amb l'estructura del paisatge, i avaéla motius pels quals algunes d’elles
poden haver esdevingut rares en aquests habitatelag. Amb aquesta finalitat, I'estudi
ha estat dividit al voltant de dues linies dinvgmstio principals que son

complementaries, una de caracter observacioratrid’experimental, amb la intencio de:

- Determinar els efectes de les diferents practiqgrscoles i la contribucié de
I'estructura del paisatge sobre la situacié deggecies arvenses caracteristiques i
especialment d’aquelles considerades rares emnuklsscde cereals de Catalunya.
Per aix0d s’ha avaluat la riqguesa i la presénciguiates espécies en les vores dels

camps de gestio ecologica de la regi6 cerealis@ad@unya.

- Avaluar la resposta d'algunes especies arvensexctesdistiques dels conreus
cerealistes de seca davant certes practiques lagricen concret I'aplicacié
d’herbicida i la fertilitzaci6 juntament amb la cpeténcia amb el cereal, i
comprovar fins a quin punt el grau de raresa ppedédre de les diferéncies en

I'eficacia biologica d’aquestes especies en regpasiquestes practiques agricoles.

2. Objectius especifics

Els objectius especifics de cadascun dels capmtolgue s’ha estructurat aquesta tesi

doctoral es detallen a continuacio:

Capitol 1:

i) Estudiar els efectes de les practiques agricoleslad passades (en els darrers 5
anys), de la mida i la forma dels camps i de liedtira del paisatge sobre la riquesa
d’espécies segetals i d'aquelles espécies condieerares (diversitat), en camps

de gesti6 ecologica.

i) Determinar els efectes de la gestid a nivell dalitat, entesa com el conjunt de

practiques que afecten a la finca en la sevatatiadi part dels efectes de les variables
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descriptives del paisatge circumdant, sobre largitat de la localitat (diversitatsi
B) d’aguests conjunts d’especies.

Capitol 2:

i) Avaluar els efectes de les practiques agricoled,edé&ructura dels camps i del
paisatge i de les condicions locals sobre la prgealiespecies segetals rares a les

vores dels camps ecologics de la Depressié Cabatalana.

i) Determinar els patrons comuns en les respostepaties segetals rares particulars

a les diferents variables de gestio i de I'entestades.

Capitol 3:

i) Examinar els patrons de sensibilitat d'algunes@spéegetals a dos dels herbicides
més utilitzats en els conreus de cereals de |l regditerrania (el tribenuroni el 2,4-
D) segons la biomassa aeéria total, la biomassadaptiva i el nombre de llavors a

curt i a llarg termini.

i) Determinar el grau i el temps de recuperaci6, endse de llargada de la tija i del
nombre de llavors produides, de les plantes afestpdr dosis creixents d’aquests

herbicides.

iii) Avaluar si la sensibilitat a I'aplicacio d’aquesisrbicides és més alta per especies

segetals rares que per les especies més comuagsmates filogenéticament.

Capitol 4:

i) Analitzar els efectes de la fertilitzacio, en fundel tipus i de la dosi de fertilitzant,
sobre el creixement d’algunes espécies arvensestedstiques dels camps de

cereals i com aquests efectes es veuen afectdts ganpeténcia amb el cereal.

i) Determinar si el moment de floracio de les espéssgstals és influit per les diferents

dosis i tipus de fertilitzants interactuant amledapetencia amb el cereal.

iy Comparar I'habilitat competitiva de les especiggesas rares amb les especies més
comunes emparentades filogeneticament sota elgenlife tipus i dosis de
fertilitzacio.
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Informes dels directors

1. Informe dels directors del factor d'impacte de legpublicacions presentades

El Dr. F. Xavier Sans i Serra i el Dr. José MarBlkanco Moreno, directors de la Tesi
doctoral de la Roser Rotchés Ribalta, presenteseglient informe sobre el factor

d’'impacte de les publicacions que formen part dedégent memoria.

Capitol 1

Both farming practices and landscape charactesistletermine the diversity of
characteristic and rare arable weeds in organicadlgaged fields

Rotchés-Ribalta, R., Blanco-Moreno, J.M., ArmengotChamorro, L. & Sans, F.X.

Applied Vegetation Scien€2014), doi: 10.1111/avsc.12154
Factor d’'impacte (2013): 2.416

Posicio dins l'area: Forestry 7/64 (primer quartil
Ecology 58/141 (segon quartil)

Plant sciences 55/199 (segon quartil)

Capitol 2
Which conditions determine the presence of rarede@earable fields?
Rotchés-Ribalta, R., Blanco-Moreno, J.M., ArmengotJosé-Maria, L. & Sans, F.X.

Agriculture, Ecosystems and Environm2a8 (2015) 55-61.
Factor d'impacte (2013): 3.203

Posicio dins I'area: Agriculture, multidisciplinat/56 (primer quartil)
Environmental sciences 38/216 (primer quartil)

Ecology 38/141 (segon quartil)

Capitol 3

Herbicide impact on the growth and reproductiocladracteristic and rare arable weeds

of winter cereal fields
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Rotchés-Ribalta, R., Boutin, C., Blanco-Moreno, J.®arpenter, D. & Sans, F.X.

Ecotoxicology(2015), doi: 10.1007_sl0646-015-1440-X.
Factor d’impacte (2013): 2.500

Posici6 dins l'area: Ecology 54/141 (segon guartil
Environmental sciences 71/216 (segon quartil)

Toxicology 39/87 (segon quartil)

Capitol 4

Modulation of the competitive relationship betwedmeat and the characteristic and rare

arable species of winter cereal fields by fertiize
Rotchés-Ribalta, R., Blanco-Moreno, J.M., Armengot& Sans, F.X.

Sotmeés per a la seva publicaci®vaed Research
Factor d’impacte (2013): 2.015
Posici6 dins I'area: Agronomy 18/79 (primer quarti

Plant sciences 67/199 (segon quartil)

Tots els articles que formen part de la Tesi datide la Roser Rotchés Ribalta han estat
sotmesos per a la seva publicacio a revistes figgres d’ambit internacional que consten

al Science Citation Index (SCI).

Barcelona, maig de 2015

F. Xavier Sans Serra José Manuel Blanco Moreno
Departament de Biologia Vegetal Departament deogial Vegetal
Universitat de Barcelona Universitat de Barcelona
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2. Informe dels directors de la participacio de la dotranda en les publicacions

El Dr. F. Xavier Sans i Serra i el Dr. José MarBkenco Moreno, directors de la Tesi
doctoral de la Roser Rotchés Ribalta, presentseglent informe sobre la contribucio
de la doctoranda en cadascuna de les publicaciessrmiades en la present memoria.

Capitol 1

Both farming practices and landscape charactesistletermine the diversity of
characteristic and rare arable weeds in organicadigaged fields

Rotchés-Ribalta, R., Blanco-Moreno, J.M., ArmengotChamorro, L. & Sans, F.X.

La doctoranda va participar activament en el digsexperimental de l'estudi, en
I'execucié dels inventaris floristics a camp i enrkalitzaci6 de les enquestes als
agricultors. També va dur a terme I'elaboraci@anélisi de les dades, la redaccié de la
primera versio del manuscrit i les revisions pastsr

Capitol 2

Which conditions determine the presence of rarede@earable fields?

Rotchés-Ribalta, R., Blanco-Moreno, J.M., Armengot,José-Maria, L. & Sans, F.X.

La Roser Rotchés Ribalta va participar activamergl@isseny experimental de I'estudi,
en I'execucioé dels inventaris floristics a campnila realitzacio de les enquestes als
agricultors. També va dur a terme I'elaboraci@anélisi de les dades, la redaccié de la

primera versié del manuscrit i les revisions pastsr

Capitol 3

Herbicide impact on the growth and reproductioctwdracteristic and rare arable weeds

of winter cereal fields
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Rotchés-Ribalta, R., Boutin, C., Blanco-Moreno, J.®arpenter, D. & Sans, F.X.

La doctoranda va participar en el disseny experiai@le I'estudi i en la posada a punt
de l'experiment, aixi com de la recollida de lesleta durant I'experiment i de la
recol-leccid i processat posterior del materialnb@ va dur a terme I'elaboracié i
'analisi de les dades, la redaccié de la primezesid@ del manuscrit i les revisions

posteriors.

Capitol 4

Fertilization modulating the competitive relatioisivetween wheat and characteristic

and rare arable species of winter cereal fields

Rotchés-Ribalta, R., Blanco-Moreno, J.M., Armengot& Sans, F.X.

La doctoranda va participar activament en el digseperimental de I'estudi i en la
posada a punt de I'experiment. També va dur a téetadoracié i 'analisi de les dades,

la redaccio6 de la primera versio del manuscris irevisions posteriors.

Finalment, certifiquem que cap dels coautors deisles abans esmentats ha utilitzat de

manera implicita o explicita aquests treballs pélaboracio d’'una altra tesi doctoral.

Barcelona, maig de 2015

F. Xavier Sans Serra José Manuel Blanco Moreno
Departament de Biologia Vegetal Departament deoBial Vegetal
Universitat de Barcelona Universitat de Barcelona
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Diversos estudis indiquen que la intensificacidalgestio agricola a escala local i de
paisatge ha afectat considerablement les pobladiespécies arvenses caracteristiques
dels habitats cerealistes de seca provocant la davallada als sistemes agricoles i
desplacant-les a les vores dels camps, on avuaegsdroben principalment (Romero et
al. 2008b; José-Maria et al. 2010). No obstantns@tha posat de manifest la mancanca
de coneixements especifics dels efectes de lasifitatio agricola sobre les espécies
segetals a causa de la seva baixa frequéncia dabaia. En aquest estudi s’ha superat
aguesta limitacié mitjancant la realitzacié d'ummgmombre d’inventaris (1957) de la
flora segetal a les vores dels camps sota gestitbgica (304), el que ha permes
maximitzar la seva deteccid. Aquest mostratge nallréot el gradient d’intensificacié
agricola, atés que ja ha estat descrit en estudiaspque aguestes espeécies tenen
frequencies molt baixes en camps de gestio conmealc{Romero et al. 2008b; Joseé-
Maria et al. 2010). Per tant, es tracta d’una deaipriori que va permetre centrar I'estudi
en els camps sotmesos a una gestié més favoratdelp@resencia d’aguestes especies
segetals. Aix0 ha permés millorar el coneixemerltedtat de les poblacions d’espécies
segetals als secans de Catalunya i relacionar-lo lem practiques agricoles i amb
I'estructura del paisatge. El coneixement delstiastant de les practiques agricoles com
de les caracteristiques fisiques del camp i denkeaf que expliquen la preséncia
d’aquestes espécies és essencial per valorar @agen com a indicadors d’'una gestio
agricola sostenible enfocada a la conservacio d®oldiversitat, especialment de les

especies que han esdevingut raap(tols 1i 2).

Els efectes de practiques agricoles concretes $eficaicia biologica de les espécies
segetals també s’han tractat experimentalment. Bf@ofundit en el paper que poden
haver tingut I'aplicacié d’herbicides i de ferténts, com a exemples de practiques
agricoles molt comunes, en la disminucié de laafleegetal i en determinar la raresa
d’algunes d’aquestes especi€apitols 3i 4). El coneixement adquirit amb aquests
estudis ha de permetre desenvolupar les baseppgp@stes encaminades a harmonitzar

la producci6 agricola i la conservacié de la divatsle la flora segetal.
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1. Les especies segetals als secans de Catalunya

L’estudi de la flora segetal als conreus de la Pggib Central Catalana ha permés
detectar més especies segetals que altres estiadisadeixa area (Romero et al. 2008b;
José-Maria et al. 2010). No obstant, la majorigaéstes especies han estat trobades molt
poc frequientment, fins i tot moltes de les espégigssno sén considerades rares per de
Bolos et al. (2005). Amb aquest estudi es va irerant gairebé el 70 % de les espécies
segetals rares citades a la zona estudiada, pdtésnielles van ser presents en menys
de I'1 % de les mostres. Aquests resultats confirtiaetual raresa d’aquestes espécies,
com ja s’havia indicat previament (Chamorro e2@0D7), pero a la vegada dona una certa
esperanca a la possibilitat de la seva conserjaqgide moltes d’elles encara son presents
als camps de Catalunya.

1.1. Els efectes del paisatge circumdant i de les cenigtijues fisiques dels camps

sobre les especies segetals

Diversos estudis assenyalen que els camps immenspaisatges més complexes solen
allotjar una diversitat d’espécies segetals méasdi (Roschewitz et al. 2005; Gabriel et
al. 2005) pel fet que els habitats adjacents atgpsaepresenten habitats alternatius que
poden actuar com a font de propaguls per a la oeitphcio dels camps. Aquesta
tendéncia coincideix amb la diversitat d’especiegetals en conjunt en els camps
cerealistes de Catalunya perd no amb el subcodjespecies segetals rares, amb les
quals el percentatge de terra cultivable hi cocietea positivamentGapitols 1i 2). La
diferencia en el patré de resposta de les espsegals rares respecte a tot el conjunt
d’espécies segetals indica que els habitats ad@moenbeneficien les espécies segetals
rares actuant com a font de propaguls, ja que ptetrgent sdn espécies més especialistes
de I'habitat estudiat que les espécies segetatsgunt (Meyer et al. 2015).

Pero I'estructura del paisatge també inclou altegacteristiques a escala de finca que si
qgue afecten la diversitat d’espécies segetals.istaitnlicié espacial dels camps d'una
finca (distancia mitjana entre els camps d’'unadjndetermina més heterogeneitat
floristica entre aquests camps (diversffgtja que impedeix l'intercanvi de diaspores.
Ara bé, 'estructura de la finca no afecta la dsitet global oy (Capitol 1), de manera

gue lariquesa d’espécies segetals total a eseddealitat és determinada, principalment,
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per les condicions que es donen en els campsi & sant per I'estructura de la finca o
pel paisatge circumdant.

Altres processos d’estructuracié del paisatge deeten la flora arvense, com les
caracteristiques fisiques del camp, també teneefecte significatiu sobre la flora

segetal. Els camps més grans, segurament providentamalgamacio historica de

camps meés petits, presenten una flora segetal mo@s@apitol 1), aixi com una

probabilitat de preséncia d’espécies rares még@#pitol 2 que camps més petits, ja
que la unié de camps incrementa el conjunt locagecies (Marshall 2009). A més, els
camps mes grans presenten un ventall més amplicde-ambients entre els quals es pot
donar més facilment un intercanvi de diaspores.ca&mvi, hem hagut de rebutjar la
hipotesi inicial segons la qual esperariem mésrsitee en camps amb formes més
complexes, amb més longitud de vora en relacié kanda total, pel fet que aquestes
espécies prosperen favorablement en aquestes Z6mamssible que aquest resultat

reflecteixi la importancia de I'area en la configcit de la flora local.

A una escala encara més petita, I'efecte de lataeigepresent en els marges sobre les
especies segetals de les vores dels camps norésirgportant. Les espécies segetals
rares son propenses a ser afectades negativaméatvegetacio d’habitats adjacents on
hi predominen especies més competitives, com sdnosicos i els matollar€@épitol 2.

La resta d’habitats considerats en el nostre nmtgstreo sembla tenir un efecte diferencial
sobre les especies segetals. Aquests resultatgierdidoncs, que les espécies segetals
responen més a les condicions locals que depeheardp en si que als habitats adjacents

com a font de propaguls.

1.2. Les espeécies segetals i la gestidé agricola

La gestio ecologica dels conreus cerealistes tétesfepositius sobre la diversitat
d’espéecies arvenses i aquests efectes son acumsuhtiarg del temps. Per aquesta rag,
de manera general, els camps i les finques sotneesios gestié ecologica durant un
periode més llarg presenten diversitats d’espéegstals més elevadéapitol 1). No
obstant, la intensitat de les practiques agricesls camps de gestio ecologica s6n molt
variables (Clough et al. 2007; Armengot et al. 20&llque comporta una gran versatilitat

dels efectes de I'agricultura ecologica sobre lseditat vegetal. Per aquest motiu és
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essencial coneixer els efectes que tenen les quastiagricoles especifiques sobre les
especies segetals. Les practiques agricoles ireitgdrimordialment, a escala de camp.
No obstant, certes practiques operen simultaniantenka mateixa manera sobre tots els
camps d'una finca, el que suposa uns efectes slkabrdiversitat total i sobre

I'heterogeneitat de les flores entre camps d’umeafiCapitol 1).

Les especies segetals sén principalment espeaiatsda persisténcia de les quals depen
del banc de llavors i de la capacitat de germiestgblir-se i reomplir de nou el banc de
llavors. Es tracta d’especies que germinen, de mgredominant, a la tardor aprofitant
la sembra dels cultius, tipicament cereals, i cetepl el seu cicle durant el
desenvolupament d’aquests cultius. El notable acobht dels cicles biologics de les
especies segetals amb l'estacionalitat de les deawgicoles associades als cereals
d’hivern explica la importancia del tipus de cultier al manteniment de les poblacions
d’espéecies segetals. Per aquesta raod, el cultitesia gestio associada a aquest cultiu
representen uns filtres molt importants de la preiséd’espécies segetals (Marshall
2009; Fried et al. 2009).

Les pertorbacions dels habitats agricoles son fentats per a I'establiment de les
especies segetals, que son afectades tant petefesitat com per la naturalesa de les
pertorbacions (Critchley et al. 2006). La llauraglaresenta la pertorbacié més important
dels agrosistemes arables. Tipicament la llauradageests sistemes té lloc a finals
d’estiu o durant la tardor, prévia a la sembracdétiu. Aquest esquema de pertorbacio
coincideix amb els requeriments de germinacié denkjoria d’aquestes especies
caracteristiques dels sistemes cerealistes ddSaatkamp et al. 2011). Per aquesta rag,
la sembra de tardor i especialment si és de cgesadra les condicions que afavoreixen
la presencia d’espécies segetals i rabap(tols 1i 2). La intensitat de la llaurada també
afecta de manera significativa I'establiment deelgsecies segetals. Quan es llaura el sol
sense modificar-ne I'estructura vertical (mitjangéarada de cisells o la conreadora, per
exemple) s’afavoreix la preséncia d’espécies skgéetares ja que es generen unes
condicions favorables per a la germinacié de lglis que formen part de les capes més
superficials del banc de llavors o que hi arribengispersio. En canvi, la llaurada que
inverteix les capes del sol (com I'arada de pglesinou I'enterrament de les llavors cap
a les capes més profundes del sol, el que difitaltgerminacio i, per tant, I'establiment
de nous individus (Gruber & Claupein 2009). Altfesits de pertorbacié, com per
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exemple la pastura del rostoll, tenen un efecteatiegobre la diversitat d’especies
segetals Capitol 1. Encara que aquestes especies estan adaptasepertorbacions

periodiques del sol, sembla que no toleren béaacid causada pels herbivors.

Aixi doncs, els cultius de cereals, als quals$pgeies segetals estan adaptades {&wda

et al. 2013), afavoreixen, d’'una banda, la divatsde la flora segetal que s’hi
desenvolupaGapitol J) i, d’altra banda, la preséncia d’espécies angrames Capitols

11 2). Atés que gran part de les espécies que germprasperen en un any determinat
provenen del banc de llavors del sol, les rotactpuresinclouen una proporcio de cultius
de cereals més elevada determinen més entradiesaies Id’especies segetals al banc de
llavors del sol, el que propicia el mantenimentegepoblacions d’aquestes especies. El
fet que els camps de cereals allotgin més espgegtals comporta que, en general, les
finques que sembren simultaniament més camps damlsesustenten meés diversitat
global que aquelles finques amb més diversitatulitus. En aquestes condicions, els
camps so6n mes rics pero allotgen una flora més génia (la diversitap és meés baixa
en finques amb més proporcié de camps de cerergjgfanent a causa de l'intercanvi
més frequent de llavors amb la maquinaria agrid@amengot et al. 2012).
L’heterogeneitat de la flora entre camps d’unadimecrementa en relaci6 amb la
diversitat de gestié entre camps, condicio tipeted finques que també tenen ramaderia.
No obstant, aquesta heterogeneitat floristica ewatmgps no compensa la disminucio de
la riquesa global de la finca o localitat per heedsitat més baixa dels camps individuals.
Per aquest motiu, conveé invertir més esforcos empure i conservar la diversitat de la

flora segetal i rara a nivell de camp.

Més enlla de I'establiment, la persisténcia dedspécies segetals depén de la seva
capacitat de prosperar en un entorn dominat paliclles especies arvenses i el cultiu
competeixen pels mateixos recursos i, per tandgi@en a ser excloents (Gonzalez Ponce
1998). Les espéecies arvenses caracteristiqueshdéisats cerealistes de seca son
tipicament competidores més pobres que els ciffiigchley et al. 2006) i per aixo sén
afectades negativament per les practiques agrigoiesafavoreixen el creixement del
cultiu. La fertilitzacié dels camps representa etedminant important de les relacions de
competéncia entre el cultiu i les espécies arve(Seklberg & Miller 1990; Igbal &
Wright 1997; Tang et al. 2014). L’aplicacio abundale fertilitzants incrementa la

disponibilitat de nutrients al sol per les plantdslgrat aixo, les plantes cultivades sén
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normalment més capaces d’aprofitar els recursadaayent i créixer, ocupant de manera
eficient I'espai durant I'establiment i disminuilat penetracié de la llum (Goldberg &
Miller 1990; Robinson & Sutherland 2002; Tang et2014). Aquest fet redueix les
possibilitats de creixement de les espéecies argerem®cteristiques i rares dels habitats
cerealistes de sec@dpitol 4. Aquest efecte negatiu de I'elevada aplicacitedditzants

és forca general en les espécies segetals. Peaguestes especies son menys frequents
i la diversitat dels camps més baixa en els carapmatistes de la Catalunya central amb
meés entrades de fertilitzants organi€ajpitols 1i 2). Malgrat aixo, la fertilitzacio
organica, que allibera els nutrients més lentameatla fertilitzacié mineral, en general
afavoreix el desenvolupament de les espécies eaist@jues i de les que son rares dels
habitats cerealistes de seca. Els efectes nega¢iu competencia del cultiu son
esmorteits en aquestes condicions, ja que el aeaveakix tan vigorosament com amb la
fertilitzacio mineral Capitol 4. Per tant, la fertilitzacié organica en quansitatiequades
seria una bona estrategia per promoure la consémdades espécies segetals, alhora que,
encara que reduida, no compromet la producciéetebt

Les vores dels camps es caracteritzen per uneslestde fertilitzants més escasses, per
haver-hi més errors de sembra i un menor establidesles llavors del cultiu, pel que el
recobriment del cultiu és, en general, baix. Aradu&an les condicions sén localment
favorables, aquestes permeten un bon desenvoluptanedel cultiu com de les espécies
arvenses caracteristiques i rares dels habitatslstes de sec&épitols 1i 2). Aixo fa
que en les condicions del mostratge trobem unaleoio positiva entre la presencia
d’aquestes espeécies i el recobriment del cerealesta correlacié entre el cultiu i la
preséncia d'especies segetals es manifesta eniddilitat que trobem dins dels camps,
entre punts de mostreig: malgrat que el camp émitat basica de gestio agricola, la
impossibilitat de portar a terme les operacionsicatgs de manera absolutament
homogenia causa certa variabilitat en el recobrirdehcultiu (relacionat amb la sembra
I 'establiment) i el recobriment total de malesles. Per tant, a nivell local, quan el
cereal s’estableix i prospera adequadament a adusas condicions particularment
favorables les espécies segetals rares també emdfidien Capitol 2, contrariament a

les expectatives inicials.
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2. Resposta de les espécies segetals als fertilitzardass herbicides

Moltes de les espécies segetals han desaparegutaieps de gestié convencional per
efecte de la intensificacid de les practiques atggcque caracteritzen aquests sistemes
(Romero et al. 2008b; José-Maria et al. 2010). licapié d’herbicides ha estat
considerada una de les causes principals de landisi de la diversitat d’espécies en
els paisatges agricoles (Hyvonen & Salonen 20G&-Maria et al. 2011). Els herbicides
fins i tot poden afectar la vegetacid que confoefsehabitats adjacents, on hi arriben per
deriva (Riemens et al. 2008; Dalton & Boutin 20Bassa et al. 2011; Schmitz et al.
2014). L'elevada especificitat d’habitat de lesexsps segetals i la continuada pressio
dels herbicides en els sistemes agricoles de gestidencional poden haver afectat
negativament les seves poblacions. D’altra bandalidaciéo continuada d’elevades
quantitats de fertilitzants minerals també pot haepresentat un factor clau en la
disminucié de la diversitat mitjancant I'alteracié les relacions de competencia entre el
cultiu i les espécies arvenses (Goldberg & Mill@8Q; Igbal & Wright 1997; Tang et al.
2014).

El tribenuron i el 2,4-D, dos herbicides d’Us coemlels camps de cereals de Catalunya,
produeixen importants efectes sobre la biomasseeidroduccié de les especies segetals
avaluades, fins i tot a dosis baixes d’aplicaci@gitol 3. Els efectes dels herbicides
depenen de la dosi d’aplicacio i del tipus d’hedaaplicat (Clark et al. 2004; Carpenter
& Boutin 2010) i, a meés, hi ha forca variabilita tesposta entre especies. Algunes de
les espécies segetals testades presenten certeitatap@ recuperacio en funcié de
I'herbicida i de la dosi d’aplicacié, ja descritateriorment (Riemens et al. 2009;
Carpenter et al. 2013). Aixi, aquelles especies afgrtades o0 de recuperacido més lenta
es veuran desplacades per aquelles més tolerasittents o de recuperacié més rapida
(Carpenter & Boutin 2010; Carpenter et al. 2013arEgt al. 2014) o simplement seran
excloses competitivament pel cultiu (Christense®4]1Williams et al. 2008). Per tant,
els efectes dels herbicides s’han de considerardium context de comunitat.

Les aportacions més elevades de fertilitzants raigeio representen un problema per al
creixement de les especies segetals quan creiles) sbque indica que I'efecte negatiu
de la fertilitzacié sobre les espéecies segetalotéa través de la competéncia amb el
cultiu (Capitol 4. D’aquesta manera, el cereal, el qual és méefien la captacio i I'is
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de nutrients, desplaca competitivament les espéggstals (Robinson & Sutherland
2002). Contrariament, la fertilitzacié organicagallibera els nutrients més lentament,
redueix els efectes negatius del cultiu sobredpg@es arvenses caracteristiques i rares

dels habitats cerealistes de seca.

Atés que la majoria d’espécies segetals son espaoils, les practiques agricoles que
repercuteixen en la reproduccio de les espécietaiegondicionen de manera decisiva
la capacitat d’aquestes especies per prosperat. 'Bgficacié d’herbicides com la
fertilitzacio dels camps poden comportar notabfestes negatius sobre la floracié o la
formacio dels fruits, el que pot reduir la proddcde llavors, amb els consequents
impactes en la reposicié del banc de llavors (8trarg et al. 2012; Qian et al. 2014). Les
especies segetals sotmeses a dosis subletalsiditiesben general pateixen reduccions
meés importants en la produccié de llavors que dndmassa total, com ha estat descrit
previament (Clark et al. 2004; Carpenter & Boutii@; Boutin et al. 2014; EFSA Panel
on Plant Protection Products and their Residueg)2@®l moment de floracié de les
especies segetals, perd, no va presentar un patasposta homogeni en relaciéo amb la
competéncia amb el cereal sota diferents reginfisrtitzacio. Les fertilitzacions baixes

i la fertilitzacié organica tendeixen a causar eretanents de I'inici de la floracio, pero
en pocs casos aquest efecte és estadisticameificatgn Malgrat tot, aixo podria tenir
importants implicacions per a les poblacions ja quen les especies floreixen més tard,

solen tenir menys descendéncia (Storkey 2006; letiedl 2012).

Els resultats d’aquests estudis sota condicionsaades son de gran rellevancia ja que
permeten avaluar [l'efecte individual de determisaderactiques sobre el
desenvolupament de les espécies testades. A lalajeguita la interferéncia d’altres
variables que també poden influir en el comportdrderies especies, el que dificulta la
comprensio dels resultats (Dalton & Boutin 2010). Més, sbén absolutament
irreemplacables per a la quantificacio dels efealescertes practiques agricoles
(I'aplicacié d’herbicides i de fertilitzants) sobes especies segetals i, en particular, per
a la detecci6 dels efectes que tenen lloc sotagneultura convencional, la més estesa
en el territori. Les baixes frequéncies de les @spesegetals que es donen actualment en
els camps de gesti6 convencional d'una banda t#icunotablement la deteccid
d’aquestes espécies i d’'altra banda, impossibiliestimacié dels efectes amb precisié.

Malgrat aix0, els resultats d’aquest tipus d’apmmcions s’han de prendre amb
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precaucio, sobretot a I’hora d’extrapolar-los aldionament de les comunitats naturals.
La coexisténcia amb altres espécies, la manca aifsitivitat en les relacions de
competéncia, la variabilitat temporal i espaciatye d’altres, son limitacions logiques a

les que esta sotmesa qualsevol experimentacio.

3. Factors determinants de raresa de les especies dage

L'aplicacié d’herbicides ha estat considerada uma les causes principals de la
disminucié de la diversitat d’especies en els pgesaagricoles (Hyvonen & Salonen
2002; José-Maria et al. 2011). Per aquest motapstava que aquelles espécies rares 0
menys frequients en I'actualitat presentessin unailsiéitat als herbicides més elevada
gue espéecies més comunes de la mateixa familida D®teixa manera, com que les
elevades entrades de fertilitzants als camps @mlseafavoreixen el cultiu en detriment
d’aquelles especies amb menys capacitat competés/aa considerar que les especies
arvenses rares estarien en desavantatge sotaemjuoestlicions (Storkey et al. 2010;
Kovacs-Hostyanszki et al. 2011). Pero contrarianaeless hipotesis inicials, els nostres
resultats experimentals no donen suport a la eleetre la raresa i la sensibilitat als
herbicides o la capacitat competitiva de les eggésrgetals rares en comparacio amb les
més comunes a diferents tipus i dosis de fertditzéCapitols 3i 4). Per algunes parelles
d’espécies testades, la més rara va ser efectitaimenés sensible a un determinat
herbicida o més afectada per la competéncia antdoltéll que les especies comunes
aparellades. Pero en altres casos, les comunegesaltar més afectades, o les dues

especies de la mateixa familia van mostrar companés similars.

Es pot considerar que tant I'aplicacié d’herbicides de fertilitzants a altes dosis han
estat factors importants a I'hora de provocar lape generalitzada de diversitat vegetal
arvense. Per tant, convindria potenciar un Us tedkl$ herbicides i dels fertilitzants,
especialment els minerals, a les vores dels campestid convencional per facilitar la
conservacio de les espécies segetals. Malgrat &xéensibilitat als herbicides i la
resposta competitiva sota fertilitzacio individuailm s6n uns predictors pobres de la
raresa de les espécies segetals. Es molt probddmes, que les baixes freqiiéncies
d’algunes especies segetals hagin estat causadés/@esos factors, o la combinacio

d’aquests, que han afectat les especies de mafenendial.
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L’avaluacio de la preséncia de les especies segetads en els camps de cereals de la
Catalunya central permet preguntar-se quin ésdlatba la relacié entre les practiques
agricoles, I'estructura del paisatge i la raresdgdnes d’aquestes espécies. Es dificil
establir uns models estadistics solids que perrdestriar quines sén les condicions i les
practiques agricoles que afecten significativantemqresencia de les espécies segetals
rares, ja que malgrat seleccionar les que son regédnts, aquestes no deixen de ser
especies inusuals. Globalment, pero, aquestesiesggEesenten uns patrons comuns de
resposta a diverses variables considerades end#l r@@apitol 9. Les condicions que
correlacionen negativament amb la diversitat despecies arvenses segetals també ho
fan amb la probabilitat de trobar les espécies tabg@ares, com ha estat descrit
préeviament (Romero et al. 2008b). Aquesta tendesmiauna per a les espécies segetals
rares indica que en general tendeixen a aparé&arathera preferent sota determinades
practiques agricoles. De manera semblant a lagliged’ especies segetals, la sembra de
cereal, especialment de tardor després d'una Hausense inversié del sol, poden

afavorir la conservacio d'aquestes especies enagncoles de gestio ecologica.

Malgrat tot, els patrons que determinen la presed@species segetals rares sGn menys
evidents que per a la riquesa especifica. Elsfaeleatoris tant a nivell de camp com de
localitat sovint tenen més pes sobre la preserclaglespecies rares que les condicions
locals o les variables de gestid i de paisat@ap(tol 2. A part de les variables
considerades, la preséncia d’aquestes especies,dgpgran mesura, del camp i de la
localitat en si. Es a dir, la preséncia d’espéseggetals rares sembla ser el resultat de la
interaccio de factors estocastics i dels facta®hics dels camps i de les localitats, que
determinen el conjunt d’espécies local (Hiltbrunatal. 2008), amb la gestid, que en
condiciona I'expressio en un any determinat. Letsiaasons de conservacio de les
especies segetals, doncs, s’haurien de focalitzageells camps on aquestes especies

han estat trobades per evitar la seva perdua.

4. Implicacions per a la conservacio

Les espécies segetals son un dels grups que mssuitilolement ha experimentat una
intensa regressio a Catalunya (Chamorro et al.)20flre, a hores d’ara, plantegen més

problemes de conservacio en gran part d’Europaz(&za. 2011). La repetida aplicacié
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de diferents herbicides als camps de cereals genélol de les espécies arvenses ha estat
una de les causes principals de la disminucié divirsitat vegetal, ja que provoquen
efectes importants sobre el creixement i la reprodude les espécies segetals. D’altra
banda, la fertilitzacio també ha repercutit solupeestes espécies de manera indirecta, ja
que afavoreix les especies cultivades (i probabhtres especies més competitives) en
detriment de les espécies segetals. Ara bé, ladrama especialment baixa d’aquelles
espéecies que es consideren rares sembla ser lagt@msia de diversos factors,
segurament de la interaccid entre ells, i semprk anma incidencia que varia d’'una
especie a una altra. Per tant, la promociéo de ressde gesti0 encaminades a la
conservacio d’aquelles especies meés rares requestixlis especifics que permetin

discernir les practiques més influents en cada cas.

La gestid ecologica sembla una bona mesura peoraféas especies segetals, que encara
son presents a les vores dels camps. Malgrattogspecies molt poc frequents fins i tot
als camps gestionats de manera ecologica de Ia cegialista de la Catalunya central.
Per aquest motiu considerem que ara és el momemtpdendre mesures per a la seva
conservacio. Els fonaments per a la conservaciéslespecies segetals han d’anar meés
enlla de la gestio ecologica ja que hi ha deterdesgractiques de la gestid ecologica
dels cultius cerealistes que no beneficien lesaispsegetals. S’haurien de promoure les
practiques agricoles especifiques que potencigretncia d’espécies segetals, tals com
la sembra de cereal, especialment de tardor, desprélaurades sense inversié de les
capes del sol. A la vegada, pero, convindria raditaar la fertilitzacid, encara que
aguesta sigui organica, per no comprometre la padu, alhora, garantir la persisténcia
d’aquestes espéecies. D’altra banda, caldria rgstienpastura en agquelles zones on s’han

trobat algunes espécies segetals, sobretot snegeoen rares.

