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1.1 L'agriculturai la péerdua de biodiversitat

L'agricultura i la ramaderia han modificat radicalment el medi per orientar-
lo a la produccio d'aliment i de fibres naturals per a consum huma, de
farratge per a consum animal o de biomassa per obtenir-ne energia. Aquest
focus en la produccié de biomassa d'una o unes poques espéecies implica
una simplificacié de l'estructura dels ecosistemes, que sovint es considera
que progressa en parallel amb una disminucié de la biodiversitat
(Millennium Ecosystem Assessment, 2005). Empero, |'agricultura i la
ramaderia han modelat el paisatge durant mil-lennis, creant un mosaic on
s'intercalen diversos cultius, amb les seves practiques de gestio associades,
i superficies no cultivades. Aquesta diversitat d'habitats i microhabitats ha
permés mantenir una alta biodiversitat associada als agroecosistemes?,
adaptada als processos que hi tenen lloc (Tscharntke et al., 2005). La
riquesa d'especies d'alguns grups d'organismes en ecosistemes agricoles
pot ser fins i tot equivalent a I'associada a habitats no intervinguts per la
gestido humana (Pimentel et al., 1992). Malauradament, des de mitjans del
segle XX, a partir del que es coneix com a "Revolucié Verda", I'agricultura
ha patit un procés d'intensificaciéo amb I'objectiu de maximitzar la produccio

agricola (Tilman et al., 2002).

Aquesta orientacio cap a la maximitzacio de la produccio agricola ha
tingut dos vessants, molt relacionats entre ells (Roschewitz et al., 2005b;
Tscharntke et al., 2005). D'una banda, ha comportat una gran aportacié de
recursos i energia externs, en forma de productes de sintesi industrial,
concretament herbicides, insecticides i fertilitzants (Tilman et al., 2002) i un
increment de I'Us de maquinaria agricola (Robinson & Sutherland, 2002),
possibilitats pel baix preu de I'energia fossil i, en particular, del petroli. Aixo

ha permés un augment de la produccié (Fig. 1.1) pero també ha provocat

1 En aquesta tesi, el terme agroecosistema inclou no només el que succeeix dins dels cultius, sind tot el
mosaic de diferents (micro)habitats interrelacionats que s’entrellacen en els paisatges agricoles.



greus problemes de contaminacio dins i fora del propi ecosistema agricola
(Stoate et al., 2001).

D’altra banda, s'ha produit una homogeneitzacido dels paisatges
agricoles deguda principalment a dos processos: la focalitzacio en la
produccié d'una o poques especies en l'espai i en el temps, el que ha reduit
la diversitat cultivada de manera simultania en el territori en un moment
determinat; i I'eliminacio, la degradacio o la fragmentacid de les arees no
cultivades, principalment dels marges, per tal de maximitzar |'area cultivada
i facilitar-ne la gestio amb maquinaria (Benton et al., 2003; Robinson and
Sutherland, 2002).

Els habitats no cultivats, i en particular els marges en aquelles zones
on domina I'Us agricola, funcionen com a reservoris de biodiversitat i com
a corredors biologics gracies a la seva estructura interconnectada (Bassa et
al., 2012a; Dainese et al., 2017), de manera que juguen un paper
fonamental en el manteniment de la biodiversitat associada als sistemes
agricoles. La seva eliminacié ha comportat una perdua de la capacitat de
mantenir aquesta biodiversitat (Emmerson et al., 2016; Thies et al., 2011).
En els casos en que aquestes arees no cultivades es mantenen, han quedat
reduides en extensid (marges més estrets i discontinus) i sovint amb una
vegetacio banalitzada, en detriment de la seva qualitat com a reservoris de

biodiversitat (Bassa et al., 2012a; Boutin et al., 2002). Es per aixd que,
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Figura 1.1: Tendéncies de I’agricultura a Espanya entre 1960 i 2015. Grafics elaborats

a partir de les dades de la FAO (2018).
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juntament amb la intensificacio de la gestid, aquesta homogeneitzacié del
paisatge ha contribuit a accentuar globalment la davallada de la
biodiversitat associada als agroecosistemes (Benton et al., 2003;
Millennium Ecosystem Assessment, 2005; Preston et al., 2002; Stoate et al.,
2001).

1.2 La perdua de biodiversitat i la perdua de serveis
ecosistéemics

La perdua de biodiversitat afecta el funcionament dels ecosistemes, en tant
qgue redueix l'eficiencia i l'estabilitat dels processos que hi tenen lloc
(Cardinale et al., 2012). En el context dels agroecosistemes, la biodiversitat
contribueix a mantenir la produccidé agricola, a través de la regulacio de
processos tan indispensables per a |'agricultura com sén la pol-linitzacio, el
control de plagues, el reciclatge de nutrients o el manteniment de la
qualitat del sol (Pimentel et al., 1992). Tots aquests processos s'engloben
sota el que es coneix com a serveis ecosistemics, que es defineixen com els
beneficis que les persones obtenim dels ecosistemes (Millennium

Ecosystem Assessment, 2005).

Una part d'aquests serveis son proporcionats per organismes que
conformen la biodiversitat salvatge (és a dir, diversitat no planificada en el
sentit de Vandermeer et al., 1998) dels agroecosistemes. La intensificacid
de la gestid i els processos que I'acompanyen, inclosa I'homogeneitzacié del
paisatge, han provocat una degradacié de la qualitat de |'ecosistema
agricola com a habitat per a la biodiversitat beneficiosa. Si bé alguns dels
serveis ecosistemics es poden substituir per I'aplicacié de productes de
sintesi (per exemple, de pesticides) aixd pot resultar car, ineficient i, per
sobre de tot, suposa un perill per la sostenibilitat dels sistemes agricoles
(Millennium Ecosystem Assessment, 2005). En conseqiliéncia, la pérdua
d'organismes beneficiosos amenaga la provisié de serveis ecosistemics
indispensables i, per tant, el sosteniment de la produccié agricola (Liere et
al., 2017).



Entre els serveis ecosistemics més rellevants per a la produccid
agricola que ofereix la biodiversitat associada als agroecosistemes trobem
el control biologic. El control biologic és el procés mitjancant el qual el
creixement poblacional de patogens i plagues agricoles és limitat per altres
organismes presents de manera natural i se li estima un valor de

4,5 miliards de dolars anuals (Losey & Vaughan, 2006).

Totiserun procés natural, el control biologic és també una estrategia
de control de plagues per reduir o eliminar I'Us de pesticides, ja sigui en
agricultura ecologica o sota el paradigma de la gestio integrada de plagues.
Entes aixi, el control biologic fa referencia a "lI'iUs d'organismes vius per
suprimir la densitat de poblacio o l'impacte d'una plaga especifica, fent-la
menys abundant o menys perjudicial del que seria altrament" (Eilenberg et
al., 2001). Sota aquesta definicio, Eilenberg et al. (2001) distingeixen quatre
tipus d'estratégies de control biologic, de les quals tres ("classic",

"inundatiu" i "inoculatiu") es caracteritzen per l'alliberament al sistema dels
agents de control. La quarta estrategia recollida a la revisido s"anomena
control biologic "de conservacid" i consisteix en "modificar I'ambient o les
practiques existents per a protegir o afavorir determinats enemics naturals
o altres organismes per tal de reduir I'efecte de les plagues" (Eilenberg et

al., 2001).

Aixi doncs, el control biologic de conservacid es basa en els
organismes que ja habiten els agroecosistemes i té per objectiu afavorir-ne
I'efectivitat com a enemics naturals de les plagues agricoles, és a dir, pretén
potenciar un servei ecosistémic ja existent al medi (Begg et al., 2017,
Holland et al., 2016). Ja sigui sota el paraigua del control bioldgic com a
estrategia de control de plagues o com a servei ecosistemic que es dona
espontaniament, en els ultims anys ha augmentat I'estudi dels factors que
afecten els enemics naturals de les plagues i el paper que pot jugar-hi la

intensificacio agricola (Tscharntke et al., 2005).
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1.3 El paper del paisatge en el control biologic

Un dels factors que afecta els enemics naturals de les plagues i que, per
tant, potincidir en el control biologic d'aquestes és |'estructura del paisatge
agricola. Diversos estudis demostren la importancia de la complexitat del
paisatge per a les poblacions d'enemics naturals (per exemple, els estudis
recollits a la metaanalisi de Chaplin-Kramer et al. (2011) i com la seva
abundancia disminueix en paisatges simplificats (per exemple, els estudis

recollits a la revisié de Rusch et al., 2016).

S’addueixen diversos motius pels quals un paisatge complex manté
poblacions més abundants i comunitats més diverses d'enemics naturals.
Frequentment, s'associa a la presencia d'arees no cultivades que, com a
tals, poden aportar recursos diferents pels enemics naturals, i poden
afavorir I'estabilitat temporal de les poblacions al llarg de I'any (Tscharntke
et al., 2008).