Altres accions adrecades a nivell de finca o degigé sén menys factibles i tenen menys
probabilitat de ser eficaces. D’'una banda, elofaajue actuen a escala local tenen uns
efectes més importants sobre la preséencia d'espéggetals i, d'altra banda, les
condicions a les escales de finca i de paisatgengdys propenses a ser modificades. No
obstant, s’hauria de promoure la produccié de teeeaivell de finca, especialment en
finques amb els camps allunyats, per tal de desa@pao estratégies de conservacio
eficaces que afavoreixin la presencia d’espécigetals aixi com lintercanvi de

diaspores i I'establiment d’especies segetals erpsaious.
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En aquesta tesi s’ha estudiat la frequéncia i leerditat de les espécies arvenses
caracteristiques dels habitats cerealistes de sespecies segetals, a les vores de camps
de gestié ecologica de la Catalunya central. Shaluat com depenen de les
caracteristiques del paisatge que envolta els cadgp$a gestidé dels camps i de les
condicions locals dins els camps. S’ha determiabakt d’aquests efectes per al conjunt
d’espécies segetals trobades a la zona d’estudi,cam per a les espécies segetals
considerades rares. D’altra banda, s’ha analitzgaper que han pogut tenir certes
practiques agricoles habituals, com son I'Us dicatbs i la fertilitzacio, en determinar
les diferéncies en la frequencia actual d’algursgees segetals. Aquests estudis han
permés determinar quines practiques de gestidagthaurien de promoure per tal de
potenciar la conservacio d’aquestes especies.

A continuacié s’exposen breument les principalscbagions dels diversos treballs

recollits en aquesta tesi doctoral.

= Les espécies segetals que han estat citades aiaapareixen en frequéncies molt
baixes, fins i tot en els camps de gestié ecologhcpest fet corrobora el seu estat
delicat de conservacio i indica la necessitat danpure estrategies per a la seva

preservacio ara que encara moltes d’elles hi sésepts.

= De manera general, malgrat que la continuitat dgektié ecologica afavoreix la
diversitat d’especies segetals, els efectes ddifieents practiqgues agricoles usades
son forca variables. Per tant, convé avaluar iddiédment les practiques agricoles que
poden afectar les poblacions d’espécies segetaldgsenvolupar les estratégies de

conservacio.

» Les practiques agricoles a nivell de camp represams determinants importants de
la riquesa d’espécies segetals i rares. La sengbcamal en un camp, preferentment
alatardor després d’'una llaurada sense inveesli® chpa superficial del sol, afavoreix
el conjunt d’especies segetals, a la vegada quergens ambients favorables per a la
preséncia de la majoria de les especies segetats ra

» La fertilitzacié també és un factor que afectaiicativament la frequiéncia d’especies

segetals i rares en els camps cerealistes de sec&athlunya. L’excessiva
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disponibilitat de nutrients estimula la competémoiarcida pel cultiu, en detriment del
creixement de les espécies segetals i de les quasss.

El percentatge de terra cultivable al voltant d#aceamp té un efecte negatiu sobre la
diversitat d’espécies segetals que es pot trobanaeramp (diversitat), pero positiu
sobre la diversitat de les espécies rares. Aqueststats contradictoris indiquen que
les especies segetals rares sGn més especiakdsebathitats cerealistes de seca en
comparacié amb el conjunt global d’espécies segetal

L’area del camp té un efecte positiu sobre la divatr d'espécies segetals global i la

diversitat d’espécies rares, de manera que campsgna@s sostenen mes especies
segetals, a la vegada que hi ha més probabilitmbdar-ne de rares. En canvi, camps
amb una relacié perimetre/area més alta presergaganespecies segetals.

La diversitat total d’especies segetals en unaafiftiversitaty) depén, en primera
instancia, de la riquesa especifica dels camp<r@iata) més que no pas de
I'hneterogeneitat entre les flores dels camps (dited3). Per tant, una proporciéo més
alta de camps amb cereals a la finca, els quatersas una flora segetal més rica
(diversitata) pero distribuida més homogéeniament entre elteraena una diversitat

d’especies segetals a la finca (divergijanés elevada.

Malgrat que la diversitat total de la finca no smmenta, les finques que combinen la
ramaderia i 'agricultura tenen una flora més tamjénia entre els camps a causa de la
diversificacio en la gestio dels diferents campam@s més separats entre ells també

determinen una flora més heterogenia a la finca.

Malgrat és dificil trobar models estadisticamergn#icatius que expliquin la
preséencia de les espécies segetals rares, exisfak®ns de resposta semblants entre
especies segetals rares davant de les caraciezistigl paisatge, de la gestid i de les

condicions locals avaluades.

Les especies segetals rares apareixen més freggr@ntm hi ha més recobriment
d’espécies arvenses en general, el que indica epiedndicions que afavoreixen
'abundancia d’espécies arvenses, també afavordixgmreséncia d’aquelles més
rares. Les espécies segetals rares tendeixenaa adalment les vores al costat de

marges meés competitius tals com boscos o matoljz@s) no presenten una
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preferencia remarcable per cap altre tipus d’htliébs marges, els quals no actuarien

especialment com a refugi.

Les espécies segetals rares tendeixen a apareiles eores dels camps on el
recobriment del cultiu és més alt. Es aixi ja quesavores dels camps el recobriment
del cultiu no sol ser gaire alt i quan es donerswundicions adequades pel cultiu,

també beneficien el creixement de les espéeciesasge

Els factors estocastics que depenen de la higiartecular dels camps i de les finques
adquireixen importancia a I'hora de determinarriespncia d’espécies segetals rares

als camps, sovint més que les practiques agricoles.

L’aplicacié d’herbicides afecta les espécies sdgatstades fins i tot a dosis baixes.
Pero la seva sensibilitat als herbicides depétifled d’herbicida, essent les respostes

especifiques d’especie.

En general, els efectes a curt termini dels hetbgisobre la biomassa sén més
manifestos que a llarg termini, fet que indicaaedpacitat de les especies segetals de
recuperar-se. Els patrons de recuperacié depengmar part, de la dosi d’aplicacio,

requerint més temps com més altes son les dogibadieié d’herbicides.

Els efectes a llarg termini dels herbicides son raéssats sobre la capacitat
reproductiva que sobre la biomassa total. Atéslgsi@spéecies segetals sén plantes
anuals que depenen de la reproducci6 per asséggeara persisténcia, I'analisi a curt
termini mitjancant la biomassa com a Unica mesala efectes dels herbicides no és
un criteri adequat per a l'avaluacié d’aquests tefesobre les poblacions de les

especies segetals.

Les diferencies en la sensibilitat als herbicidesseespécies segetals filogeneticament
properes no poden explicar de manera general fieedcies en la frequencia actual

entre aquestes espécies.

Les espécies segetals avaluades no manifesterepredbper créixer en condicions de
fertilitzacio mineral alta, pero aquesta fertilitEaintensifica els efectes negatius que
té la competéncia del cereal sobre el creixemewjudistes plantes en comparacié amb

la fertilitzacié organica. Per tant, la fertilitZ@organica seria una bona estratégia per
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a promoure el desenvolupament de les especiesakegdéd vegada que no compromet
gaire la producci6 del cultiu.

No totes les espécies segetals rares responemtdexa manera en comparacio amb
I'especie comuna davant la pressio de competératiaateal sota diferents tipus i

dosis de fertilitzants.

Malgrat els efectes dels herbicides i de la feztiEid han contribuit clarament en
I'enrariment de les espécies segetals, els nastsedtats indiquen que les diferencies
en els seus efectes sobre les espécies particubarsrrelacionen amb la seva
frequencia al territori. Les causes de la raresaplcies segetals particulars s’han de

cercar en altres factors o en la combinacié deetifs factors.
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General introduction

1. Agricultural systems

1.1. General aspects

Agricultural systems are man-made systems. Thgjimroand maintenance depend on the
human intervention, which replaced natural habita@inly to produce food. The
antiquity and the nature of that intervention heageto an assembly between agricultural
practices and the resulting semi-natural ecosysteorghis reason, agriculture has a key
role not only in the food supply but also in theim@nance of the whole agricultural

ecosystems.

Agricultural land occupies an important part of thedscape, being 37.6 % of the land
area, which places it as the main land use worldwndterms of extension (Food and
Agriculture Organization of the United Nations 2D13he proportion is similar in
Catalonia, where the area devoted to crop produdsid 125 268 ha, the 35.1 % of the
land (Institut d’Estadistica de Catalunya 2013mAs$t 70 % of this area is dedicated to
the production of arable crops, from which morentihao thirds are rain-fed (Institut
d’Estadistica de Catalunya 2013). Over the 30 %h@hgricultural land area of Catalonia
(380 648 ha) is devoted to cereal crop productiiven their extension, both worldwide

and regionally, these habitats are of great impegdor land conservation.

1.2. Agricultural intensification

Agricultural management has changed in relatiade¢bnological innovation to meet the
food demands of an increasing world population.sehehanges became more noticeable
from the mid twentieth century with the so-callégreen Revolution’, with which the
world cereal production doubled in only 40 year#gnt@n et al. 2002). Available data of
cereal production in Spain also support it (Figiyje However, this increase in crop
production has taken place at the expense of dwarakronmental quality (Tilman et al.
2001). Both the expansion of agricultural areah@texpense of natural ecosystems and
the intensification of management to increase tloelywctivity (Foley et al. 2011) have
been key factors to increase the crop productiohthey are also the main cause of the
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environmental impacts. The analysis of the agnraltchanges between 1985 and 2005
revealed that a 28 % increase of global food prodidook place while cropland area
increased only 2.4 % (Foley et al. 2011). Therefdhe intensification of farm
management, owing to the use of highly productikap cvarieties, mechanization of
farming, application of chemical fertilizers andthse of pesticides, among others, has
been the main cause of the increase of agriculpmaluction (Matson et al. 1997), as
shown by the trends in Spain over the last 50 y@agsire 1).

The intensification of agricultural land use torease its productivity has often taken
place at the expense of the ability of agroecosyst® provide goods and services. For
instance, high applications of fertilizers and fmedés (Figure 1) reduce the quality of the
soil and pollute the groundwater (Tilman et al. 200
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Figure 1: Agricultural trends in Spain over the past 50 ge@ereal crop yield, area with cereals sown,
use of fertilizers and overall pesticides use. De&tee obtained from Faostat (2015).
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The intensification of agriculture also exertechdigant changes in species composition
of biotic communities and it is the main causehsd tramatic decline of biodiversity
(Robinson & Sutherland 2002; Sans et al. 2013).peghe effects of agricultural
intensification are widespread, the involved preessact at specific scales, both at the
landscape scale (Robinson & Sutherland 2002; Tatkeet al. 2005) and at the field
scale, where local farm management is very impo(@enton et al. 2003; Norton et al.
2009).

1.2.1. Agricultural intensification at a landscape scale

The intensification that has characterised aguealtover the last few decades has
involved important changes on the agricultural kBoaghe. Field consolidation during the
second half of the twentieth century led to fielggeegation and to a structural
simplification of many habitats on the field bourida and other plant formations
interspersed in agricultural land (Stoate et ab90Thereby, agricultural landscape in
some areas has suffered a simplification process1 €omplex landscapes consisting of
a mosaic of crops and boundaries and surroundesd igh proportion of natural and
semi-natural habitats to simple landscapes, doedhby large extensions of cultivated
land with little structural heterogeneity (Robins&rSutherland 2002; Roschewitz et al.
2005; Tscharntke et al. 2005; Baessler & Klotz 2006e loss of habitats at the adjacent
boundaries and the fragmentation of natural habiatause of expanding agriculture
have increased the extinction risk of species wfittall and isolated populations, which
has resulted in the loss of diversity (Roschewital €2005; Tscharntke et al. 2005).

1.2.2. Agricultural intensification at the field scale: agultural management

Agricultural intensification at the field scalensinly an outcome of field management.
The management that has characterised the agrieutfudeveloped and developing
countries over the last decades constitutes whiahasvn as conventional agriculture
(Gliessman 2000). In general, it relies on highutspof organic and inorganic fertilizers
and chemical pesticides, the mechanisation of faemagement which allowed intensive
tillage, the simplification of crop rotation, thevging of large extensions of monocultures
and the use of commercial seeds free from weedsnguothers. These practices affect

the environmental quality and biodiversity at fialad farm scales (Stoate et al. 2009) but
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may also have negative effects on the surroundidbe farms (Matson et al. 1997;
Robinson & Sutherland 2002; Tilman et al. 2002yt al. 2011).

To mitigate the effects of farming practices, diiet environmentally-friendly
management strategies focused on sustainability banerged. These farming strategies
integrate the experience of traditional agricultuiegether with scientific and
technological knowledge with the aim to decreasengbgative environmental impacts of
the conventional agriculture (Matson et al. 199hese methods pretend to preserve soil
fertility and quality while promoting the biodivety and preserving the natural
ecological balance (Food and Agriculture Organaratif the United Nations 2002). They
represent, in a certain way, a return to tradifiomanagement; they base the fertilization
on the application of organic matter and on théusion of legumes and green manures
in the crop rotation and on a mechanical controlhef weeds, among other practices.
Although it is a good strategy to preserve the taalgjuality, organic management does
not reach yields as high as conventional agricel{éiood and Agriculture Organization
of the United Nations 2002; Seufert et al. 2012pbBbly because of this among other
reasons (Musshoff & Hirschauer 2008), organic manamt is still a productive model
of minor importance, which only represents the 2®the agricultural land in Europe
and less than the 10 % in Catalonia. However, tba accupied by organic farming has
increased considerably over the last years. Fotanee, from 2003 to 2013 the
agricultural area managed organically has doubtedCatalonia (Consell Catala de

Produccio Agraria Ecologica 2013).

1.2.3. Effects of agricultural intensification on biodigy

One of the most significant effects of agriculturaiensification both at the field and
landscape scales has been the loss of biodivékityaughlin & Mineau 1995; Robinson
& Sutherland 2002; Tilman et al. 2002). Agricultusgstems, understood as the mosaic
of cultivated land and natural and semi-naturaltaéd) encompass a large proportion of
biodiversity in relation to other terrestrial hattg (Pimentel et al. 1992). Nevertheless,
these systems have suffered larger losses ovéaghéew decades (Preston et al. 2003)
(Figure 2). Therefore, it is worth investing effordn the conservation of the species
inhabiting agricultural areas that have been margatively affected by agricultural
intensification (Pimentel et al. 1992). It is adtya complex balance as it entails the need
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to harmonize agricultural production and the manatee of the diversity of many
biological groups inhabiting agroecosystems (S&@¥2Zhang et al. 2007).

Although we generally talk about biodiversity loshanges in the species composition
are also noticeable. While there is a trend for yrepecies to decrease their frequency,
few find suitable conditions and become dominanmtadidition, these more abundant
species are often generalist species, which |eatihetbanalisation of these communities
(Albrecht 2003). Therefore, the most remarkablezesspf this biodiversity loss within
agricultural habitats has been the loss of moreciajiged taxa, which are found
preferentially in low intensified farming systen®opinson & Sutherland 2002). These
effects of agricultural intensification have beeasciibed on different groups of
organisms but particularly birds, arthropods arah{s that somehow depend on farming
systems (Robinson & Sutherland 2002).
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Figure 2: Index of the mean change of species diversityriitdd Kingdom per habitat. Positive values
indicate an increase of biodiversity while negatradues show a relative decrease of biodiversitgrwh
comparing the surveys from 1930-1969 and 1987-1P&8ston et al. 2002).
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2. Plant diversity of agroecosystems

2.1. Plant diversity associated to agricultural systems

Arable species are the plants that colonize thescboit are not intentionally sown by the
farmer. The development and the expansion of dtwieuin its origins involved the
selection of a flora thriving in these habitatse@rable plant diversity, thus, depends on
the establishment of newly dispersed seeds andtirersoil seed bank (Ryan et al. 2010).
Therefore, arable diversity is determined by theirenmental factors such as the
weather, the landscape context and the physicahctaaistics of the soil, but also the
farm management (Roschewitz et al. 2005; José-Maia 2010).

Arable plant species, also known as weeds, have beelitionally viewed as an
impediment to crop production as they competetfersame resources. Weeds may cause
losses of around the 30 % of the harvest (Oerk&XMoreover, arable species can act
as a host for some pests and diseases of cultipats and, thus, negatively affect both
crop yield and quality (Masalles 2008). That is wiwe reduction of arable weeds
populations has been one of the main objectiveshef arable farm management.
Nevertheless, only few of the many arable speceactually a threat to crop production.
Most of them rarely cause large crop yield losbes considerably contribute to species
diversity in arable habitats (Albrecht 2003).

The biodiversity of agroecosystems is an esseptdl of our natural heritage, and is
related to the history of land use. Specifically,is difficult to understand the
Mediterranean landscapes without agriculture. Theee arable plant species have an
intrinsic value as being part of the biodiversifytinese systems. They have important
aesthetic and conservation values of agricultumabl$capes, and are indicators of a
traditional and low intensive agriculture (Aboucagtaal. 2000; Clergue et al. 2005). In
addition, arable plant diversity plays a key fuootl role because they provide
alternative resources for pollinators, herbivoned granivorous animals and they are the
habitat and refuge for some crop-associated faAheri 1999; Marshall et al. 2003;
Clergue et al. 2005).
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2.2. The segetal flora

The segetal flora is the suite of the arable sgeaileabiting preferentially the dry land
cereal farming systems. Some authors have nameddkecharacteristic arable species
or obligate arable weeds (Sutcliffe & Kay 2000; #dtht 2003; Romero et al. 2008; José-
Maria et al. 2010). The segetal flora includes mspgcies from the Middle East, from
where they were introduced by humans with the esipanof agriculture, becoming
archaeophytes. These are naturalized non-nativéespdat were introduced to a certain
region, before 1500 AD (Pysek et al. 2004). Howether segetal flora also includes some
species that, despite being native, they are noysagiainly found in arable fields.

Most characteristic arable species are annual epethat require the periodical
disturbances of arable fields to re-establish thepulations from the seed bank or from
the propagules arriving from the adjacent fieldergvyear. Their persistence often
depends on a high fecundity and on the abilityedorgnate over relatively long periods
(Masalles 2008). At the same time, these segettiesp are unable to thrive in more
competitive habitats of the adjacent boundariesrgltal 2009). The persistence of their
populations in most places, thus, seems to redo@anaintenance of farming. That is
why these species are considered characterigtie gihytosociological ord&ecalietalia

cerealisBr.-Bl. 1936, gathering all the weed communitiédny land winter cereal fields.

The assessment of the weed diversity within arfelds have been usually conducted

considering all plant species that are not interatily sown by the farmer (Roschewitz et

al. 2005; Hiltbrunner et al. 2008). However, it ni@ymore appropriate to consider only

the specific species of dry land cereal fields heeathey do not include the ones

frequently appearing outside the fields. Thereftine, most generalist species such as
creeping thistle Cirsium arvensgL.) Scop.) or cleaverGalium aparinelL.) were not

considered to assess the diversity (Albrecht 2003).

2.2.1. Impact of agricultural intensification on the segjeflora

Despite characteristic arable species are adaptedet periodic disturbances of farm
management, the agricultural intensification owerlast decades may be the cause of the
remarkable decline of their populations (Sans €2@13). In general, specialist species

of any habitat are more sensitive to changes ietiveonmental conditions and land use
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than more generalist species (Albrecht 2003). Ascamsequence, agricultural
intensification has caused a decrease of charsiitesirable species populations such as
the common corncockléAgrostemma githagd.), cornflower Centaurea cyanus.),
Hypecoum procumberhs, corn buttercupRanunculus arvensés) or Roemeria hybrida
(L.) DC., among others. At the same time, more gist species have become more
abundant (Masalles 2008; Romero et al. 2008b).

The diversity loss of characteristic arable spebi&s been found in different European
countries such as Germany (Albrecht 1995), Denrffankireasen et al. 1996), Hungary
(Kovacs-Hostyanszki et al. 2011), United Kingdomit(3ffe & Kay 2000; Robinson &
Sutherland 2002) and Spain (Cirujeda et al. 20IAis issue has also been addressed in
Catalonia (Chamorro et al. 2007; Romero et al. BpQdthough it may not have received

the appropriate attention (Séaez et al. 2011).

The changes that have taken place in arable lamageanent over the past 60 years are
so many that it is unlikely that any one factom&@an adequately explain the decline in
arable farm diversity (Sutcliffe & Kay 2000). Howay the simplification of crop
rotations (Hyvonen & Salonen 2002) as well as thenisive tillage (Mas & Verda 2003;
Santin-Montanya et al. 2013) may have had a saamifi contribution towards the
decrease of the weed diversity of dry land araigllel. For some characteristic arable
species, the improvement in seed cleaning techaibas been considered the cause of
the decline of their populations (Firbank 1988).

However, it is considered that the use of herbgigecontrol weeds has been one of the
farming practices that have most affected arablkecisp populations (Robinson &
Sutherland 2002; Potts et al. 2010). Since thediiction of the 2,4-D herbicide in 1946,
the development and use of new products has béatedeto the decrease of arable
species diversity (Heap 1997). At the same timegctinstant application of herbicides in
arable fields has resulted on the rise of resistpeties, most of which have become
actually harmful (Heap 1997; Kudsk & Streibig 20QBber et al. 2010).

The increased use of fertilizers, especially osthobtained by chemical synthesis, may
also have exerted a significant pressure on theactaistic arable species diversity. This
increase of the nutrient availability in the s@hccause toxic effects on plants, but more
generally it alters the competitive interactiongween the crop and the arable weed
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species in favour of the former (PysSek & LepS 19€Dhnsequently, the segetal flora has
become a poorer competitor (Kovacs-Hostyanszkl.62(d.1). This effect is magnified
by the use of highly competitive crop varietiesg@nic fertilizers, despite they may
provide the same amount of nutrients, their reléagenerally slower, which reduces the
nutrient concentration. Therefore, organic feréitz may palliate the negative effects of

fertilization on arable species diversity (RobingoButherland 2002).

The changes occurred on the agricultural landsstipeture have also contributed to the
loss of characteristic arable species diversityv@ts-Hostyanszki et al. 2011; Solé-
Senan et al. 2014). Characteristic arable spe@es bheen negatively affected by the
landscape simplification. Several studies suggesited this simplification process
involved, on one hand, the reduction of the exbéntatural and semi-natural habitats that
could act as a refuge and, on the other handattiltétion of the intensification of farm

management as a result of homogenization of trastape.

2.2.2. The distribution of segetal flora

The effects of the farm management and of the ks structure on the segetal flora

have a varying intensity on the boundaries, onetliges and on the centre of the field.

Agricultural management has a greater impact atcémre of the field and decreases

towards the field edges and boundaries. Contrdhby effects of the landscape structure
are more noticeable at the boundaries and at é¢fek didges but have a minor effect on

the diversity of the field centre (José-Maria eRl10; Kovacs-Hostyanszki et al. 2011).

Thus, the plant diversity is concentrated in therutaries and decreases towards the field
centre. However, characteristic arable flora bekaliferently because it concentrates

on field edges (Romero et al. 2008b; Fried et@0 (Figure 3).

Field edges are defined as the outermost cultivatetrs of the fields adjacent to the
boundaries of natural or semi-natural habitats @dall & Moonen 2002). At the field
edges, agricultural practices are performed leBsiaritly because of the difficulty of
access to the machinery. For this reason, the anobtertilizers and herbicides received
at the edges is generally lower, the intensityil#ge is decreased and there are more
sowing failures, which reduces the competitive gues of the crop on the arable weed
species (Kleijn & van der Voort 1997; Dutoit et 2007; Romero et al. 2008b).
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~
Boundary Edge Centre

Figure 3: Diagram of the spatial distribution of specieshie fields, from the boundary to the field
centre. The plant diversity is higher at the bouiedaand lower towards the field centre. HoweMeg, t
segetal flora or characteristic arable speciesplahd cereal fields inhabit preferentially at tield
edges, because these species require the peristlidbdnces of the dry land arable fields at thaesa
time that it benefits from the lower efficacy ofif@ing practices such as fertilization and weed rbnt
in this area.

2.2.3. The rare segetal species

The major impact of the agricultural intensificatioof the last decades on the
characteristic arable species has been a signifabegline of their populations, to the
extent that some of them have become rare or exaaily extinct (Baessler & Klotz
2006; Fried et al. 2009; Cirujeda et al. 2011; i&tgret al. 2012). Many European
countries have considered these less frequenteasglelcies in their red lists (Schnittler
& Ludwig 1996; Moser et al. 2002; Cheffings & Fdrg905; Colling 2005; Ture &
Bocuk 2008; Moncorps & Siblet 2012). This considiera raises their conservation
value, which constitutes the basis for most coret@m strategies. In some countries, rare
segetal species have been considered as prioatyespfor conservation in action plans
such as in the United Kingdom (Preston et al. 2@03) France (Aboucaya et al. 2000).

Unfortunately, in the Mediterranean region chanastie arable species have attracted
relatively little the attention of researchers aodservationists. For instance, rare arable
species are not considered in the Red book of elcclamd endangered vascular plants of
Catalonia (Saez et al. 2011) because they depetiek onaintenance of anthropic systems
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and some of them are introduced. The only assessshéimeir frequency in the region

has been carried out in the local floras, usingm@systematic approach and in relation
to the whole regional flora; there is not a dethinalysis of the status of their
populations. Despite the apparent loss of the akgpecies in Spain and in Catalonia
(Chamorro et al. 2007; Cirujeda et al. 2011) coretéwn strategies have not been
implemented to conserve the arable plant speciemlg very locally (Mateu & Segarra

1998).

Agri-environmental schemes (AES) have been put dodwat the European level

(European Environment Agency 2004), which requice the member states the
development and implementation of agro-environmegmtagrams based on financial
incentives with the aim to mitigate the negativepauot of agricultural intensification.

These programs are not only aimed at preservingbtbdiversity but also at the

maintenance and improvement of the environmentalityu Organic farming has been
promoted as an AES measure in some countries (Kéigl. 2006); farming systems
managed less intensively may promote the charatitearable species (Kleijn et al.
2006; Rundlof et al. 2009; Gabriel et al. 2010; &oVa et al. 2013). However, the
effectivity of the agro-environmental measuresahation to the conservation of plant
diversity in the Mediterranean region has beentéthiby the effects of the landscape
complexity and the land-use management intensiiffarent spatial scales (Concepcion
et al. 2008).

The conservation of segetal species is controvdrs@use their preferred habitat, cereal
fields, are subject to productive and economicredts, which leads to the permanent
conflict between crop production and diversity @mation (Fried et al. 2009; Foley et

al. 2011). However, it is necessary to allocaterésfto the conservation of biological

diversity in agricultural systems. For this reagiois important to evaluate the status of
the segetal species populations that are raresiiigditerranean region and understand
their response to the farming practices to estabtlse appropriate measures of

conservation.
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3. Study design

This thesis pretends to improve the current knogéeaf the characteristic arable species
of dry land cereal fields (communities of the plsgiciological ordeEecalietalia cerealis
Br.-Bl. 1936) and to evaluate why some of theseciggehave become rare in these
habitats. To this end, the study has been strut@anmeund two main axes that pretend 1)
to assess the frequency of characteristic araldeiesp and especially of those that have
become rare, in relation to the management of dnd Icereal fields of Catalonia
(Chapters Jand2) and 2) to evaluate the effects that some paai@gricultural practices

have on the fitness of certain segetal spe€ibsiters 3and4).

3.1. Analysis of the status of characteristic and raable species in the dry land cereal

fields of Catalonia

3.1.1. Study area: dry land cereal arable areas of Cat&on

The study on the status of segetal species’ papakatvas carried out in 2011 in the dry
land cereal cropping area of Catalonia, mainhhan €entral Depression. The study area
spans approximately 100 km x 80 km (from 41° 222606’ N and from 0° 59’ to 2° 12’
E), and with an average altitude (+ SE) of 558 #188.s.l. (Figure 4). The climate of the
area is continental Mediterranean, with mean anmemperatures of 12.6 + 0.2°C
(between 10.5 and 14.9°C) and average annual pgegimp of 637 + 21 mm (from 416
to 868 mm) (Ninyerola et al. 2005). The variabilityrainfall and temperature parallels a
climatic gradient in the study area, with dryer ditions towards the western sector.
Generally, the whole area lies on marl and calasggesandstone, on which basic soils

develop.

The agricultural landscape of the study area israptex mosaic of agricultural areas
with fragments of semi-natural and natural habjtatel also urban and industrial areas
and roads. The natural habitats in this area irclide Pinus halepensiMill. and P.
nigra Arnold subsp. azmannii(Dunal) Franco) and oak(ercus ilexX.. andQ. faginea
Lam.) woodlands as well as scrub, small standsoémqmial-dominated grasslands and
riverine vegetation. At the field boundaries, hoeg\vt is more common to find bramble
thickets, dry grasslands (dominated Briachypodium retusur{Pers.) P. Beauv. ds.
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phoenicoidegL.) Roem. et Schultes) and various kinds of ratheegetation. Agriculture
is the main land use in this area, dominated bylamg cereal crops mostly sown with
barley Hordeum vulgare..) and wheatTriticum aestivuni.), and to a lesser extent with
oat (Avena sativa..) and spelt Triticum aestivurmi_. subsp.spelta(L.) Thell.). These
crops constitute the agricultural mosaic togethéh viorage crops, especially alfalfa
(Medicago sativd..) and other annual rain-fed crops such as ragge@rassica rapd..
subsp.oleifera (DC.) Metzg.) and sunfloweHglianthus annus..), but also vineyards
(Vitis vinifera L.) and almond Rrunus dulcisL.) and olive Qlea europaed.. var.
europaea fields, among others (Departament d’Agricultudam®ntacié i Accio Rural.

Generalitat de Catalunya 2009).

The plant communities in the annual crops consdiénethis study are traditionally
included in the phytosociological ord8ecalietalia cereali®r.-Bl., 1936. However, in
the study area there are mostly th&szalietalia cereali€ommunities developing on
basic soils. These communities are dominated byanspecies such as the poppy
(Papaver rhoead..), field gromwell (ithospermum arvensk. subsp.arvenselL. =
Buglossoides arvensit.) I. M. Johnst. subsmarvensi$, lady’s Venus combScandix
pecten-venerid. subsp.pecten-venerid..), yellow crownvetch Coronilla scorpioides
(L.) Koch), hound’s earBupleurum rotundifoliuni.) or hedgehog parsleyCaucalis

platycarposL.), among others.

.
Lleida

Barcelona

Figure 4: Location of the study sites in Catalonia. Squané&ate the farms surveyed. Grey tones
indicate the elevation every 500 m.
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3.1.2. Experimental design. Chapters 1 and 2

We selected a total of 304 fields from 32 farmsg@iFé 4). We only considered
organically managed farms to increase the proltglufidetection of the segetal species
(Romero et al. 2008b; José-Maria et al. 2010). Sangenically managed farms with dry
land cereal crops were selected outside the Ce@uatdlan Depression. Farms were
distributed in a gradient of landscape complexassessed as the mean percentage of
arable land (PAL) in areas of 1 km radius arouncheféeld of each farm. Landscape
structure of these farms ranges from structurathpke, with high values of PAL (around
97 % of arable land), to complex landscapes wigtdpminance of natural and semi-
natural habitats (only 8 % of arable land) andstiwhere agricultural pressure is lower
(Figure 5).

Figure 5: Examples of sampled fields (black dot) represamaif a complex landscape (left) and a simple
landscape (right). The upper panel shows the ohibimpnaps of the surroundings of the fields and the
areas of 1 km radius around each one. The lowezl ghows the Catalan Habitats Cartography converted
to a binary map, with agricultural habitats in ligitey and the natural and semi-natural habitatiaik

grey.
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The percentage of arable land (PAL) is a widelyduseeasure of agricultural
intensification at a landscape scale. The PAL ¢ates with other landscape descriptors
such as the habitat diversity and fragmentatiangémsity of boundaries or the extension
of semi-natural habitats (Roschewitz et al. 20G&ythermore, these correlations have
been found in contrasted landscapes from the reowth centre Europe and from the
Mediterranean, for instance (Roschewitz et al. 2@&4briel et al. 2005; Romero et al.
2008a).

Within each farm, we selected the fields that haenbsown, during the season previous
to the sampling, with the annual crops usuallyuded in the crop rotation of winter
cereals: cereals for grain or forage, legumes fas@rain or forage and polycultures
containing cereals and legumes. Multiannual crogsewavoided because of their
heterogeneity at the sowing time. Between fourtargdve fields per farm were surveyed,
depending on the number of fields that met theeatof selection. With the aim to
maximize the detection of characteristic arablecigseand of the ones being rare, the
sampling was restricted to the field edges. Weuatall the presence of the segetal flora
within sampling plots established 80 m apart alttvegfield edge (Figure 6). In that way,
we surveyed a minimum of three and a maximum optets per field depending on the

5m

2m

Figure 6: Scheme of the distribution of sampling points fireéd. The sampling points were located at
the edges of the field, separated 80 m apart. &t sampling point the presence of characterisgcigs
was evaluated in an area measuring2 m x 5 m.
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field size. Within each plot, we recorded the salgepecies appearing in an area of
2 x 5 m parallel to the margin. We also recordéfeint characteristics of the sampled
plot such as the crop and the total weed covetlatabitat type of the adjacent margin

categorized into woody vegetation, grasslands,raldegetation and others.

The information on field management was obtainednlegns of personal interviews to
the farmers. These interviews allowed us to acghieenformation about their farming

practices during the last season, specificallytype of tillage, the crop sown, the seed
origin, the sowing time and density and whetherftblel was grazed or not. We also
collected information about the years since thevewion to organic farming and about
the crops sown during the last five years. Theremtianagement of the farm was also
considered, in terms of farm production orientafjorop production specialist or farms
with crops and livestock) and the proportion ofeedrcrop fields per farm in the current

year.

Landscape structure was also characterized thrthegpercentage of arable land (PAL)
within circular areas of 1 km radius around eaeldfi The field physical characteristics

were also defined with measures such as the ack¢éharshape (area/perimeter) of the
fields. These measures were taken from colour phbtmmaps and from the Catalan
Habitats Cartography (Carreras & Diego 2004) ugingGIS (version 9.2). Landscape

structure of the farms was also considered thrabglaverage PAL around the fields of
the farm and through the mean distance betweeatsfad the farm.

These data allowed the assessment of the effettie different organic farming practices
at the field and farm levels on the characteretable species diversity and on the subset
of the segetal species considered rare, takingaotmunt their correlations with the
landscape complexity and the field area and shapesh (Chapter ). This diversity was
analysed, irfChapter 1 using the multiplicative partition of diversitgl{an 1975), which
allows the partition of the overall diversity inbodependent components (Jost 2007).
Therefore, the species richness at the farm levédiversity) is broken down into the
mean contribution of each field @iversity) and the diversity owing to the divergen
among community compositions of the fiel@sdiversity, calculated ag =y / o). We
also carried out a more detailed analysis asseshmgeffects of farming practices,
landscape and field physical descriptors on théaidity of finding these rare segetal
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species in a certain field, as well as the plotatizristics and the habitat of the adjacent
margin that favour the presence of rare arableispdChapter 3. These analyses were

also conducted for each one of the most frequeataeable species to disentangle how
these species respond individually to the variablassidered and whether there are

common patterns of respongeh@pter 3.

3.2. Evaluation of the effects of specific farming piees on the fitness of some

characteristic arable species

3.2.1. Experimental design. Chapters 3 and 4

We conducted two experiments under controlled damrdi to assess the effects of
specific farming practices on the growth and repotidn of characteristic arable species.
With these studies we have evaluated the impauotdificide applicationGhapter 3 and

of fertilization Chapter 4 on different pairs of characteristic arable spedielonging to
different families. The species selection took iatwount that the species within each
family differed on their frequency in the study @aréeing one rarer and the other more
common. This test allowed us to take into accotmet fact that close relatives may
respond similarly to particular environmental cdiwtis, which makes fairer the

comparison between common and rare species.

In Chapter 3 we analysed the effects of the herbicides 2,42® tabenuron applied at
six different doses plus controls on four paircloéracteristic arable species, each pair
including one rare and one more common species &atifferent family (Apiaceae:
Bupleurum rotundifoliumL. and Scandix pecten venerik. subsp.pecten-veneris
BrassicaceaeNeslia paniculata(L.) Desv. subsp.thracica (Velen.) Bornm and
Rapistrum rugosunfL.) All.; Papaveracead?apaver argemoné. andP. rhoeasL.;
RubiaceaeAsperula arvensis. andGalium aparineL. subsp.spurium(L.) Simonk).
With this experiment we assess the effects of bielbés on the growth and on the ability
to produce seeds of the arable species testedhairaterm endpoint (28 days after the
herbicide application) and at a long term endp@8tor 55 days after the application).

We also evaluated the ability of these speciegtower following sublethal herbicide

75



General introduction

exposures. It was also assessed whether the diffesein the responses between the
species in the same family correlate with the d#fees in their frequency in the region.

Given that the fertilization has important effects the growth and reproduction of
characteristic arable species through the compeiitteractions between crop and arable
weeds, the test to characterize the effects afifation was assessed together with the
effects of competition with the cereal. In kapter 4we evaluated the effect of the type
(organic and mineral) and the dose (high and Idwiguilizer application on four pairs
of common and rare characteristic arable speciesdaccording to the family to which
they belong (the same pairs of species a€hapter 3but the ApiaceaeBulpeurum

rotundifoliumL. was replaced bBifora testiculata(L.) Spreng.), when growing with or

without wheat (Figure 7).

Wheat
‘ 26cm

Segetal species

35cm

Wheat, Organic, F+
@) Wheat, Organic, F-
Without wheat, Organic, F+
j. Without wheat, Organic, F-
| Wheat, Mineral, F+
7|} Wheat, Mineral, F-
Without wheat, Mineral, F+

_ Without wheat, Mineral, F-

Figure 7: Scheme of the experimental design used for testingeffects of the type (organic and
mineral) and the dose (high, F+ and low, F-) ofilfieation and crop competition (wheat and without
wheat) Chapter 4 depicting the distribution of the pots accordinghe treatment. On the top right, a
pot is represented in the top and lateral viewpldigng the dimensions and the distribution of vthea

and segetal species’ plants in each pot.
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Objectives

1. General aims

The main objectiveof this PhD thesis is to study the status of thabler species
populations that are characteristic of Mediterraneigy land cereal fields in relation to
the farm management and to the landscape struamgrassess the reasons why some of
them may have become rare in these agriculturatdiabTo this end, the study has been
divided into two main complementary research liee® observational and another one

experimental, with the aim to:

- Determine the effects of farming practices anddbetribution of the landscape
structure on the characteristic arable species, panticularly of those that are
considered rare, on dry land cereal crops. Todims we evaluated the presence
and the species richness of characteristic argleleiess at the edges of organically

managed fields in the dry land cereal area of Cnial

- Evaluate the response of some characteristic asg#eies to specific farming
practices such as herbicide application and featilon together with cereal
competition. At the same time, we pretended to kheev the rarity degree of these

species depends on their fitness in response $e flaeming practices.

2. Specific aims
The specific objectives of each chapter of theentrthesis are detailed below:

Chapter 1.

I) To assess the effects of both current and pasidilast five years) farming practices,
field size and shape, and landscape structureeosgicies richness of characteristic

and rare arable weed speciesl{versity) in organically managed fields.

i) To evaluate the effects of management at the favel,|defined as the set of practices
affecting the farm as a whole, apart from the sumding landscape variables, on the

farm diversity p- andy-diversity) of these sets of species.
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Chapter 2:

)

To assess the effects of farming practices, field andscape structure and local
conditions on the occurrence of rare segetal spattithe edges of the organically

managed fields of the Central Depression of Catalon

To investigate the similarities between the respsrtd selected rare arable species

to the different variables of management and smdong landscape assessed.

Chapter 3:

)

ii)

To examine the patterns of sensitivity of selecearacteristic arable weed species
to two commonly used herbicides in the Mediterranezreal crops (tribenuron and
2,4-D) at short-term and long-term endpoints (t@hbveground biomass, seed

biomass and number of seeds).

To determine the levels of and the time to recoMerierms of both stem length and

fruit number, of the plants affected by increadimg doses of these herbicides.

To assess whether the sensitivity to these hedscapplication is higher in rare
characteristic arable weeds than in more comma@autelspecies.

Chapter 4:

)

ii)

80

To ascertain the effects of the type and of theeddertilization on the growth of
selected characteristic arable weed species andiese effects are modulated by
the competitive relationship with the crop.

To determine whether the flowering onset of chamdstic arable species is
influenced by the different fertilization rates aggdes and their interaction with crop

competition.

To assess how the competitive ability of rare arafkeds differs from the more
common species that are phylogenetically relatetheadifferent fertilization types

and doses.
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General discussion

Several studies have pointed out that the agri@lltotensification at both the local and
the landscape scales has notably affected the atkastic arable, or segetal, species
populations of dry land cereal fields. The inteioaifion has caused quite significant
population declines in many species, which nowadagsnainly found in the field edges
(Romero et al. 2008b; José-Maria et al. 2010). Hewat has often been highlighted the
lack of specific knowledge of the effects that agltiural intensification may have on
characteristic arable species due to its low fraque&nd abundance. With this study we
partially overcame this limitation by surveying tblearacteristic arable flora in a large
number of plots (1957) at the edges of organicaiynaged fields (304), which allowed
us to maximize the detection of characteristic l@rapecies. This sampling did not cover
the whole spectrum of agricultural management giben it has been previously shown
that the presence of most of these species isnegltydow under conventional farming
(Romero et al 2008b; José-Maria et al. 2010). Toerat was an a priori decision to
focus on the fields with a management that maydatieeir presence. This allowed us to
improve our knowledge on the status of characterestible species populations in the
dry land arable fields and relate their presencthéoagricultural practices and to the
landscape structure. The knowledge of the factotiseafield and landscape scale, either
management practices or field and farm physicalragdtaristics, conditioning the
presence of these species may help to define sabthiy indicators of agricultural
management aimed at biodiversity conservation,quéarly for the species that have

become rareGhapters land2).

The role of specific management practices on timed$s of characteristic arable species
of dry land cereal fields has also been dealt enxymsrtally. We delved into the effects
that the application of herbicides and fertilizexs,examples of commonly used farming
practices, may have had on the decline of chaiatitearable species populations and on
determining the rarity of some of the@hapters 3and4). The knowledge acquired with
these studies should enable the development dégiea to harmonize the agricultural
production and the preservation of the flora chiaréstic of dry land cereal cropping
habitats.
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1. Segetal species status in the dry land cereal fisldf Catalonia

Our survey of the segetal species in the Central&@aDepression allowed us to detect
more characteristic arable species than othereguah plant diversity from the same area
(Romero et al. 2008b; José-Maria et al. 2010). Nbgkess, most of these species were
found at very low frequencies. Even some specagsaife not considered rare by de Bolos
et al. (2005) were found at very low frequencie#thvthis survey we detected more than
the 70 % of the rare characteristic arable spdaésd in the study area albeit with

extremely low frequencies; many of them were fountess than 1 % of the samples.

These results confirm the current scarcity of thgsecies, as pointed out previously
(Chamorro et al. 2007), while provide some hopeurdigg their conservation because

many of them are still present in the arable figifi€atalonia.

1.1. Effects of the surrounding landscape and field maysharacteristics on the segetal
species

Several studies pointed out that fields embeddetiare complex landscapes, usually
host higher characteristic arable species dive(Ryschewitz et al. 2005; Gabriel et al.
2005; José-Maria et al. 2010) because the adjhedritats might represent alternative
habitats that act as a source of propagules ftdt fecolonization. We found similar
results in Catalan dry land organic arable fietislie overall characteristic arable species
diversity but not for the rare segetal speciesat ibs which the percentage of arable land
correlates positivelyGhapters land2). The different response pattern of the rare s¢get
species with respect to the whole set of segettiep suggests that the neighbouring
non-agricultural habitats may not benefit the sargetal species as a source of propagules
because they are more habitat specialist than tindevget of segetal species considered
in this study (Meyer et al. 2015).

The landscape structure comprises characteridtibe darm scale that affect the segetal
species diversity. The spatial distribution of fiedds within a farm (mean distance
between the fields of a farm) determines higheridtic heterogeneity f( diversity)
between the fields as expected, because it magedtie exchange of diaspores. Yet the
field distribution does not affect the overall fadiversity ory diversity Chapter J.

Thus, the total characteristic arable species sdlityerat the farm scale is mainly
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determined by the conditions provided by the fidltmmselves rather than by the farm

structure or by the surrounding landscape.

Other landscape structuring processes that affiecatable flora, such as field physical
characteristics, also have a significant effecttlom characteristic arable flora. Larger
fields, probably originated from the historical dgaanation of smaller fields, have a
richer segetal floraGhapter 3}, as well as higher probability of rare arable cépe
occurrenceChapter 3 than smaller fields, because merging fields iases the local set
of species (Marshall 2009). Moreover, larger fieldsntain a broader range of
microenvironments while still enabling intra-fiedstchange of diaspores. Instead, we had
to reject the initial hypothesis according to whied expected more characteristic arable
species diversity in fields with more complex stspath longest edges in relation to the
total area, because these species thrive prefenalihese areas. This result probably

reflects the relevance of the area on the florthefields.

At a smaller scale, the effect of the vegetatiothat neighbouring boundaries on the
presence of segetal species at the field edgesnataso important. The rare segetal
species are likely to be negatively affected byita#bat the adjacent boundaries that are
dominated by more competitive species, such ast®end shrubland€hapter 3. The
remaining habitats considered in the analysis dseem to have a distinct effect on the
segetal species. These results show that theseespespond more to local in-field
conditions rather than to the adjacent habitats s@urce of propagules.

1.2. The segetal species and farm management

The organic management of dry land cereal fielde lpositive effects on the diversity
of the arable species and, moreover, these effgetcumulative over time. For this
reason, the fields and farms that have been mar@gedically for a longer period host
higher diversity of characteristic arable speciébgpter }. However, the intensity of

organic farming practices is highly variable (Clougt al. 2007; Armengot et al. 2011),
which leads to a large versatility of the overdfeets of organic farming on diversity.

For this reason, it is essential to know the effedtparticular farming practices on the
characteristic arable species. Most farming prastaperate, primarily, at the field scale,

but other practices operate simultaneously antiensame way over all the fields of a
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farm. This fact may have consequences on the dvbvalsity and on the heterogeneity

of the floras between fields in a far@Hapter J.

Characteristic arable weeds are mainly annual spaghose persistence depends on the
soil seed bank and on the ability to germinategldsth and replenish again the soil seed
bank. They are predominantly autumn germinatingiggdhat take advantage of the crop
sowing, typically cereals, and complete their &fele during the crop development. The
remarkable coupling of the biological cycles of segetal species with the seasonality of
agricultural management of winter cereal croppiygteams highlights the importance of
the crop type for the maintenance of segetal spgmpulations. Thus, the standing crop
and the associated crop management represent anpdiiters on the presence of
characteristic arable species (Marshall 2009; Feteal. 2009).

Disturbance regime of agricultural habitats isicait for segetal species establishment,
which are both affected by the intensity and thieumreaof disturbance (Critchley et al.
2006). Tillage represents the major disturbancaraible systems. Typically, the tillage
in these systems is carried out at the end of suronauring the autumn, before the crop
sowing. This disturbance regime matches the tymgeamination requirements of most
of these characteristic species of dry land ceregds (Saatkamp et al. 2011). For this
reason, autumn sowing and particularly the sowfrwpeal crops provides the conditions
favouring the presence of characteristic arableispeand of the rare oneShapters 1
and?2). Tillage intensity significantly affects the séglespecies establishment as well.
When soll tillage is performed without modifyingetliertical soil structure (i.e. chisel or
cultivator) it encourages the presence of charstierarable species and of the rare
species because it offers favourable conditionshfergermination of the seeds from the
upper soil layers and of the ones arriving frompdrsion. Instead, the soil-inverting
tilage (as the mouldboard plough) promotes deegd deurial, which prevents the
germination and emergence and, therefore, thelettaient of new individuals (Gruber
& Claupein 2009). Other sources of disturbances Bkubble grazing, have a negative
effect on the segetal species diversithépter 3. Although these species are adapted to

soil disturbance, they cannot withstand the distnde caused by herbivory.

Therefore, cereal crops promote higher characieasable species diversity when they

are sown Chapter ), at the same time that benefit the occurrenacaref arable species
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(Chapter 1and2). This is a sign of the adaptation of the seggpakies to cereal crops
(Kolarova et al. 2013). As most of the arable species geaminate and thrive in a
particular year come from the soil seed bank, mtatincluding a high proportion of
cereal crops allow higher entrance of seeds ofacieristic arable species to the soil,
which encourage the maintenance of these spe@esilations. Since cereal crop fields
hold more characteristic arable species, farmsngawiore fields simultaneously sown
with cereal crops would sustain higher overall mess of characteristic arable species
than farms with more diversified crops, in genefdlus, the fields are richer although
they hold a more homogeneous flora (fheliversity is lower in farms with higher
proportion of cereal crops) probably due to the arfoequent exchange of seeds by the
agricultural machinery (Armengot et al. 2012). Tieterogeneity of the flora between
the fields of a farm increases in relation to trenagement diversity among fields, which
happens frequently in farms also keeping livestoblevertheless, this floristic
heterogeneity among fields of a farm does not corsgie the decrease of the overall
farm species richness because of the lower diyasithe fields. For this reason, efforts
should focus in promoting the diversity of segefa¢cies and of the rare species at the

field level.

Beyond the establishment, the persistence of degaies depends on their ability to
thrive in an environment dominated by crop plaAtsible species and crops compete for
the same resources and thus they tend to be muaallusive (Gonzalez Ponce 1998).
But in general, characteristic arable species pflaind cereal habitats tend to be poor
competitors within crops (Critchley et al. 2006hUE, the farming practices encouraging
the crop growth affect them negatively. Field feréition represents an important
determinant of the competitive relationships betwdee crop and the arable species
(Goldberg & Miller 1990; Igbal & Wright 1997; Tarej al. 2014). High applications of
fertilizers increase the nutrient availability folants. Nevertheless, crop plants usually
uptake the nutrients and grow faster than the akgpiecies. Therefore, crop plants
efficiently occupy the space during the establishinaed reduce light penetration, which
reduces the possibility of growth and developmédrthe characteristic and rare arable
speciesChapter 4. This negative effect of the high fertilizer ajgpkions is common on
segetal and rare species. Therefore, these speidsss frequent and their diversity is
lower in the dry land cereal fields with higher angc fertilizer inputsChapters land2).
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However, organic fertilization, which releases tingrients slower than the mineral
fertilization, generally favours the developmentbéracteristic arable species and of the
rare species. The negative effects of the crop etiign are lowered under these
conditions, because the cereal crop grows lessaugty than under mineral fertilization
(Chapter 4. Therefore, the application of appropriate amsuoit organic fertilizers
would be a good strategy to promote the segetaliepeonservation while, although

reduced, it does not threat the crop yield.

The edges of the fields are characterised by Idertitizer inputs and by more sowing
failures and poorer establishment of crop seederefbre, the crop cover there is
generally low. When the local conditions are fawaile, they allow a good development
of both the crop and the characteristic and raablarspeciesQhapters land2). This
means that, under the conditions in which the sergplas performed, there is a positive
correlation between the presence of these spenasha crop cover. This correlation
between crop and weeds is also manifested in thabiity within the fields; despite the
field is the main unit of management, inhomogeneitthe farming operations across the
field involves certain variability in the crop coveelated to the sowing density and the
establishment) and the total weed cover. Theretdrhe very local level, where the crop
establishes and thrives properly owing to someviéwadiurable local conditions, the rare

segetal species are benefited as weltigpter 3, contrary to the expectations.

2. Response of the segetal species to herbicides apgiion and fertilization

Many characteristic arable species are largelyrakfsem the conventionally managed
fields because of the intensive farming practibas tharacterise these systems (Romero
et al. 2008b; José-Maria et al. 2010). Herbicidgiegtion has been considered one of
the main causes of the decrease of plant speciessdy in agricultural systems
(Hyvonen & Salonen 2002; José-Maria et al. 201X¥rbitides can even affect the
vegetation of the adjacent habitats, which areheddy application drift (Riemens et al.
2008; Dalton & Boutin 2010; Bassa et al. 2011; Sithet al. 2014). The high specificity
of the segetal species to the dry land cereal &gbagind the continued pressure from the
application of herbicides in the conventionally mged farming systems may have

negatively affected their populations. Besides tiomed application of high amounts of
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fertilizers may have also represented a key fagdédermining the species diversity by
altering the competitive relationship between thepand the arable species (Goldberg
& Miller 1990; Igbal & Wright 1997; Tang et al. 201

Tribenuron and 2,4-D, two commonly used herbicidesdry land cereal fields of
Catalonia, have important effects on the biomads@production of arable species, even
at low doses of applicatiofChapter 3. The effects of herbicides application depend on
the dose of application and on the type of herlki@pplied (Clark et al. 2004; Carpenter
& Boutin 2010) but there is considerable variapiiih the response between species.
Some segetal species, however, are able of arceetvery depending on the herbicide
and on the dose of application, as pointed outiposly (Riemens et al. 2009; Carpenter
et al. 2013). Therefore, those more affected spemiavith low ability to recover would
be displaced at the expense of those more tolerasistant or faster at recovery
(Carpenter & Boutin 2010; Carpenter et al. 2013rkEgt al. 2014), or would simply be
competitively excluded by the crop (Christensen4t &illiams et al. 2008). Hence, the
effects of herbicides must be considered withioramunity context.

Higher mineral fertilizer inputs do not representiraitation on the growth of the
characteristic arable species when growing alohés fact indicates that the negative
effect of fertilization on the segetal species apes through the competition with the crop
(Chapter 4. In this way, the cereal displaces the segetatisp by means of faster
resource uptake and more efficient use (Robinso®ugherland 2002). Contrarily,
organic fertilization, which releases slowly thenmants, reduces the negative effects of

the crop on the characteristic arable species artieones that are rare.

Given that most segetal species are annual spdaresing practices that affect their
reproduction decisively influence the ability ofachcteristic arable species to thrive in a
particular year. Both the herbicides applicatiord ahe fertilization may involve
noticeably negative effects on the flowering otloa fruit set, which may reduce the seed
production with the subsequent impacts on the baa#t replenishment (Strandberg et
al. 2012; Qian et al. 2014). The characteristidol@raspecies subjected to sublethal
herbicide doses generally suffer more noticealdectons in the seed production than
on the total biomass, as previously described k@&tal. 2004; Carpenter & Boutin 2010;
Boutin et al. 2014; EFSA Panel on Plant ProtecRooducts and their Residues 2014).
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However, the flowering onset of the characteratable species did not show a consistent
pattern of response in relation to the competituith the cereal crops under the different
fertilization regimes. Both the low fertilizatiomd the organic fertilizer inputs tend to
cause delays on the beginning of flowering, buglyethis effect is statistically significant.
However, this might have important implications thke species’ populations because
when species bloom later, they tend to produce f@ffspring (Storkey 2006; Fried et
al. 2012).

The results of these studies under controlled ¢mmdi are of great importance because
they allow us to evaluate the individual effectsspécific practices on the development
of certain species of interest. At the same tirheytavoid the interference from other
variables that can hinder the understanding ofréiselts (Dalton & Boutin 2010). In
addition, they are absolutely irreplaceable to gfarthe effects of certain farming
practices (the application of herbicides and fedils) on the segetal species and,
particularly to disentangle the effects occurrimgler conventional agriculture, the most
widespread farm management system. The low fregeet the characteristic arable
species currently found within the conventionallgmaged fields, on one hand, hinder
the detection of these species and, on the otimel, n@ake impossible a precise estimation
of the effects. However, the results of controllgeriments should be taken with
caution, especially when extrapolating the redolthe natural communities functioning.
The coexistence with other species, the lack ofsitavity in competitive relationships
and the temporal and spatial variability, amongeghare the logical limitations to which

any experimentation is subjected.

3. Determinant factors of rarity of segetal species

Herbicide application has been considered one ®fnthin causes of the decrease of
arable species diversity in agricultural landscdplysonen & Salonen 2002; José-Maria
et al. 2011). Therefore, we expected that thoseispeurrently appearing under low
frequencies in the fields may be more sensitiibederbicides than those more common
species of the same family. Similarly, as the Hagtilizer inputs enhance the growth of
the cereal crops at the expense of those speciesotompetitive ability, we assumed

that the rare species would be disadvantaged uhegse conditions (Storkey et al. 2010;
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Kovacs-Hostyanszki et al. 2011). However, contragyour initial hypothesis, the
experimental results are not conclusive on thetiogiship between the rarity and the
sensitivity to herbicides or the competitive algiltith the crop at different fertilizer doses
and types Chapters 3and4). For some pairs of species tested, the rarerep@@s
effectively more sensitive to a certain herbicidenmre affected by the competition with
the crop at higher doses of mineral fertilizatibart the common paired species. But in
other cases, the more common species resultedaffented or both species of the same

family responded similarly.

Both the application of herbicides and fertilizatiat high doses have been important
factors involved in the general loss of arable ssediversity. Therefore, it is advisable
to reduce the use of herbicides and of fertilizeasticularly the mineral ones, at the edges
of the fields managed conventionally to facilitdte conservation of the segetal species.
However, the sensitivity to herbicides and the cetitipe response under different
fertilization regimes are poor predictors of thatyaof the characteristic arable species
individually. The extremely low frequencies of somsegetal species are likely to be
caused by several factors, isolated or in comblonathat have affected the various arable

species differently.

The assessment of the presence of the rare sepetaés in the dry land cereal fields of
central Catalonia allows us to reconsider whahedxtent of the relation between the
agricultural practices, landscape structure anddhty of some of these arable species.
It is difficult to establish solid statistical mddaliscerning which conditions and farming
practices significantly affect the presence ofwitlial rare segetal species because, even
when selecting the most frequent ones, they aleustusual species. Nevertheless,
characteristic arable species in general show campatierns of response to the different
variables considered in the mod€h@pter 3. Conditions that correlate negatively with
the diversity of characteristic arable species akgatively affect the probability to find
the rare segetal species, as it has been previcetyted (Romero et al. 2008b). This
common trend for the rare characteristic arableispesuggests that in general they tend
to appear preferentially under particular speddicning practices. Hence, similarly to
the overall segetal species diversity, sowing dsyeaspecially of autumn-sowing
varieties, after no-inversion soil tillage may favahe conservation of these species on

organically managed fields.
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However, the patterns that determine the preseite oare characteristic arable species
are less obvious than the patterns determiningpleeies richness. The random factors
both at the field and at the farm level are oftesrenimportant on determining the rare

arable species occurrence than the local condittwrtbe management and landscape
variables consideredChapter 3. Therefore, in addition to these variables, trespnce

of these species depends, to a great extent, dielti@nd farm themselves. That is, the

presence of the rare segetal species seems te besthit of the interaction of stochastic

and historical factors of the fields and of thexiar that determine the set of local species
(Hiltbrunner et al. 2008), with the management, alshtonditions their expression in a

certain year. Therefore, the segetal species caatsem actions should focus on those

areas where these species have been already fmanditl their loss.

4. Implications for conservation

The segetal species are undoubtedly one of thepgroluspecies that has experienced a
sharper decline in Catalonia (Chamorro et al. 2007 that, by now, raise most
conservation issues in many European countriez(8éal. 2011). The repeated annual
applications of different herbicides to the drydaarable fields to control the weed species
has been one of the main causes of the declinableaplant diversity because they have
important effects both on their growth and on theproduction. Moreover, fertilization
has also impacted the presence of these speci¢avbyring the crop growth (and
probably also the more competitive weed specieshatxpense of the characteristic
arable species. However, the particularly low festpy of rare segetal species is likely
to be the consequence of several factors, and pyptiee consequence of the interaction
of some of them, whose effects may vary from orexigs to another. Therefore, the
promotion of management measures aimed at the e@ti®® of the rarer arable species
requires specific studies that allow discerning alihfarming practices are the most

influential in each case.

The organic management seems an appropriate meagaveur the characteristic arable
species, which are still present at the edgeseofighds. However, these species actually
occur under very low frequencies, even within tingaaically managed fields in the

cereal producing region of the central Catalona.this reason, we consider that it is the
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right moment to implement measures for their coret@n. The foundations for the
conservation of characteristic arable species shgaolbeyond the organic management,
because some organic farming practices do not ivehef segetal species. Specific
farming practices such as the sowing of cereal ssreppecially in autumn, after no-
inversion soil tillage should be encouraged to potarthe characteristic arable species
populations. At the same time, fertilization shoblel rationalized even in the form of
organic fertilizers, to avoid compromising the crppoduction while ensuring the
persistence of these arable species. Furthermoeing should be restricted in those
areas where segetal species populations have tnaeaah fespecially if they are considered

rare.

Other actions aimed at the farm or landscape lewrelsess feasible and less likely to be
effective. On the one hand, factors acting at toall scale have larger effects on the
presence of characteristic arable species; onttier dand, conditions at the farm and
landscape scales are less likely to be modifiedeMbeless, cereal production at the farm
level, particularly in farms managing distant figldshould be promoted to develop
effective conservation strategies, favouring thesspnce of the segetal species as well as

the exchange of their diaspores and their estabésiin new fields.
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In this thesis, it has been determined the frequend the diversity of the arable species
characteristic of the dry land cereal habitatsegetal species, at the edges of organically
managed fields from the central Catalonia. It hasnbevaluated how these species
depend on the surrounding landscape characteristidke field management and on the
local conditions within the fields. We have detared the extent of these effects on the
segetal species found in the study area, as wetl #s subset of the rarest species, which
require attention regarding their conservation. dbaer, it has been analysed the role of
specific widespread farming practices, such ahébicide use and the fertilization, on
determining the differences in the frequency of sosegetal species. These studies
allowed us to know which agricultural practices @wdobe encouraged to promote the

conservation of these species.
We outline below the main conclusions from theeati#ht studies included in this thesis.

= Characteristic arable species or segetal spe@efdve been cited in Catalonia occur
at very low frequencies, even in the organicallyhaged fields. This fact highlights
their delicate status of conservation and the negudomote their conservation at this

moment when most of them are still present in thieses.

= Generally, although the continuity of organic magragnt favours the segetal species
diversity, the effects of the different farming gtiaes within organic management are
guite variable. Therefore, it is necessary to eataindividually the farming practices
that might affect the characteristic arable spegegulations to develop the

conservation strategies.

= Farming practices at the field level represent irtggd determinants of the segetal
species richness and of the rare ones. Sowinglcagss, preferentially in autumn,
after no-inversion tillage favours the characterigtable species and, at the same time,
these practices confer favourable conditions fer abcurrence of most of the rare

segetal species.

= Fertilization was also a factor that significandifects the frequency of the segetal
species and the rare arable species within thdahy cereal fields of Catalonia.
Excessive nutrient availability stimulates crop gatition at the expense of both

common and rare segetal species growth.
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The percentage of arable land around each fielcdahreegative effect on the diversity
of segetal species within a field ¢liversity), but positive on the presence of the ra
arable species. These results highlight the greagéerence of the rare segetal species

for the dry land cereal habitats than the wholeoséte segetal species considered.

The field area has a significant positive effectlmih the overall segetal species
diversity and on the diversity of the rare segspacies, so that larger fields support
more segetal species richness while there is mobapility to find rare arable

species. However, fields with higher perimeter/aeg@ hold less segetal species.

Overall segetal species richness of the farydi\(ersity) depends primarily on the
field species richness @iversity) rather than on the heterogeneity betwtbe floras
of the fields g diversity). Therefore, the higher proportion ofezd crop fields, which
sustain more characteristic arable speciediersity) but homogeneously distributed

among fields, defines higher farm segetal spedies ity (y diversity).

Despite the overall farm diversity does not incegdarms with livestock have a more
heterogeneous flora between fields due to the sityem the management of the
different fields. More heterogeneous flora is d®end when fields are more distant

between them.

Although it is difficult to establish statisticallignificant models for the presence of
the rare segetal species, there are similar pattdrresponse between the rare arable
species occurrence and the landscape structuréarinemanagement and the local

conditions evaluated.

The rare characteristic arable species appear frexpeently where the overall weed
cover is higher, which indicates that the condgibenefiting the abundance of weeds
also favour the presence of the rare arable spetiesrare segetal species tend to
avoid the crop edges next to more competitive marguch as forests or shrublands,
but have no marked preference for any other habitahe field margins, which may
not act as refuges.

The rare segetal species are more likely to apgptetire field edges where the crop

cover is higher, because it is usually not venhhagthe edges of the fields and when
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the appropriate conditions for the crop occur théso benefit the segetal species
growth.

Stochastic factors that depend on the particulstoty of the fields and of the farms
have a large effect on determining the presenaaref arable species in the fields,

frequently larger than the effects of farming picex.

The application of herbicides affects the charastierarable species tested even at
low doses of application. However, their herbicsgmsitivity depends on the type of

herbicide, being the responses species specific.

In general, the short term effects of herbicideth@biomass are larger than the effects
detected at the long term. This indicates a ceghility of characteristic arable weed
species to recover. The recovery patterns largepedd on the dose of application,

requiring more time as the doses of herbicide appbn increase.

The effects of herbicides are generally more prased on the plant reproductive
ability than on the total biomass in the long tessessment. Given that these species
are annual plants that rely on reproduction to enBiture population recruitment, the
short term assessment using the biomass as thenmagure of the herbicide effects
iS not an appropriate criterion to evaluate theBects on the segetal species

populations.

Differences in the sensitivity to herbicides betwe@hylogenetically close
characteristic arable species do not explain theratlv differences in the current

frequency between these species.

The segetal species growth is not hindered by higieral fertilization, but this
fertilization intensifies the negative effects bétcereal competition on these segetal
species in comparison to organic fertilization. fEfiere, organic fertilization may
promote the segetal species development while doesndertake much the cereal

production.

Not all the rare arable species respond in the seayeas compared with the common

species to the cereal competition pressure undetitterent fertilizer types and doses.
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= Despite the effects of herbicide application amtilization have clearly contributed
to the overall scarcity of the characteristic agadppecies, our results indicate that the
differences of their effects on particular specesot correlate to their frequency in
the region. The reasons of the scarcity of padicségetal species should be searched

in other factors or in the combination of someha.
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RESUM

Tant les practiques agricoles com les caracteristigs del paisatge
determinen la diversitat de les espécies arvensemacteristiques i rares

en els camps de gestio ecologica

Les poblacions d’espécies arvenses caracteristilplesistemes cerealistes de seca han patit una
drastica reduccio, fet que ha comportat que maltees hagin esdevingut rares en els seus
habitats preferents. Aquesta reduccié ha succefiagal-lel a una forta intensificacié de les
practiques agricoles aixi com a una simplificacd ghisatge. En aquest procés, les espécies
segetals sovint han quedat restringides a les d@misscamps de gestio ecologica, que és on les
practiques agricoles hi actuen de manera menyssitd.a preséncia de la flora segetal és
indicadora de la sostenibilitat de la gestié adgaid®ero per prevenir la seva extincié és important
entendre com els diferents aspectes de la inteasi@i agricola condicionen la distribucié de les

especies segetals i particularment d’aquelles gnergs rares.

Amb aguests motius, ens plantegem avaluar: 1) gfiétses tenen les practiques agricoles actuals
i passades (en els darrers cinc anys), la midéoriaa dels camps i la complexitat del paisatge
sobre la riquesa d'espécies segetals i del subabdjaspécies rares en camps gestionats de
manera ecologica (diversita} i 2) quins sén els efectes de la gestié de tepifs i del paisatge

circumdant sobre la diversitat d’aquests conjuigspkcies a escala de finca o localitat (diversitat

Biv).

Per a dur a terme aquest estudi es van mostrejesp@cies caracteristiques dels camps cerealistes
de seca (ordre fitosociologiSecalietalia cerealiBr-Bl. 1936), a les vores de 304 camps
gestionats de manera ecoldgica en 32 finques l@asdlde la zona cerealista de Catalunya. Es
van avaluar els efectes de la gestio de les finguiss diferents camps, aixi com de les
caracteristiques del paisatge a escala de camplacdétat, sobre la diversitat del conjunt
d’espécies segetals i sobre la diversitat d’agsiejlee son considerades rares. La diversitat es va
avaluar en termes de la riquesa d’aquestes es@@aanp ¢), a la localitaty) i la divergencia
entre les flores dels camps d'una localitat (divar$, calculada segorfs=1y / o). L'efecte de

les diferents variables a escala de camp es vaavestadisticament mitjangant la inferencia
multi-model basada en tots els possibles mode&blestsa priori. Per a I'analisi estadistica
d’ambdues components de la diversitat a escalacaditht ¢ i B), a causa del diferent nombre de

mostres entre localitats, es van ajustar els madpktidament a 10.000 remostrejos aleatoris de
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les dades originals. L'efecte d’'una determinad@abde es va avaluar a través de la distribucio

dels coeficients estimats.

Els efectes de la gestié agricola i de les caratitpres del paisatge que es van detectar sobre la
riqguesa d’'especies arvenses caracteristiques y@mdiee de I'escala de I'analisi. Els factors que
operen als camps van presentar unes correlacion$omiés amb la riquesa d’espécies arvenses
caracteristiques i rares que no pas els factoropeen de la mateixa manera per tota la finca.
Els anys des de la conversio a I'agricultura edol®btenen una correlacio positiva amb la riquesa
d’espécies segetals. Els cultius de cereals, lasede tardor i les pertorbacions periodiques del
sol determinades pel regim de llaurada afavorde®espécies que estan adaptades als ambients
cerealistes, que tradicionalment han presentatstéegiearacteristiques (Critchley et al. 2006;
Saatkamp et al. 2011; Kativa et al. 2013). Ara bé, la diversitat d’especiegetals, tant en
conjunt com les rares, disminueix quan la feraldp és elevada (Gabriel et al. 2005; Storkey et
al. 2012), segurament pel fet que els cultius teedea ser més competitius que les espécies
arvenses ja que capten eficagment els nutrientsagaevegada, els permeten un creixement més
rapid i monopolitzar I'accés a la llum. El fet geemps més extensos mantinguin més espeécies
arvenses caracteristiques i rares pot ser a caugaedofereixen un ventall més ampli de micro-

ambients alhora que permeten un intercanvi de diasplins del camp (Marshall 2009).

Els factors que actuen a escala de finca tamb@nesentar una certa influéncia. L’augment de
la proporci6 de camps de cereals respecte el tiacamps mostrejats per localitat va
correlacionar positivament amb la diversitat t¢tali negativament amb la diferenciacié de la
flora segetal entre camps (diversjatL’estructura de la finca va tenir un efecte imipot sobre

les diferencies en la flora dels camps (divergitate manera que camps meés separats o gestionats

de manera més heterogénia van presentar conjwsséaties més divergents.

Aguest estudi mostra com la gestié dels sistemdsades ecologics afecta la riquesa d’espécies
segetals i també d’aquelles espécies segetals @uemgs rares. La implementacié i el
manteniment de la gestio ecologica sembla una b@sarra per preservar les seves poblacions.
Tot i aix0, a part de la conversio a I'agriculteologica, €s necessari promoure practiques
agricoles especifiques que reforcin la conservdeiquestes espécies i que pal-liin la reduccio
de les poblacions de les espécies arvenses méslanegment de la frequencia dels cultius de
cereals en els esquemes rotacionals, promourenlaraale tardor i evitar la fertilitzacié elevada

son practiques recomanables per afavorir la preséfaguestes espécies.
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Introduction

Abstract

Questions: Do both current and past (short-term) farming practices and land-
scape characteristics have an effect on the diversity of characteristic and rare ara-
ble plant communities in organic fields? What is the role of farm management
strategies, apart from farm spatial configuration, in determining the diversity
components of these species sets?

Location: Thirty-two farms scattered across NE Spain (Catalonia).