Ara bé, les evidencies experimentals que demostrin una millora
efectiva del control biologic en els camps de conreu sdn menys solides
(Chaplin-Kramer et al., 2011). La predacié entre diverses espeécies de
potencials enemics naturals, la presencia de preses o hostes alternatius en
els habitats no cultivats o el fet que aquests mateixos habitats puguin
afavorir les plagues es proposen com a possibles raons de la falta de
connexid entre l'increment de la poblacié d'enemics naturals al medi i el

control biologic als camps de cultiu (Tscharntke et al., 2016).

D’altra banda, I'efecte del paisatge dependra dels organismes en
concret, tant de la plaga com dels seus enemics, i de les seves
interrelacions. El paper del context geografic també és rellevant, ja que les
diferencies en el clima, la intensitat i productivitat regionals o els tipus
d'habitats no cultivats presents repercutiran en l'efecte del paisatge tant
sobre la plaga com sobre els seus enemics naturals (Karp et al., 2018; Thies
et al.,, 2011). Perd fins i tot en una determinada zona, el paisatge pot

condicionar les relacions entre aquests organismes. En particular,



s'argumenta que I'escala espacial a la qual el paisatge és rellevant per cada
grup d'organismes és diferent degut a les seves diferencies en la capacitat
de moure’s entre les taques dels diversos habitats (Tscharntke et al., 2005).
L'escala espacial a la qual és tractat el paisatge també és rellevant des del
punt de vista de la gestid, donat que el poder de decisid dels agricultors sol
limitar-se a les parcel-les que gestionen, i aguestes son sovint disperses i
envoltades de parcel-les gestionades per altres agricultors (Bassa et al.,
2012a).

Un altre factor que potinfluir en el control biologic és la propia gestid
dels camps i la seva intensitat. S'argumenta en aquest sentit que
I'agricultura ecologica, pel fet de prescindir dels pesticides de sintesi
industrial i afavorir les rotacions més diverses, pot augmentar la preséencia
i la diversitat d'enemics naturals. La relacio entre la gestid i el control
biologic és poc clara, amb estudis que assenyalen efectes en sentits
diversos: alguns autors troben un efecte beneficids de la gestid ecologica
(Birkhofer et al., 2016; Crowder et al., 2010; Ostman et al., 2001; Puech et
al., 2014) pero altres obtenen uns resultats menys clars (Macfadyen et al.,
2009; Purtauf et al., 2005; Winqvist et al., 2011). Els processos que afecten
els enemics naturals i altres elements dels agroecosistemes, pero, solen
donar-se (tal com es diu més amunt) a nivell de paisatge. Es per aixd que la
gestid no només s'ha de considerar a nivell de camp, sind aplicant-hi una
visio de conjunt, considerant les unitats de gestio veines. La combinacio de
les intensitats de gestio de les diverses unitats determinaran la intensitat

de gestié de la component agricola del paisatge (Gabriel et al., 2010).

1.4 El control biologic dels afids dels cultius de cereal de
seca mediterranis

1.4.1 El cultiu de cereal a Catalunya

El cultiu extensiu de cereal de seca ocupa un 35% de la superficie agricola a
Catalunya, sent una de les principals orientacions productives del territori

(Idescat, 2016). Principalment, es tracta de cereals d'hivern com el blat i
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I'ordi, que se sembren a la tardor i es seguen a finals de primavera o durant

la primera meitat de |’estiu, segons la varietat i la zona.

Si bé aquests sén també cultius principals a Europa (32% de l'area
agricola utilitzada, Eurostat, 2016), el clima del nostre territori determina
un seguit de diferencies respecte als cultius de cereals d'hivern en zones
més temperades. El principal limitant d'aquests cultius a Catalunya és la
disponibilitat d'aigua: el regim de precipitacions propi del clima mediterrani
fa que l'escassetat d'aigua comenci justament quan la temperatura és
optima per a la maduracié del gra. Aquesta limitacio en elsrecursos hidrics
i les temperatures altes propies de l'estiu fan que el rendiment potencial
del cereal sigui més baix que en altres regions d'Europa, més fresques i
plujoses. No obstant, Schils et al. (2018) han trobat que a la peninsula
Ibérica només s'arriba, de mitjana, a un 47,2% de la produccié potencial
(que ja té en compte les limitacions climatiques), possiblement degut a
problemes afegits de gestid. En qualsevol cas, les baixes produccions,
juntament amb el baix preu del gra fa que, fins i tot sota una gestié
convencional, els agricultors rarament utilitzin insecticides (Pons & Stary,
2003). Aquesta abséncia de tractaments quimics que puguin afectar
directament la supervivencia dels diferents grups d’artropodes converteix
aquests cultius en un marc d’estudi especialment adequat per avaluar-ne

les interaccions.
1.4.2 Els afids

Els afids (Hemiptera, Aphididae) sén una plaga molt important en diversos
sistemes agricoles i constitueixen la principal plaga d'artropodes dels
cereals. Poden perjudicar els conreus per dany directe (desviant els
nutrients de la planta cap a ells) perd també per danys indirectes, com ara
a causa de la transmissid de virosis com el virus del nanisme i
esgrogueiment (BYDV, Barley Yellow Dwarf Virus) o a causa del recobriment
de les fulles amb els sucres que excreten, que pot desembocar en una
infestacid per fongs formant un tel que dificulta la fotosintesi (Dedryver et

al., 2010). Com a plaga, séon particularment rellevants en sistemes



temperats. Per exemple, s’ha considerat que a Gran Bretanya es poden
causar perdues d’entre el 10 i el 13% de la collita de blat d'hivern (Tatchell,
1989 citat a Dedryver et al., 2010) i a Franca, d'un 20% de la collita d'ordi
(Dedryver et al., 2010).

L’establiment de les poblacions d'afids i el seu creixement fins a
esdevenir una plaga depéen del seu cicle vital i de la relacio amb les
condicions ambientals. El cicle vital dels afids pot ser variable fins i tot
intraespecificament, pero de manera general hi distingim cicles holociclics
i anholociclics. El cicle holociclic inclou una alternanga entre una generacio
sexuada que produeix ous i una o diverses generacions partenogenetiques
(Fig. 1.2). Aixi mateix, el cicle es pot desenvolupar en un sol grup de plantes
hostes (monoic) o requerir la migracié entre dos hostes de families
botaniques diferents (dioic). Una espécie holociclica pot tenir
paral-lelament una linia anholociclica (només formes partenogenetiques)
que en general es desenvolupara sobre I'hoste secundari (Nieto Nafria et
al., 2005). Es el cas de moltes de les espécies rellevants com a plagues del
cereal, que tenen com a hoste secundari les graminies: en un clima amb
hiverns suaus com el mediterrani litoral, les formes partenogenetiques
poden sobreviure tot I'hivern i per tant les poblacions no depenen (almenys

exclusivament) dels ous que puguin pondre les formes sexuades. Per tant,
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moltes especies que en climes més rigorosos, amb hiverns més freds,
presentarien un cicle holociclic, a Catalunya solen ser anholocicliques (Pons
et al., 1993).

Aixi doncs, el cereal pot ser colonitzat des del moment que es sembra
per formes alades partenogenetiques, que donen lloc a colonies de
femelles partenogenéetiques, en general apteres. Les taxes de reproduccié
per partenogenesi son dependents de la temperatura ambient, per aixo
guan pugen les temperatures durant la primavera les poblacions creixen
rapidament i poden esdevenir una plaga. Per exemple, algunes especies
més rellevants pels cultius de cereal, com Sitobion (Sitobion) avenae
(Fabricius), arriben a produir entre dos i tres individus nous per femella cada
dia (Plantegenest et al., 1996). Quan les colonies sén molt grans o quan la
qualitat de la planta hoste disminueix, les nimfes es desenvolupen en adults
alats i emprenen el vol buscant un nou hoste on formar una nova colonia.
Al mateix temps, la fecunditat de les femelles apteres restants disminueix i,
sota l'actuacid concurrent dels enemics naturals, la colonia acaba per

desapareixer (Pons et al., 1989).

Degut a les caracteristiques climatiques de Catalunya, també
s'observen diferencies en la temporalitat dels afids respecte Europa central
i septentrional. El cicle caracteristic dels afids en el cereal inclou una fase
de creixement exponencial que culmina amb un pic que disminueix
abruptament (Brabec et al., 2014). Lumbierres et al. (2007) han argumentat
que el cicle del cereal temporalment més condensat que es dona en les
contrades de clima mediterrani impedeix que es desenvolupi aquest pic, ja
gue, a mig creixement de les colonies, aquestes s'estabilitzen i decreixen
rapidament per la maduracio accelerada del cereal, que fa disminuir la seva

qualitat nutricional per als afids.
1.4.3 Els enemics naturals

Hi ha diversos organismes que poden actuar com a enemics naturals dels

afids, ja sigui depredant-los o parasitant-los. Els predadors es poden
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distingir segons si sén enemics especialitzats (exclusivament afidofags o
quasi) o generalistes (predadors d'altres organismes a més a més dels
afids). Alguns organismes afidofags ho son només en el seu estadi larval
(sirfids, crisopes, parasitoides). La presencia de larves d’aquests grups
depen principalment de que els adults arribin per a pondre els ous a prop
de les colonies o sobre els mateixos afids, donat que les larves tenen una

mobilitat molt reduida o, en el cas dels parasitoides, nul-la.