Methods: Specialist species of arable fields, belonging to the Secalietalia cerealis
Br-Bl. 1936, were surveyed at the edges of organically managed fields. We
assessed the effects of farm management and landscape characteristics at the
field and farm scales on a-, B- and y-diversity values of these characteristic arable
species. Analyses were also conducted on a subset of Secalietalia species that are
considered to be rare. Statistical analyses were performed using multimodel
inference determined on the basis of all possible models from an a priori set.

Results: Field variables, such as years since conversion to organic management,
proportion of cereal crops in the rotation and autumn sowing, had a positive
effect, whereas growing non-cereal crops and fertilization had a negative effect
on the richness of characteristic species. The field area had a positive effect on
the species richness of characteristic and rare arable plants. At the farm level, the
proportion of cereal crop fields to the total amount of fields atfected both § and vy
characteristic diversity. The landscape variables at the farm level only influenced
the B-diversity of rare species.

Conclusions: The effects of management and landscape on arable weed diver-
sity depended on whether the field or the farm is the focus of the analysis. Char-
acteristic and rare arable species were more affected by factors operating at local
scales. Characteristic species richness responded positively to sowing cereal
crops, autumn sowing and periodic soil disturbances but was negatively affected
by slurry fertilization. Thus, policies promoting some of the former practices
should favour characteristic arable species and mitigate the decline of the rare
arable species.

crop losses (Albrecht 2003). Given its current extent, agri-
cultural land contributes significantly to global biodiversity

Arable weeds have been a major concern among farmers
because they are traditionally viewed as an impediment to
crop production, causing crop losses of approximately 30%
(Oerke 2005). Thus, weed control is a primary objective
guiding crop management strategies, despite the fact that
only a few weed species are problematic and cause actual

Applied Vegetation Science

(Tscharntke et al. 2005). Because of management intensifi-
cation, however, agriculture is considered to be the primary
agent for the decline of plant diversity. Agro-ecosystems
are thus among the habitats that hold a large proportion of
rare and endangered species in many European countries
(Rich & Woodruff 1996; Tscharntke et al. 2005).

Doi: 10.1111/avsc.12154 © 2014 International Association for Vegetation Science 1
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Characteristic weed diversity in organic fields

A particular set of specialist species of arable fields
belongs to the phytosociological order Secalietalia cerealis
Br-Bl. 1936, being characteristic arable weeds that thrive
almost exclusively in arable cropping systems because of
their dependence on regular disturbance (Critchley et al.
2006) and their inability to succeed in more competitive
habitats (Romero et al. 2008; José-Maria et al. 2010). In
general, characteristic and rare species of any habitat are
more affected by changes in land use than generalists
(Albrecht 2003). Thus, the populations of characteristic
arable weeds have declined severely because of agricul-
tural intensification (Robinson & Sutherland 2002; Albr-
echt 2003). This decline has been so sharp that some of
them have become rare or even extinct {Baessler & Klotz
2006; Chamorro et al. 2007; Cirujeda et al. 2011). Some
European countries have included arable species in Red
Data Lists (Cheffings & Farrell 2005; Ture & Bocuk 2008),
which is a first step in developing conservation strategies
(Kleijn & Van der Voort 1997). Because characteristic
arable species represent key indicators of the natural and
aesthetic values of farmland, their conservation in agro-
ecosystems can be considered as an indicator of sustainable
land use (Tscharntke et al. 2005; Storkey et al. 2012). The
effects of agricultural intensification at field and landscape
levels on the species richness of weed communities in
Mediterranean dryland cereal fields have been reported
extensively (Romero et al. 2008; José-Maria et al. 2010).
Nevertheless, its effect on characteristic and rare arable
weeds is still poorly understood because of their low fre-
quency, which limits the reliability of statistical analysis.
To our knowledge, this is the first study that addresses this
issue by analysing the characteristic arable species present
in a large sample of organic fields.

Organic farming systems, which are usually less inten-
sively managed than conventional ones, have been found
to enhance the abundance and richness of arable species
(José-Maria et al. 2010; Ponce et al. 2011). However, large
variations in management intensity among organic farms
affect weed diversity (Clough et al. 2007; Armengot et al.
2011). Hence, certain current management practices might
better explain the observed changes in the extant popula-
tions of weed flora than the overall intensification indica-
tors. Because the persistence of characteristic arable weeds
largely depends on their ability to remain viable in the soil
seed bank, recent/past management could also help
explain the diversity of weeds occurring in a given field. In
addition to management, weed diversity is also negatively
affected by landscape intensification (Gabriel et al. 2005;
Baessler & Klotz 2006; José-Maria et al. 2010). Landscape
intensification increases the proportion of arable habitat
but also involves landscape simplification by decreasing
habitat diversity and quality because of intensive field
management, which is an important driver of biodiversity

R. Rotchés-Ribalta et al.

loss (Robinson & Sutherland 2002; Tscharntke et al.
2005).

This study aims to assess the effects of farming on
characteristic weed diversity in Mediterranean dry-land
organic arable fields and farms. Thus, we intend to disen-
tangle the effects of particular management strategies
that, independently of landscape characteristics, may
benefit these species. We analysed characteristic arable
species diversity at the field and farm (defined as the set
of fields scattered in a specific area managed by the same
farmer) levels. We focused on characteristic arable spe-
cies, which are very specific to arable land and have suf-
fered from recent land-use changes and may therefore
have conservation value. In this way, we avoided having
to include common species that also occur in neighbour-
ing non-cropped and disturbed habitats. We surveyed
organic fields from farms placed in a gradient of land-
scape complexity and interviewed farmers to obtain
information on management practices. Specifically, we
(1) assessed the effects of both current and past (in the
last 5 yr) farming practices, field size and shape and land-
scape complexity on the species richness of characteristic
and rare arable weed species in organically managed
fields; and (2) evaluated the effects of farm management,
apart from surrounding landscape variables, on the B-
and y-diversity values of these species sets.

Methods
Study area

Sampling was conducted in 2011 in Catalonia (41°22'-
42°06' N, 0°59-2°12' E) within an area spanning
100 km x 80 km (Fig. 1) with an average (£SE) altitude
of 558 £ 30 ma.s.l. (min = 95 m, max = 871 m). The cli-
mate is Mediterranean, with mean annual temperatures of
12.6 £ 0.2 °C {min = 10.5 °C, max = 14.9 °C) and aver-
age annual precipitation of 637 £ 21 mm (from 416 to
868 mm). The whole area lies on marls and calcareous
sandstones, which create basic soils.

All of the organically managed fields from 32 farms
sown with the annual crops usually included in a crop
rotation of winter cereals (cereals, legumes, ryegrass and
mixtures containing cereals and legumes) were surveyed.
A total of 304 fields were inventoried, with an average
(£SE) of 9.50 £ 0.47 fields per farm. The farms were
located in landscapes of different degrees of complexity
according to their percentage of arable land (PAL); PAL is
a widely used estimator of agricultural landscape simplifi-
cation {(Roschewitz et al. 2005; Gabriel et al. 2006). These
landscapes ranged from structurally simple with a high
PAL (ca. 97% within a circular area with a radius of
1 km around sampled fields; see Landscape characteristics
below) to complex landscapes with a high percentage of

Applied Vegetation Science
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Fig. 1. Location of the 32 farms within Catalonia (NE Spain] above (grey
tones indicate elevation every 500 m). Fields sampled in two farms taken
as examples of complex fleft) and simple {right) landscapes. Light grey
represents arable habitats while dark grey includes natural and semi-
natural habitats.

natural and semi-natural habitats (ca. 92%). Natural hab-
itats in the studied area included pine (Pinus halepensis
Mill. and P. mnigra Arnold) and oak (Quercus flex L.
and Q. faginea Lam.) woodlands as well as scrub, small
stands of perennial-dominated grasslands and riverine
vegetation.

Plant species survey

The survey was conducted during May and June 2011,
corresponding to the phenoelogical optimum ol weeds in
the Mediterranean. The weed survey was restricted to
field edges, defined as the first two cultivated meters
adjacent to the margins (Marshall & Moonen 2002), to
maximize the detection of characteristic arable weeds
(cl. José-Maria et al. 2010; Kovacs-Hostyanszki et al.
2011). On the edge of each field, depending on its size,

Characteristic weed diversity in organic fields

2m x 5m plots (80 m apart) were established. We
used rarefaction to compensate for differences in the
sampling ellort between fields.

‘Within each plot, we only recorded arable species char-
acteristic of the phytosociological order Secalietalia cerealis
Br.-Bl,, 1936, i.e. communities ol dryland arable felds
under Mediterranean climate on basic soils {see App. S1).
These species were also identified as characteristic or obli-
gate arable weeds by Albrecht (2003), Romero er al.
(2008) and Jos¢-Maria ct al. (2010). Characteristic arable
weeds do not include spedies frequently occurring outside
of the fields. Some characteristic arable species have
severely declined in abundance over the last decades and
arc now considered regionally rare (Chameorro et al. 2007;
Cirujeda et al. 2011; Solé-Scnan et al. 2014). We took the
subset of these characteristic species that are considered
rare according to de Bolds et al. (2005) for the analyses
(see App. S1). Nevertheless, these rare arable species are
not included in the Red Data List of the area surveyed
(Saez et al. 2011). The nomenclature of plant species and
phytosociological adscription also follows that of de Bolos
ct al. (2005). Within cach plot, the percentage of crop
cover was assessed.

Farming management

Farmers were interviewed to obtain information about
their farming practices on each sampled field and on the
entire farm during the 5 yr prior to sampling. (see
Tables 1, 2, respectively). The selected variables reflect his-
torical field management (years since the conversion to
organic farming and the cereal ratio, which is the propor-
tion of cereal crops in the 5-yr rotational schemes), and
current  management during the 2010-2011 period
(remaining variables) ol each field and larm.

Landscape characteristics

We measured the perimeter and arca of each ficld, deter-
mined its shape (perimeter/area), and computed the PAL
around it using ArcGIS 9.0 (ESRI, Redlands, CA, US). The
landscape around each field was characterized within a
circular area ot a 1-km radius using Catalan Habitats
Cartography (Carreras & Diego 2004). The mean PAL
around the fields and the mean distance between the
fields of cach farm were considered to be the landscape
metrics at the farm level.

Plant diversity

In-field characteristic and rare species diversity were cval-
uated as the number of Secafietalia species recorded in

a minimum of three and a maximum of ten each field. The farm diversity of characteristic weeds was
Applied Vegetation Science
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Table 1. Characterization of farming practices and landscape characteristics of the fields (304) surveyed. Mean and range (in brackets) of continuous vari-
ables and proportion of fields and farms with the stated practices for the categorical variables. On the right, model-averaged estimate =+ unconditional SE
(UnSE) for the explanatory management and landscape variables at the field scale on characteristic and rare species richness. Asterisks indicate an effect

for which the 95% Cl did not include zero.

Mean [range]/Proportion

Characteristic Arable Weeds  Rare Arable Weeds Subset

Estimate + UnSE Estimate + UnSE

Years from Conversion to Organic Farming 9.67[1,25]
Cereal Ratio 05610, 1]
Soil Tillage

Inversion Tillage (vs No Till and No Inversion Tillage) 105 (199)
Current Crop

Mixed (vs Cereal) 87 (170)

Legume (vs Cereal) 17 (170)

Ryegrass (vs Cereal) 30(170)
Seed Origin

Reuse Seeds (vs Purchased) 192 (112)
Sowing Time

Spring Sowing (vs Autumn Sowing) 58 (246)

Sowing Density (kg-ha™")
Type of N Inputs

154.81[16.5, 384]

0.078 + 0.027*
0.272 + 0.099*

0012 £ 0.012
0.155 + 0.056*

—0.038 + 0.034 —0.009 + 0.028
0.004 £+ 0.078 0.032 £+ 0.050
—0.161 + 0119 —0.056 + 0.075

—0.548 + 0.110* —0.271 + 0.074*

—0.085 + 0.031* —0.070 + 0.028*

—0.187 + 0.069*
0.068 + 0.025%

—0.052 + 0.026*
0.026 + 0.011%

Fertilization (vs No Fertilization) 185 (119) —0.031 + 0.011* —0.017 + 0.006*

Slurry (vs Manure) 18 (167) —0.151 + 0.026* —0.097 + 0.014*
Amount of N Inputs (kg-ha™") 47.44 10, 600] —0.001 + 0.006 —0.019 + 0.010
Mean Crop Cover (%) 51.16 [0, 95] 0.056 + 0.020* 0.09% + 0.028*
Amount of N Inputs x Crop Cover —0.043 + 0.015* —0.056 + 0.021*
Weed Control

Control {vs No Control) 128 (176) 0.026 + 0.009* 0.002 + 0.004

Tillage (Pre-sowing Control) [vs Harrowing (Post-sowing)] 89 (39) 0.110 £+ 0.024* 0.043 + 0.010%
Animal Husbandry

Grazing (vs No Grazing) 91(213) —0.138 + 0.050* —0.068 + 0.026*
Percentage of Arable Land (PAL) 46.58 [6.83, 100] —0.039 + 0.016* 0025 + 0.013*
Field Area 1m2] 15374.54[1629.99, 150415.50] 0.046 + 0.017* 0.065 + 0.023*
Field Shape (Perimeter/Area) 0.0610.01,0.19] —0.034 + 0.013* —0.014 + 0.009

TCalculated as the proportion of cereal crops in the 5-yr rotation scheme of each field.

Table 2. Characterization of farming practices and landscape characteris-
tics of the farms (32) surveyed. Mean and range (in brackets) of continuous
variables and proportion of fields and farms with the stated practices for
discrete variables.

Farm Type

Crop Specialized Farm 11/32

Mixed Farm 21/32
Ratio of Cereal Crop Fields 050(0,1)
Mean PAL 47.94 (8, 96.67)

Mean Field Distance {m) 669.87 (24257, 3940.62)

partitioned considering the multiplicative relationship
between vy species richness (total number of characteristic
species in the farm) and B-diversity (accounting for the
among-field community composition differentiation or
within-farm heterogeneity; calculated as p = y/a, where o
is the mean species richness per field; Whittaker 1960).
The relative contributions of each fraction allowed assess-
ment of the effects of the variables on the arable species at
the farm scale.

In-field diversity analysis

As we surveyed a different number of plots in each field
depending on field area, the in-field species richness was
rarefied. Rarefaction provides an estimate of the expected
species richness for a given number of samples. For each
field, we estimated the expected number of species in three
plots because this was the minimum number of plots
surveyed per field.

The effects of landscape and management variables at
the field scale (Table 1) on species richness were analysed
using mixed effect models, which account for the hierar-
chically nested design. We included the farm as a random
factor. Because rarefied species richness behaves nearly as
a count process but its values can be fractional, we used a
Gaussian model on the log-transformed values to stabilize
the relationship between the variance and the mean. Due
to the interaction between the amount of nitrogen input
and the mean crop cover in each field detected in the preli-
minary analyses, this interaction was also included in the
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models as a new variable. This interaction variable was
obtained from the product of these two variables to ensure
its inclusion in the models despite the absence of main
effects (Hector et al. 2010). We standardized (mean equal
to 0 and SD equal to 1) all continuous explanatory vari-
ables. This approach homogenized their ranges and facili-
tated comparison of their effects based on regression
coefficients.

Statistical analyses were performed using the multi-
model inference method (Burnham & Anderson 2002).
This method allows inference to be made on the basis of all
models from an a priori set rather than based only on the
best estimated model. There were 65 535 possible combi-
nations of all of the explanatory variables. However, only
49 151 models were evaluated because we excluded mod-
els that considered the type and the amount of nitrogen
inputs at the same time because of the moderate correla-
tion between them.

Models were compared using the adjusted Akaike infor-
mation criterion (AIC) (Burnham & Anderson 2002). This
method allows direct comparison of the information loss of
each model in relation to the estimated best model, which
has the minimum AIC (A; = AIC; — AIC,). Afterwards,
the Akaike weight (w;) was calculated for each model. To
assess the effect of each variable, multi-model inference
from the entire set of models was used, which provides the
model-averaged parameter estimates and their uncondi-
tional SE weighted by their Akaike weights. The 95%
confidence intervals were also computed to evaluate the
breadth of the likely magnitude of their contributions. All
analyses were also conducted for the in-field species rich-
ness of the rare weeds subset.

Farm vy- and f-diversity analysis

The number of fields surveyed per farm differed according
to the number of organic fields managed by a farmer.
Therefore, because the number of plots per field also dif-
fered, the y- and B-diversity values at the farm level were
estimated by means of a double rarefaction, selecting four
random fields per farm and three random samples per
field. As no hierarchical design is present at the farm level,
a linear model with a Gaussian error distribution was used
after confirming the normality and homoscedasticity of
the residuals. Continuous explanatory variables were stan-
dardized (see In-field diversity analysis).

The process of re-sampling and fitting the models was
repeated 10 000 times. We evaluated the effect of each
variable on the y- and B-diversity values of each set of spe-
cies by the density distribution of the estimated coefficients
for each variable. We considered that a variable might
have a relevant effect when the distribution of its esti-
mated coefficients is not centred at zero, and thus, the dis-
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tribution is clearly biased towards either positive or
negative values.

Statistical analyses were performed using R 3.0.0 (R
Foundation for Statistical Computing, Vienna, AT) with
the lme4 package (http://CRAN.R-project.org/package=
Ime4) for mixed-etfects models.

Results

Characteristic and rare arable weed communities:
overview

Overall, we recorded 65 characteristic arable weed species,
46 of which are considered rare (App. S1). Only 183 sam-
pled plots (9.37 %) did not contain any characteristic arable
species. We found at least one rare species in 1162 sam-
pling plots. The most frequent characteristic species,
recorded in >30% of the plots, were Papaver rhoeas L. and
Polygonum convolvulus L. However, many of the species
recorded (47 of 65) were present in <5% of the plots. Our
results showed that some species that are not considered
rare in local flora (de Bolos et al. 2005) were recorded less
frequently than some of these rare species. This is the case
for species such as Anchusa italica Retz. (0.25% of plots),
Galeopsis ladanum 1. subsp. angustifolia (Her. ex Hoffm.)
Gaudin (0.25%) and Ranunculus arvensis L. (2.30%).
Among the species considered rare, the most frequent
were Kickxia spuria (L.) Dumort and Galium aparine L.
subsp. spurium (L.) Simonk, but they were recorded in
<16% of the total plots. Therefore, despite sampling only
those areas preferred by characteristic and rare weed spe-
cies, these species were found to be uncommon in Medi-
terranean dryland arable fields. The mean (+£SE)
characteristic species richness per field (in three plots) esti-
mated by rarefaction was 5.93 + 0.17, and that of rare
weed species was 1.79 £ 0.07. At the farm level, the mean
(£SE) characteristic y species richness was 12.34 + 0.64,
estimated by rarefaction, and that of rare weed species was
4.68 £ 0.30.

Field diversity

Overall, the in-field species richness of characteristic arable
weeds was influenced by farming practices, field physical
characteristics and PAL (Table 1). However, based on the
magnitude of their effects, management variables had a
much stronger effect on these species than the landscape
descriptors.

Regarding past (short-term) field management, years
since conversion to organic farming positively affected
the richness of characteristic arable species, and fields
with a high proportion of cereal crops in the rotation
(cereal ratio) harboured more characteristic and rare
species (Table 1).

Doi: 10.1111/avsc.12154 © 2014 International Association for Vegetation Science 5
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Regarding current management, the variables that had
the strongest effect based on their estimated coefficients
were the crop type and sowing period, type of fertilization,
weed control and animal grazing. In contrast, the type of
tillage did not influence richness of either characteristic or
rare species (Table 1). The characteristic and rare species
richness were negatively affected by sowing of annual rye-
grass compared with cereal-sown fields, as well as by
spring crops compared with winter crops. Fertilizer appli-
cation reduced the weed diversity of these species, but pri-
marily when slurry was applied. Although the amount of
nitrogen input affected neither the characteristic arable
species nor the rare species, its interaction with the crop
cover had a negative effect on both groups of species. Weed
control favoured the richness of characteristic species com-
pared with lack of weed control. Among the fields with
weed control, pre-sowing tillage had a positive effect on
characteristic and rare arable weeds compared with har-
rowing. Grazing negatively affected the richness of charac-
teristic and rare weed species. Although the magnitude of
the effect was much lower than the above-mentioned vari-
ables, we also found a positive effect of crop cover on the
species richness, perhaps biased by the effect of interaction
with the amount of nitrogen input. Higher PAL and perim-
eter/area ratio were related to lower species richness of
characteristic species; however, larger fields promoted
richness.

Farm diversity

The vy-diversity of characteristic species richness was
affected by farm management but not by landscape simpli-
fication or inter-field distances (Fig. 2). The only factor
determining total characteristic species richness at the farm
level was the ratio of cereal crop fields within a farm. The
y-diversity of rare arable species richness was not influ-
enced by factors operating at the farm scale.

The farm B-diversity was favoured by mixed farming
compared to farms without stock. The number of cereal
crops sown in a farm had a negative effect on the B-diver-
sity of characteristic species, but was not affected by the
landscape variables. However, the B-diversity of the subset
of rare weeds was positively affected by the distance
between fields; resulting in highly variable assemblages
when more distant fields were considered.

Discussion

Characteristic and rare arable weeds surveyed

Due to the large number of fields surveyed in this study,
and because the study focused exclusively on crop edges of
organic fields where most characteristic arable weeds
thrive, we found more characteristic weeds (65) than other
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Fig. 2. Density distribution of estimated coefficients for each farm-level
explanatory variable. The distribution of coefficients results from fitting the
models for y- and B-diversity of characteristic and rare weeds to 10 000
random subsets of data, and indicates the probability of a variable having
an effect of a given magnitude. Farm type represents the magnitude of the
difference between mixed farms (MF) and farms without stock (SF). Ratio
of cereal fields, PAL (percentage of arable land) and mean distance (mean
distance between fields of a farm) represent the magnitude of the slope in
relation to the dependent variable.

studies from the same area (Romero et al. 2008; José-
Maria et al. 2010). However, most of these species were
found in very few samples: more than 70% of characteris-
tic arable weeds had frequencies <5%, including some that
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are not considered rare by de Bolos et al. (2005). This indi-
cates the vulnerability of these species, which are very
scarce even in those habitats found to be most appropriate
for their growth (José-Maria et al. 2010).

Effects of management on in-field species richness

Most management variables affected the in-field arable
species richness. Although above-ground weed flora
depends largely on the specific conditions generated by the
standing crop (Hawes et al. 2010), our results show that
the flora was also influenced by short-term historical man-
agement. For instance, old organically managed fields har-
bour a higher number of characteristic weed species
compared with recently converted fields. Thus, despite
variation in the intensity of its practices (Clough et al.
2007; Armengot et al. 2011), organic farming seems to
mitigate the decline of characteristic weed populations. A
high proportion of cereals in the rotational scheme pro-
moted the occurrence of these weeds, as previously noted
(Kolafova et al. 2013), because this cropping system pro-
vides the conditions to which they are adapted. For
instance, most characteristic species germinate in autumn,
which matches the typical cycle of winter arable crops (Sa-
atkamp et al. 2011). Thus, ploughing before spring sowing
removes the emerged seedlings (Critchley et al. 2006),
leading to a decrease in the total diversity of characteristic
weeds, as observed here.

Arable weeds and crop species compete for the same
resources and, hence, tend to be exclusive (Ponce et al.
2011). Characteristic arable species are usually less com-
petitive than crops (Critchley et al. 2006), and thus, we
found that they are negatively affected by farming prac-
tices favouring crop growth. This is illustrated in our study
by the negative effect of fertilization on characteristic spe-
cies richness, as previously described (Gabriel et al. 2005;
Storkey et al. 2012). This effect is even stronger when
slurry is applied because slurry generally contains higher
and more labile forms of nitrogen than other fertilizer
sources (Romanya et al. 2012). The negative effect of fer-
tilization on weed species is usually indirect because fertil-
izer stimulates crop growth, thus reducing light
penetration and consequent weed growth (PySek & Leps
1991).

At the edges of fields, where we performed our surveys,
sowing is less homogenous than in the centre (Romero
et al. 2008). Thus, crop cover represents the actual
amount of the cereal crop competing with the weeds. Its
effect on characteristic and rare species richness was mod-
ulated by its interaction with the amount of available
nitrogen. While this interaction is significant, the main
effects of the variables involved (amount of nitrogen and
crop cover) are of little interest. This significant interaction

Applied Vegetation Science

Characteristic weed diversity in organic fields

indicated that at high values of crop cover, weed species
richness declined as fertilizer levels increased because
some characteristic weeds are out-competed by the crop
(Pysek & Leps 1991). However, under low crop cover,
characteristic and rare species are favoured by the
improved resource availability without being subject to
competitive pressure from the crop.

Not all management practices aimed at improving crop
conditions have consistently negative effects on character-
istic species. Pre-sowing weed control, such as tillage prac-
tices, favoured characteristic species richness, contrary to
some findings (Santin-Montanya et al. 2013). Our study
focused on characteristic arable species adapted to annual
soil disturbance (Critchley et al. 2006) and not on overall
weed diversity, which may respond differently. In contrast,
post-emergence mechanical weed control reduces species
richness because it directly affects the established commu-
nity. Similarly, characteristic species were negatively
affected by animal grazing, which might represent a
change to the disturbance regime other than ploughing or
harvesting (Critchley et al. 2006).

Effects of landscape on in-field species richness

Despite the significant influence of landscape variables on
characteristic and rare species richness, effects of such vari-
ables were of minor importance. Moreover, patterns in the
response of species richness in both sets of species in rela-
tion to landscape simplification differed slightly. Simple
landscapes (with high PAL) had a negative effect on char-
acteristic species richness, but benefited the rare weeds
subset. This effect on weed species richness has previously
been reported (Gabriel et al. 2005; Roschewitz et al. 2005;
José-Maria et al. 2010) and related to the relevance of
alternative habitats in the surrounding landscape as a ref-
uge for weed species, which would not be the case for
characteristic weeds that preferentially thrive in arable
habitats. Rare species at the crop edges were favoured by
more available habitat (higher PAL), contrary to evidence
from other studies (Kovacs-Hostyanszki et al. 2011; Solé-
Senan et al. 2014). Our results indicate that characteristic
arable weeds, especially rare weeds, respond more to local
conditions and thus depend more on the fields themselves
than on landscape characteristics.

At the field level, larger fields held more characteristic
and rare weed species, even when the effect of increased
sample size was removed through rarefaction. Larger fields
might support a more diverse weed flora by containing a
broader range of microenvironments while still enabling
intra-field exchange of diaspores. Moreover, large fields
are often created from the historical amalgamation of
smaller fields, which may enlarge local species pools
(Marshall 2009). Nevertheless, some authors found either
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no effect of area on species richness (Marshall 2009) or
even a negative effect (Gaba et al. 2010). These character-
istic weed species thrive preferentially on field edges; thus
we expected higher characteristic species richness in fields
with a higher perimeter/area ratio (Gabriel et al. 2005).
However, our data support the opposite effect, most likely
due to the strong positive effect of area.

Effects of farming and landscape on farm diversity

A higher number of cereal crop fields within a farm led to
more homogenous management among fields, which
reduced the B-diversity of characteristic species richness.
However, total species richness (y-diversity) was higher in
farms with a higher proportion of cereal fields. These
results indicate that the higher y-diversity was a result of
higher in-field diversity found in the cereal fields instead of
differences between weed communities in the fields.
Regarding the different purpose of crops (e.g. hay, silage,
seeds), farming practices in mixed farms are usually more
heterogeneous than in farms without stock, which was
reflected in the higher B-diversity for both characteristic
and rare species. However, the y-diversity of mixed farms
remains equivalent to that of farms without stock.

In contrast to other studies (Baessler & Klotz 2006; Gab-
riel et al. 2006; Solé-Senan et al. 2014), our results showed
that landscape simplification at the farm level did not have
an effect on either y- or B-diversity. This result indicates
that characteristic and also rare arable species were not only
more sensitive to landscape variables at the field than at the
farm level but were even more sensitive to specific manage-
ment practices. The B-diversity of rare arable species
depended on the distance between fields. Rare weed spe-
cies appear under certain local conditions, which depend
on small-scale effects and on the history of the fields.

Implications for conservation

Our results show that most characteristic species are very
uncommon in the sampled fields, despite being surveyed
only in their preferred areas. Most species were found in
very few samples, including some species that are not con-
sidered regionally rare (de Bolos et al. 2005); therefore,
the rarity of characteristic species should be revised to
determine appropriate conservation strategies. Manage-
ment pressure imposed on agricultural land, even under
organic systems, affected characteristic arable species rich-
ness similarly to the effect on rare weeds. Implementation
and maintenance of organic management guidelines could
lead to the preservation of characteristic and rare arable
species at field edges. However, organic farming is cur-
rently insufficient to counteract the current critical conser-
vation status of rare weeds. Thus, it is necessary to adopt

R. Rotchés-Ribalta et al.

specific management practices, in addition to encouraging
conversion to organic farming. As our results show, the
promotion of cereal crops should be encouraged, particu-
larly autumn-sown varieties, and slurry fertilisation and
grazing should be limited to benefit both characteristic and
rare species in organically managed fields.
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Appendix S List of characteristic arable species surveyetriming to the ordeSecalietalia cerealis

Br.-Bl. 1936. Rarity according to de Bolés al (2005) is listed as: cc (very common), ¢ (comman)

(rare), rr (very rare) and rrr (extremely rare).

Species Rarity Species Rarity
Adonis annua.. r Lathyrus aphaca.. c
Adonis flammedacq. r Lathyrus ciceral.. c
Agrostema githaga. r Legousia hybridgL.) Delarbre rr
Ajuga chamaepity@_.) Schreber r Lithospermum arvende subsparvense c
Ammi majud.. rr Malcolmia africana(L.) R. Br. r
Anchusa italiceRetz. c Matricaria recutital. r
Anthermis Gotuid. r N bepitracica (Velen) Bormm, r
Asperula arvensik. r Nigella gallicaJord. r
Avena fatud.. rer Papaver argemonk. rr
Bifora radiansM. Bieb. rer Papaver dubiunt. r
Bifora testiculata(lL.) Spreng. r Papaver rhoeas. cc
Biscutella auriculate.. subspauriculata r Papaver hybridunt.. r
Bromus secalinuk. r Polycnemum arvende rr
Bupleurum rotundifoliunt.. rr Polygonum convolvulus [«
Caucalis platycarpos. c Ranunculus arvensls c
Centaurea collind.. subspserratulifolia . Raphanus raphanistrut r
(Sennen et Pau ex Hayek) Hayek
Centaurea cyanus. r Rapistrum rugosur(L.) All. c
Chrozophora tinctorigL.) Raf. rr Roemeria hybriddL.) DC. r
Coronilla scorpioidegL.) Koch c Scandix pecten-venelis subsp pecten-veneris c
Delphinium peregrinunt.. r Silene conoided. rr
Delphinium pubesceri3C. r Silene muscipula. r
Euphorbia falcatal.. c Sinapis arvensik. rr
Fumaria densifloraDC. rr Sisymbrium orientalé. subsporientale r
Gs&%zgiiéidsz?;gﬁhr. Ex Hoffm.) Gaudin ¢ Torilis nodosa(L..) Gaertn. ¢
Galium aparinesubspspurium(L.) Simonk r Turgenia latifolia(L.) Hoffm. rr
Galium tricornutumDandy c Vaccaria hyspanicéMill.) Rauschert rr
Gladiolus italicusMill. rr Valerianella coronatgL.) DC. rr
Glaucium corniculatunfL.) J.H. Rudolph rr Vicia benghalensif..) r
Hypecoum penduluin rr Vicia bithynica(L.) L. r
Hgﬁgggzl;gr?(;ﬁfgjrznr?le(ﬂésenth.Pau ¢ Vicia peregrinal. ¢
Kickxia elating(L.) Dumort. r Vicia villosasubsp. aria (Host) Corb. r
Kickxia spuria(L.) Dumort. r Viola tricolor L. subsparvensisMurray) Gaudin [«
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RESUM

Quines condicions determinen la presencia de legpesies segetals rares

en els camps cerealistes de seca?

La intensificacié de la gestid agricola en lesnidts decades ha provocat que algunes especies
arvenses especialistes dels camps cerealistesd@léosespecies segetals) hagin esdevingut rares
o fins i tot localment extingides. La conservacidqdiestes especies, pero, és complicada ja que
el seu habitat preferent és dedicat a la prodwbeidultius i, precisament, les especies arvenses
han estat considerades com un impediment per st@gpeduccio. Tot i aixo, és convenient
dedicar esforcos a la conservacio de les espémyesads ja que s6n un component important de
la biodiversitat dels sistemes agricoles i promoai més diversitat funcional i estructural a

aguests habitats.

En realitat, pero, és dificil elucidar quins sémefiectes de les practiques agricoles sobre agqueste
espécies més rares, ja que apareixen de maneraspoladica. Amb aquest estudi, hem superat
parcialment les limitacions causades per les bdpeggiencies mitjancant I'andlisi de la seva
preséncia en un gran nombre de punts de most@g )& les vores de 304 camps ecologics, el
gue ha permes maximitzar-ne la deteccié. Es vampeeaquestes dades per tal de 1) determinar
els efectes de les practiques agricoles i de ledicions locals en la preséncia d’espécies arvenses
rares als camps i 2) avaluar les similituds ergseréspostes d’algunes espéecies arvenses rares

seleccionades a aquestes variables.

Es van mostrejar les espécies arvenses caracfeeistdels camps cerealistes de seca (ordre
fitosociologicSecalietalia cerealiBr.-Bl. 1936) en diferents punts de mostreig safsagntre ells

80 m a les vores dels camps ecologics. A cadagminiostreig se’n va avaluar la preséncia en
una area de 2 x 5 m. Es van considerar les espacgssegons la categoritzacié que en fan de
Bolos et al. (2005). Es van avaluar els efectela dgestidé agricola dels camps, aixi com de les
caracteristiqgues descriptives dels camps i debfggssobre la freqlencia d’aquestes especies
rares per camp mitjancant un model mixt generaliszab un terme d'error de distribucio
binomial. A més, a escala local (punt de mostresgya avaluar I'efecte del recobriment del cultiu

i del recobriment de les espécies arvenses tahtipus de marge adjacent, a part de les vasable
considerades a escala de camp, sobre la probadéifareséncia d’aquestes espécies mitjancant
el mateix tipus de model estadistic. Es va calallaoeficient de determinaci®&y considerant
tant els factors fixes i aleatoris com només et$ofa fixes. Es van avaluar, també, els efectes

dels diferents factors sobre la presencia de cadasde les especies més frequents
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individualment. La informacioé dels models indivithias va combinar mitjangant una meta-

analisi, per tal de determinar patrons de respgstarals en les tendéncies individuals.

Es van trobar 46 de les 65 especies segetalsqaespoden apareixer a la zona d’estudi, pero
més de la meitat de les especies va apareixer eysnde I'1 % dels punts de mostreig. El cultiu
de cereals, tant sol com barrejat amb lleguminosesafavorir la preséncia d’espécies arvenses
rares als camps, ja que determina les condicidas quals aquestes especies estan adaptades
(Kolarova et al. 2013). L’Gs de fertilitzants determinmges condicions menys favorables per a
aquestes especies, ja que estimula el creixemeaotitie, més competitiu i eficient a I'hora de
captar els nutrients, en detriment de les espacienses que tenen menys capacitat competitiva
(Storkey et al. 2012). A les vores dels camps,,rmantenen les poblacions d’especies segetals
i també de les que son rares quan es donen ungisioos favorables per al creixement del cultiu
ja que aquest ultim no sol presentar recobrimeaite @lts. En els camps més grans la probabilitat
de preséncia d’espécies arvenses rares €s méa a@jtee aquests camps probablement tenen el
seu origen en I'amalgamacié de camps més petitsgde incrementaria el conjunt local
d’especies (Marshall 2009).

Ara bé, una proporcié important de la variancideepresencia d’especies arvenses rares va ser
explicada pels factors aleatoris relacionats anfinda i amb el camp. Aixo indica que els efectes
estocastics (no controlats en el mostratge) teosgafimportancia a I’'hora de determinar la

preséncia d’aguestes especies en un determinatdtampfinca.

Tot i que les especies individuals no van respoddmaanera significativa a la majoria de factors
testats, amb la meta-analisi es van detectar umengade resposta comuns significatius. Les
espeécies individuals van tendir a apareixer praferent en camps de cereals sembrats a la tardor
després d’'una llaurada sense inversio del sol,icmnd que proporcionen els requeriments per

a la germinacio d’aquestes espécies particulargh@r& Claupein 2009; Saatkamp et al. 2011).

Malgrat que moltes especies segetals son manifestaares, moltes d’elles s’han detectat en el
mostratge de camp. Aquest fet déna certa espepahgpie fa a la seva conservacio. Ara bé, la
seva presencia es troba poc determinada per l& gesh canvi, sembla dependre forca de la
historia particular de cada finca o camp. Aixi dgnger a la conservacié d’aquestes espécies
s’haurien de promoure les practiques agricolescéfspges que les afavoreixen, com la sembra
de cereal, especialment de tardor, o una fertiifeaeduida, perd en aquelles zones on les

espécies rares encara son presents per aixi kev#tava pérdua.
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The intensification of agricultural management has caused some weed species to become rare in arable
farming systems. It is difficult to disentangle which management practices are the least harmful for
the conservation of rare arable weeds because of their sparse presence. In this research, we overcame the
limitations of previous analyses of rare weeds by analyzing them in a large number of plots {1957) at the
edges of multiple organic fields (304), which maximized the probability of detecting these species. We
evaluated the relationships between farming practices and local site conditions and the presence of rare
arable species that are characteristic of cereal fields,

We detected 46 of the 65 rare weeds that are known to inhabit the study area, but their frequency was
very low. Cereal crops, either alone or in mixtures with legumes, enhanced the probability of finding rare
weed species, while fertilization had a detrimental effect. Other management practices that were
considered had no effect on the presence of rare arable weeds. However, selected rare species tended to
fare betler under particular local conditions and Lo be favored by specific management practices. [n
contrast, a significant amount of the variance of the rare weed presence was explained by farm-related
and field-related random [actors. Thus, the occurrence of rare arable species is apparently delermined by
stochastic factors that may be related to the local species pool that likely depends on the history of fields
and larms. Therelore, conservalion ellorls should be focused on areas currently inhabiled by rare arable
species.
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1. Introduction

Conserving arable weed species is somewhat problematic
because their preferred habitat, arable fields, is primarily devoted
to crop production (Fried et al, 2009). Increases in farming
efficiency to enhance productivity have resulted in fields becoming
less diverse, with few non-crop plants tolerated (Robinson and
Sutherland, 2002). Agriculture has repeatedly been identified as
one of the main causes of biodiversity loss worldwide (Elsen, 2000;
Rich and Woodruff, 1996; Storkey et al,, 2012). This is primarily due
to the large cropland areas that are devoted to grow crops, which
diminish non-crop habitats such as hedgerows and field margins,
and the widespread use of pesticides and fertilizers (McLaughlin

* Corresponding author. Tel.: +34 934 021 471; fax: +34 934 112 842.
E-mail addresses: roserrctches@ub.edu (R. Retchés-Ribalta), jmblanco@ub.edu
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(L. José-Maria), fsans@ub.edu (EX. Sans).
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£/10.1016/j.agee 2015.01.022
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and Mineau, 1995), Therefore, conserving farmland biodiversity
requires less intense farming practices {Tscharntke et al.,, 2005).
In recent decades, many arable weed species have suffered such
a critical population decline that they have become rare or even
locally extinct in many countries (Baessler and Klotz, 2006;
Cirujeda etal., 2011; Fried et al, 2009; Storkey et al., 2012). Many of
these species are found in the Red Data Lists of some European
countries {Cheffings and Farrel, 2005; Kleijn and van der Voort,
1997 Tiire and Bocuk, 2008}, which constitutes the basis for most
conservation strategies (Aboucaya et al., 2000; Kleijn et al., 2006).
However, in Spain and other countries in the Mediterranean area,
rare arable weed species are not included in the Red Data Lists or in
conservation plans because these species are considered non-
native and dependent on the maintenance of artificial habitats
(Saez et al., 2011). Conservation of rare arable species is crucial
because of their intrinsic value as both components of biodiversity
and key indicators of traditional and low-intensity agriculture. In
addition, these rare species provide a greater variety of forms,
compositions and functions than do the few crop species that
dominate arable land and constitute a valuable resource for
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Fig. 1. {A) Locations of the 32 farms (squares) within Catalonia (NE Spain). Gray
tones indicate elevation centours of 500m. (B) Fields sampled (clots) at two farms
taken as examples ol complex (left) and simple (right) landscapes. Light gray
represents arable habitats while dark gray includes other natural and semi-natural
habitats. (€) Plots of 2m = 5m size spaced 80m apart from each other were
surveyed within each field.

pollinators, herbivores, predators and parasitoids (Caballero-Lopez
et al,, 2010; Hawes et al, 2003; Tscharntke et al,, 2005)

The distribution of arable weed species is determined by many
parameters, among which history of land management and
landscape composition, weather conditions, seed dispersal and
other stochastic factors can play an important role (Ryan et al., 2G10).
Nevertheless, it is widely acknowledged that less intensive farming
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practices, such as those used in organic farming where herbicide and
chemical fertilizer inputs are banned, tend to be beneficial for the
richness and diversity of arable species (Cirujedaet al., 2011; Gibson
et al., 2007; Kleijn et al,, 2009), as well as the occurrence of rare
arable weeds (Romero et al., 2008). However, there is considerable
variation in management intensity amongorganic farms{Armengot
et al,, 2011a; Clough et al., 2007). This leads to highly versatile and
seemingly contradictory effects of organic vs. conventional farming
ondiversity (Bengtsson et al,, 2005), Thus, it may be appropriate to
consider particular management practices to evaluate their impact
on the presence of rare arable species.

Several studies have shown how weed species diversity is
determined by the surrounding landscape, which acts as a refuge
and source of propagules that can colonize crops (Gabriel et al,
2005; José-Maria et al,, 2010; Poggio et al,, 2010; Roschewitz et al,,
2005; Solé-Senan et al., 2014). For this reason, it is important to
consider the composition and amount of natural and semi-natural
habitats that are adjacent to fields and landscape structure as
factors that may contribute to variations in weed diversity.

The purpose of our research was to determine which field and
local conditions are more suitable for the occurrence of rare arable
species and to outline appropriate management practices that may
promote their conservation. The specific objectives of this study
were (1) to assess the effects of farming practices and local
conditions on the occurrence of rare weed species within fields and
(2) to investigate similarities between the responses of selected
species to these variables. This study overcomes limitations of
analysis that are related to low frequencies and wsually affect
studies of rare arable species, by surveying them in many plots at
the edges of multiple organic fields where those species are most
likely found (José-Maria et al.,, 2010; Kovdcs-Hostyanszki et al.,
2011), Thus, this sampling method maximizes the probability of
detection of each rare species (Thompson, 2004).

2. Material and methods
2.1. Study site

The sampling was conducted in 2011 in Catalonia, northeastern
Spain {41°22'-42°06'N; 0°59'-2°12'E). We selected organically
managed fields from 32 farms within an area spanning 100 km
x 80km (Fig. 1). The average (+standard error) altitude of the
surveyed sites is 558 ma.s.l. {+30m and ranging from 95 to
871 ma.s.l.). The fields have basic soils with loamy and clayish
textures. The climate is Mediterranean, with mean annual
temperatures of 12.6+£0.2°C and an average precipitation of
637 +21 mm {Ninyerola et al, 2005). Average monthly temper-
atures are always positive, but frost can occur from December to
February, and is normally restricted to a few hours per day. Natural
habitats in the study area include pine {Pinus halepensis Mill. and P.
nigra Arnold) and oak (Quercus ilex L. and Q. faginea Lam.)
woodlands, shrublands, small stands of perennial-dominated
grasslands, and riverine vegetation.

2.2. Plant survey

A total of 304 organically managed fields were surveyed during
May and June 2011 {just before harvest). The selected fields had
been sown in the previous growing season with the annual crops
that are usually included in the winter cereal crop rotation (small
grain cereals, legumes, ryegrass and crop mixtures containing
cereals and legumes), To maximize the detection of rare arable
weeds, the weed survey was restricted to the edges of the fields,
which are defined as the first cultivated meters adjacent to field
margins (Marshall and Moonen, 2002). The sampling plots
(2 m x 5m) were established 80 m apart at the edges of the fields
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Table 1

Characterization of management, field and landscape descriptors and the local
conditions of the sampled farms (1n=32), fields (7 =304) and plots (n=1957). The
mean and range (in brackets) of the continuous variables and the proportion of
fields and farms with the stated practices for the discrete variables are shown.

Field management

Years from conversion to organic management 9.67 [1,25]
Cereal ratio” 0.56 [0,1]
Soil tillage

Ne till and no inversicn tillage 199/304

Inversion tillage 105/304
Current crop

Cereal 170/304

Mixture 87/304

Legume 17/304

Ryegrass 30304
Seed origin

Reuse seeds 192/304

Purchased seeds 112/304
Sowing time

Autumn sowing 246/304

Spring sowing 58/304

Sowing density (kgha™") 154.81 [16.5, 384]
Type of N inputs

No fertilization 119304
Manure 167/304
Shurry 18/304
Amount of N inputs (kgha )" 47.44 [0600]
Weed control
No control 176/304
Tillage (pre-sowing control) 89/304
Harrowing (post-sowing control) 39/304
Animal hushandry
Ne grazing 213/304
Grazing 91{304
Farm management
Farm type
Stockless farms 1132
Mixed farms 21/32

Field and landscape descriptors
Percentage of arable land (PAL)
Field area (haj

46,58 [6.83, 100]
1.54 [0.16, 15.04]

Field shape (perimeterfarea) 0.06 [0.01, 0.19]
Local conditions
Crop cover (%) 51.97 [0100]
Weeds cover (%) 32.82 [0100]
Habhitat of the adjacent margin
Ruderal vegetation 813/1957
Grasslands 531/1957
Woody vegetation 5171957
Other habitats 96/1957

@ Caleulated as the proportion of cereal crops in the 5-year rotational scheme ol
each field.
" Caleulated using local tables of N content (Campos Pozuelo et al., 2004).

(Fig. 1). Thus, depending on the field size, a minimum of three and a
maximum of ten plots were sampled per field. In each plot, we
recorded the presence of rare arable weeds. These were defined as
characteristic species of the phytosociological order Secalietalia
cerealis Br.-Bl. 1936 (communities of dryland winter cereal fields in
a Mediterranean climate on basic soils) that are considered rare in
the study area {de Bolos et al,, 2005) {Table A1), These species are
categorized into rare (r), very rare {rr) and extremely rare (rrr)
according to their frequencies and abundances in relevés from
various published sources and in herbarium collections, The
nomenclature of plant species and their attribution to the
phytosociological order follows that of de Bolas et al. {2005). In
each plot, we also recorded the habitat type of the adjacent margin
and crop and total weed cover visually.

2.3. Explanatory variables considered

Farmers were interviewed to obtain information about their
farming practices on each sampled field and farm during the 5
years preceding the sampling (Table 1). The selected variables
reflect recent field management (number of years elapsed since
conversion to organic farming and the cereal ratio, which is the
proportion of cereal crops in the five-year rotational scheme) and
current management during the period 2010-2011 (all other
variables) of each field. The presence (mixed) or absence of
livestock was used as a management variable at the farm level.

Some field descriptors, such as the area of the field and the shape
of the field (perimeter-to-area ratio), were included in the model as
covariates that may determine the presence of rare arable weeds in
the fields, The percentage of arable land characterized withina 1 km
radius around each field was considered as a landscape descriptor.
We used the Catalan Habitats Cartography (Carreras and Diego,
2004) to calculate the percentage of arable land.

Local conditions at the sampling plot were also considered as
variables that may determine the presence of rare arable species.
These variables were the habitat type of the adjacent margin and
the percentage cover of crop and weeds. Adjacent margins were
categorized into ruderal vegetation, grasslands, woody vegetation
(including shrublands and woodlands) and other habitats found in
very low frequencies (including bare soil, arable land and wet ditch
vegetation) (Table 1),

2.4. Analyses of the occurrence of rare weeds

The study was conducted at both the field (n=304) and plot
(n=1957) levels. At the field level, we evaluated the probability of
finding rare arable species in a field using the proportion of
sampled plots per field that contained rare species. The effect of all
recorded management variables (Table 1) on the probability of the
presence of rare species in the field was analyzed using generalized
mixed-effect models with a binomial error distribution, including
farm as a random factor. The values of the response variable were
included as binomial data using the number of sampled plots that
contained rare species and the number of plots in which rare
species were absent. Therefore, the total number of plots in each
field was used to weight the probability that a rare species occurs
in a field. Continuous explanatory variables were standardized (by
subtracting the mean and dividing by their standard deviation) to
homogenize their ranges of variation and facilitate the comparison
of their effects based on regression coefficients. For the type of
nitrogen inputs and weed control variables, orthogonal contrasts
were fixed a priori to compare the different levels in a meaningful
way (see Table 2). Because we did not find strong correlations
between the explanatory variables, all of them were included in
the model without interactions to carry out a general exploration
of the rare arable species behavior.

At the plot level, we analyzed the probability of the presence of
rare arable species within the plots at the field edges. Data on the
presence of at least one rare species were evaluated to test the
effects of local conditions (Table 1) using generalized mixed-
effects models. Field and farm management variables, as well as
field and landscape descriptors, were also considered in this
model. We included farm and field (nested within farm) as random
factors. Because the presence data were entered as binary
information, we used a model with a binomial error distribution.
Continuous explanatory variables were also standardized and,
again, orthogonal contrasts were fitted for the type of nitrogen
inputs and weed control variables.

To assess the goodness of fit of the models, we computed their
coefficient of determination (R?). These coefficients were
expressed as the marginal R? accounting for the variance
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Table 2

Effects of the field and farm management and field and landscape structure
variables on the occurrence of at least one rare arable species at the field level.
Estimated coefficients and their standard errors for the linear mixed models,
degrees of freedom for each variable (DF) and P-values (*** when P-value < 0.001;
< 0.01; ¥ < 005 and - < 0.1) are shown.

Estimate - SE DF P-values

Field and farm management
Years from conversion
Cereal ratio”

—0.087 £0.148 254 0.559
0.188 £0.370 254 0612
hversicn (vs. no inversion) tillage 0.139+0.335 254 0.678
Current crop
Mixture (vs. cereal)
Legume (vs. cereal)
Ryegrass (vs. cereal)
Reuse {vs. purchased) seeds
Spring (vs. autwmn) sowing
Sowing density”
Type of N inputs
Fertilized (vs. no fertilized)
Slurry (vs. manure)
Ameunt of N inputs (log (N+1))
Weed control
Control (vs. no control)
Tillage (vs. harrowing)
Grazing {vs. no grazing)

0.104 £ 0203 254 0.607
—0.897 + 0.302 254 0.003**
-1407 +£0.316 254 0.000"*

0.237 £0.228 254 0.299

020510224 254 0.189

0121 £0.094 254 0.202

0.295 £0.152 254 0.052-
—0.296 + 0.240 254 0.218
0.307 £0.200 254 0.124

0.065 L 0.076 254 0.394
-0.038+0.214 254 0.859
—0.242 £ 0.194 254 0212
Mixed farms (vs. stockless farms) —0.264 + 0422 30 0.532
Field and landscape descriptors

Ficld arca
Field shape (perimeter/farea)

0.214 L 0.070 254 0.002%"
—0.025 +£0.074 254 0.733

Percentage of arable land (PAL) 0.166 £ 0.119 254 0.164

Model deviance=1231.1.

@ Calculated as the proportion of cereal crops in the 5-year rotational scheme of
cach field.

b Standardized for each crop type.

explained by the fixed factors, and the conditional R?, which is the
variance jointly explained by both fixed and random factors
(Nakagawa and Schielzeth, 2013).

2.5, Analyses of the occurrence of selected rare arable species

Analyses to assess the effects of both field and plot variables on
the presence of each species were also performed using mixed-
effects models with binomial errors. We considered only those rare
species with more than 19 occurrences, which represents 1% of the
sampled plots, This yielded 19 rare arable species. These analyses
allowed us to ascertain whether the pattern of presence found for

Table 3

Effects of local conclitions on the presence of rare characteristic arable species
sampled at the plot level. Estimated coelficients and their standard errors for the
linear mixed model, the degrees of freedom for each variable (DF) and the P-values
(*** when P-value < 0.001; **< 001, *<005 and -<0.1) are shown. Field
management practices and landscape structure were also included in the model
but are not shown in the table.

Estimate LSE  DF P-value

Local conditions

Crop cover

Weeds cover

Habitat of adjacent margin
Grasslands {vs. ruderal vegetation)
Woody vegetation (vs. ruderal

vegetation)
Other habitats (vs. ruderal vegetation)

0196 10.085 1648 0.022"
0.380+0.085 1648 0.000"*

-0314 10321 1648 0.329
—0.050 £0.161 1648 0.756

0153 +0.167 1648 0359

Maodel deviance =2217.3.
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the pool of rare weeds responded to consistent patterns among
species.

Moreover, we carried out a meta-analytic approach to combine
the information from individual species’ models of the 19 most
frequent rare arable species based on the P-values of the estimated
effects (Zaykin, 2011). The combination of P-values can be used to
support a common hypothesis that has been tested in several
studies (in our case, several species). We used the weighted Z-test,
which is Stouffer’s method (also known as the ‘inverse normal’
test) (Zaykin, 2011). For each variable, we used the inverse of the
coefficient’s estimated standard errors as weights, as recom-
mended in Zaykin (2011). Two-sided P-values are generally
inappropriate for the meta-analytic combination of P-values.
Therefore, the individual P-values were converted to one-sided
P-values before combination as follows; Pone-sided = Prwo-sideaf2 if
the effect direction {either positive or negative) was the same as
expected, and Pope-sided = 1—Pawo-sidea/2, otherwise. Once they were
combined, the results were converted back to two-sided as
follows: Pryo-sided = 2Pone-sided if Pone-sidea 15 lower than 0.5 and 2
(1—Pone-sided) otherwise.

For the analyses, we used R 3.0.3 (R Development Core Team,
2013) with the Ime4 package (Bates et al,, 2014) for the generalized
mixed models and the MuMIn package for the R? calculation
(Barton, 2013).

3. Results
3.1. Overview of rare arable weed communities

Overall, we recorded 46 characteristic arable species that are
considered to be rare by de Bolos et al. (2005). These species are
included in a list of 65 rare arable species with a distribution area
that matches the study area {Table A1, Supplementary data), This
means that we were able to detect more than 70% of the rare arable
weed species that may occur in the study area. We found at least
one rare species in 1162 plots from the total of 1957 sampled plots.
Nevertheless, most of the rare species {27 of 46) occurred in less
than 1% of the surveyed plots, and many of them were present in
only one or two plots. The most frequent species were Kickxia
spuria (L.) Dumort. and Galium aparine subsp. spurium (L.) Simonk,
and even these were recorded in less than 16% of the plots.

3.2, Rare arable species at the field level

The presence of rare arable weeds was significantly affected
only by a few current management practices (lTable 2). Cereal crops
encouraged the presence of rare weeds belonging to the Secalietalia
cerealis order (i.e., typical of winter cereal fields) more than legume
or ryegrass crops. Fertilization had a slight negative effect on the
occurrence of rare arable species. Larger fields tended to have a
higher probability of sustaining rare weeds,

The fraction of the variance explained by the random factor
farm was larger than that explained by the fixed factors.
Conditional R? (0.28), which accounts for the variance explained
jointly by fixed and random factors, was higher than the marginal
R? (0.10) or the variance explained by all of the fixed factors. This
difference indicates that the fraction explained by the random
effects that depend on farm was more important.

3.3. Rare arable species at the plot level

The percentage of crop cover and especially of weed cover
showed a significant positive relation with the presence of rare
arable species (Table 3). On the contrary, the type of habitat in
adjacent boundaries did not influence the presence of rare arable
species. Among the field-level variables included in the plot-level
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Table 4

Number of species with positive (+) or negative (—) effect of each variahle
considered in the mixed-effect models for the presence of each rare arable species
analyzed. The number of species with a significant effect is in parentheses.
‘Combined P-value’ represents the P-values of Stouffer's meta-analytic approach
used to combine the information of each particular species model. The following
notation is used for size of the P-values: *** when P-value < 0.001; ** < 0.01; * < 0.05
and - < 0.1,

Combined P-value

Field and farm management

Years from conversion 17 (6) 2{0) 0.000™
Cereal ratio” 140y 5{0) 0.009**
Inversion (vs. no inversion) tillage 2{0) 17 (1) 0.000™*

Current crop

Crop mixtures (vs. cereal) 9(1) 10(0) 0.281

Legume (vs. cereal) 7{0) 12{1) 0.044*
Ryegrass (vs. cereal) 2{0) 17 (6) 0.000**
Reuse (vs. purchased) seeds 7(0y 12(0) 0163
Spring (vs. autuwmn) sewing 0(0) 19(3) 0.000"*
Sowing density” 16(2) 3{0) 0.000™
Type of N inputs
Fertilized (vs. no Fertilized) 12(0) 7(0) 0561
Slurry {vs. manure) 14{0) 5{0) 0.186
Amount of N inputs (log (N+1)) 12{0) 7(0) 0597
Weed control
Control (vs. no control) 11{1) 8{0) 0.12
Tillage (vs. harrowing) 6(0) 13(0) 0.362
Grazing (vs. no grazing) 3(0) 16(3) 0.000°*
Mixed farms (vs. stockless farms) 13(0) 6{0) 0.889
Field and landscape descriptors
Field area 15(2) 4(0) 0.003*
Field shape (perimeterfarea) 4{0) 15(2) 0.001*
Percentage of arable land {PAL) 11{1) 8(1) 0331
Local conditions
Crop cover 1{0) 8(0) 0.222
Weeds cover 15(3) 4(0) 0.000™
Habitat of adjacent margin
Grasslands (vs. ruderal vegetation) 8(1) 11(0) 0.26
Woody vegetation (vs. ruderal 3(0) 16(1) 0.001™
vegetation)

Other habitats {vs. ruderal vegetation) 11 (2) 8{0) 0.003""

@ Calculated as the proportion of cereal crops in the 5-year rotaticnal scheme of
each field.
b Standardized for each crop type

model, only ryegrass sown during the current growing season {vs.
cereal-sown fields) showed a negative effect on the presence of
rare species at the plot level (—1.31+0.50, P=0.009).

Random factors also largely influenced the presence of rare
species at the plot level. The variability explained by all of the fixed
factors {marginal R?) was only 0.10. However, the conditional R?
was 0.24 when farm was considered as the only random factor and
0.47 when farm and field were both considered as random factors,
together with the fixed factors.

3.4. Patterns of presence of selected species

Analyses of the effects of both field and plot variables showed
that very few of the assessed parameters significantly affected the
presence of the 19 most common rare species when separately
analyzed (Table 4). Only the presence of ryegrass crops,
whichnegatively influenced the presence of rare species, and
the years since the conversion to organic farming, which had a
positive effect, affected up to six of the 19 species analyzed
(Table 4). Analyses that accounted for all of the models of the
19 species revealed that weed cover at the plot level was
beneficial to these rare arable species. In addition, these rare

arable species were more likely to be found in larger fields that
were under organic management for a longer time and that had a
higher proportion of cereals in the rotation scheme. They
appeared preferentially in fields sowed with cereal or crop
mixtures instead of legumes or ryegrass and were not favored by
spring sowing. Tillage with soil inversion and grazing after the
preceding harvest determined a smaller presence of particular
rare weeds. Rare weeds tended to not occur at the field edges that
neighbored woody vegetation,

4. Discussion
4.1. Status of rare arable weeds

A large proportion of the rare arable species occurred at the
edges of the organically managed fields. We detected more than
70% of the rare species that de Bolos et al. (2005) listed as
inhabiting the study area. This high percentage may be due to the
large number of plots surveyed at the edges of fields and because
the study was focused where these species are preferentially
found. However, 40% of the total surveyed plots were completely
devoid of rare species and, when the rare species were present they
had extremely low frequencies. These data confirm the current
scarcity of the studied species {Chamorro et al, 2007) while
providing some hope for their conservation because many of them
are still present in arable fields of Catalonia.

4.2. Presence of rare arable species in fields

One of the strongest agricultural filters on the presence of rare
arable species was the standing crop type, which has also been
reported in other studies (Fried et al, 2009; Marshall, 2009),
Because rare arable weeds as defined in this study are specialists of
winter cereal cropping systems, sowing cereals or a mixture
containing cereals provides the conditions that favor the presence
of these species {Kolarova et al,, 2013).

Fertilized fields were marginally detrimental to rare arable
weeds, as also reported by Storkey et al. (2012). Arable weeds and
crop species compete for the same resources and hence tend to be
mutually exclusive {Ponce et al., 2011; Critchley et al., 2006). This
negative effect of fertilization on weed species usually acts
indirectly by stimulating crop growth, which in turn decreases
light penetration and reduces weed growth (Kleijn and Van der
Voort, 1997).

The inclusion of field descriptors (field area and shape) and the
proportion of arable land in the model allowed the possible effect
of these parameters on the presence of these rare species to be
discarded. Actually, only field areas contributed to an explanation
of the presence of rare arable weeds. Larger organically managed
fields were more likely to hold rare arable species than smaller
fields with similar management, probably because they came from
the historical amalgamation of smaller fields that may have
enlarged the local species pool (Marshall, 2009). The presence of
rare weeds may be primarily determined by the local species pool
that is maintained by the buffer effect of the soil seedbank
(Hiltbrunner et al., 2008).

4.3. Local site conditions favoring rare arable species

Despite the fact that weeds and crop species tend to be
mutually exclusive (Ponce et al, 2011), both crop and weed species
(including the rare ones) apparently are able to coexist at the edges
of organic farming fields. This particular result may be related to
the low crop cover values at the studied field edges (ca. 50% on
average). At the edges of the fields, lower organic fertilizer inputs,
poor soil conditions and sowing failure may strongly limit crop
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performance and reduce the importance of crop-weed competi-
tion (Dutoit et al, 2007; Romero et al., 2008). Thus, favorable
conditions for the crop in organically managed field edges would
also benefit weeds, which would in turn favor the presence of rare
species.

We assumed a potential effect of the adjacent boundary on the
presence of rare arable species at the field edge because, as other
studies have indicated, this could act as a refuge for these species
{Gabriel et al, 2005; José-Maria et al,, 2010; Poggio et al, 2010;
Roschewitz et al., 2005). Because rare characteristic arable species
are found almost exclusively in arable habitats and require periodic
disturbances, we expected that the adjacent habitat that could best
act as a refuge would be a ruderal one. On the contrary, we also
expected that more competitive vegetation at the adjacent
boundary, such as woody vegetation, would be detrimental for
the presence of rare arable species. However, our results indicated no
effect of any of these habitats on the presence of rare arable weeds.

4.4, Species-specific responses

Overall, very few of the many parameters we considered
actually influenced the presence of the particular rare arable
species that were analyzed, Most studies have found that
management practices exert an important influence on the
presence and diversity of arable weed species in arable fields
(Albrecht, 2003; Armengot et al,, 2011b; José-Maria et al., 2010).
However, the occurrence of rare arable species may instead
respond to stochastic factors that have led them to appear and
remain at particular sites, In light of these results, we could
assume that the presence of these species and the determination
of their rarity are the result of specific traits of each species
(Pinke and Gunton, 2014; Storkey et al.,, 2010), which would be
an interesting point to consider in future conservation studies.

Nevertheless, with the meta-analysis we are able to detect an
overall trend of these 19 rare arable species to appear under
particular conditions and be favored by specific farming practices.
This highlights a similar response of these species to the variables
considered. Cereal crops or mixtures containing cereals and
legumes, both in the current season and at high frequencies in a
rotation scheme, benefited these rare arable species because the
autumn sowing time of cereals is perfectly coupled with their
germination requirements (Saatkamp et al,, 2011). Slight annual
periodic soil disturbances without soil inversion tended to favor
the presence of rare arable weeds by generating the appropriate
conditions for germination of seeds without burying them into the
soil (Gruber and Claupein, 2009).

These rare weeds were more likely to appear in those spots with
high weed cover, indicating that suitable local conditions for weeds
in general were also appropriate for the rare ones. Therefore,
practices that enhance weed diversity within crop fields would
also be suitable for rare arable species conservation (Romero et al.,
2008). Cropland edges are prone to be negatively affected by
competing neighboring vegetation because it reduces the avail-
ability of soil nutrients and light through belowground competi-
tion and shading. That is why globally the 19 rare species tended to
be excluded at the crop edges adjacent boundaries that were
dominated by more competitive vegetation such as woodlands and
shrublands. The significant effects of the other types of adjacent
boundaries must be interpreted with caution because they were
represented in very few samples.

4.5, Importance of random factors
Farm and field random factors significantly increased the

explained variance in the occurrence of rare characteristic weeds
over the fixed factors. Field effect was more important than farm
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effect, but even the farm alone explained more variance than did all
of the fixed factors together. The importance of the random factors
suggests that the occurrence of rare species is controlled by factors
other than the local conditions that were considered, field and
farm management and field descriptors or landscape simplifica-
tion, and depends to a large extent on the farms and fields
themselves. Although we were able to find a trend of particular
rare arable species to appear under certain conditions, the
importance of the random factors on the overall presence of
these species is evident. Therefore, the presence of rare arable
species at a particular site would be determined, to a large extent,
by the diversity of the seeds that remain in the soil seedbank,
which is largely set by the field management history (Hiltbrunner
et al., 2008).

5. Conclusions

Our data reinforce the fact that rare characteristic arable species
occur at the edges of organically managed fields. Nevertheless,
these species face an actual threat because they are found at very
low frequencies. Therefore, the moment is right to take action for
their conservation, taking into account that many of them are still
present in organic arable cropping systems.

The foundations for the conservation of rare arable species must
consider very particular management parameters, such as the
promotion of sowing winter cereal crops and fine-tuning
fertilization. Particular rare arable species showed a trend to
appear preferentially when autumn sowing took place or when no
inversion tillage was conducted. Nevertheless, the inconsistencies
between the overall occurrence analysis and the meta-analysis
reflect the difficulty in understanding the role of farming practices
in explaining their conservation status, For this reason, it would be
interesting to promote further research on the ecological require-
ments at the species level to develop appropriate conservation
strategies.

The presence of rare arable species was highly explained by
field and farm random factors, which are the result of the
variability in the local species pools. Therefore, conservation
efforts based on specific practices to favor rare weeds should focus
on those areas where the species are currently settled.

Acknowledgments

We thank the farmers for their collaboration and the members
of the Department of Plant Biology (UB) for field and office
assistance. We particularly thank Lourdes Chamorro, Albert Petit
and Aurora Rull for their help with the fieldwork and Montserrat
Bassa for her help interviewing farmers. This research was funded
by the Spanish government with a fellowship to the first author
and projects CGL2009-13497-C02-01 and CGL2012-39442.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agee.2015.01.022,

References

Aboucaya, A., Jauzein, P, Vincigueira, L., Virevaire, M., 2000. Plan National d’Action
pour la conservation cles plantes messicoles. Rapport Final. Direction de la
Nature el des Paysages, Ministére de "Aménagement du Territoire el de
I'Environnement, .

Albrecht, H., 2003. Suitability of arable weeds as indicator crganisms to evaluate
species conservation effects of management in agricultural ecosystems. Agric.
Ecosyst. Environ. 98, 201-211

Armengot, L., José-Maria, L., Blanco-Moreno, .M., Bassa, M., Chamorro, L., Sans, FX.,
2011a. A novel index of land use intensity for organic and conventional farming
of Mediterranean cereal fields. Agron. Sustain. Dev. 31, 699-707.



Capitol 2

R. Rotchés-Riballa et al. / Agriculture, Ecosystems and Environment 203 (2015} 55-61 61

Armengol, L., José-Maria, L., Blanco-Moreno, .M., Romero-Puente, A., Sans, FX.,
2011D. Landscape and land-use effects on weed [ora in Mediterrancan cereal
fields. Agric. Ecosyst. Environ. 142, 311-317,

Baessler, C., Klotz, S., 2006. Effects of changes in agricultural land-use on landscape
structure and arable weed vegetation over the last 50 years. Agric. Ecosyst.
Environ. 115, 43-50.

Barton, K., 2013, MuMIn: Multi-mode] inference. R package version 1.2.13. http://
CRAN.R-project.org/package=MuMIn

Bates, D., Balker, B., Maechler, M., Walker, S., 2014. Linear mixed-effects models
using Eigen and 54. R package version 1. 1-5. http:/{CRAN.R-project.crg/
package=lme4

Bengtsson, |, Ahnstrom, J., Weibull, A.C,, 2005. The effects of organic agriculture on
biodiversity and abundance: a meta-analysis. J. Appl. Ecol. 42, 261-269.

(dballcro-Lépcg, B., Blanco-Moreno, J M., Pérez, N, Pujade-Villar, J., Ventura, D,
Oliva, F, Sans, EX, 2010. A functional approach to assessing plant-arthropod
interaction in winter wheat. Agric. Ecosyst. Environ. 137, 288-293.

Campos Pozuelo, E., 111a Alibés, ], Magri Aloy, A., Palatsi Civit, ., Solé Mauri, F, Flotats
Ripoll, X, 2004. Guia dels tractaments de les dejeccions ramaderes. Universitat
de Lleida; Generalitat de Catalunya, Departament de Medi Ambient i Habitatge;
Generalitat de Catalunya, Departament d’Agricultura, Ramaderia i Pesca, .

Carreras, |, Diego, F., 2004, Cartografia dels Habitats a Catalunya (1:50 000)
Departament de Medi Ambient i Habitatge, Generalitatde Catalunya, Barcelona,
Spain. . (accessed 06.13) http://www6.gencat.cat/mediamb/sigjcartografia/
habitats.html.

Chamorro, L., Romero, A., Masalles, R.M., Sans, FX., 2007. Cambios en la diversidad
de las comunidades arvenses en los cereales de secano en Catalufia. In: Mansilla,
J., Artigao, A, Monreal, J.A. (Eds.), La Malhcrbﬂlmgja en los Nuevos Sistemas de
Produccién Agraria. X1 Congreso de la SEMh, Albacete, Spain, pp. 51-55.

Cheffings, €, Farrel, L, 2005. The vascular plant red data list for Great Britain, 1ISSN
1473-0154.

Cirajeda, A, Aibar, |, Zaragoza, C, 2011. Remarkable changes of weed species in
Spanish cereal fields from 1976 to 2007, Agron. Sustain. Dev. 31, 675-688,

Clough, Y., Holzschuh, A., Gabriel, D., Purtauf, T., Kleijn, D., Kruess, A., Steffan-
Dewenter, L, Tscharntke, T., 2007. Alpha and beta diversity of arthropods and
plants in organically and conventicnally managed wheat fields. J. Appl. Ecol. 44,
804-812.

Critchley, CN.R., Fowhert, |.A., Sherwood, AJ., 2006. The effects of annual cultivation
an plant community composition of uncropped arable field boundary strips.
Agric. Ecosyst. Environ. 113, 196-205.

de Bolds, 0., Vigo, [, Masalles, RM., Ninot, [M., 2005. Flora Manual dels Paisos
Catalans, 3rd ed. Pértic, Barcelona I1SBN: 84-7306-857-2.

Dutoit, T, Buisson, E., Gerbaud, E., Roche, P, Tatoni, T, 2007. The status of transitions
between cultivated fields and their boundaries: ecotones, ecoclines or edge
effects? Acta Oecol. Int. |. Eeol. 31, 127-136.