Tal com s'ha exposat anteriorment (vegeu punt 1.3), s’argumenta
gue a les zones que tinguin més recursos per millorar la supervivencia i la
reproduccio d’aquests adults, aquests agents de control biologic poden ser
més abundants (Ramsden et al., 2015a). En aquest sentit, alguns estudis
apunten que, per bé que és interessant estudiar la comunitat d’enemics
naturals present en zones de diversa complexitat paisatgistica, caldria que
aix0 anés acompanyat per mesures dels efectes que poden tenir sobre el

control efectiu dels afids (Chaplin-Kramer et al., 2011).

L’estudi simultani de tots dos vessants (preséncia i caracteritzacio de
la comunitat d’enemics i nivell de control que aporten) requereix molts
recursos i potser per aixo els estudis se solen centrar en un aspecte o l'altre
(Chaplin-Kramer et al., 2011; Holland et al., 2017; Karp et al., 2018). Entre
els diversos grups d'enemics naturals, pero, els parasitoides (Hymenoptera:
Parasitica) ofereixen un gran avantatge davant d’aquesta problematica. Els
afids parasitats canvien la seva morfologia a mesura que la larva del
parasitoide es desenvolupa, adoptant una aparencga globular i canviant de
color. A més a més, fins i tot quan l'imago del parasitoide ja ha emergit, el
cos de l'afid queda fermament enganxat a la superficie de les plantes.
D'aquesta manera, és facil obtenir per una banda la taxa de parasitisme
(donat que en queda el testimoni) i, mantenint els afids parasitats aillats
individualment fins a |'emergencia de l'imago, la identitat dels seus

organismes parasitants.
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1.5 Justificacio de l'estudi

El paper del paisatge en el control biologic d'afids, i en concret el que
efectuen els parasitoides, ha estat I'objectiu de nombrosos estudis
efectuats en cultius de cereal (p. e. Alignier et al., 2014; Caballero-Ldpez et
al., 2012b; Dainese et al., 2017; Gagic et al., 2011; Holland et al., 2008;
Ostman et al., 2001; Pleéa$ et al., 2014; Rand et al., 2012; Rusch et al., 2013;
Thies et al., 2005; Winqvist et al., 2011), perd gran part d'aquesta recerca

s'ha fet en paisos de I'Europa central i septentrional.

A la peninsula Ibéerica s'ha estudiat també el paper del paisatge sobre
el control biologic, pero sobretot en cultius no cerealistics, com ara en
pomeres (Mifarro & Prida, 2013), en oliveres (Paredes et al., 2015) o en
alfals (Pons et al., 2013). Aixi mateix, diversos estudis han caracteritzat la
comunitat d'artropodes relacionades amb el cereal, incloent els afids i els
seus enemics naturals (Lumbierres et al., 2007; Pons & Stary, 2003), i també
els efectes de la gestid agricola sobre tots dos grups d'organismes
(Caballero-Lépez et al., 2010; Caballero-Lépez et al., 2012a), perd manca un

coneixement detallat de I'efecte del paisatge sobre els afids dels cereals.

Aixi mateix, son especialment rars els estudis que tracten aquests
aspectes considerant el paisatge a una escala petita, de detall, atorgant un
protagonisme especific als marges. Molts estudis que relacionen les
caracteristiques del paisatge amb els afids i els seus enemics naturals
realitzats al centre i nord d'Europa es centren en la presencia d'habitats
naturals o seminaturals entre les arees cultivades o en la superficie que
aquests habitats ocupen (Chaplin-Kramer et al., 2011; Perovic et al., 2010).
A diferencia d'aquestes zones més productives, les zones cerealistes de
Catalunya es caracteritzen per mantenir encara una xarxa de marges més o
menys ben constituida al voltant dels camps (Bassa et al., 2012b). D'altra
banda, malgrat els esforgos per realitzar una concentracio parcel-laria, molt
sovint els pagesos gestionen parcel-les repartides pel territori (Bassa et al.,
2012a), afegint un nivell d'heterogeneitat addicional. Aquestes condicions

concretes del territori fan que sigui d'interes estudiar no només la
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superficie ocupada per habitats no cultivats, sind6 també la seva
configuracio espacial i quina és la gestié que es fa en les parcel-les agricoles
veines (Cohen & Crowder, 2017; Gabriel et al., 2010).

També son escassos els estudis que analitzin concretament la
diversitat d'habitats que s'engloben sota I'etiqueta de "seminatural” i que
investiguin el seu valor per a espéecies concretes que puguin ser d'interes
(Fahrig et al., 2011). Es per tant rellevant no limitar-se a utilitzar els marges
com un habitat homogeni, siné distingir quines comunitats vegetals els
ocupen i si les diferencies en la vegetacid poden tenir algun impacte en els
afids i en els seus enemics naturals.

Entenent que les politiques per promoure una agricultura meés
sostenible han de poder ser traslladades a la gestid, sembla especialment
important comprendre el paper que juguen els marges i altres habitats no
cultivats a les escales sobre les quals els pagesos poden incidir més
directament. Per aquestes raons, aquesta tesi adreca I'estudi dels efectes
del paisatge sobre els afids dels cereals i els seus parasitoides a Catalunya,
un ambit geografic on aquest aspecte ha estat poc estudiat. Ens centrem, a
meés a més, en dos aspectes del paisatge, els marges i la gestio de les
parcel-les veines, ampliant aixi la base de coneixement que en un futur

pugui permetre desenvolupar eines Utils per als agricultors mediterranis.
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Objectius

L'objectiu general de la tesi és millorar la comprensio de |'efecte dels

marges dels cultius i de la gestidé d’aquests ultims sobre els afids i els seus

enemics naturals, en particular, els parasitoides, en el context cerealistic de

la Catalunya mediterrania.

A continuacio es detallen els objectius concrets de cadascun dels

capitols que conformen la tesi:

Capitol 1

Estudiar l'efecte de la densitat de la xarxa de marges sobre
I'abundancia d'afids i sobre la taxa de parasitisme.
Estudiar l'efecte de la densitat de la xarxa de marges sobre la

diversitat d'afids i dels seus parasitoides.

Capitol 2

Estudiar I'efecte de la intensificacio de la gestio agricola a nivell de
camp, mitjancant la dicotomia entre gestid convencional i gestio
ecologica sobre I'abundancia d'afids i la taxa de parasitisme.

Estudiar I'efecte del paisatge, en termes del percentatge de terra
agricola i de la proporcié de terra gestionada de manera ecologica

sobre |I'abundancia d'afids i la taxa de parasitisme.

Capitol 3

Avaluar si l'estructura de la vegetacid dels marges adjacents,
determinada a partir dels recobriments relatius de les formes vitals
de les especies que la conformen, afecta I'abundancia d'afids i
d'enemics naturals.

Determinar si els diversos grups d’enemics naturals responen de la

mateixa manera a |'estructura dels marges
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Materials i metodes

3.1 Arees d'estudi

L’estudi de la relacio entre les caracteristiques dels marges i de la gestid
agricola i els afids i els seus enemics naturals el vam portar a terme entre
els anys 2014 i 2016 en cultius de cereals a Catalunya. L’estudi inclou dues
xarxes de mostreig d’abast molt diferent en zones dominades pel cultiu
cerealista de seca: d'una banda, vam executar un mostreig exhaustiu a
I’Espai d’Interes Natural de Gallecs; i, d'altra banda, vam mostrejar quatre
localitats més repartides per la Catalunya central (Fig.3.1). Aquesta
multiplicitat de localitats respon a l'interes de caracteritzar i analitzar la

resposta d’aquests organismes a diferents nivells.