Elsen Van, T., 2000. Species diversity as a task for organic agriculture in Europe.
Agric. Ecosyst. Environ. 77, 101-109.

Fried, G., Petit, 5., Dessaint, F.,, Reboud, X., 2009. Arable weed decline in Northern
France: crop edges as refugia for weed conservation? Biol. Conserv. 142, 238-
243,

Gabriel, D., Thies, C, Tscharntke, T., 2005. Local diversity of arable weeds increases
with landscape complexity. Perspect. Plant Ecol. Evol. Syst. 7, 85-93.

Gibson, RH., Pearce, 5., Morris, R, Symondson, W.O.C., Memmott, J., 2007. Plant
diversity and land use under organic and conventional agriculture: a whole-
farm approach. J. Appl. Ecol. 44, 792-803.

Gruber, S, Claupein, W, 2009. Effect of tillage intensity on weed intfestation in
arganic farming. Soil Tillage Res. 105, 104-111.

Hawes, €., Haughton, A]., Oshorne, |.L., Roy, D.B., Clark, SJ., Perry, [.N., Rothery, P,
Bohan, DA, Brooks, D.R,, Champion, G.T., Dewar, A.M., Heard, M.S5., Woiwod,
Daniels, R.E., Young, M.W., Parish, A.M,, Scott, R, Firbank, L.G., Squire, G.R.,
2003. Responses of plants and invertebrate trophic groups to contrasting
herbicide regimes in the Farm Scale Evaluations of genetically modified
herbicide-tolerant crops. Philos. Trans. R. Soc. London Ser. B 358,

1899-1913.

Hiltbrunner, ., Scherrer, €., Streit, B, Jeanneret, P, Zihlman, U, Tschachtli, R., 2008.
Long-term weed community dynamics in Swiss organic and integrated farming
systems. Weed Res. 48, 360-369.

José-Maria, L., Armengot, L., Blanco-Moreno, [.M., Bassa, M., Sans, FX., 2010. Effects
of agricultural intensification on plant diversity in Mediterranean dryland
cereal fields. |. Appl. Ecol. 47, 832-840.

Kleijn, D., Baquero, R A, Clough, Y., Diaz, M., De Esteban, ], Fernandez, F, Gabriel, D,
Herzog, E, Holschuh, A, J6hl, R, Knep, E., Kruess, A, Marshall, EJ.P, Stellan-
Dewenter, I, Tscharntke, T., Verhulst, ], West, T.M., Yela, |.L., 2006. Mixed
biodiversity benefits of agri-environement schemes in five European ceuntries.
Ecol. Lett. 9, 243-254 discussion 254-257.

Kleijn, D., Kohler, F, Baldi, A., Batary, ., Concepeion, E.D.,, Clough, Y., Diaz, M., Gabriel,
D., Holzschuh, A, Knop, E., Kovdcs, A, Marshall, EJ.P, Tscharntke, T., Verhulst, J.,
2009. On the relationship between farmland biodiversity and land-use intensity
in Europe. Proc. Biol. Sci. 276, 903-909.

Kleijn, D., Van der Voort, LA, 1997. Conservation headlands for rare arable weeds:
the effects of fertilizer application and light penetration on plant growth. Biol.
Conserv. 81, 57-67.

Koliafovd, M., Tyder, L, Soukup, J., 2013. Impact of site conditions and farming
practices on the eccurrence of rare and endangered weeds on arable land in the
Czech Republic. Weed Res. 53, 489-498,

Kovacs-Hostyanszki, A., Batary, P,, Baldi, A., Harnos, A., 2011. Interacticn of local and
landscape features in the conservation of Hungarian arable weed diversity.
Appl. Veg. Sci. 14, 40-48.

Marshall, EJ.P.,, 2009, The impact of landscape structure and sown grass margin
strips on weed assemblages in arable crops and their boundaries. Weed Res. 49,
107-115.

Marshall, EJ.P., Moonen, A.C., 2002. Field margins in nerthern Europe: their
functions and interactions with agriculture. Agric. Ecosyst. Environ. 89, 5-21.

MecLaughlin, A., Mineau, P, 1995. The impact of agricultural practices on
Diodiversity. Agric. Ecosyst. Environ. 55, 201-212.

Nakagawa, 8., Schielzeth, H,, 2013, A general and simple method for obtaining R?
from generalized linear mixed-effects models. Methods Fcal. Evol. 4, 133-142.

Ninyerola, M., Pons, X, Roure, J.M., 2005. Atlas climatico digital de Ia peninsula
ibérica. Metodologia y Aplicaciones en Bioclimatologia y Geobotanica.
Universidad Auténoma de Barcelona, Bellaterra 1SEN 932,860-8-7.

Pinke, G., Gunton, R.M., 2014. Refining rare weed trait syndromes along arable
intensification gradients. [. Veg. Sci. 25, 978-989.

Poggio, S.L., Chaneton, E]., Ghersa, CM., 2010. Landscape complexity differentially
affects alpha, beta, and gamma diversities of plants occurring in fencerows and
crop fields. Biol. Conserv. 143, 2477-24836.

Ponce, C, Bravo, €, de Ledn, D.G., Magafia, M., Alonso, .C,, 2011. Effects of organic
farming on plant and arthropod communities: a case study in Mediterranean
dryland cereal. Agric. Ecosyst. Environ. 141, 193-201.

R Developement Core Team, 2013, R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. http://
www.r-praject.orgf, (accessed 03.13).

Rich, T.C.G., Weodruff, E.R., 1996. Changes in the vascular plant floras of England and
Scotland between 1930-1960 and 1987-1988: the BSBI monitoring scheme.
Biol. Conserv. 3207, 217-229.

Robinson, RA., Sutherland, W, 2002. Post-war changes in arable farming and
bicdiversity in Great Britain. J. Appl. Ecol. 39, 157-176.

Romero, A, Chamerro, L, Sans, FX,, 2008. Weed diversily in crop edges and inner
fields of organic and conventional cdryland winter cereal crops in NE Spain.
Agric. Ecosyst. Enviten. 124, 97-104.

Roschewitz, 1., Gabriel, D., Tscharntke, T., Thies, €., 2005, The effects of landscape
complexity on arable weed species diversity in organic and conventional
farming. J. Appl. Ecol. 42, 873-882.

Ryan, M.R., Smith, R.G., Mirsky, S.B., Mortensen, D.A,, Seidel, R, 2010. Management
filters and species Lraits: weed community assembly in Jong-term organic and
conventional systems. Weed Sci. 58, 265-277.

Saatkamp, A., Alfre, L., Dutoit, T., Poschlod, P., 2011. Germination traits explain soil
seed persistence across species: the case of Mediterranean annual plants in
cereal fields. Ann. Bot. 107, 415-426.

Saez, L, Aymerich, P, Blanché, C., 2011. Llibre Vermell de les Plantes Vasculars
Endémiques 1 Amenagades de Catalunya. Argania Edicions, Barcelona.

Solé-Senan, X.0., Judrez-Escario, A., Conesa, JA., Torra, ., Royo-Esnal, A, Recasens, |,
2014. Plant diversity in Mediterranean cereal fields: unraveling the effect of
landscape complexity on rare arable plants. Agric. Ecosyst. Environ. 185, 221-
230.

Storkey, [, Moss, 5.R., Cussans, W, 2010. Using assembly theory to explain changes
in a weed flora in response to agricultural intensification. Weed Sci. 58, 39-46.

Storkey, ], Meyer, 5., Still, KS., Leuschner, C, 2012. The impact of agricultural
intensification and Jand-use change on the European arable flora. Proc. R. Soc. B
279, 1421-1429.

Thompson, W.L., 2004. Sampling Rare or Elusive Species. Concepts, Designs and
Techniques for Estimating Pepulation Parameters. Island Press, Washington D.
€, U S A

Tscharntke, T, Klein, AM., Kruess, A., Steffan-Dewenter, 1, Thies, €, 2005. Landscape
perspectives on agricultural intensification and biodiversity — ecosystem
service management. Ecol. Letl. 8, 857-874.

Tiire, C., Bacuk, H., 2008, Investigation of threatened arable weeds and their
conservation status in Turkey. Weed Res. 48, 289-294.

Zaykin, D.V., 2011. Optimally weighted Z-test is a powerful method for combining
probabilities in meta-analysis. NIH Public Access 24 (8), 1836-1841.

141



Capitol 2

Supplementary data to the paper
Rotchés-Ribalta, R. et al. Which conditions deteemthe presence of rare weeds in arable fields?

Agriculture, Ecosystems & Environment

Table Al: List of the rare arable species in the studiedaas considered by de Bokisal (2005). Rarity
is specified as: r (rare), rr (very rare) and extemely rare). The number of plots with presesfceach

species surveyed with respect to the total numbplots surveyed (1957) is indicated as percentage.

Species Rarity % Species Rarity %
AdonisaestivalisL. rr - Kickxia elating(L.) Dumort. r 2.76
Adonis annud.. r 2.15 Kickxia spuria(L.) Dumort. r 15.94
Adonis flammedacq. r 0.92 Legousia hybrid4L.) Delarbre rr 0.46
Agrostema githaga. r 1.58 Linaria hirta (L.) Moench rr -
Ajuga chamaepityf_.) Schreber r 6.03 Loliumtemulentunt. rr -
Alopecuruamyosuroidegiuds. rr - Malcolmia africana(L.) R. Br. r 0.10
Ammi majud.. rr 1.38 Matricaria recutital. r 2.35
Anthemis cotula.. r 9.81 Neslia paniculatgL.) Desv. subsp. r 1.33
thracica(Velen.) Bornm.
Asperula arvensik. r 0.77 Nigella gallicaJord. r 0.61
Avena fatud.. rrr 1.58 OrlayadaucoidegL.) Greut rrr -
Bifora radiansM. Bieb. rer 0.15 Papaver argemonk. rr 0.72
Bifora testiculata(lL.) Spreng. r 0.66 Papaver dubiunt.. r 0.10
Biscutella auriculatel. subspauriculata r 0.10 Papver hybridunt.. r 4.55
Bromus secalinuk. r 0.05 Polycnemum arvende rr 2.25
BupleurumancifoliumHornem rr - Polygonumavicularesubspbellardii (All.) rr -
O. Bolos et Vigo
Bupleurum rotundifoliunt.. rr 0.72 Raphanus raphanistruin r 1.23
Camelinasativasubspsativa(L.) Crantz r - Roemeria hybridgL.) DC. r 1.23
Centaurea collind.. subspserratulifolia r 0.36 Saturejarotundifolia (Pers.) Briq. rer -
(Sennen et Pau ex Hayek) Hayek
Centaurea cyanus. r 1.12 Silene conoided. rr 0.05
CerastiumperfoliatumL. rr - Silene muscipula. r 0.05
Chrozophora tinctorigL.) Raf. rr 0.26 Sinapis arvensik. rr 0.46
Conringiaorientalis (L.) Dumort r - Sisymbrium orientalé. subsporientale r 1.38
Delphinium peregrinunt.. r 0.61 Thlaspi arvensé. subsp. arvense r -
Delphinium pubesceridC. r 0.51 Turgenia latifolia(L.) Hoffm. rr 0.05
Filago arvensisL. rr - Vaccaria hyspanicgMill.) Rauschert rr 4.14
Fumaria densifloraDC. rr 0.51 Valerianella coronatdgL.) DC. rr 0.10
Fumariavaillantii Loisel. in Desv. rr - Valerianellaechinata(L.) DC. rer -
Gageavillosa (M. Bieb.) Duby r * Valerianellapumila(L.) DC. r -
Galium aparinesubspspurium(L.) r 15.07 Vicia benghalensif..) r 0.10
Simonk
Gladiolus italicusMill. rr 0.46 Vicia bithynica(L.) L. r 0.10
Glaucium corniculatungL.) J.H. Rudolph  rr 0.20 Vicia pannonicaCrantz subsptsata (M. r -
Bieb.) Nyman
Iberis pinnata L. rr - Vicia villosasubs. waria (Host) Corb. r 11.24
Hypecoum pendulum L. rr 0.77

* Blooms earlier than the sampling period

Fe d’errades

On constéPapver hybriduni. ha de constaPapaver hybridunt..).
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RESUM

Impacte dels herbicides en el creixement i la repduccié d’espéecies arvenses

caracteristiques i rares dels camps cerealistes deca

L'aplicacio d’herbicides ha estat considerada um#ed practiques agricoles que ha afectat més
negativament la diversitat d’especies arvensegegubd’aquelles que son especialistes dels
camps cerealistes de seca. Si bé I'efecte de iad#herbicides sobre les espécies dels habitats
adjacents ha estat ampliament testat, sébn molt @gcestudis que examinen els efectes dels
herbicides sobre les espécies arvenses caracfeeisiiels camps de cereals que han esdevingut
rares i que, per tant, requereixen una atencicegpel que fa a la seva conservacio. La toxicitat
dels herbicides normalment és avaluada segonsceciteiss a curt termini, sobretot la biomassa.
Pero la sensibilitat als herbicides a curt termmés suficient per detectar els efectes reatgiga

les plantes poden o no recuperar-se al llarg dgbsedesprés de I'aplicacié d’herbicides a dosis
subletals. Per aquest motiu, convé avaluar elsexfele I'herbicida a més llarg termini. Fins i tot
és important determinar els efectes que pot ar@béenir I'herbicida sobre la reproduccio,
especialment en el cas d’espécies anuals que degerla produccié de llavors per assegurar la
seva persisténcia, com son la majoria d’espéecienses caracteristiques dels cultius cerealistes

de seca.

En aquest estudi es van avaluar els efectes dealbiides d’'Us habitual sobre quatre parelles
d’especies segetals, una especie més rara i unaamésa, de families diferents. L’eleccié de
parelles d’espécies facilita la interpretacié dedmparacié entre espécies rares i comunes, ja que
aquest disseny té en compte que plantes filogematiot properes poden respondre de manera
similar davant els herbicides. Els nostres objectan ser 1) examinar el patré de sensibilitat de
les espécies seleccionades als herbicides testats iaa llarg termini segons la biomassa aéria
total, la biomassa reproductiva i el nombre deoditay2) determinar els nivells i el temps de
recuperacio en termes de llargada de la tija ndetbre de fruits, de les plantes afectades per
dosis creixents d’herbicides i 3) avaluar si lepeeges arvenses rares sdn meés sensibles a

I'aplicacié d’herbicides que les espécies reladi@samés comunes.

Es va avaluar separadament els efectes de I'afdlidaclos herbicides molt utilitzats en els camps
de cereals a Catalunya, el tribenuron i el 2,4dlicats a sis dosis diferents, a part del controls.
Es van preparar dos conjunts de plantes de cadcapper tal de fer 'avaluacié a curt (28 dies
després de l'aplicacié d’herbicida) i a llarg tenm{48 o 55 dies després de l'aplicacié

d’herbicida) de la biomassa i del nombre de llaypmluides. A partir d’'aquestes dades es van

145



Capitol 3

estimar les concentracions d’inhibicié per cadaeepmitjancant models logistics. Aquests
models també es van ajustar per les dues espéziesndateixa familia juntes per avaluar les
diferencies entre les respostes als herbicidesgl@icie rara i la comuna. Es van prendre mesures
de la llargada de la tija i del nombre de fruiteduits setmanalment durant I'experiment per
avaluar la capacitat de recuperacio. Mitjancantetwitheals es van analitzar les diferéncies entre
les mesures de les plantes tractades amb elsidembides control per cada setmana. Les plantes
es van considerar recuperades quan, després dmtarediferencies significatives, arribaven a

ser iguals que els controls.

La majoria de les espécies testades va patir efsigeificatius sobre la biomassa i la reproduccioé
a dosis molt baixes d’ambdos herbicides. Atés gaeespécies segetals habiten dins els camps,
solen estar sotmeses a dosis molt més altes, g@rghablement ha conduit a desplacgar-les cap a
les vores dels camps, on les practiques agricolastinen de manera menys intensiva (Romero
et al. 2008b). L'efecte dels herbicides, pero, degé la dosi d’aplicacio i de I'herbicida en
questio, i també del moment d’avaluacio, ja que geerminades especies hem trobat certa
capacitat de recuperacio, com en altres estudas (&is et al. 2009; Carpenter et al. 2013). La
capacitat de recuperacié depén tant de I'herbiciola de la dosi d’aplicacid; el temps de
recuperacio és més llarg com més altes siguindseis d’herbicides. Tot i aix0, la capacitat de
recuperacio és molt variable entre espécies, sarseelacio directa amb el seu grau de raresa.
Els efectes dels herbicides en la produccié detaen general van ser més remarcables que en
la biomassa, com ja s’havia trobat préviament fiersaespécies (Boutin et al., 2014; Carpenter
and Boutin, 2010; Clark et al., 2004; EFSA PPR R&td4). La davallada en la producci6 de
llavors d’aquestes espécies anuals pot tenir efactere el seu banc de llavors, fet que comporta
reduccions en el reclutament futur (EFSA PPR P&04dl4).

Amb aquests resultats podem afirmar que l'aplicatiterbicides ha estat un determinant
important de la davallada de la diversitat vegafsksistemes agricoles. Malgrat tot, la raresa en
si no presenta una relacio directa amb la sertsitdlis herbicides. Per aquest motiu, convé cercar
les causes de I'enrariment de les especies arveassgeristiques en la coincidéncia de diversos
factors, d’entre els quals I'aplicacié d’herbicidesdeu haver tingut un paper important (Royo-
Esnal et al. 2011).
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Abstract The decline of arable species characteristic of
winter cereal ficlds has often been attributed to different
factors related to agricultural intensification but most im-
portantly to herbicide use. Herbicide phytotoxicity is most
frequently assessed using short-term endpoints, primarily
aboveground biomass. However, short-term sensitivity is
usually not sufficient to detect actual effects because plants
may or may not recover over time following sublethal
herbicide exposures. Therefore, it is important to assess the
long-term effects of herbicide applications. Annual species
rely on renewable sced production to ensure their persis-
tence; hence, assessment of herbicide sensitivity is more
accurately estimated through effects on reproduction. Here
we aim to assess the phytotoxicity of two commonly used
herbicides: tribenuron and 2.4-D on eight plant species
belonging to four families, each with one rare and one
more common species. Specifically we examined the pat-
tern of sensitivity using short-term and long-term endpoints
(total aboveground biomass, total seed biomass and num-
ber of sceds) of these species: we determined the levels of
and time to recovery in terms of stem length and fruit
number, and assessed whether their rarity relates to their
sensitivity to herbicide application. Our results suggest that

Electronic supplementary material The online version of this
article (doi:10.1007/s10646-015-1440-x) contains supplementary
material, which is available to authorized unsers.

R. Rotchés-Ribalta (B4) - J. M. Blanco-Moreno - F. X, Sans
Departament de Biologia Vegetal, IRBio, Universitat de
Barcelona, Av. Diagonal 643, 08028 Barcelona, Spain
e-mail: roser.rotches@ub.edu

C. Boutin - D. Carpenter

Science & Technology, Environment Canada, Carleton
University Campus, 1125 Colonel By Drive (Raven Road),
Ottawa, ON K1A 0H3, Canada

although differences in herbicide sensitivity are not a direct
cause of rarity for all species, it may be an important driver
of declining arable plants.

Keywords Herbicide risk assessment - Plant recovery -
Short- and long-term testing - Tribenuron - 2.4-D

Introduction

Weed and crop species compete for the same resources
and, hence, tend to be exclusive. That is why most con-
ventional agricultural practices, aimed at improving crop
production, have led to remarkable reductions in arable
plant populations and diversity (Freemark and Boutin
1995; Storkey et al. 2012). As a consequence, there are a
number of species characteristic of arable land that, with-
out being a real nuisance to crop production, have suffered
important population declines to the point of becoming rare
in arable fields (Baessler and Klotz 2006: Chamorro et al.
2007; Fried et al. 2009). The decline of arable species has
often been attributed to different factors related to agri-
cultural intensification (Hole et al. 2005; Romero ¢t al.
2008; Storkey et al. 2012), Several studies have highlighted
that amongst a variety of farming practices, herbicides
often play a prominent role in the observed decrease of
non-crop plant diversity in agricultural systems (e.g.
Hyvénen and Salonen 2(02). Plants outside crop fields can
be affected by low dosages of herbicide, typically caused
by herbicide drift and runoff from sprayed fields towards
the adjacent non-target arcas. The effect of herbicide
misplacement on non-target plants has been reported in
several studics (Marrs ct al. 1991; de Snoo and van der Poll
1999; Riecmens et al. 2008; Dalton and Boutin 2010; Sch-
mitz et al. 2014a, b). Nevertheless, very few studies have
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examined the role of herbicide application on the species of
arable fields that have recently become rare.

Effects of herbicide toxicity have often been assessed
using short-term endpoints, usually aboveground biomass
(Breeze et al. 1992; Carpenter and Boutin 2010; Egan et al.
2014), as promoted by the accepted guidelines (OECD
2006; USEPA 2012). Different studies, however, have
demonstrated that short-term sensitivity is often not suffi-
cient to detect actual effects because plants may or may not
recover over time (Carpenter et al. 2013; Boutin et al.
2014). The recovery process following sublethal herbicide
exposure can be slow and this could potentially reduce a
plant’s ability to compete with other more resistant or
faster recovering species. Therefore, the latter species
would likely be favored since they may be able to mo-
nopolize resources at the expense of those plants that are
more affccted (Boutin ct al. 2010; Carpenter ct al. 2013).
The differences between species in the time required to
recover might be indicative of the future species assem-
blages that arise following herbicide application.

Though some species are able to recover vegetatively at
low exposure dosages, reproduction may continue to be
affected, as it has been previously shown to be a more
sensitive endpoint than vegetative parameters in some
cases (Clark et al. 2004; Carpenter and Boutin 2010;
Carpenter et al. 2013; Boutin et al. 2014). Reproductive
parameters should especially be considered when testing
herbicide phytotoxicity on annual species, because annuals
rely heavily on reproduction to ensure future population
recruitment opportunities (Carpenter et al. 2013; EFSA
PPR Panel 2014). Herbicide application can thus lead to
long-term consequences on the plant community of arable
habitats, potentially by changing the amounts and types
(i.e. species) of viable seeds that are found in the soil
seedbank (Carpenter and Boutin 2010). As such, popula-
tions of highly susceptible species may be greatly reduced
or replaced by the more tolerant ones (Freemark and
Boutin 1995; Crone et al. 2009).

The conservation of rare arable species must be con-
sidered carefully in agricultural areas. They have high in-
trinsic values as components of biodiversity and as key
agro-environmental indicators of arable cropping systems.
In addition, because these rare species are more diverse
than the few crop species that normally dominate arable
land, they provide a greater variety of resources and
functions in agroecosystems, such as a source of pollen to
attract more pollinators, or plant biomass or fruits for
herbivores, predators and parasitoids (Hawes et al. 2003;
Tscharntke et al. 2005).

Here we aim to study the effects of herbicides on the
conservation of rare arable species by assessing the phy-
totoxicity of two commonly used herbicides in Mediter-
ranean arable cereal crops (tribenuron and 2,4-D) on
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selected arable species. The eight species tested belong to
four plant families, from which we selected one rare and
one common species. This test allowed us to take into
account the fact that close plant relatives may respond
similarly to herbicides, thus making fairer the comparison
between the paired common and rare species (Clark et al.
2004). Specifically, our objectives were (1) to examine the
pattern of sensitivity of short-term and long-term endpoints
(total aboveground biomass, seed biomass and number of
seeds) of selected arable weed species; (2) to determine the
levels of and time to recovery, in terms of both stem length
and fruit number, for plants affected by increasing doses of
each herbicide and (3) to assess whether the sensitivity to
herbicide application is higher in rare characteristic arable
weeds than in more common related species.

Materials and methods
Experimental set up

All experimental work was conducted in the greenhouses
of the National Wildlife Research Centre (Environment
Canada), Ottawa, ON, between February and May 2012
and between April and June 2013. Average daily tem-
perature ranged from 17.2 + 0.3 to 34.2 £ 1.1 °C and the
photosynthetic active radiation (PAR) ranged from 285
(cloudy day) to 1951 pmol photons m~2 s~ (sunny day).

Four pairs, consisting each of one rare and one common
plant species, of phylogenetically close arable weed species
were tested in this experiment (Table 1). Species selected
were considered either common or rare, according to field
frequency records in an extensive survey of arable fields in
north-eastern Spain (Rotchés-Ribalta et al. 2014). Seeds
were collected in the spring-summer of 2011 from plant
populations found in different cereal fields located within
the north-eastern Iberian Peninsula. Seeds of all species
were surface sown separately in small trays containing a
3:1 (by volume) soil mixture consisting of Pro-Mix® BX
(Premier Horticulture Ltd., Riviére-du-Loup, Québec,
Canada) potting soil and silica sand (Opta Minerals Inc.,
Waterdown, Ontario, Canada). Trays of seeds requiring
stratification (Asperula arvensis, Papaver rhoeas, Papaver
argemone, Bupleurum rotundifolium and Scandix pecten-
veneris subsp. pecten-veneris (hereinafter S. pecten-
veneris)) were first placed into a dark 24 °C refrigerator
for 10 days prior to being moved into a growth chamber set
at a 10 h daylight:14 h night cycle at temperatures varying
from 20 to 10 °C, respectively, to promote germination.
Once high germination rates were obtained seedlings (with
cotyledons) were transplanted singly into 10 cm diameter
by 9 cm high pots ensuring that enough healthy plants were
available for all experimental conditions. Pots contained
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Table 1 Pairs of common and rare arable weed species found in arable fields in north-eastern Spain used in this study and their frequency of
occurrence according to their presence in 1957 sampled plots in a previous study (Rotchés-Ribalta et al. 2014)

Family Species Frequency (%) Rarity
Apiaceae Bupleurum rotundifolium L. 0.72 Rare
Scandix pecten-veneris L. subsp. pecten-veneris 15.79 Common
Brassicaceae Neslia paniculata (L.) Desv. subsp. thracica (Velen.) Bornm. 1.33 Rare
Rapistrum rugosum (L.) All. 8.02 Common
Papaveraccae Papaver argemone 1. 0.72 Rare
Papaver rhoeas L. 61.01 Common
Rubiaceae Asperula arvensis L. 0.77 Rare
Galium aparine L. subsp. spurinm (L.) Simonk 15.07 Common

the same 3:1 soil and silica sand mixture as for
germination.

The experimental setup consisted of two herbicides
(tribenuron and 2.4-D) tested separately at six different
doses plus a set of controls. For each herbicide dose, five
plant replicates each consisting of one plant per pot were
used. For each species, half the plants was used to address
short-term effects, while the other half was used to address
long-term effects (i.c. two harvest times). A total of 140
scedlings were used for cach species. Overall, eight plant
specics were tested, which accounted for a total of 1120

plants in the experiment.
Herbicide information and application

We tested the phytotoxicity of Spartan® herbicide, con-
taining tribenuron methyl (methyl 2-[[[[(4-methyl-1,3,5-
triazin-2-yDmethylamino]carbonyl]amino]sulfonyl]ben-
zoate, CAS number 101200-48-0) at 0.75 g acid-equivalent
(a.c) L' (EI Dupont Canada Company, Mississauga,
Ontario, Canada) and 2,4-D amine 600 (2,4-Dichlorophe-
noxyacetic acid, dimethylamine salf, with CAS number
2008-39-1) liquid herbicide composed of dimethylamine
salt at 564 g a.e. L~ (Nufarm Agriculture Inc., Calgary,
Alberta, Canada). Tribenuron is a selective post-emergence
herbicide used to control broad-leaf plants in cereal ficlds.
It is a group 2 herbicide acting by inhibiting acetolactate
synthase (ALS), a key enzyme in the biosynthesis of the
branched-chain amino acids (Larossa and Schloss 1984)
thus stopping cell growth and division. 2,4-D is a selective
post-emergence herbicide used to control broad-leaf plants
in cereal and sugarcane fields and grass pastures. 2,4-D is a
group 4 herbicide mimicking the endogenous auxin (IAA).
Its mechanism of action is not well known but it appears to
affect both cell wall plasticity by acidification and nucleic
acid metabolism by stimulating RNA polymerase (WSSA
2014).

The herbicide application rates were 7.5 g a.c. ha™* for
tribenuron and 564 g a.c. ha™! for 24-D, based on

recommendations provided on the label (Du Pont Canada
Company and NuFarm Agriculture Inc. respectively). Six
500 mL solutions of each herbicide were prepared fol-
lowing a geometric progression of two for both herbi-
cides. For tribenuron we prepared herbicide solutions
with: 0.234, 0.469, 0.938, 1.875, 3.75 and 7.5 g a.c. ha™?
and for 2,4-D: 17.625, 35.25, 70.5, 141, 282 and 564 g
a.e. ha™l. A nonionic surfactant, Agral® 90 (Norac Con-
cepts) containing nonylphenoxy polyethoxyethanol was
added to tribenuron methyl, as recommended on the label,
to improve the coverage of herbicide spray mixtures. No
surfactant was used with 2,4-D since it is not recom-
mended on the label. Once made, all herbicide solutions
were used within a week, after which fresh batches were
prepared.

Herbicides were applied using a track spray-booth (de
Vries Manufacturing, Hollandale, MN, USA) equipped
with a TeeJet 8002F flat-fan spray nozzle (Spraying
Systems, Wheaton, IL, USA). The system was calibrated
prior to herbicide application to cnsure that 6.75 mL m ™2
of solution was delivered at a pressure of 206.84 kPa.
Plants were sprayed when seedlings had reached the four
to six true leaf stage. Prior to spraying, plants were sorted
and grouped by size across all doses and harvest times
(short-term and long-term plants) to ensure size unifor-
mity. Plants were then randomly assigned numerical ID
tags to prevent potential bias during measurements. All
plants were well hydrated prior to spraying in order to
maintain humidity for herbicide absorption. Both short-
and long-term plants were sprayed at the same time using
the same prepared herbicide selutions. The control plants
were not sprayed but well hydrated. Newly sprayed plants
were kept isolated from the main experimental green-
houses to avoid potential effects of volatilization and drift
of the herbicides and were not watered for a 24 h period to
optimize herbicide absorption. All plants of a given spe-
cies were randomized on a weekly basis by dose/treatment
within blocks in the greenhouse to ensure uniformity of
growing conditions.
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Assessing short-term effects on plant biomass

Short-term assessment of aboveground biomass is often the
most common and preferred endpoint used in phytotoxicity
testing because current guidelines rely heavily on short-
term evaluations (OECD 2006; USEPA 2012). To assess
short-term effects of tribenuron and 2.4-D on plant bio-
mass, all plants belonging to the short-term treatment were
harvested 28 days after herbicide spray. Plants were cut at
the soil level and necrotic tissues resulting from herbicide
exposure were removed so as not to be confused with live
plant biomass without herbicide affectation. All above-
ground plant material obtained was bagged separately and
dried in a drying oven at approximately 70 °C for at least
3 days before being weighed.

Assessing long-term effects on plant biomass

The long-term harvest was carried out for a given species
when the plants had finished reproducing and the controls
began to show signs of natural senescence. This corre-
sponded to 48 days after herbicide application, with the
exceptions of B. rotundifolium and S. pecten-veneris,
which began to senesce 55 days after exposure. All
aboveground plant material, except seeds, was bagged,
dried and weighed, following the same protocol as for the
short-term harvest. Before drying, all the seeds of each
plant were counted and bagged separately. Some seeds (50
or 100) of each individual were weighed for fresh weight
and then dried in the oven at 70 °C for at least 3 days to
obtain the dry weight. The fresh/dry weight ratio measure
was used to extrapolate dry weights of the rest of the seeds
to get the total seed biomass. In the case of P. rhiceas and
P. argemone we also used this measure to extrapolate the
total number of seeds. Dry weights of all aboveground
tissues, including vegetative and reproductive parts were
summed to obtain total long-term aboveground biomass.

Assessing recovery

During the course of the experiment weekly measurements
of stem length, number of fruits (for the Papaveraceae,
Brassicaceae and Apiaceae) and whorls of fruits (for A.
arvensis L.) were taken to assess plant recovery. Stem
length measures were taken from the fully extended main
stem of the plants. Measurements of stem length started at
week 0 for Galium aparine subsp. spurium (hereinafter G;.
spurium) and A. arvensis; for the six remaining species,
stem length was determined later during the natural life
cycle after bolting had occurred. The number of fruits was
collected over time for all species except G. spurium, for
which all fruit were collected and counted on the final day
of the long-term treatment. Due to the lack of pollinators
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within the greenhouses, fruit and seed production of P.
rhoeas and to a lesser extent Rapistrum rugosum was
achicved by artificial pollination using a small paint brush.

Statistical analysis
Inhibition concentrations

We described the response of sprayed plants to herbicide
dosage by means of logistic models (Environment Canada
2005) described in Annex 1. We assumed that the max-
imum response, corresponding to the upper asymptote of
the model (Asynz), was achicved for the unsprayed controls
and, thus, we assigned the mean of biomass, total seed
biomass or number of seeds of the unsprayed controls to
this parameter. Inhibition concentration values IC50, IC25
and IC10, defined as the dosage that causes a 50, 25 and
10 % reduction in growth (biomass) or reproduction {seed
number or seed biomass), respectively, of a plant as com-
parcd to unsprayed controls, were fitted through nonlincar
regression.

The models were fitted for all species and treatments to
the total biomass and to seed number and biomass using R
3.0.3 (R Core Team 2013) with the package nlme (Pinheiro
et al. 2013) for non-linecar mixed-effects models. Data was
square-root transformed to ensure normality and ho-
moscedasticity of the residuals. No IC values were ob-
tained when the data did not fit to the regression logistic
model.

Comparison between rare and common species

To evaluate potential differences between rare and com-
mon species of a given family, we fitted logistic models to
the dose-respense of growth and reproductive parameters
(biomass, total seed biomass and number of sceds) for cach
pair of species. We determined whether there were sig-
nificant differences in herbicide sensitivity as measured by
the location parameter IC25 (xmid) and the slope or scale
parameter (scal) between the common and the rare species
tested. The models were fitted to the rare and the common
specics of cach family jointly, including two extra
parameters which quantify the difference between species
in IC25 and scale parameters. Thus, the fitted model pro-
vides a statistical test for these differences between species.
We also used the R 3.0.3 program (R Core Team 2013)
with the package nlme (Pinheiro et al. 2013).

Evaluation of time to recovery
Lincar models were used to analyze the differences in stem

length and fruit number between treated plants and un-
treated controls for each week. Therefore, we determined
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the length of time required for vegetative (stem length over
time) or reproductive parameters (fruit number or whorls of
fruits over time) to recover. Plants were considered re-
covered when the affected plants no longer significantly
differ from the controls. For all analyses, the model as-
sumptions of normality of residuals and homogeneity of
variance were verified. These analyses were carried out in
R 3.0.3 (R Core Team 2013).

Results
Herbicide sensitivity

Herbicide sensitivity was assessed as IC25 (Tables 2, 3).
IC50 and IC10 results are presented in annexes 2 and 3.
The aboveground biomass at the short-term harvest of six
of the eight species treated with tribenuron suffered a 25 %
reduction at doses ranging from 1.9 to 43.5 % of the rec-
ommended label rate (Table 2). The plants that were not
affected by tribenuron were the two rare species Neslia
paniculata subsp. thracica (hereinafter N. paniculata)
(Brassicaceae) and A. arvensis (Rubiaceae). In the long-
term harvest, however, effects were generally reduced,
such that after 48 (or 55) days after herbicide application
only the Papaveraceae and the Apiaceae species were still
noticeably impacted. Both R. rugosum and G. spurium, that
experienced significant 25 % reductions in biomass in the
short-term, were able to recover biomass in the long-term.

The herbicide 2,4-D caused a negative effect on five of
the eight species tested in terms of both the short- and long-
term aboveground biomass parameter (Table 2). The Ru-
biaceae species were not affected by 2,4-D and neither was
P. rhoeas. The majority of affected species had IC25 val-
ues below 50 % of the recommended label rate in both the
short- and long-term.

Significant differences were found between common
and rare species of the same family. However, the direction
of the effect was not as expected in all the cases (Fig. 1).
Tribenuron did not affect the rare N. paniculata and A.
arvensis species both in the short- and in the long-term.
There were significant differences with their respective
common species R. rugosum and G. spurium in the short-
term, however, this disappeared in the long-term. On the
contrary, tribenuron caused a significant decrease in the
biomass of the Apiaceac and Papaveraceae (both the
common and the rare), whereby in both cases the rare
species was significantly more affected. 2,4-D caused re-
markable effects on both common and rare species of the
Apiaceae, Brassicaceae and Papaveraceae. But it was only
the rare P. argemone which was significantly more affected
by this herbicide than its paired common species. For the
Rubiaceae, the common G. spurium was significantly more

affected than A. arvensis in the short-term when 2,4-D was
applied, but it was able to recover over time, such that no
statistical differences were found between them in the
long-term.

Effect on reproduction

Generally, seed biomass and seed number were reduced by
25 % at lower doses of herbicides than the vegetative
biomass variable, except for B. rotundifolium (Tables 2, 3).
Only N. paniculata and A. arvensis had produced seeds at
the time of the short-term harvest (28 days after the her-
bicide spray). The short-term seed production of these two
species was not affected by tribenuron dosage; however,
high doses of 2,4-D did cause marked reductions in the
seed production and reproductive biomass of N. paniculata.

In the long-term, both S. pecten-veneris and B. rotun-
difolium seed production were affected by the herbicides
tested. B. rotundifolium was more affected than S. pecten-
veneris under tribenuron, but no statistically significant
differences were found for 2,4-D (Fig. 2). Neslia pan-
iculata total seed biomass in the long-term harvest showed
no effect of tribenuron but it was affected by 2,4-D.
However, we were not able to compare reproduction of N.
paniculata to the common R. rugosum since the last one
failed to produce sufficient amounts of seed. Both Papaver
species showed strong reductions in seed production with
increasing dosages of both herbicides. There was no de-
tectable difference between P. rhoeas and P. argemone
responses in the tribenuron treatments but there were sta-
tistically significant differences between them for 2,4-D,
with the rarer P. argemone showing a greater negative
effect on total seed biomass. High doses of tribenuron
caused a reduction in seed biomass of G. spurium, but not
of A. arvensis, revealing significant differences between
these two species. On the other hand, 2,4-D showed no
noticeable effect on the reproduction of either of these
Rubiaceae species (Fig. 2).

Recovery

The weekly stem length measures allowed for an assess-
ment of the vegetative recovery over time for all species.
Similarly, weekly fruit (or whorls of fruits for A. arvensis)
counts allowed for an assessment of reproductive recovery
over time following herbicide exposure. Papaver species
were more affected by tribenuron than by 2,4-D herbicide
to the extent that they were unable to recover, both in terms
of stem length and fruit production, from tribenuron ap-
plication during the eight week span of the experiment
(Tables 4, 5). Papaver argemone was more affected by
2,4-D than P. rhoeas, and was unable to recover at doses
higher than 25 % of the label rate. B. roundifolium did not
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Table 2 Summary of the IC25s (defined as the dosage that resulted in a 25 % reduction in the overall aboveground biomass) for species tested

with tribenuron and 2.4-D

Species Test IC25 (g a.e. ha™h) 95 % confidence % of label rate
duration intervals
Tribenuron
Apiaceae Bupleurum rotundifolium [R] ST 0.986 0.709-1.307 13.142
LT 1.107 0.739-1.553 14.763
Scandix pecten-veneris subsp. ST 2.449 1.656-3.479 32.654
pecten-veneris [C]
LT 5.575 3.793-8.021 74.334
Brassicaceae Neslia paniculaia subsp. thracica [R] ST NE
LT NE
Rapistrum rugosum [C] ST 0.377 0.251-0.517 5.033
LT NE
Papaveraccae Papaver argemone [R] ST 0.144 0.110-0.179 1.922
LT 0.317 0.245-0.392 4.221
Papaver rhoeas [C) ST 0.404 0.196-0.649 5.388
LT 0.598 —0.627-5.854 7.976
Rubiaceae Asperula arvensis [R] ST NE
LT NE
Galinm aparine subsp. spurium [C] ST 3.260 1.807-5.467 43.473
LT >7.500
24-D
Apiaceae Bupleurum rotundifolium [R] ST 273429 200.351-373.029 48.480
LT 285.200 211.371-384.696 50.567
Scandix pecten-veneris subsp. ST 171744 126.565-232.925 30.451
pecten-veneiis [C]
LT 142.473 100.838-201.131 25.261
Brassicaceae Neslia paniculaia subsp. thracica [R] ST 151.240 118.438-193.052 26.816
LT 192.508 155.736-237.909 34,133
Rapistrum rugosum [C] ST 76.334 62.029-93.885 13.534
LT 137.293 82.799-227.223 24.343
Papaveraceae Papaver argemone [R] ST 347.859 265.380-455.877 61.677
LT 173.181 82.732-361.333 30.706
Papaver rhoeas [C] ST =564.000
LT NE
Rubiaceae Asperula arvensis [R] ST NE
LT NE
Galivm aparine subsp. spurium [C] ST >504.000
LT NE

The label rate for tribenuron was 7.5 g acid-equivalent (a.e.) ha~' and for 2.4-D was 564 g a.e. ha™". ‘ST’ indicates the short-term and ‘LT’ the
long-term harvest data. We used >7.500" and *>564.000° when the estimated IC25s were greater than the highest dose evalvated for each
herbicide. *NE’ indicates no statistically significant effect. The rarity of each species is indicated as [R] rare or [C] common

tecover in either stem length or fruit production at fribe-
nuron application rates of 6.25 % label rate and higher;
conversely, for 2,4-D, stem length only failed to recover at
100 % dose, while reproduction was never greatly affected.
The common S. pecten-veneris, in contrast, was able to
recover vegetatively at all doses, slowly over time (seven
to nine wecks) following the tribenuron treatment, but
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neither its stem length nor reproduction did recover at
higher doses of 2,4-D (Tables 4, 5). The rare species A.
arvensis experienced no negative effects on either stem
length or fruit production following both herbicides
application (Tables 4, 5). On the contrary, the common
species G. spurium, although more negatively affected than
A. arvensis, was able to recover in terms of stem length
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Table 3 Summary of the IC25s (defined as the dosage that resulted in a 25 % reduction in total seed biomass and number of seeds) for species
tested with tribenuron and 24-D

Species Test Variable IC25 (g a.e. 95 % confidence % of label
duration ha™ 1) intervals rate
Tribenuron
Apiaceae Bupleurum rotundifolium [R] LT Seed biomass  0.099 —0.329-0.798 1.314
Num of seeds NE
Scandix pecten-veneris subsp. pecten-veneris [C] LT Seed biomass  1.837 1.092-2.846 24.487
Num of seeds NI
Brassicaceac  Neslia paniculata subsp. thracica [R] ST Seed biomass NE
Num of seeds NL
LT Seed biomass NE
Num of seeds NE
Papaveraceae  Papaver argemone [R] LT Seed biomass ~ 0.227 0.209-0.245 3.024
Papaver rhceas |C] LT Seed biomass  0.126 —0.054-0.340 1.682
Rubiaceac Asperula arvensis [R] ST Seed biomass NE
Num of seeds NLE
LT Sced biomass  NE
Num of seeds NE
Galium aparine subsp. spurium [C] LT Seed biomass  6.690 3.742-11.469  89.194
Num of seeds NE
24-D
Apiaceae Bupleurum rotundifolium [R] LT Seed biomass  >3564.000
Num of seceds NE
Scandix pecten-veneris subsp. pecten-veneris [C] LT Seed biomass  81.433 21.652-207.110 14.438
Num of seeds NI
Brassicaceae  Neslia paniculata subsp. thracica |R] ST Seed biomass  98.885 71.631-136.365 17.533
Num of sceds  65.298 39.047-108.757 11.578
LT Seed biomass  182.569 120.090-277.287 32370
Num of seeds  169.059 91.553-311.470  25.975
Papaveraceae  Papaver argemone [R] LT Seed biomass ~ 25.934 5.896-104.202  4.598
Num of seeds 12.338 1.671-65.596 2.188
Papaver rhoeas |C) LT Seed biomass NE
Num of seeds NE
Rubiaceae Asperula arvensis [R] ST Seed biomass  >564.000
Num of seeds NE
LT Seed biomass  >564.000
Num of seeds NE
Galium aparine subsp. spurium [C] LT Seed biomass  >564.000

Num of seeds NE

The selected label rate for tribenuron was 7.5 g acid-equivalent (a.e.) ha~! and for 2,4-D was 564 g a.e. ha . *ST" indicates the short-term and
‘LT the long-term harvest data, We used >7.500° and *>>564.000" when the estimated 1C25s were greater than the highest dose evaluated for
each herbicide. *NE’ indicates no statistically significant effect. The rarity of each species is indicated as [R] rare or [C] common

within 26 weeks after exposure, though tending to require Discussion

increasingly longer periods of recovery at higher dosages.

Brassicaceac species cxhibited similar responses as the
Rubiaceac, except that at higher doses of both herbicides R.
rugosum plants failed to recover during the course of their
life cycle (Tables 4, 5).

Herbicide application is one of the leading causes of the
declining weed species diversity and abundance observed
in agricultural landscapes, as well as a factor cxerting
changes in the composition of weed communities
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Fig. 1 Dose-response curves for species tested with the herbicides
tribenuron and 2.4-D grouped by plant family: the rare species are
represented in grey and the common species in black. Curves
represent the percent average biomass of the sprayed plants as
compared 1o the untreated controls. For cach species pair, fop row
graphs represent the short-term biomass (ST) while those on the
boitom depict the long-term biomass (LT). Significance of the effect

(Hyvbnen and Salonen 2002; José-Maria et al. 2011). Most
species tested in this experiment suffered 25 % damage to
biomass or reproduction at very low doses of both herbi-
cides, often at doses below 50 % of recommended label
rates. Considering that arable weed species thrive prefer-
entially in crop fields, their populations probably have to
withstand recurrent high doses of herbicides, especially in
areas where multiple herbicide applications are performed
cach year. It has been suggested that the most sensitive
species, the ones that are most affected by herbicide ap-
plications, may have been displaced at the expense of the
more tolerant species (Freemark and Boutin 1995; Crone
et al. 2009). In fact, it is likely that most herbicide sensitive
species are now only found at the edges of organic ficlds,
where agricultural practices are performed less intensively
(Romero et al. 2008).
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of the dose is indicated as * when p-value <0.05; **<0.01;
##%<0.001 and ‘NS’ when no significance was found. The interac-
tions between the species and the IC25 (inhibition concentration of
herbicide causing a 25 % biomass reduction) and the slope of the
dose—response curve were used (o assess diflerences between the
paired species

Our data showed that, as expected, the sensitivity of
arable weed specics to herbicides depended both on the
dose of application and on the type of herbicide applied
(Clark et al. 2004; Carpenter and Boutin 2010). Applica-
tions of tribenuron and 2,4-D at the juvenile stage of de-
velopment caused significant reductions in  total
aboveground biomass in the majority of the species tested
when measured after 4 weeks following herbicide appli-
cation (short-term). These short-term cffects have been
documented in a large number of specics following expo-
sure to different herbicides (Breeze et al. 1992; Boutin
et al. 2010; Egan ct al. 2014). Effects of tribenuron on the
aboveground biomass of sprayed plants 8 or 9 weeks after
initial exposure (long-term effect) were less noticeable than
those in the short-term. This indicates that some of the
species tested (i.e. G. spurium and R. rugosum) were able
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to recover their biomass in at least some tribenuron doses
after initially being damaged, as has also found for other
species and herbicides (Riemens et al. 2009; Carpenter
ct al. 2013). This recovery of biomass, however, was less
pronounced when 2,4-D was applied.

Considering that herbicides have been listed as one of
the main causes of the loss of arable weeds, we expected
that the species that have undergone more noticeable
declines and that are currently considered to be rarer would
have higher sensitivities to herbicide application at non-
lethal doses than the more common species. However,
contrary to our assumptions, overall, rarity itself had no
direct link to herbicide sensitivity in our pairs of species.
We found significant differences between rare and com-
mon species in their sensitivities to the two tested herbi-
cides. However, these differences did not always follow the
expected direction. Comparable results were found by
Egan et al. (2014), who observed that many common
species were more susceptible to herbicides than the rare
ones while in the case of other pairs, the rare specics were
more affected. For instance, in our e¢xperiments, the rare
specics P. argemone and B. rotundifolium were more

sensitive to tribenuron application than their paired com-
mon specics, which would indicate that they would be
more at risk when tribenuron is applied. On the other hand,
the reverse trend was observed for the rare species A. ar-
vensis and N. paniculata that were more tolerant to tribe-
nuron than the common species. In the case of the
Brassicaceae and Apiaceae families, both rare and common
species were similarly affected by 2,4-D application. Thus,
even if herbicides have been important drivers of plant
diversity loss, they are unlikely to be the sole determinant
in explaining the overall decline of the rare weed species
(Royo-Esnal et al. 2011). The absence of a uniform re-
sponsc pattern in the sensitivity to herbicides tested among
common and rare arable weeds suggests that other factors
arc contributing to the dramatic reduction in their
populations.

A plant that receives a sublethal herbicide dosage may
experience delays in flowering or fruiting, which could
potentially reduce seed production and, in turn, impact the
seedbank replenishment (Strandberg et al. 2012). In other
cascs, flowering could be advanced by herbicide reaching
plants (Qian ct al. 2014), as observed for other stress

Table 4 Time to recovery (weeks) of stem length as determined through linear models analyses of weekly stem length data

Tribenuron

Week measurements began

Weeks until recovered

Dose (g a.e. ha !y and [% of label rate]

0.234 0.469 0.938 1.875 3.75 7.5

[3.125] [6.25] [12.5] 125] 150] [100]
Bupleurum rotundifolium [R] ] 7 -+ + + + +
Scandix pecten-veneris subsp. pecten-veneris [(] 6 NE NE NE 7 8 9
Neslia paniculaia subsp. thracica |R] 2 4 NE NE NE 3 NE
Rapistrum rugosum [C] 4 7 + + + + +
Papaver argemone |R] 3 + - -+ + -+ +
Papaver rhoeds [C] 3 7 8 -+ + —+ +
Asperula arvensis |R] 0 NE NE NE NE NE NE
Galium aparine subsp. spurium [C] 0 2 2 5 6 5 6
2.4-D Week measurements began 17.625 35.25 70.5 141 282 564

[3.1251  [6.251 [12.51  [251 [50]  [100]
Bupleurum rotundifolium |R] 0 NE NE NE NE 2 +
Scandix pecten-veneris subsp. pecten-veneris [C] 6 NE NE NE + + +
Neslia paniculata sabsp. thracica [R] 2 NE NE NE NE + +
Rapistrum rugosum [C] 4 7 8 7 + + +
Papaver argemone [R] 3 NE NE 8 + + +
Papaver rhoeas |C) 3 NE NE NE NE NE 5
Asperula arvensis [R] 0 NE NE NE NE NE 8
Galium aparine subsp. spurivm [C] 0 NE 4 5 + 5 5

Numbers indicate the minimum time (weeks after spray) at which the affected plants no longer significantly differ from the controls. ‘4

indicates that stem length did not recover during the experiment at a given dose; ‘NE’ indicates no statistically significant effect. The rarity of

each species is indicated as [R] rare or [C] common
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Table 5 Time to recovery (weeks) of plant reproduction (number of fruits or whorls of fruits for A. arvensis) as determined through linear

models analyses of weekly seed data

Tribenuron

Week measurements began

Weeks until recovered

Dose (g a.e. ha'l) and [% of label rate]

0.234 0.469 0.938 1.875 3.75 7.5

[3.125] [6.25] [12.5] [25] [50] [100]
Bupleurum rotundifolium [R] 7 9 + NE + + +
Sceandix pecten-veneris subsp. pecten-veneris [C] 7 NE NE NE NE NE 9
Neslia paniculaia subsp. thracica [R] 3 NE NE NE NE NE NE
Papaver argemone [R] 4 8 + + + + +
Papaver rhoeas [C] 5 + -+ + + -+ +
Asperula arvensis [R] 4 NE NE NE NE NE NE
Galium aparine subsp. spurium [C] 8 NE NE NE NE NE NE
2,4-D Week measwrements began 17.625 3525 70.5 141 282 564

[3.125] [6.25] [12.5] [25] [50] [100]
Bupleurum rotundifolium [R] 7 NE NE NE NI NE NE
Scandix pecten-veneris subsp. pecten-veneris [C| 7 NE NI NL -+ + +
Neslia paniculata subsp. thracica [R] 3 NE NE NE 5 6 6
Papaver argemone |R] 4 NE NE 6 + +
Papaver rhoeas [C] 5 NE NE NE NE NE +
Asperula arvensis [R] 4 NE NE NE NE NE NE
Galium aparine subsp. spurinum [C] g NE NE NE NI NE NE

Numbers indicate the minimum time (weeks after spray) at which the affected plants no longer significantly differ from the controls. ‘4
indicates that fruit production did not recover during the experiment at a given dose; "NE’ indicates no statistically significant effect. The rarity of

each species is indicated as |R] rare or [C] common

factors such as competition or drought for instance (Grime
1979). Our data on seed production, when available, gen-
erally denoted higher damage than total biomass, as also
recorded in other studies (Clark et al. 2004; Carpenter and
Boutin 210; Boutin et al. 2(14; EFSA PPR Panel 2014).
The fact that some reproductive endpoints were more
sensitive than biomass endpoints indicated that for some
species, risk assessment based solely on aboveground
biomass may underestimate true herbicide sensitivities.
Given that the tested species are annual plants that rely on
reproduction to ensure their survival, seed loss would di-
rectly relate to declines in seedbank size and subsequently
affect future seedling recruitment (EFSA PPR Panel 2014).
This could be the case for the rare species B. rotundifolium
and P. argemone that showed high sensitivities on repro-
ductive measures in relation to tribenuron. Thus, herbicide
application may have compromised the permanence of
their populations and, by extension, of the species (Car-
penter and Boutin 2010). The more common species P.
rhoeas, nevertheless, was affected by tribenuron in the
same way as P. argemone; however, field populations of P.
rhoeas have not undergone severe reductions. Papaver
rhoeas seed production was not affected by the application

of 2.4-D, unlike P. argemone, which was affected and
unable to recover seed production in the course of the
experiment.

The patterns in recovery assessed through stem length
and the number of fruits produced over time were similar
for both variables. Stem length recovery was dependent on
the herbicide dose applied, as expected, with plants at
higher doses requiring more weeks to recover. Neverthe-
less, the recovery capacity and the time required to recover
was highly variable amongst species, with no obvious
relation to the rarity of the species. Similar results were
found in Follak and Hurle (2004) and Carpenter et al.
(201 3). From a biological standpoint, sensitivity to herbi-
cides and the ability to recover after damage must be un-
derstood within a community context to fully understand
how populations of plants may be affected (Dalton and
Boutin 2010}, In natural communities, interspecific com-
petition for light and space would, in theory, favor the more
herbicide resistant species or those species that are faster to
recover following sublethal exposures (Carpenter and
Boutin 2010; Carpenter et al. 2013; Egan et al. 2014).
Although our tests did not take into account direct com-
petition between species, since plants were grown
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individually, we can infer how these species could poten-
tially react in a community context. For instance, P. rhoeas
plants would be at an advantage with respect to the rarer
P. argemone when 2,4-D is applied, which highlights the
relevance of this herbicide in affecting the rarity of this
species. However, the common species R. rugosum would
be more affected than its closely related rare species in a
community where these herbicides are applied. Given these
differences, to fully address the links between herbicide
application and arable weed rarity, community level ex-
periments should be conducted.

These findings must be interpreted cautiously for sev-
eral reasons. Our experiments only tested eight species in
four plant families, and therefore they represent just a
small sample of all the species that we consider charac-
teristic of arable fields (Rotchés-Ribalta et al. 2014).
Morcover, we only tested two commonly used herbicides
from a long list of herbicides that are frequently applied in
the study area (Taberner 2013). Thus, though a species
may be somewhat tolerant to one herbicide, all negative
effects from multiple herbicides could be causing the
actual decline. In addition, herbicides were sprayed at the
juvenile stage of plant growth; past studies have demon-
strated that herbicides reaching plants at the flower bud
stage may be more detrimental in terms of plant repro-
duction (Fletcher et al. 1996; Boutin et al. 2014). Further
phytotoxicity studies on rare arable plant species should
therefore consider more species from different families
conducted with different herbicides typically applied in
arable crops, at various phenological stages and tested in
community experiments.

Conclusions

Our results suggest that herbicides may be a prominent
factor contributing to arable plant diversity decline since
most of our study species suffered negative effects fol-
lowing herbicide application. However, other factors may
have been determinant in reducing the populations of some
arable weeds that have become rare. The interaction of the
different agricultural management practices, such as fer-
tilizer application and mechanization, may have also
played a significant role (Storkey et al. 2012). Giving that
the rare species showed different responses to the appli-
cation of two commonly used herbicides, we can postulate
that the rarity of each of these species has been driven by a
variety of idiosyncratic factors.

Since arable weed species show very specific responses
to agricultural management practices, future research
should consider herbicide phytotoxicity on these arable
species to ascertain the effects of herbicide exposure on
their populations. Although we found limited linkage
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between herbicide application and the rarity of arable weeds
studied in this experiment, herbicides remain an important
driver of declining arable plant diversity. Therefore, more
trials should be conducted to test the tolerance of these
arable species to the different herbicides that are regularly
applied in fields to ascertain how they respond to the ap-
plications. Tests must also assess long-term effects because
short-term trials do not take into account the ability of
plants to recover following sublethal application doses of an
herbicide, nor do they adequately assess reproduction,
which has been shown to be a more sensitive endpoint than
biomass in many cases. For annual species which fully rely
on yearly seed production to ensure their persistence within
a community, assessment of herbicide sensitivity at sub-
lethal doses would be more accurately estimated through
the effects on reproduction rather than solely on biomass.
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Non-linear regression logistic models used to dateu

Asym

IC50 (xmid) 14 <l0gdose)scal
xmid

Asym

0.25) (logdose)scal
0.75 xmid

IC25 (xmid)

1+ (

Asym

IC10 (xmid) 14 (%) (lo gdq;e)scal
. xmit

WhereAsymis the asymptote of the model and is forced téheemean biomass (or total seed
biomass or number of seeds) of the contratsid represents the inhibition concentration dose
(IC) andscalis the parameter referred to the slope of thelgdsgiined by the modébgdoseis

the variable dose of herbicide entered as logar{thoee + 1).
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Table A2.1: Summary of the IC50s (defined as the dosageréisaited in a 50 % reduction in the overall
aboveground biomass) for species tested with tdtmenand 2,4-D. The label rate for tribenuron was 7

g acid-equivalent (a.e.) fand for 2,4-D was 564 g a.e. haST’ indicates the short-term and ‘LT’ the
long-term harvest data. We used >7.500’ and >66@’ when the estimated IC50s were greater than the
highest dose evaluated for each herbicide. ‘NEicaigs no statistically significant effect. Theityaof

each species is indicated as [R] rare or [C] common

Species Test duration  IC50 (g a.e})ha 95 % Confidence Intervals % of label rate
Tribenuron
Apiaceae Bupleurum rotundifoliunfiR] ST 3.911 2.744- 5441 52.144
LT 3.215 2.126 - 4.685 42.872
Scandix pecten-venefi€] ST >7.500
LT >7.500
Brassicaceae Neslia paniculatdR] ST NE
LT NE
Rapistrum rugosurfC] ST 0.982 0.743- 1.255 13.099
LT NE
Papaveraceae Papaver argemonfR] ST 0.292 0.255- 0.331 3.898
LT 0.436 0.368 - 0.507 5.812
Papaver rhoeafC] ST 1.100 0.691- 1.608 14.665
LT 1.674 1.091 - 2419 22.320
Rubiaceae Asperula arvensifR] ST NE
LT NE
Galium spuriuniC] ST >7.500
LT >7.500
24-D
Apiaceae Bupleurum rotundifoliunfiR] ST >564.000
LT >564.000
Scandix pecten-venefi€] ST 389.994 290.089- 524.188 69.148
LT 489.908 212.010- 1130.358 86.863
Brassicaceae Neslia paniculatdR] ST >564.000
LT 433.510 354.435- 530.177 76.864
Rapistrum rugosurfC] ST 184.349 156.050- 217.747 32.686
LT >564.000
Papaveraceae Papaver argemonfR] ST >564.000
LT >564.000
Papaver rhoeafC] ST >564.000
LT >564.000
Rubiaceae = Asperula arvensifR] ST NE
LT NE
Galium spuriuniC] ST >564.000
LT NE
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Table A2.2 Summary of the IC50s (defined as the dosagerdsafited in a 50 % reduction in total seed

biomass and number of seeds) for species testédtrdenuron and 2,4-D. The selected label rate for

tribenuron was 7.5 g acid equivalent (a.e:} had for 2,4-D was 564 g a.e.”haST’ indicates the short-

term and ‘LT’ the long-term harvest data. We used.500’ and ‘>564.000" when the estimated IC50s

were greater than the highest dose evaluated @r learbicide. ‘NE’ indicates no statistically sificant

effect. The rarity of each species is indicatefRjgare or [C] common.

Species

Test duration

Variable

IC50 (g a.8) ha95 % Confidence Intervals

% of label rate

Tribenuron

Apiaceae Bupleurum rotundifoliunfR]

Scandix pecten-venefi€]

Brassicaceae Neslia paniculatdR]

Papaveraceae Papaver argemongR]
Papaver rhoeafC]

Rubiaceae  Asperula arvensifR]
Galium spuriuniC]
2,4-D
Apiaceae Bupleurum rotundifoliunfR]

Scandix pecten-venefi€]

Brassicaceae Neslia paniculatdR]

Papaveraceae Papaver argemongR]

Papaver rhoeafC]

Rubiaceae  Asperula arvensifR]

Galium spuriun{C]

LT

LT

ST

LT

LT
LT

ST

LT

LT

LT

LT

ST

LT

LT

LT

ST

LT

LT

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Seed biomass

Seed biomass
Num of seeds
Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds
Seed biomass
Num of seeds

>7.500
NE
3.454
NE

2.269 5.068

NE
NE

NE
NE

0.295
0.325

0.262 0.329
0.118 0.569

NE
NE
>7.500
NE
>7.500
NE

>564.000
NE
219.699
NE

17.251 2667.751

166.888
111,746
353.871
482.727

126.301 220.415
-0.317 0.464

239.404 522.840

225.124 1033.809

435.717
92.821
NE

NE

60.625 3093.881
28.656 295.819

>564.000
NE

>564.000
NE

>564.000
NE

46.053

3.936
4.329

38.954

29.590
19.813
62.743
85.590

77.255
16.458
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Table A3.1 Summary of the IC10s (defined as the dosageréisaited in a 10 % reduction in the overall
aboveground biomass) for species tested with tdtmenand 2,4-D. The label rate for tribenuron was 7

g acid-equivalent (a.e.) fand for 2,4-D was 564 g a.e. haST’ indicates the short-term and ‘LT’ the
long-term harvest data. We used >7.500’ and >66@’ when the estimated IC10s were greater than the
highest dose evaluated for each herbicide. ‘NEicaigs no statistically significant effect. Theityaof

each species is indicated as [R] rare or [C] common

Species Test duration  1C10 (g a.e})ha 95 % Confidence Intervals % of label rate
Tribenuron
Apiaceae Bupleurum rotundifoliunfiR] ST 0.344 0.186- 0.523 4.587
LT 0.471 0.224 - 0.768 6.284
Scandix pecten-venef€] ST 0.507 0.223- 0.857 6.759
LT 1.869 1.036 - 3.044 24.926
Brassicaceae Neslia paniculatdR] ST NE
LT NE
Rapistrum rugosurfC] ST 0.162 0.077- 0.253 2.156
LT NE
Papaveraceae Papaver argemonfR] ST 0.073 0.046- 0.101 0.977
LT 0.168 0.028 - 0.327 2.240
Papaver rhoeafC] ST 0.250 0.109- 0.410 3.339
LT
Rubiaceae Asperula arvensifR] ST NE
LT NE
Galium spuriuniC] ST 0.590 0.177- 1.148 7.873
LT 2.815 0.901 - 6.655 37.534
24-D
Apiaceae Bupleurum rotundifoliunfiR] ST 141.594 81.704- 244.851 25.105
LT 144.747 84,338- 247.918 25.664
Scandix pecten-venefi€] ST 84.349 51.541- 137.644 14.956
LT 52.567 29.266 - 93.807 9.320
Brassicaceae Neslia paniculatdR] ST 72.978 49.799- 106.733 12.939
LT 94.969 67.199 - 134.046 16.838
Rapistrum rugosurfC] ST 36.350 26.950- 48.911 6.445
LT 39.926 18.870- 83.294 7.079
Papaveraceae Papaver argemongR] ST 101.351 65.157- 157.344 17.970
LT 19.583 5.450 - 64.677 3.472
Papaver rhoeafC] ST 34.237 1.097- 591.096 6.070
LT 24.421 -0.936 - 10118.056 4.330
Rubiaceae = Asperula arvensifR] ST NE
LT NE
Galium spuriuniC] ST 6.365 0.445- 36.546 1.129
LT NE
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Table A3.2 Summary of the IC10s (defined as the dosagerdsafited in a 10 % reduction in total seed

biomass and number of seeds) for species testédtrdenuron and 2,4-D. The selected label rate for

tribenuron was 7.5 g acid-equivalent (a.e:} had for 2,4-D was 564 g a.e.”haST’ indicates the short-
term and ‘LT’ the long-term harvest data. We used.500’ and ‘>564.000" when the estimated IC10s

were greater than the highest dose evaluated @r learbicide. ‘NE’ indicates no statistically sificant

effect. The rarity of each species is indicatefRjgare or [C] common.

Species

Test duration

Variable

IC10 (g a.8) ha95 % Confidence Intervals

% of label rate

Tribenuron

Apiaceae Bupleurum rotundifoliunfR]

Scandix pecten-venef€]

Brassicaceae Neslia paniculatdR]

Papaveraceae Papaver argemongR]
Papaver rhoeafC]

Rubiaceae  Asperula arvensifR]
Galium spuriun{C]
24-D
Apiaceae Bupleurum rotundifoliunfR]

Scandix pecten-venef€]

Brassicaceae Neslia paniculatdR]

Papaveraceae Papaver argemongR]

Papaver rhoeafC]

Rubiaceae  Asperula arvensifR]

Galium spuriun{C]

LT

LT

ST

LT

LT

LT

ST

LT

LT

LT

LT

ST

LT

LT

LT

ST

LT

LT

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Seed biomass

Seed biomass
Num of seeds
Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds

Seed biomass
Num of seeds
Seed biomass
Num of seeds
Seed biomass
Num of seeds

0.003
NE

1.070
NE

NE
NE
NE
NE

0.175
0.051

NE
NE
>7.500
NE
2.081
NE

8.328
NE

35.855
NE

61.633

4.152
101.259
70.335

4.954
3.384
NE

NE

284.627
NE
143.844
NE
>564.000
NE

-0.041 0.050

0.440 1.976

0.147 0.204
-0.078 0.199

1.046 3.638

-0.946 1609.438

9.202 132.142

36.833 102.689

0.207 20.986

52.438 194.681

25.610 190.232

0.093 31.432
-0.217 23.549

59.582 1345.654

56.115 366.326

0.042

14.270

2.337
0.686

27.743

1.477

6.357

10.928

0.736

17.954

12.471

0.878
0.600

50.466

25.504
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RESUM

Modulaci6 de la competéencia entre el blat i les egpies arvenses caracteristiques i
rares dels cultius cerealistes de seca pels fetiitnts

Algunes especies arvenses caracteristiques ddtatbaterealistes de seca (o0 espécies segetals)
s6n molt poc frequients i requereixen una atengi@@al pel que fa a la seva conservacié. En
conseqlencia, resulta fonamental coneixer quireéecte de les practiques agricoles sobre les
seves poblacions. El cultiu i les espécies arversespeteixen pels mateixos recursos,
principalment nutrients, aigua i llum, i per aquesitiu tendeixen a ser mituament excloents.
Aixi doncs, les practiques agricoles que promoagmadduccio del cultiu mitjan¢ant 'increment
de la seva capacitat competitiva minimitzen el deskipament de les poblacions d’espécies
arvenses. L'aplicacio de fertilitzants es considermmental a I'hora de determinar les relacions
de competencia entre el cultiu i les especies apgija que sol estimular el creixement del cultiu
i, per tant, incrementa la competéncia per la lIBer. aguest motiu es va avaluar la resposta de
les espécies segetals segons el tipus (organicerad) i la dosi (alta i baixa) de fertilitzacié en
competéncia amb el cereal o no mitjancant un exyeri en condicions controlades. Aquest
experiment es va dur a terme amb quatre parelespdties segetals, una més rara i una meés
comuna, que pertanyen a families diferents. Encpdat, 1) s’ha avaluat I'efecte competitiu del
blat sobre el creixement de les plantes segetatsumes i rares i com aquesta relacié de
competéncia és modulada pel tipus i la dosi diifeatio, 2) s’ha determinat I'efecte de diferents
dosis i tipus de fertilitzacié sobre el moment ddldracié de les especies arvenses i si aquesta
relacié esta condicionada per la competencia amterdal i 3) s’ha avaluat si la capacitat

competitiva de les espéecies rares difereix de Esecomunes emparentades filogenéticament.

El fertilitzant mineral i el fertilitzant organicompostat es van aplicar a dues dosis diferents, per
equivalents entre tipus de fertilitzants, en testo® un volum constant de substrat. En un grup
d’aquests testos s’hi va disposar una sola plaaense al centre, mentre que en un altre grup de
testos s’hi van sembrar, a més, dues linies deptamtes de blat cadascuna. Es va avaluar I'efecte
de la fertilitzacid i de la competéncia amb el Blatbre les espécies arvenses (biomassa aéria total
i reproductiva i longitud de les tiges o llargadafdlles) aixi com els efectes sobre l'alcada del
blat utilitzant models lineals mixtes. També esdederminar I'efecte de la fertilitzacié i la
competéncia en el moment de floracié de les espé&uieenses mitjancant models de riscos

proporcionals mixtes (regressio de Cox d’'efectedes).
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Les especies arvenses caracteristiques van cnédssamb fertilitzacié mineral alta quan creixien
soles. Perd en competéencia amb el blat ni laifeadié mineral ni les dosis altes de fertilitzants
van afavorir el seu creixement. El blat, en cavevicréixer més amb fertilitzacié mineral alta amb
independencia de la presencia de les especiessap/dtl cereal és més eficient que les espécies
segetals a I'hora de captar els nutrients del Robinson & Sutherland 2002), de manera que
davant d’'una disponibilitat de nutrients més al@ixxmés rapidament, el que li confereix un
avantatge competitiu per la llum (Goldberg & MillE990; Weiner et al. 2001; Tang et al. 2014).
La fertilitzacié organica, per contra, permet adspecies segetals créixer més, ja que redueix la
competencia exercida pel cultiu. El tipus i la diesfertilitzacio van afectar la mida de les plante
segetals de la mateixa manera tant si creixielars com en competéncia amb el blat. A dosis
elevades de fertilitzants minerals el cereal motitaol'accés a la llum. Aixd provoca que les
espécies segetals, malgrat acumulen menys bioreassampeténcia amb el blat, sén capaces
d’assolir mides semblants a quan creixen solesgapetir amb el cereal per la llum (Kleijn &
van der Voort 1997).