L'Espai d'Interés Natural de Gallecs (41° 33'N, 2°11'E) és una area
rural de 698,91 ha, situada a 15 km al nord de Barcelona. L'espai és

delimitat a I'est, el sud i 'oest majoritariament per poligons industrials i

! Franga

Girona

Comunitat
Valenciana

Figura 3.1: Distribucié de les localitats estudiades (cercles): Cabrianes (Ca), Cardona
(Co), I'Espunyola (Es), Gallecs (Ga) i Moia (Mo). S’hi representen les capitals de
provincia (quadrats) i la hipsometria de Catalunya (els tons de gris indiquen I’elevacio
cada 500 m).
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zones urbanes, i només connecta amb arees no urbanitzades al nord; ocupa
terrenys de sis municipis de les comarques del Valles Occidental i Valles
Oriental, i constitueix una de les arees agricoles més extenses d’aquestes
comarques. Gallecs es caracteritza per tenir camps relativament petits
(1,57 ha), amb una xarxa de marges més o menys conservats i amb algunes
clapes de bosc. El principal cultiu és el cereal, de diverses varietats, i
recentment s'hi han introduit rotacions amb lleguminoses. Des de 2008, a
rel de la fundacid de I’Associacio Agroecologica de Gallecs, s’hi ha promogut
intensament la conversid a l'agricultura ecologica, fet que ha convertit
Gallecs en una de les principals arees de Catalunya amb produccio
ecologica, amb 210 ha de la superficie agricola gestionades de manera
ecologica. Aquest impuls de la gestid ecologica fa que hi coexisteixin una
diversitat notable de cultius i de gestions. Totes aquestes caracteristiques
fan de Gallecs un paisatge heterogeni en una area relativament petita, fet
qgue permet estudiar |'efecte del paisatge a una escala intermedia, entre les
escales tipiques dels estudis a nivell de camp i les escales dels estudis
regionals. Vam estendre el mostreig a Gallecs durant tres primaveres
consecutives (2014 a 2016) per tal de capturar la variabilitat interanual
propia de les poblacions d'afids que estudis previs han posat de relleu (p. e.
Brabec et al., 2014; Chaplin-Kramer et al., 2013; Leslie et al., 2009).

Aixi mateix, vam considerar que el paisatge a una escala d’analisi
superior podia ser també rellevant. Es va analitzar |'efecte del paisatge en
termes de percentatge de terra agricola (PAL, per les inicials en anglés:
Percentage of Agricultural Land) i proporcié de terra agricola gestionada en
régim ecologic (POML, Proportion of Organically Managed Land) sobre
I'abundancia d'afids i les taxes de parasitisme (capitol 2). Per realitzar
aquesta analisi, la caracteritzacio del paisatge s’havia d’executar en un radi
meés gran que 'emprat per a la caracteritzacié de la densitat de marges, ja
qgue la principal font de variacio, especialment per al POML, és a nivell
d’explotacio (finca o granja). Per aquesta rad, la primavera del 2015 vam
decidirincloure al nostre estudi quatre localitats addicionals de la Catalunya
central: Cabrianes (41°47'55" N, 1° 54'54" E), Cardona (41°53'15"N,

22



Materials i metodes

1°36' 24" E), I'Espunyola (42°3"'12" N, 1° 45' 46" E) i Moia (41° 48' 39" N,
2°07' 30" E) (Fig. 3.1). Aquestes localitats sén immerses en paisatges més
rurals que Gallecs, i sén més allunyades de zones densament urbanitzades
i de la xarxa principal de carreteres. La seleccié d’aquestes arees va estar
condicionada per la disponibilitat d'agricultors ecologics (molts d’ells
participants en d’altres projectes del grup de recerca) i pel contrast que
oferien entre elles i amb Gallecs en termes de PAL i de POML. De les quatre
localitats, Cabrianes i Cardona representen zones fortament orientades a la
produccié agricola (94% i 78% de PAL respectivament), i amb un predomini
de I'agricultura convencional (5% i 12% de POML respectivament), mentre
qgue I'Espunyola i Moia representen arees amb una proporcido més baixa de
terra agricola (69% i 63% de PAL respectivament), i una proporcié de camps

en régim ecologic més alt (35% i 28% de POML respectivament).

3.2 Seleccid i caracteritzacié dels camps

A Gallecs, tots tres anys vam seleccionar camps sembrats d'ordi o blat que
representessin un gradient de densitat de la xarxa de marges del seu entorn
(tal com s'explica detalladament al capitol 1). D'aquests camps es va
recopilar també informacié referent a la gestidé (convencional o ecologica) i
a la varietat cultivada de cereal. En total vam mostrejar 39 camps distribuits

per la superficie de Gallecs (Fig. 3.2).

El 2015, incloent totes cinc localitats, els camps es van seleccionar
tenint en compte la gestid propia i la dels camps inclosos en un radi al
voltant del camp mostrejat (POML), tal com s'explica amb detall en el
capitol 2, aixi com el percentatge de terra agricola de I'entorn (PAL). Aixi,
vam seleccionar un total de 29 camps d'ordi o blat al llarg de dos gradients:
el PAL (des de 51% a 100% ) i el POML (des de 0.14% a 66%) (Fig. 3.2).
D'aquests camps es va registrar també informacio referent a la cobertura
de males herbes, agrupades en tres grups funcionals rellevants pel sistema
estudiat: graminies, lleguminoses i altres dicotiledonies (Caballero-Lépez et
al., 2012a).
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En tots els camps mostrejats es va caracteritzar floristicament la
vegetacio del marge adjacent i se'n va derivar |'estructura mitjangant una
analisi de trets funcionals basat en la forma vital de les especies vegetals
trobades (capitol 3) (Fig.3.2). Posteriorment, mitjancant métodes no
parametrics, es va resumir la informacidé de la vegetacid en dos eixos

ortogonals que es van utilitzar com a variables explicatives.

3.3 Recollida i processat de les mostres

En totes les localitats es va mostrejar seguint el mateix protocol: vam tragar
un transsecte de 50 m a cada camp, paral-lel al marge i a 3 m de distancia
d’aquest cap a linterior del camp. Cada transsecte es va dividir en cinc
segments de 10 m, dels quals vam mostrejar-ne tres: els dos segments de
cada extrem i el segment central del transsecte, excepte I'any 2014, que

vam agafar mostres a tots cinc segments.

2014 2015 2016
Ga Capitol 1
(14 camps) (39 camps)
Ca, Co,
Es, Mo
(16 camps)
Capitol 3
(55 camps)
Capitol 2
(29 camps)

Figura 3.2: Distribucié dels camps mostrejats, per localitats i any. Els rectangles
negres indiquen quins conjunts de dades s'han utilitzat en cada capitol. Ca: Cabrianes,
Co: Cardona, Es: I'Espunyola, Ga: Gallecs, Mo: Moia. Alguns camps de Gallecs es van
mostrejar més d'un any.
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Amb una freqliiencia setmanal entre abril i juny, al llarg de cada
segment vam recol-lectar 10 tiges senceres de cereal; les tiges eren tallades
des de la base, i posteriorment introduides en bosses de plastic de tanca
hermetica (de tipus zip). Tot el procediment es va portar a terme amb la
maxima cura possible per evitar la perdua d'afids que es poguessin deixar
anar de la tija. Degut a les diferencies en la fenologia entre les diferents
varietats de cereals, el mostreig va acabar en moments diferents de Ia

primavera segons cada camp.

Les mostres les vam processar al laboratori durant els dies
consecutius a cada mostreig per a separar-ne tots els afids i momies
presents en les tiges. Les tiges van ser examinades minuciosament. Els afids
es van separar curosament amb pinzells suaus i conservar en alcohol de 70°.
Les momies de les quals encara no havien emergit els imagos dels
parasitoides les vam mantenir individualment en vials de vidre tapats amb

cotd fluix fins a I'eventual emergencia del parasitoide.

Els afids recol-lectats, incloses les momies i els parasitoides i
hiperparasitoides han estat identificats per col-laboradors especialitzats en
cada grup: Nicolds Pérez (Hemiptera: Aphididae), Josep M. Michelena
(Hymenoptera: Braconidae: Aphidiinae), Mar Ferrer (Hymenoptera:
Figitidae: Charipinae) i Emilio Guerrieri (Hymenoptera: Encyrtidae). Per a la
determinacio dels Pteromalidae (Hymenoptera: Chalcidoidea) vam utilitzar
les claus de Graham (1969).

Addicionalment, l'any 2016 vam avaluar les abundancies de
coccinel-lidsilarves de sirfids (predadors afidofags) mitjancant la realitzacié
de transsectes visuals paral-lels als transsectes de mostreig d'afids. Aquesta
avaluacio d'altres enemics naturals es va fer en sis camps d'ordi amb marges
que presentaven una vegetacido amb una estructura contrastada (herbacia
i arbustiva). Vam realitzar dos transsectes visuals a cada camp, paral-lels i

simultanis, un a 3 m del marge i un a 20 m.