La floracié de les especies testades va tendir més tardana a dosis baixes de fertilitzacié (sis
de vuit) i amb fertilitzacié organica (totes lepésies), tot i que els efectes van ser estadisticam
significatius només per algunes d’elles. Una fl@ranés tardana pot comportar una produccié
de llavors més baixa, fet que pot afectar negativdana mida de les poblacions en el futur
(Goldberg & Miller 1990; Storkey 2006; Fried et @012). Tot i aix0, la fertilitzacio i la

competéncia amb el cultiu van repercutir menysl emognent de floracié que en la biomassa.

Dues de les espécies segetals rares van ser nsfislez@ la competéncia amb el blat que les
seves parelles comunes en termes de creixemenigbsa i mida). Malgrat aixo, no totes les
parelles d’espécies van respondre de la mateixamaaavant la competencia amb el cereal sota
diferents dosis i tipus de fertilitzacié. En terngemerals, el cereal és menys competitiu davant
les especies segetals quan la fertilitzacioé ésnargaPer aquest motiu la fertilitzacié organict po
ser una bona soluci6 per afavorir el desenvolupaaheres especies segetals sense perjudicar
seriosament el creixement del cultiu. Els resultitésjuest estudi suggereixen que l'efecte
competitiu del cereal sota fertilitzaci6 mineraldesis elevades pot haver tingut un paper
important en la davallada de la diversitat vegatalsistemes agricoles. Malgrat tot, la baixa
frequéncia d’algunes espécies segetals no esrgmtiasolament a aquest efecte, ja que no totes
les espécies rares testades van respondre dedaanatanera en comparaciéo amb la comuna.
Aix0 indica que altres factors han contribuit emdduccié de les poblacions d’espécies segetals

o0 en determinar-ne la seva raresa localment.
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Modulation of the competitive relationship betweerwheat and the characteristic
and rare arable species of winter cereal fields biertilizers

Summary

Fertilizer application is considered crucial fortetenining the crop-weed competition
relationship by stimulating plant growth and in@ieg the competition for belowground
(soil nutrients) and aboveground resources (eght Bnd space). Characteristic arable
species have suffered from the intensificationgsicaltural practices so much that some
have become rare. In this study, we aim to askessampetitive ability of common and
rare characteristic arable species when growing witeat and how this competitive
relationship is modulated by the type (organic amideral) and dose (low or high) of

fertilization in a pot experiment.

Characteristic arable species grew better at higleses of fertilizers when growing
alone. However, when growing with wheat, they wautcompeted by the cereal plants.
Organic fertilization allowed characteristic arableeds to fare better by decreasing crop
competitiveness. Overall, flowering was not affedby the competition of wheat under
the different fertilizer regimes. Only the onseflofvering of some characteristic weeds
tended to be delayed by crop competition. Somegpeeies were more affected by the
competition of wheat, indicating that they may Imadvantaged in a community context.
However, this is not a general result, which higihts that competitiveness alone is a poor

predictor of the rarity of characteristic arablecps.

Keywords

Fertilizer dose; flowering date; mineral fertilizerganic fertilizer, plant biomass; plant

size.
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Introduction

Crop and weed species compete for the same respuraely nutrients, water and light.
Hence, they tend to be mutually exclusive (Tuor i&ue-Williams, 2002). Individuals
that emerge earlier or are able to uptake nutriéagter may take advantage of the
resources and overgrow their neighbours (GoldbergM&ler, 1990), eventually
prevailing in the community at the expense of ontpeted individuals (PySek & Leps,
1991; Tang et al., 2014).

Nutrient availability depends on the amount anetgpfertilizer applications. Therefore,
it is considered an important factor shaping thepetitive interactions between crops
and weeds. For instance, contrasting fertilizechsas mineral fertilizers, which rapidly
release available nutrients for plant absorptiow, @@mposted organic fertilizers, which
release the nutrients slowly, may have very differeffects on this competitive

relationship (Romanya et al., 2012).

Farming practices enhance crop production by me#nscreasing crop competitive
ability while minimizing weed populations. Howevenly a small percentage of weeds
cause significant crop losses. There are someeasgiglcies that do not cause any crop
production losses, yet have suffered a strong medhi abundance caused by intensive
farming practices (Fried et al., 2009; Storkeylet2012). Most of these species thrive
almost exclusively in arable fields because thgyedd on regular soil disturbance (i.e.,
tilage) and cannot succeed in more competitiveithedh Most arable weeds have an
annual cycle that mimics the life cycle of the ctbpy are associated with. These species

are considered characteristic species of arabtésf{Rotchés-Ribalta et al., 2014).

Characteristic arable weeds, which particularlivhnm winter cereal fields, have adapted
to cope with the competitive pressure exerted bpsrThus, they have evolved to avoid
being suppressed by the crop (Goldberg & Landall%9owever, these species have
been greatly affected by the intensification ofi@gtural management, which has caused
them to become rare or even locally extinct (BazssKlotz, 2006). That is why organic

farming practices, which are related with low irdéy management, encourage the
presence of characteristic arable species (Jos&aMsral., 2010). Therefore, lower

fertilization rates and the application of orgafedilizers instead of mineral fertilizers
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among other practices can be key factors affedtiegconservation of characteristic

arable species, particularly of those that are rare

Here we aim to assess the competitive responsharhcteristic arable species when
growing with wheat, as well as how this interacti®smodulated by the type (organic and
mineral) and the dose (low or high) of fertilizatioNe performed an additive design
(Goldberg & Fleetwood, 1987; Park, Benjamin & Watan, 2003) in a pot experiment
by growing an individual of a target weed specid®ee jointly with wheat plants or alone.
We tested the competitive response of eight chenatt arable weed species from four
families, using one rare and one more common sp@tieach family. Specifically, we
1) ascertained the competitive effect of wheatislan the growth of characteristic weed
species and how this relationship is modulatedhieytype and the dose of fertilization,
2) determined whether the flowering onset of weedcies is influenced by the
competition with wheat based on the different fiedtion rates and types and 3) assessed
whether the competitive ability of rare arable wedliffers from the more common

species.

Despite the difficulty of extrapolating resultsettly from pot experiments to understand
the functioning of complex arable weed communifped;based competition experiments
allow better control of biotic and abiotic factovghich help to more precisely determine
species interactions (Gibson et al., 1999). We idensthese types of experiments
essential for achieving a comprehensive understgrafithe mechanisms of competition
and how they may be altered with specific agronopmaxctices. This then provides a
sound knowledge of these mechanisms, which cansbd to implement appropriate

conservation measures for rare arable weed poposati

Materials and Methods

Experimental design

The experiment was conducted in 2012 at the expatiah fields of the University of
Barcelona, Spain. Average (x standard error) teatps¥ during the experiment was
15.7°C (£ 2.2), ranging from 0.5 to 33.2°C and mesative humidity was 63.1 % (£
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2.4), ranging from 10.0 to 98.8 %. Low-density hylene bags of 26 cm diameter and
35 cm height were used as pots containing 18 Lrafrafertilized mixture of 50 % peat

and 50 % sand. Bags were drilled at the bottontléavavater drainage.

The substrate was fertilized with mineral or orgdetrtilizers at two different doses (low
and high). For the mineral fertilization, NPK 15-15 product was added at 2.9 g per pot
for the high dose and 1.45 g per pot for the losed&ieved composted farmyard manure,
used as the organic fertilization, was added toctiveesponding pots at a rate of 100 g
for the high fertilization dose and 50 g per patttee low dose. Both types of fertilizers
represented an addition of 87 kg NHar the high dose and 43.5 kg N'*himr the low
dose. Given the differences in the nutrient reldaswveen the mineral and organic

fertilizers, the doses were adjusted to have simiteogen availabilities over the season.

The target weed species were all annual plantshadlimost exclusively inhabit arable
cereal fields and are considered characteristiblarspecies (Rotchés-Ribalta et al.,
2014). We selected eight characteristic arableiepdielonging to four families, from
which one was rare and the other was a more conspexies (Table 1). The rarity of the
target species was established according to thexjuéncy in an extensive survey from
north-eastern Spain (Rotchés-Ribalta et al., 200Mged seeds were collected in the

spring-summer of 2011 from selected natural plapiupations.

Table 1: Pairs of common and rare target arable weed epethe rarity status is in accordance to the
frequency of occurrence of these species in a felgesurvey (1957 samples at the edges of 30drocg
fields) from north-eastern Spain (Rotchés-Ribattale 2014).

Family Species Frequency (%) Rarity
Apiaceae Bifora testiculataM. Spreng 0.66 Rare
Scandix pecten-venellis subsp pecten-veneris 15.79 Common
Brassicaceae Neslia paniculatdl.) Desv. subsphracica(Velen.) Bornm. 1.33 Rare
Rapistrum rugosur(L.) All. 8.02 Common
PapaveraceaePapaver argemonk. 0.72 Rare
Papaver rhoeas. 61.01 Common
Rubiaceae  Asperula arvensik. 0.77 Rare
Galium aparinesubspspurium(L.) Simonk 15.07 Common
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Seeds were kept wet on top of trays filled with #hentilized substrate in complete
darkness at 2-4°C for a week. Then, the trays mene=d into a growth chamber with ten
hours daylight at 20°C and 14 hours night at 109 ¢mote germination. Seedlings with
fully expanded cotyledons that were similar in sime individually transplanted in the
centre of each pot (¥8and 26" of January). Dead seedlings (62 in total) werdacsm
during the first 20 days. For each species, onaétibf plants under all of the fertilization
conditions was grown alone. Another set was sowatteer with ten winter wheat plants
(Triticum aestivunmvar. Montcada), representing 200 seedstmaddress the effect of
crop-weed competition. Wheat seeds were sown theapd 18' of January at 1.5 cm
depth along two lines in each pot, which were saedrby 12.5 cm. This simulated the
sowing lines experienced under field conditiondsReere watered regularly.

All of the pots were placed on a grid and distrdautn five blocks, corresponding to
replicates. Within each block, two sub-blocks waeeermined according to the different
levels of fertilization. We also included twentytexpots sown only with wheat under

the different fertilization conditions.

Data collection

Different measures have been used to evaluatedtimpetitive performance of plants,
with biomass measures being the most commonly usethod for assessing the
competitiveness between plant species. Plant mateas harvested when the wheat was
dry and had hard kernels'{4f June), almost five months after sowing. Thevaigoound
biomass of both crop and weed plants was cut asdhdevel, bagged separately, dried

at 60°C for at least five days and weighed aftedwar

However, when light is the main source of plant petition, plant size may also be
relevant (Goldberg & Fleetwood, 1987). The sumheflength of the main stems of the
species with ascending leafy stem&. @rvensisand G. aparine subsp. spurium
hereinafteiG. spurium) was measured. The mean lengths of the threerleogette leaves
were measured for the other species. The heightsiofandomly selected wheat tillers
in each pot were measured to obtain the mean hefhbhe wheat plants. These
measurements were carried out at four different smamthroughout the duration of the

experiment.

173



Capitol 4

The persistence of characteristic arable specles ieeavily on reproduction to ensure
future populations. Therefore, the analysis oféffects of competition on flowering is
crucial. The phenology of the weeds, i.e., vegetatir flowering, was also recorded

regularly, up to seven times.

Statistical analysis

- Effects of fertilization and wheat competition weed growth Mixed effect models
were used to assess the effects of the type dfifation, dose of fertilization, wheat
competition and their interactions on the abovegdobiomass. The plant biomass was
log transformed to achieve normality and homosdesigsof the residuals. When the
homoscedasticity conditions were not met, we inetlthe heteroscedasticity structure
in the error term. Blocks and sub-blocks (nestdaldok) were included as random factors

in the model.

To evaluate the differences between the rare amddmmon species of a given family,
we fitted the mixed effect models to the abovegtbbiomass jointly for each pair of
species within each family. The factor rarity whert included in the model to assess
whether the difference between the two speciessigrsficant.

Similar models were also run for each weed speitieassess the effects of wheat
competition on the size of the plants under diffiéffertilizations (total stem length or
mean rosette leaf length, depending on the speares)ver time. As these measures
were evaluated four times during the experimer,stimpling date was included in the
models through a polynomial trend (linear, quadratid cubic terms). This allowed for
modelling of the temporal trend as best as possiltlout relying on complicated growth
models, and enabled the detection of differencetherfinal sizes and the growth rates
between species. The total stem length and the mesette leaf length were log
transformed to achieve normality and homoscedagtimi the residuals. When the
homoscedasticity requirement was not met, the nsodetre fitted, including a

heteroscedastic error structure.

For all of the analyses we used the R 3.0.3 prodRamevelopment Core Team, 2014)
with the nime package (Pinheiro et al., 2013).
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- Effects of fertilization and weed competition oneathgrowth We also assessed the
competitive effects of the weeds on the mean hegkite wheat plants growing under
different fertilizer regimes. We used a mixed efffemdel, including the weed species,
the type and the dose of fertilization, the santgpliate following the same approach as
for weed growth, and their interactions as fixettdes. The mean wheat height was log-
transformed to achieve normality and homoscedagtiBiocks and sub-blocks (nested
to block) were included as random factors in thelehoThese analyses were carried out
with R 3.0.3 (R Development Core Team, 2014) usivegnime package (Pinheiro et al.,
2013).

- Effects of fertilization and wheat competition catedof flowering We assessed the

effects of the types and the doses of fertilizassyell as the wheat competition, on the
flowering time of each weed species. We used thegaportional hazards mixed effects
models to enable inclusion of the sub-block andlblandom effects. This analysis was
carried out using R 3.0.3 (R Development Core Te2di4) with the coxme package

(Therneau, 2012).

Results

Effects of fertilization and wheat density on wgealvth

Overall, the aboveground biomass of the charatiteasable species was lower when
growing with wheat (Table 2). They grew bigger ahhfertilization doses, but less
vigorously when the fertilization was organic, camgd to mineral fertilization.
However, for all of the species other tfanrugosumthe effect of organic fertilization
was significant only when growing without wheatm8arly, for some speciesA(
arvensis G. spurium B. testiculata P. argemoneand P. rhoea$, high doses of
fertilization led to higher biomasses only whenvwgrg alone. High doses of mineral
fertilizer induced a larger biomass®f spuriumandB. testiculatabut this trend was not

observed under organic fertilization.

175



Capitol 4

Table 2 Effects of the fixed factors on the biomass ddreltteristic arable plants. Estimated coefficiamd their standard errors for the mixed effect n®dees presented.
Significance of the effects is indicated-ashen p-value < 0.1, * <0.05; ** < 0.01 and *** <@D1. Significant differences (p-value < 0.05) aclke parameter between the
rare (R) and the common (C) species of each faandyshaded.

Bifora testiculat: Scandix pecte-veneris Neslia paniculat Rapistrum rugosu
(R) ©) (R) ©)
Intercep 0.63¢ * 0.101*** 1.94t + 0.308*** 1.27¢ + 0.134** 4.34: + 0.569***
Type of fertilizel
Organic (vs. Minera -0.29C + 0.132¢ -1.097 + 0.405* -0.64¢ + 0.155* -2.48C £+ 0.711*
Dose of fertilize
High fertilizer (vs. Low fertilizer 0.721 + 0.132*** 1.121 + 0.405 0.84¢ + 0.155%* 0.27¢ + 0.711
Sowing wheat densi
Wheat (vs. No whee -0.56¢ + 0.132*%* -1.44% + 0.405** -0.978 + 0.155** -2.168 £ 0.711*
Organic fertilizer (vs. Mineral) x High fertilizéws. Low) -0.651 + 0.154** -0.33¢ + 0.472 -0.35z + 0.17< 0.572 £+ 0.821
Organic fertilizer (vs. Mineral) x Wheat (vs. No @4t 0.52¢ + 0.154* 1.14¢ = 0.472° 0.70€ £ 0.174* 0.76€ + 0.821
High fertilizer (vs. Low) x Wheat (vs. No whe -0.337 + 0.154* -0.751 + 0.472 -0.36t + 0.17<4 -0.51z + 0.821
Papaver argemor Papaver rhoee Asperula arvens Galium spuriun
(R) © (R) ©
Intercep 0.661 * 0.156*** 1.67: + 0.331** 1.321 + 0.226*** 1.34¢ £ 0.144%
Type of fertilizel
Organic (vs. Minera -0.23¢ + 0.18: -1.407 + 0.335* -0.99¢ + 0.236** -0.98: + 0.175%*
Dose of fertilize
High fertilizer (vs. Low fertilizer 0.95t + 0.183*** 0.69¢ + 0.253* 0.74¢ + 0.239* 0.71: £+ 0.175*
Sowing wheat densi
Wheat (vs. No whee -0.73: £ 0.191* -1.637 £ 0.331%* -1.12F £ 0.231%* -1.277 £ 0.175%*
Organic fertilizer (vs. Mineral) x High fertilizéws. Low) -0.44¢ + 0.21¢ 0.02C + 0.04t -0.08¢ +  0.15¢ -0.45¢ + 0.202*
Organic fertilizer (vs. Mineral) x Wheat (vs. No @4t 0.46z £ 0.217* 1.41z = 0.335%** 0.931 £ 0.242* 1.137 + 0.202***
High fertilizer (vs. Low) x Wheat (vs. No whe -0.65€ + 0.217* -0.68¢ + 0.252* -0.53¢ + 0.221* -0.49z + 0.202*
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The rarity status did not show a general corratatvith the growth pattern of weeds. For
instance, the rare species of Apiaceae and Brassieagrew less vigorously than their
respective common species, while no differencesewieund for Papaveraceae and
Rubiaceae (Table 2).

The size of the characteristic arable plants foldwhe same pattern as the biomass
results. Weeds growing with wheat were shorter tiwaen growing alone, as well as
under organic fertilization and at lower fertilimat doses (Fig. 1). However, the
interactions between wheat competition and the gpe the dose of fertilizers were
generally not significant (Appendix S1). This inalies that fertilizers affected the plant
growth independently of the presence of wheat, whiiffers from the biomass results.
Regarding the rarity status, the rare speBietesticulataP. argemonendA. arvensis
grew shorter than their respective common speblesertheless, their response to the
tested variables was similar to the common spdmeause no significant interactions

were found (Appendix S1).

Wheat growth

Wheat plants grew taller with higher doses of liegr inputs, particularly when mineral
fertilizer was applied. This is indicated by thgrsficant effect of the interaction between
the type and the dose of fertilization (Table 3)atacteristic arable species growing with

wheat did not significantly affect the height of @gt at any of the doses and fertilizer

types.

Effects of fertilization and wheat competition towering onset

Organic fertilization led to later flowering in gemal, but the differences were only
marginally significant for the rare speciés arvensisand B. testiculata Lower
fertilization rates also led to later flowering &k out of eight species, but the effect was
statistically significant only foP. rhoeag(Table 4). Rare species showed no significant
differences with respect to their common countegpar terms of the flowering onset,
except forB. testiculata which flowered significantly later than its palreommon
species (Table 4).
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Apiaceae Brassicaceae

5

log(mean leaf length)+1
L
T
o

log(mean leaf length)+1
L
T
=]

3

R e
=
L]
e —
a
‘

. .
-
1L

L]
L4
*
L
@
)
-
[N
-
-y
¢
T

=]
-
5
»
)
Bl
[——T
+
3
.
T

2

SM 19M 9A 247 SM 19M 9A 24 SM o 19M 9A 24A SM 19M 9A 24A SM 19M 9A  24A SM 19M 9A  24A SM 19W 9A  24A SW 19W 9A 24A

Papaveraceae Rubiaceae

P

log(mean leaf length)+1
L
T
o

log(total stem length)+1
L
T
=]

w
L
=]
—=
.
L)
[
-

B =y
¥
-

k]
. .
B
e
*
O
>
T
@
s
*
L
LK)
-
=
»
¥
>
o
.
=
L)
T

SM 19M 9A 24A SM 19M 9A  24A SM 19M 9A  24A SM 19M 9A  24A SM 19M 9A  24A SM 19M 9A  24A SM 19M 9A 24A SM 19M 9A 24A

Fig. 1: Box-plots for the average rosette leaf lengthiédpae, Brassicaceae and Papaveraceae) and theteateheight (Rubiaceae) for the common (dark geeyl rare
(light grey) species of each family at each sangptiate (8 March, 19" March, 9" April and 24" April). ‘Wheat’ and ‘Without wheat’ indicate theondition of growing
together with or without wheat respectively; dosetertilizer are shown as ‘High’ and ‘Low’; and ‘iWeral’ and ‘Organic’ represent the type of ferdr applied.
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Table 3: Effects of the fixed factors on the mean heighivbeat plants. Estimated coefficients and their
standard errors for the mixed effect models arsemted. Significance of the effects is indicated when
p-value < 0.1, * <0.05; ** < 0.01 and *** < 0.00Rarity status of arable weed species is indicase@Ra
and (C) for rare and common species respectively.

Estimate + SE

Type of fertilizer

Organic (vs. Mineral) -35.551 5.011***
Dose of fertilizer
High fertilizer (vs. Low fertilizer) 32.986+ 5.129%**
Sampling date
Sampling date (Linear term) 320.368 4.653***
Sampling date (Quadratic term) 174.2#2 3.865***
Sampling date (Cubic term) 47.788 2.873**
Organic fertilizer (vs. Mineral) x High fertilizéws. Low) -24.412+ 6.739**
Organic fertilizer (vs. Mineral) x Sampling date L -53.483 + 5.195***
Organic fertilizer (vs. Mineral) x Sampling date Q -22.628 + 4.334***
Organic fertilizer (vs. Mineral) x Sampling date C -10.029 + 3.257*
High fertilizer (vs. Low) x Sampling date L 0.925 5.099
High fertilizer (vs. Low) x Sampling date Q -1.014 4.256
High fertilizer (vs. Low) x Sampling date C 1.374 3.196
Growing with:
Bifora testiculata(R) (vs. Alone) -4.984 + 2.728
Scandix pecten-vensr{C) (vs. Alone) -1.047+ 2.773
Neslia paniculatgR) (vs. Alone) -0.856 + 2.775
Rapistrum rugosurfC) (vs. Alone) 2.014 + 2.809
Papaver argemongR) (vs. Alone) 0.060 + 2.786
Papaver rhoea¢C) (vs. Alone) 0.741 + 2.794
Asperula arvensi€R) (vs. Alone) -3.529 + 2.745
Galium spuriun{C) (vs. Alone) -4.831 + 2.730
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Table 4 Effects of the fixed factors on the time to flawng of characteristic arable plants. Estimatedfaents and their standard errors from the Coxedieffect models
are presented. Significance of the effects is atgid as when p-value < 0.1, * <0.05; ** < 0.01 and *** <@D1. Significant differences (p-value < 0.05) atle parameter

between the rare (R) and the common (C) specieadalf family are shaded.

Apiaceae Brassicaceae
Bifora testiculata ~ Scandix pecten-veneris Neslia paniculata Rapistrum rugosum
(R) © (R) ©

Intercept - - a - -
Type of fertilizer

Organic (vs. Mineral) -1.049+ 0.591 -0.659 + 0.566 -0.914+ 0.560 0.220+ 0.589
Dose of fertilizer

High fertilizer (vs. Low fertilizer) 0.168+ 0.560 -0.014+ 0.566 0.830+ 0.563 1.083+ 0.614
Wheat density

Wheat (vs. No wheat) -0.13& 0.559 -0.918+ 0.574 -0.396+ 0.553 0.156+ 0,596
Organic fertilizer (vs. Mineral) x High fertilizéws. Low)  -0.128 £+ 0.645 -0.332+ 0.657 -0.635+ 0.642 -0.349+ 0.665
Organic fertilizer (vs. Mineral) x Wheat (vs. No g4t) 0.504 + 0.651 0.249+ 0.668 0.905+ 0.645 -0.528 + 0.680
High fertilizer (vs. Low) x Wheat (vs. No wheat) 504 + 0.651 0.376 + 0.660 -0.472+ 0.639 -0.285+ 0.670

Papaveraceae Rubiaceae
Papaver argemone Papaver rhoeas Asperula arvensis Galium spurium
(R) © (R) ©

Intercept - - - -
Type of fertilizer

Organic (vs. Mineral) 0.066+ 0.564 -0.465+ 0.593 -0.979+ 0.572- -0.623 + 0.565
Dose of fertilizer

High fertilizer (vs. Low fertilizer) 1.030+ 0.573 1.214 + 0.598* 0.138 + 0.578 -0.623+ 0.565
Wheat density

Wheat (vs. No wheat) -0.08% 0.590 -1.165+ 0.649 -0.570 £ 0.551 -0.829+ 0.565
Organic fertilizer (vs. Mineral) x High fertilizws. Low)  -0.931 + 0.688 -0.749+ 0.691 0.624+ 0.692 0.278+ 0.646
Organic fertilizer (vs. Mineral) x Wheat (vs. No g4t) 0.109 + 0.673 1.437+ 0.727* 0.866 + 0.644 0.484+ 0.646
High fertilizer (vs. Low) x Wheat (vs. No wheat) .169 + 0.673 0.191+ 0.691 -0.273+ 0.643 0.484+ 0.646

a Cox mixed effect models do not provide a basdimeard. Estimated magnitude of the difference 859 + 0.669***.
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Discussion

Competitive relationships between wheat and weeds

Weed growth (in terms of aboveground biomass) neded positively to higher soil
nutrient levels when growing alone, as noted pnesip (Andreasen, Litz & Streibig,
2006). In most cases, however, the positive efféthe higher fertilization rates on the
growth of arable weeds was observed only undernalifertilization. Composted manure
has fewer nutrients immediately available to pldh&n do mineral fertilizers because of
a slower release (Romanya et al., 2012). Thisrdiffee led to both smaller arable weeds
and smaller wheat plants. This effect was morenmie for the wheat than for the weed
species, but it may vary depending on the respoofasable species to the different
nutrient availabilities (Liebman et al., 2004; Btabaw, 2005).

However, the different rates of organic and minéedilization tested did not affect the
weed biomass when growing in competition with theeat plants. Similar results were
previously found for more generalist weeds (Andeeast al., 2006). Although
characteristic arable species were able to grotetander higher fertilization doses,
their growth was dramatically reduced by wheat cetitipn because wheat uses nutrients
more efficiently. Therefore, crops outcompete tharacteristic arable species by pre-
empting available soil nutrients and limiting accés light (Goldberg & Miller, 1990;
Robinson & Sutherland, 2002; Tang et al., 2014heDstudies have even found weed
biomass to be reduced when increasing fertilizatiamch indicates the importance of
fertilization on stimulating crop growth and redugiweed growth (Kleijn & van der
Voort, 1997).

Contrarily, the type and the dose of the fertii@athad the same effect on the size (total
stem length or mean rosette leaf length) of theastaristic arable weeds when growing
alone or with wheat. At higher fertilization ratespecially in mineral fertilizer, wheat
outcompeted characteristic arable weeds for liglyEék & Leps, 1991). In response to
this, characteristic weed plants grew as tall odpced rosettes as large as when growing
alone to absorb light but without increasing ttéamass (Kleijn & van der Voort, 1997).

However, not all arable species fit this pattermm® generalist weeds are good
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competitors and can take advantage of the addelizétion despite competing with a
crop (Goldberg & Miller, 1990; Blackshaw, 2005; Bkashaw & Brandt, 2009).

The analysis suggests that the competitive effette@wheat is higher than that of the
characteristic arable weeds studied. Thereforeg rdrthe arable species tested had a
significant effect on the growth of wheat. Thisnlemight seem skewed because there
was only one weed against several wheat plants.ederythat ratio is commonly found
in the fields. Wheat plants were able to uptakeiewis faster than the characteristic
arable weeds (Tang et al., 2014) and thus greertas previously noted (Kleijn & van
der Voort, 1997). This performance is particuladynarkable at higher rates of mineral

fertilization, as it represents more immediate lade nutrients for plants.

On the contrary, organic fertilization, independehthe amount applied, gave rise to
remarkably smaller wheat plants than mineral fedilon. Moreover, the differences
were larger for the wheat than for the characieretable species. Therefore, organic
fertilizers may allow characteristic and also rarable species to thrive in organically

fertilized fields, because of reduced crop competitess.

Relative competitive ability of common and rareldeasspecies

The fertilization can affect the relative compettiability of the weeds growing with
crops. Therefore, we expected that the speciesmlyr considered rare to have
undergone more severe declines than common spaoeeghe past few decades, as a
result of the high fertilization rates that havea@cterized agricultural management
(PySek & Leps, 1991; Tilman et al., 2002). In owdy, the organic fertilization, where
fewer nutrients were available, generally led teslevigorous weeds. Howeves,
testiculataandN. paniculata the rare Apiaceae and Brassicaceae speciesctiesbe
experienced this effect significantly more thanirthgaired common species. This
indicates that these rare species may be at avdistd)e in a community context, as
demonstrated by other rare arable species (Eppeteil., 2014). Moreover, in terms of
biomass, these rare species were more outcompgteéddebwheat than their paired
common species. This emphasizes the relevances dfiginly competitive crop species

in determining the rarity of these characteristabée weeds.
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However, the effects of fertilization rates wereaiable among species. Among the
Rubiaceae species, the rare species was bettetoaalee advantage of higher fertilizer
doses, but only when growing alone. Both Papaveraspecies responded similarly in
terms of biomass. Therefore, while rarity of sorharacteristic arable species (such as
B. testiculataandN. paniculatga might be caused by the competition with crop ssec
under high doses of mineral fertilization, for atpecies, the rarity might be explained
by other management practices, such as herbicidication (Rotchés-Ribalta et al.,
2015).

With regard to the total stem heights and rosetiélengths, despite the fact that the rare
species were shorter or had smaller leaves tharcdahenmon species, both rare and
common species exhibited the same response to wbegtetition, as no significant
interactions were found. This indicates that th#tyraf arable weeds is not related to

their size response to the different fertilizerinegs.

Reproductive competitive response of charactengdeds

Generally the flowering onset was not significaraffected by the wheat competition at
the different fertilization types and doses. A ttesf later flowering was observed on
some characteristic arable species at low fertilideses, especially under organic
fertilization. However, only. rhoeadlowered significantly later at low fertilizer des.

This may have important implications at the popatatevel because later flowering
typically leads to lower seed production (Fried,z&eou & Gaba, 2012). This is
especially significant if seed shedding takes daaier the harvest time, which may

negatively affect their preservation (Pino, Sanksl&salles, 1998).

Overall, there were no differences between thedling onset and rarity status. Only the
rareB. testiculatabloomed significantly later than its paired comnspecies, especially
when competing with wheat. A high competition ptessfrom the crop might have
caused this species to become rarer due to redepsxtiuction rates over time (Goldberg
& Miller, 1990).

Flowering time seemed less sensitive than both &ssmand size to the competitive

relationship under the different fertilizer regimbievertheless, the limited extent of our
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sample size must be considered. It could be irtiage® collect flowering measurements
more often during the peak of the bloom, combineth weproductive allocation of
biomass, to obtain a more accurate estimate oéffieets of competition on the time to

flowering under the different fertilization regimes

Conclusions

Characteristic arable weed species positively adethe application of high doses of both
organic and mineral fertilization. However, theyffeted under high rates of mineral
fertilization due to the indirect effects of cereampetition. Organic fertilization led to a
lesser growth of cereal plants compared with theenail fertilization. This reduction in

cereal size allowed characteristic arable weedgetform better. Flowering was not
significantly affected by the competition of wheatdifferent fertilizer types and doses.
Only some characteristic arable species tendedfferdlowering delays under low or

organic fertilization regimes, which may involvedueed offspring, affecting the weed
community dynamics. Therefore, population reductitor some weeds may stem from

resource acquisition effects, more than from chamgéhe timing of weed development.

Our results suggest that crop competition, whiclshaped by the type (organic and
mineral) and the dose (low or high) of fertilizatjomay play a prominent role in
contributing to the decline in arable plant diversHigher doses of mineral fertilization
may have also contributed to the rarity of someemity threatened characteristic species,
but this may not be a general pattern. Nevertheleg®r doses of fertilizers or the use

of organic fertilization should be promoted to cenve characteristic arable species.
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Supporting information to the paper

ROTCHESRIBALTA, R, BLANCO-MORENQ JM, ARMENGOT, L SANS, FX. Modulation of the competitive relationship between wheat andhdr@cteristic and

rare arable species of winter cereal fields by fertiliA&=sed Research

Appendix S1 Effects of the fixed factors on the size (meargth of the rosette leaves or total stem lengthjhafracteristic arable plants. Estimated coeffisiemd their
standard errors from the mixed effect models aesgmted. Significance of the effects is indicatedwhen p-value < 0.1, * <0.05, ** < 0.01 and *** <@D1. Significant
differences (p-value < 0.05) in each parameter éetvthe rare (R) and the common (C) species of faaaity are shaded.

Bifora testiculata Scandix pecten-veneris Neslia paniculata Rapistrgosum
(Rosette leaves length) (Rosette leaves length) (fRdeaves length) (Rosette leaves length)

Intercept 3.763 * 0.091** 4.225 + 0.093** 3.834 + 0.144% 3.912 + 0.223%*
Type of fertilizer

Organic (vs. Mineral) -0.491+ 0.118* -0.405 + 0.117* -0.366 + 0.136* -0.531 + 0.280
Dose of fertilizer

High fertilizer (vs. Low fertilizer) 0.302 + 0.118* 0.368 + 0.116** 0.471 + 0.136** 0.563 * 0.280
Sowing wheat density

Wheat (vs. No wheat) -0.509+ 0.118*** -0.308 + 0.117* -0.576 + 0.136*** -0.520 + 0.280
Sampling date

Sampling date (Linear term) 0.612 0.049* 0.535 + 0.407** 0.534 + 0.068** 0.785 + 0.071**

Sampling date (Quadratic term) -0.126  0.049* -0.211 + 0.040*** -0.171 + 0.068* -0.034 + 0.070

Sampling date (Cubic term) -0.09% 0.049 -0.035 + 0.039 -0.032 £ 0.068 0.029 + 0.072
Organic fertilizer (vs. Mineral) x High fertilizer v Low) -0.311 + 0.136* -0.216 + 0.135 -0.231 £+ 0.157 -0.203 + 0.323
Organic fertilizer (vs. Mineral) x Wheat (vs. No whea 0.186 + 0.136 0.175 + 0.135 0.164 + 0.157 0.068 + 0.323
High fertilizer (vs. Low) x Wheat (vs. No wheat) 0.25¢ 0.136 -0.198 + 0.135 -0.067 £ 0.157 -0.219 + 0.323
Organic fertilizer (vs. Mineral) x Sampling date L -0.148 0.049** 0.090 + 0.042* 0.196 + 0.068** 0.068 + 0.068
Organic fertilizer (vs. Mineral) x Sampling date Q 0.082 0.049 0.053 + 0.041 0.011 + 0.068 0.061 + 0.067
Organic fertilizer (vs. Mineral) x Sampling date C 0.008 0.049 -0.048 + 0.041 -0.081 + 0.068 -0.027 + 0.067
High fertilizer (vs. Low) x Sampling date L 0.074 0.049 -0.038 = 0.041 0.038 + 0.068 -0.019 + 0.068
High fertilizer (vs. Low) x Sampling date Q -0.052 0.049 -0.030 + 0.041 -0.125 £+ 0.068 -0.126 + 0.067
High fertilizer (vs. Low) x Sampling date C 0.01# 0.049 0.066 + 0.040 -0.032 £ 0.068 -0.112 + 0.067
Wheat (vs. No wheat) x Sampling date L -0.218  0.049*** -0.173 + 0.042%* -0.049 + 0.068 -0.213 + 0.068**
Wheat (vs. No wheat) x Sampling date Q 0.1 0.049* 0.181 + 0.041*** 0.068 + 0.068 -0.001 + 0.067
Wheat (vs. No wheat) x Sampling date C 0.024 0.049 -0.066 + 0.041 -0.018 £ 0.068 -0.108 = 0.067
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