25






4 Capitol 1:
Higher field-margin densities enhance

aphid parasitism and parasitoid
diversity on winter cereal crops under
Mediterranean conditions







Capitol 1

Higher field-margin densities enhance aphid parasitism and
parasitoid diversity on winter cereal crops under
Mediterranean conditions

Summary

Rural landscapes in many places in southern Europe are dominated by small
farms interspersed to a varying degree with field margins composed of
abundant remnants of natural and semi-natural vegetation. The density of
this network of field margins is variable at relatively small scales and affects
the ease with which insects switch between crop and non-crop habitats.
The aim of this study was to analyse the effects of the density of the margin
network on cereal aphids, a potential pest, and their parasitoids, potential
agents of biological control. Cereal fields were sampled during the springs
of 2014, 2015 and 2016. Using Generalized Linear Mixed Models, the effect
of density of the margin network, year and crop variety on the abundance
and diversity of both aphids and parasitoids were tested. Aphids showed
great variability between years and crop varieties and, while higher margin
densities affected aphid abundances negatively, this effect was only
marginally significant. Higher density of the margin network was found to
increase parasitism rates and parasitoid diversity significantly. Parasitoids
were also significantly affected by the abundance and diversity of aphids.
Despite the observed differences between years and crop varieties, our
results suggest that a reduction in the network of field margins could
disrupt the natural biological control of aphids exerted by parasitoids in

Mediterranean cereal cropping systems.
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4.1 Introduction

Aphids are commonly regarded as a major pest of cereal crops in central
and northern Europe, and there is much interest in research into existing
natural mechanisms such as natural enemies that control their populations
(Bianchi et al., 2006; Holland et al., 2017 and references therein). Of all
known biological control agents of aphids, parasitoids are particularly
remarkable since, unlike general predators, each parasitoid species is
usually specialised in parasitizing a narrow range of aphid species
(Caballero-Lépez et al., 2012a).

A number of studies have found that the surrounding landscape and,
particularly, landscape complexity, modify arthropod communities in
agricultural areas, thereby modulating potential biological (Rusch et al.,
2016). Landscape heterogeneity has been found to enhance parasitism (e.g.
Plecas et al., 2014; Roschewitz et al., 2005a; Rusch et al., 2013; Thies et al.,
2005) as well as parasitoid diversity (e.g. Pleéas et al., 2014; Sarthou et al.,
2014). Different habitat patches may provide parasitoid with necessary

resources, such as adult food or alternative hosts (Gillespie et al., 2016).

In addition to increasing the presence of natural enemies, landscape
complexity is also often found to increase aphid abundance (Birkhofer et
al., 2016; Plecas et al., 2014; Roschewitz et al., 2005a; Thies et al., 2005).
Presence of non-cropped habitats provides overwintering refuges, from
which aphids can recolonize cereal fields in spring. Cold is indeed an
important factor in the winter mortality of adult aphids (Legrand et al.,
2004); yet, in the Mediterranean lowland area winters are mild and
minimum winter temperatures only sporadically reach freezing point and
mostly during short spells (see Fig.A.1 in Appendix). Given climatic
conditions such as these, aphids can overwinter anholocyclically,
reproducing by parthenogenesis, on autumn-sown cereals (Pons et al.,
1993), and thus will not depend exclusively on field margins as
overwintering sites.
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Many of the experiments studying the effects of landscape on the
aphid-parasitoid system have been conducted in central and northern
Europe, where agricultural areas often dominate in vast homogeneous
plains. However, in many areas of southern Europe agricultural landscapes
are often characterised by small farms interspersed to a varying degree
with field margins composed of abundant remnants of natural and semi-
natural vegetation ranging from perennial grasslands to scrubland and
small stands of woodland. This creates a heterogeneous landscape that
promotes high levels of habitat and floristic diversity (Bassa et al., 20123;
José-Maria et al., 2010). Field margins constitute a more or less continuous
network of alternative habitats that are usually more stable than nearby
fields (Bassa et al., 2012a). They may act both as a reservoir and refuge for
pests and their natural enemies, as well as corridors that help increase the
connectivity of agricultural milieu and the colonization opportunities for

organisms with poor mobility (Macfadyen & Muller, 2013).

To measure landscape complexity, the Percentage of Arable Land
(PAL) is widely used (e.g. Caballero-Lépez et al., 2012b; Chaplin-Kramer et
al., 2011; Roschewitz et al., 2005a; Thies et al., 2005) given that, despite its
simplicity, it correlates well with many other measures of landscape
complexity (Persson et al.,, 2010). Other indices taking into account the
percentage of land covered by different habitats have also been used (e.g.
Alignier et al., 2014). Other studies have worked at much more local scales
that take into account the characteristics of the standing within-field
vegetation and that of adjacent field margins (e.g. Caballero-Lépez et al.,
2012a; Ramsden et al., 2015; Sarthou et al., 2014). Nevertheless, in areas
with agricultural landscapes like those found in southern Europe, the
density of the network of margins may in fact be more explanatory for
determining the abundance of pests and/or natural enemies in and around

agricultural (Dainese et al., 2017).

In this study, we aimed to analyse the effects of the spatial

distribution of non-cropped habitat by means of the density of the margin
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network. By monitoring aphids and parasitoids in fields selected along a
gradient of densities of the margin network, our objective was to detect
whether the density of the field-margin network affects the abundance and
diversity of these two groups. We hypothesize that higher margin densities
at the studied scale would enhance the possibility of biological control and
that therefore (i) the abundance of aphids would decrease, (ii) the
parasitism rate would increase and (iii) diversity would increase in both

groups.

4.2 Materials and methods
4.2.1 Study site

Sampling was carried out in three consecutive years (2014, 2015, 2016) in
Gallecs, a peri-urban agricultural area (753 ha) situated 15 km north of
Barcelona (41°33'N 2°11'E, Catalonia, NE Spain). The land is dominated by
herbaceous annual crops, mainly cereal and legumes, but has margins of
semi-natural vegetation surrounding its fields. The mean annual
temperature and precipitation are 14.9°C and 647 mm, respectively. The
area was declared of natural interest in 2009, a low status of environmental
protection that allows existing agricultural practices but forbids further

urbanization.
4.2.2 Density of the margin network

Our main interest was to define an indicator that measured the ease with
which aphids and parasitoids can move between the cropped and the non-
cropped habitats, and at the same time the ease of reaching neighbouring
patches of non-cropped habitats. In order to obtain such indicator, we used
a detailed habitat map (Caballero-Lopez & Sans, 2010) to create a raster
with a cell size of 3 x 3 m. Each cell was assigned a value (either ‘margin’ or
‘non-margin’) according to the information provided by the habitat map.
With this information, we generated a new raster (with the same 3 x 3-m

resolution) of distances to the nearest ‘margin’ cell and then averaged the
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Figure 4.1: Graphic examples of calculations of the density of the margin network: in
a high-density area (above) and a low-density area (below). A, D: Information on field
margins (light grey) and non-margin habitats (fields in white, roads in black). B, E:
Distance to the nearest margin is indicated on a grey scale. C, F: Additive inverse of
the average distance is represented on a grey scale as an indicator of the average
density of the margin network for every point in the space.

distances around each cell in a 150-m diameter buffer (Fig. 4.1). We used a
weighted average —so that central cells in each circle had more weight than
peripheral ones —and a Gaussian kernel with a scale parameter equal to 10
cells (30 m). Finally, we calculated the additive inverse of the average
distances (-1 x distance) to obtain an indicator that was positively related
to the density of the margin network (interface between crop and non-crop
habitats) but was not affected by the extent of non-cropped habitats. We
used R 3.0.2 (R Core Team, 2013), rgdal package version 0.8-14 (Bivand et
al., 2013), and raster package version 2.2-12 (Hijmans, 2014) for map
processing.
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4.2.3 Experimental design and sampling

Based on the density of the margin network, we selected each year areas
that were 3 m inside winter-sown cereal fields. In each of these selected
areas, we sampled a 50-m transect parallel to the field margin. The total
number of sampled fields was 14 in 2014, 13 in 2015 and 17 in 2016. Due
to crop rotation, chosen fields varied from one year to the next (Fig. 4.2).
Density of the margin network differed by up to 6.5 times in the selected

areas, ranging from -43.27 to -6.48.

Each transect was subdivided into five segments of 10 m, each of
which was taken as a sample unit. In 2014, we sampled all five segments of
each transect but were forced to reduce the sampling effort in 2015 and
2016. In order to maintain the length of the transects, in 2015 and 2016 we

sampled only the two end and central segments.

Figure 4.2: Map with indication of the study area and aerial photograph showing the
location of sampled fields, with indication of the year when they were sampled.
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In each year, from late April until harvest or mid-June (depending on
what happened first), we collected as regularly as possible 10 cereal tillers
along the 10-m segments in each of the selected fields, once a week.
Collected tillers were carefully placed inside sealable plastic bags and kept
in a portable fridge in the field. Afterwards the bags were kept at 4°C for at
most four days until processed to ensure that activity of accidentally
captured predators was low, to avoid the loss of aphids. The same week we
removed all aphids from the collected tillers using wet brushes and
preserved them in 70° alcohol. Mummies from which parasitoids had not
yet emerged were kept separately in individual vials covered with
hydrophilic cotton at room temperature (20-24°C, with no control over
humidity) until the parasitoid emerged; both the parasitoid imagoes and
the aphid mummies were then preserved in 70° alcohol. All aphids
(including mummies) and hatched parasitoids and most hyperparasitoids
were identified to species level if possible or otherwise to genus level. The
aphids were identified by Nicolas Pérez Hidalgo, the parasitoids
(Braconidae: Aphidiinae) by José M. Michelena Saval, and the
hymenopteran hyperparasitoids by Mar Ferrer Suay (Cynipoidea: Figitidae:
Charipinae), by Emilio Guerrieri (Chalcidoidea: Encyrtidae) and by Agnés
Salat Molté (Chalcidoidea: Pteromalidae, Aphelinidae; Ceraphronoidea:

Megaspilidae).
4.2.4 Data analysis

We summed the number of aphids, mummified aphids, hoverflies and
ladybugs across the whole sampling period for each year to obtain our
response variables. To analyse aphid abundance and parasitism data, we
used Generalized Linear Mixed Effects Models (GLMM), with ‘field” as a
random effect factor given that samples from the same field cannot be

considered spatially independent.

For the aphid abundance models, we used ‘density of the margin
network’, ‘crop variety’ and ‘sampling year’ as fixed effect variables; we

employed a negative binomial distribution for the error term due to the
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overdispersion observed during visual exploration of data. For the
parasitism rates, we used ‘density of the margin network’, ‘aphid
abundance’ and ‘sampling year’ as fixed effect variables; crop variety was
not included in the model as this variable is closely correlated to aphid
abundance; in this case, we used a logit-link function and a binomial

distribution, appropriate for proportional data (Zuur et al., 2009).

To avoid numerical problems, we scaled the continuous explanatory
variables ‘density of the margin network’ and ‘aphid abundance’. After
checking for the absence of collinearity between our explanatory variables,
we fitted models with all the explanatory variables and their interactions,
the exception being the interaction between year and crop variety and the
three-way interaction given that not all crop varieties were sampled every
year. Separate fitted models for the most abundant species did not meet all
necessary assumptions on error distribution or had convergence issues and

so are not reported here.

We evaluated the diversity of aphids and of primary parasitoids using
Shannon’s index. Shannon's index was used instead of richness as a
measure of diversity because it also takes into account whether there is a
dominant species or not. We fitted the obtained values in linear mixed
models, with ‘field’ and ‘year’ as random effect factors. We tested for the
effect of the density of the margin network and of crop variety on aphid
diversity and the effects of aphid diversity and margin densities on
parasitoid diversity. In many samples, no parasitoids were reared (37% of
the samples). These were considered as missing observations for diversity

and thus were not used in the analyses.

Residuals from all the models were plotted against fitted values and
each explanatory variable to check visually for patterns. Normality in model

residuals was also checked visually (Zuur et al., 2009).

All statistical analyses were carried out using R 3.3.2 (R Core Team,
2016) with packages nime version 3.1-125 (Pinheiro et al., 2016),
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glmmADMB version 0.8.3.3 (Fournier et al., 2012; Skaug et al., 2016) and
vegan version 2.4.1 (Oksanen et al., 2016).

4.3 Results

Overall, we obtained a total of 79,562 aphids (Hemiptera: Aphididae)
belonging to 18 species (Table A.1 in Appendix). The most abundant species

was Sitobion (Sitobion) avenae (Fabricius).

We collected a total of 6,736 parasitized aphids and reared 2,498 of
them in the laboratory. The remaining 4,238 mummies were already
hatched when collected from the field but were still used in the calculation
of the parasitism rates. Of the reared mummies, 1,328 (53%) successfully
hatched. A total of 508 primary parasitoids (Hymenoptera: Braconidae:
Aphidiinae) were identified to species level when possible or otherwise to
genus level (0.78 % of the total). The most abundant species (62.9 % of the
total) was Aphidius uzbekistanicus Luzhetzhi. A total of 820 hyper-
parasitoids emerged from the remaining mummies. See Tables A.2 and A.3

in Appendix for more details about parasitoids and hyperparasitoids found.
4.3.1 Aphid abundance

Density of the margin network had a marginal negative effect on aphid
abundance (mean predicted aphid abundance at the highest density was
7.15 times lower than at the lowest densities; p < 0.1) (Table 4.1A).
Nevertheless, the effect varied with the year and was significantly lower in
2015 (the mean predicted aphid abundances in 2015 for the highest
densities was up to 1.96 times lower than for the lowest densities; p
(interaction) < 0.05).

There were significant differences in the infestation level found in the
cereal varieties. Aphid abundances did not differ significantly between
winter wheat (mean predicted: 291 aphids/10 tillers) and triticale (mean
predicted: 190 aphids/10 tillers) but were significantly higher on spelt
(mean predicted: 1029 aphids/10 tillers, p < 0.01) and significantly lower on
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barley (mean predicted: 118 aphids/10 tillers, p < 0.01). Abundances were
higher in 2014 (mean predicted: 859 aphids/10 tillers) than in 2015 (mean
predicted: 184 aphids/10 tillers, p<0.001) and in 2016 (mean predicted: 178

aphids/10 tillers, p<0.001).

Table 4.1: Coefficients and standard errors of the GLMM for aphid
abundance (A) and parasitism rates (B). Significance levels: "." p < 0.1, "*"
p <0.05, "**"p<0.01, "***" p<0.001

(A) Abundance (B) Parasitism
of aphids rate

Variable coefficient + SE coefficient + SE
(Intercept) 6.237+0.268  ***  -3.233+0.200 ***
aphid abundance — 0.086 +0.030 **
density -0.505 + 0.258 0.591+0.159  ***
spelt? 0.958 + 0.304  ** -
barley?! -0.798 £ 0.263  ** -
triticale? -0.330 £ 0.444 -
year 2015 -1.290+0.237 ***  0.124+0.223
year 2016 -1.482+£0.185 ***  1.586+0.224  ***
Zz:ﬁtjbundance x - 0.112£0.022 ***
density x spelt -0.423 £ 0.303 -
density x barley 0.387 £0.222 -
density x triticale 0.300 £ 0.442 -
density x year 2015 0.463+0.228 * -0.108 £ 0.192
density x year 2016 0.128 £ 0.185 -0.610+0.150  ***

1 —wheat is used as the reference level for differences between crop varieties
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4.3.2 Parasitism rates

Density of the margin network had a significant positive effect on parasitism
rates (mean predicted aphid parasitism at the highest density was 7.95
times higher than at the lowest density; p < 0.05) (Table 4.1B). The total
abundance of aphids also had a significant positive effect (mean predicted
parasitism at the highest aphid abundance was 2.72 times higher than at
the lowest aphid abundance; p < 0.01). There was significant interaction
between both variables, which implies that a greater abundance of aphids
will lead to an increase in parasitism rates when margin densities are high
(Fig. 4.3). The strength of such a response may be slightly skewed as the
model prediction uses the whole range of aphid abundances, although for

the highest quartile of margin network density we had no data with high
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Figure Cap 4.3: Predicted response for the parasitism rate in relation to scaled aphid
abundance at different levels of density of the margin network. According to our
model (line), the significant interaction between these explanatory variables implies
that, at low densities of the margin network (lowest quartile), aphid abundance does
not exert any effect on parasitism rate; by contrast, parasitism rate responds
positively and to aphid abundance when the density of the margin network is high.
Points depict the real observations used to build the model.
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aphid abundances. On the other hand, when margin densities are low, the

parasitism rate remains stable, regardless of aphid abundance.
4.3.3 Diversity

The diversity of aphids was not affected by density of the margin network
(0.103 £ 0.107, p > 0.1, Table 4.2); differences between crops were not
significant except for triticale, which had a significantly lower diversity
(-0.623 £ 0.252, p < 0.05).

The diversity of parasitoids increased both with greater aphid
diversity (0.321 £ 0.124, p < 0.05, Table 4.2) and with higher density of the
margin network (0.448 * 0.197, p < 0.05). We also found a significant
interaction between these two terms (-0.311 £+ 0.133, p < 0.05), which
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Figure 4.4: Predicted response for parasitoid diversity in relation to aphid diversity at
different levels of density of the margin network. According to our model (line), the
significant interaction between these explanatory variables implies that parasitoid
diversity responds positively to aphid diversity when the density of the margin
network is low; by contrast, the effect of aphid diversity decreases at higher margin
densities. Points depict the real observations used to build the model. All points
where no parasitoid was successfully reared were excluded prior to modelization.
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indicates that the effect of aphid diversity on parasitoid diversity is less at
higher margin densities (Fig. 4.4).

4.4 Discussion

In agreement with previous studies (Dainese et al., 2017; Plecas et al., 2014;
Roschewitz et al., 2005a; Thies et al., 2005), our data support the notion
that increasing landscape heterogeneity affects parasitoids in cereal fields.
In the studied dryland cereal agroecosystem, we found a positive effect of

the density of the margin network on parasitism rates and parasitoid

Table 4.2: Coefficients and their standard errors of the LMM for the diversity of aphids
(A) and parasitoids (B). Significance levels: "." p < 0.1, "*" p < 0.05, "**" p < 0.01, "***"
p <0.001

A) Diversity of B) Diversity of
aphids parasitoids?!

Variable coefficient + SE coefficient + SE
(Intercept) 1.438+0.141 ***  0.027+0.188
aphid diversity - 0.321+0.124 *
density 0.103 £ 0.107 0.448 £ 0.197 *
spelt? 0.187 £+ 0.169 -
barley? -0.115+0.152 -
triticale? -0.623 £0.252 * -
aphid diversity x density — -0.311+0.133 *
density x spelt -0.327 £ 0.505 . -
density x barley -0.149 £ 0.135 -
density x triticale -0.585+0.237 * —

1 - only samples with at least one parasitoid were taken into account to build the
model
2 —wheat is used as the reference level for differences between crop varieties
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diversity. Conversely, the density of the margin network had no significant

effect either on aphid abundance or on aphid diversity.
4.4.1 Aphids

Despite the number of aphids and their specific richness not differing
significantly between samples (regardless of the density of the margin
network), a tendency for aphids to decrease at higher margin densities was
detected. Thus, our results may reveal the ability — albeit limited — of
margins to promote natural enemies rather than to act as refuges for

aphids.

It is also worth noting that previous studies have operated at larger
scales (0.5-6 km), assumed to match aphid dispersal ranges, which are
larger than those of parasitoids (Thies et al., 2005). The smaller scale we
used, therefore, may not be appropriate to detect the role margins play as

sources of colonization.

We found great differences in aphid abundances between types of
cereal varieties. To our knowledge, few studies have ever sampled several
cereal varieties at the same time (but see Sigsgaard, 2002). Different crop
varieties vary in parameters such as crop density and height, factors that
have been observed to affect the distribution of herbivorous insects
(Randlkofer et al., 2009). Differences in abundances of aphids between
varieties could also be the product of the particular phenology of each crop
variety. Pons and Stary (2003) suggest that aphid populations never peak in
barley and winter wheat crops in Catalonia because their vegetative period
is short and is followed by extreme heat. In our study, we found a mean of
7.6 aphids per tiller, only slightly above the economical threshold
established by Larsson (2005). However, mean aphid abundances in spelt
variety triplicate (21.7 aphids per tiller) with a maximum of 8,375 aphids in

a single sample (10 tillers).

Spelt matures later than barley and winter wheat, and by mid-June,

once we had finished sampling, the barley and wheat had already been
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harvested while the spelt was still ripening. This lag in the maturing of the
spelt means not only that its aphid colonies have more time to grow bigger
but that it may also attract migrant aphids from nearby cereal crops that
are withering whilst the spelt is still maturing. Therefore, characteristics of
the cereal variety such as the time of harvesting may determine the
capacity of a crop to host aphids, and the spatial distribution of different
varieties may — like the presence of natural enemies — play an important

role in local aphid abundances.

The population dynamics of aphids is often affected by great
interannual variability. As in many previous studies (Alignier et al., 2014;
Chaplin-Kramer et al., 2013; Thies et al., 2005), we found great variability in
aphid abundances between years. Annual changes in aphid abundances are
often related to temperature and precipitation (Leslie et al., 2009; Sampaio
et al., 2017; Thies et al., 2005; Vialatte et al., 2007), with lower abundances
found in years with extreme weather events such as heavy rainfall or
extreme heat, and peaks in average years. In our case, spring 2015 was
extremely hot and dry, while early spring 2016 was characterised by
episodes of heavy rain (see Fig. A.1 in Appendix). In both years, aphid
abundances were lower than in 2014, when no such extreme events

occurred.

Although margins may be unnecessary for overwintering of aphids
and parasitoids, they may be of vital importance in hot summers, after
harvesting and prior to sowing (approx. July—October), when no cereals are
available in the fields. If this is the case, margins could act as summer
refuges from where aphids can colonise fields just after sowing takes place.
Thus, it is possible that the effects of margins as a source of aphids were
diluted during the months that elapsed between this hypothetical start of

colonization and our sampling.
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4.4.2 Parasitoids

Our results indicate that a greater density of margins enhances aphid
parasitism, and back previous studies that have found that increasing
landscape complexity increases parasitism rates (Dainese et al., 2017;
Pleéas et al., 2014; Roschewitz et al., 2005a; Thies et al., 2005). However,
this response occurs at the margin network scale. Landscape at this scale
may be easier to modify by farmers than higher scales, making it possible
for individual farmers to benefit from keeping or increasing the network of

margins around their fields.

Another of the most important variable explaining variation in
parasitism rates was aphid abundance. This suggests density-dependent
behaviour in parasitoids, an aggregation effect that other studies have
reported (Caballero-Lépez et al., 2012a; Colfer & Rosenheim, 2001; Pareja
et al., 2008).

Furthermore, a closer look at our results suggests that parasitoid
response to host density is stronger in a context of high density of the
margin network. Thus, margins may enhance the ability of parasitoids to
exploit a patch with high host density. The role of margins in enhancing
parasitoid responses to high aphid densities could be related to a greater
availability of alternative feeding resources for adult parasitoids such as
floral nectar, a more profitable resource than honeydew (Wackers et al.,
2008). Ramsden et al. (2015), for example, found that parasitoids were
more abundant in plots with high aphid densities when more floral
resources were available.

Parasitoid diversity also responds to both density of the margin
network and aphid diversity. The latter seems to be the main driver of
parasitoid diversity at low margin densities. However, this effect decreases
at greater margin densities, which reveals that in this context parasitoid
diversity remains constant regardless of cereal aphid diversity. We did not

assess aphid populations in margins and therefore could not take into
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account their diversity in our analyses. Since some of the parasitoid species
have a wide range of hosts (including aphids specialized in feeding on wild
forbs and grasses) (Kavallieratos et al., 2005; Tizado et al., 1992). This
pattern may reflect a response of parasitoids to the availability of a
potentially broader range of hosts in margins (Caballero-Lépez et al., 20123;
Gillespie et al., 2016).

4.5 Conclusions

Our results suggest that high margin densities at intermediate spatial scales
play a significant role by favouring parasitoid populations in spring, thereby
directly promoting biological control of aphids when it is most needed.
Higher margin densities also seem to be important in regulating the density-
dependent response of parasitoids to high aphid abundances. Furthermore,
at higher margin densities the parasitoid community becomes more diverse
and its diversity is less related to the diversity of aphids found in the field.
A more diverse community of parasitoids may provide greater stability for
biological control mechanisms (Jonsson et al., 2017). Any further research
on the way in which margins increase parasitism and parasitoid diversity
should include a thorough study of the plant and aphid communities

present in margins.

We also observed great variability in aphid abundances between
years and crop varieties whose implications for the effects of field margins
require further study. The spatial configuration of different crop varieties
with different ripening times defines the capacity of a landscape to support
cereal aphid populations and therefore it might be of interest to include
such spatial variability as part of the heterogeneity of agricultural
landscapes, along with the study of natural and semi-natural vegetated

areas.

Despite the observed differences between years and crop varieties,
our results suggest that the density of the margin network has an overall

positive effect on parasitism and parasitoid diversity. Thus, any reduction
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in the network of field margins could disrupt the natural biological control

of aphids exerted by parasitoids.
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Aggregation of organically managed fields promotes aphid
parasitism in cereal crops under Mediterranean conditions.

Summary

Semi-natural habitats have received a lot of attention in recent years as
possible sources of biological control agents in agricultural systems.
However, maintaining a balance between semi-natural habitats and arable
land is not always feasible for farmers. The promotion of biological control
agents can be addressed through management at farm or field level,
deploying lower intensity and biodiversity-friendly practices. We studied
the effects on cereal aphids and their parasitoids of agricultural
management at field and landscape levels. In spring 2015, we sampled
aphid populations in 30 cereal fields in five agricultural areas in Catalonia
(Spain) with contrasting levels of organic farming aggregation. In each field,
we also assessed weed and crop coverage. As landscape variables, we
assessed the Percentage of Agricultural Land (PAL) and the Proportion of
Organically Managed Land (POML) in a 500-m buffer around each field. We
sampled cereal stems 3 m from the field edges and collected all aphids
detected. We reared mummies (parasitized aphids) until they hatched. Our
results show that management has significant effects at landscape level on
parasitism rates: a higher proportion of surrounding fields under organic
management increased the amount of parasitism, as did less agricultural
land cover. On the other hand, aphid populations were mainly affected by
two in-field factors, namely, sowing density and crop variety. Surprisingly,
differences in weed communities did not have any effects on either aphids
or parasitoids. Our findings show that coordinated farming strategies
involving a conversion to organic management could actively promote

biological control at landscape level.
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5.1 Introduction

Farmers often plan agricultural management at a field scale in a highly
individualistic way. However, many studies have shown that the ecological
processes that sustain agriculture operate at higher landscape levels
(Bianchi et al., 2013 and references therein). One of these processes is
biological control, which involves managing pests and their natural

enemies.

Winter cereals are extensively sown in Europe (Holland et al., 2017)
and cover approximately 32% of the European Utilised Agricultural Area
(Eurostat, 2016). Aphids are the main arthropod pest in cereal crops
(Vickerman & Wratten, 1979). They live on the stems of cereal plants,
where adults feed and reproduce, and complete their life cycles in fields
during the cropping season. The characteristics of the crop, which
determine feeding and habitat quality, influence the growth of aphid

populations.

Hymenopteran parasitoids are among the most specialized natural
enemies of aphids. However, their habitat requirements differ from those
of aphids: parasitoids need aphids on which to lay their eggs but may also
rely on several other resources such as nectar for adult feeding during their
life cycles (Bianchi & Wackers, 2008). Such resources can be provided by
flowering weeds, if present, or by semi-natural vegetation present beyond
cereal fields. Likewise, other aphidophagous natural enemies also need
non-cropped habitats during at least a part of their life cycle (Ramsden et
al., 2015).

Therefore, non-cropped habitats have received much attention in
recent years as they can provide necessary alternative habitats for the
natural enemies of aphids such as hymenopteran parasitoids (Chaplin-
Kramer et al., 2011) and thus can potentially boost the effectiveness of

natural biological control.
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However, too much emphasis has been placed upon the beneficial
role of non-crop habitats for the natural enemies of pests, as these habitats
are the hardest part of the agricultural landscapes to manage. On the
contrary, the implementation of certain management strategies at field
level are potentially much more interesting: low-intensity practices, such as
organic farming, have benefits for biological diversity and are a more
realistic option for implementation at landscape level (Cohen & Crowder,
2017). Gabriel et al. (2010) found that the aggregation of organic farming
can increase the diversity of certain groups of organisms, which suggests
that differences in field management — if implemented at landscape level —
and the role of surrounding non-crop habitats could also affect the
provision of ecosystem services. Furthermore, the effects of different
variables at landscape level may interact and reduce the overall activity of
different groups of organisms (Redlich et al., 2018).

Our aim was thus to test the effects of agricultural management on
aphids and their parasitoids at field and landscape levels. Specifically, we
hypothesized that (i) aphids will respond mainly to field characteristics
given that they can complete their whole life cycles on cereal crops, but
that (ii) parasitism rates will be affected by both field and landscape levels
given that parasitoids require resources that are present both within and

outside fields to complete their life cycles.

5.2 Materials and methods
5.2.1 Study site

Sampling was carried out in 30 fields in five areas in Catalonia (NE Spain):
Cabrianes (Ca), Cardona (Co), I'Espunyola (Es), Moia (Mo) and Gallecs (Ga)
(Fig. 3.1). Arable farming (mainly cereal and legumes crops) is the main
land-use in these areas. Semi-natural field margins ranging from perennial
grasslands to scrubland and small stands of trees were present in all areas
at various levels of complexity. In each of the first four areas (Ca, Co, Es,

Mo) we selected four cereal (wheat or barley) fields, two organically
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managed and two conventionally managed. In Ga, however, we selected 14
fields, of which only three were organically managed. We selected more
fields in Ga since this and the sampling described in chapter 1 were taking

place simultaneously.

In each selected field, we defined a 50-m transect parallel to and 3 m
in from the field edge. This transect was subdivided into three segments,
each measuring 10 m: two were placed at either end of the transect and
one in the middle so that each of the three segments was separated from
the next by 10 m (Fig. 5.1).

5.2.2 Aphid and parasitoid data

From late April until mid-June, we collected once a week 10 equidistant
cereal tillers along the 10-m segments in each of the selected fields. We
placed the collected stems carefully inside sealable plastic bags and stored
them in a portable fridge in the field. The bags were kept at 4°C for at most
four days until processed to ensure that captured predator activity was low

and to avoid the loss of aphids.

In the days following each sampling, we removed all aphids from the
plant stems using wet brushes and preserved them in 70% ethanol.

Mummies from which parasitoids had not yet emerged were kept

FIELD MARGIN

50m

FIELD

Figure 5.1: Scheme of the sampling layout used in each field.

55



separately in individual vials, covered with a cotton plug, at room
temperature (20-24°C, with no control over humidity) until the parasitoid
emerged; both the parasitoid imagoes and the aphid mummies were then
preserved in 70% ethanol. All aphids (including mummies) and hatched
parasitoids and most hyperparasitoids were identified to species level if
possible or otherwise to genus level. The aphids were identified by Nicolas
Pérez Hidalgo, the parasitoids (Braconidae: Aphidiinae) by José M.
Michelena Saval, and the hymenopteran hyperparasitoids by Mar Ferrer
Suay (Cynipoidea: Figitidae: Charipinae), Emilio Guerrieri (Chalcidoidea:
Encyrtidae) and Agnés Salat Moltéd (Chalcidoidea: Pteromalidae,
Aphelinidae; Ceraphronoidea: Megaspilidae).

5.2.3 Management characterization

To assess field level characteristics, we determined crop and weed coverage
and whether management was organic or conventional. The percentage
cereal and weed coverage was estimated visually along each sampling
segment. We classified weeds into three functional groups following
Caballero-Lépez et al. (2012a): grasses excluding crops, forbs and legumes.
Grasses can act as alternative hosts for aphids, while forbs and legumes can
provide nectar resources within fields for adult parasitoids. The higher
nitrogen content of legumes can attract alternative aphid hosts for

parasitoids.

Landscape level variables were assessed in a 500-m buffer around the
sampling transect. We derived two landscape-level indicators of
agricultural management: Percentage of Agricultural Land (PAL) and
Proportion of Organically Managed Land (POML). Land-cover information
was derived from the Catalan Habitats Cartography (Carreras & Diego,
2004) and on-site surveys, as well as from the existing cartography of
(Caballero-Lépez & Sans, 2010). ArcGIS (version 10.1) was used to calculate

both parameters.
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5.2.4 Data analysis

We summed the number of aphids, mummified aphids, hoverflies and
ladybugs over the whole sampling period to obtain the response variables.
We used Generalized Linear Mixed Effects Models (GLMM) to analyse the
data, with ‘field’ nested within ‘area’ as a random effect given that samples

from the same field and from the same area could be spatially dependent.

For the aphid abundance models, we employed a negative binomial
distribution for the error term due to the overdispersion observed during
data exploration. For the parasitism rates, we used a logit-link function and
a binomial distribution, appropriate for proportional data (Zuur et al.,
2009).

All continuous explanatory variables were standardized before data
analysis to avoid numerical issues, and to facilitate the interpretation of the
effects based on regression coefficients. Explanatory variables displaying
increasing dispersion with increasing mean values were log-transformed

prior to standardization.

We checked for collinearity between continuous explanatory
variables and considered them to be correlated when Spearman’s
correlation coefficient was over 0.5. We used the Student t-test to detect
significant associations between our categorical and continuous
explanatory variables. We found cereal and forb cover to be correlated the
one with the other, and with management and crop type. Thus, we used a
procedure like that described in Zuur et al. (2009) to avoid these issues:
first, we subtracted the group means for each combination of management
and crop type (four groups in total) and then divided by the overall standard
deviation to maintain the relative spread of the observations between
groups. While this procedure guaranteed that our continuous variables did
not vary in accordance with our categorical variables, a correlation test
proved that both cereal and forb cover were still correlated. We therefore

subtracted cereal cover from forb cover so that both terms could be used
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in a linear model (Zuur et al., 2009). Furthermore, measures of legume
cover were greater than zero mostly under organic management. We did
not transform these measures since any standardization would have
rendered the minimum levels of cover under conventional management

and average levels of cover under organic management as equivalent.

We used multi-model inference to determine which variables were
most important for each group (aphids and parasitoids) and to obtain an
average estimate of their effects. We compared 505 models for aphid
abundances and 1,024 for parasitism rates using the Akaike Information
Criterion corrected for small sample sizes (AlCc) (Burnham & Anderson,
2002). Model averaging uses Akaike weights — assigned to each model in
terms of the difference in their AlCc relative to the best (lowest AlCc) model
— to compute a conditional weighted average of model coefficients; we
considered only models in which the variable was present (Burnham &
Anderson, 2002). Of the 512 possible models for aphid abundance, seven
presented convergence problems and were thus excluded from the analysis
after checking that the convergence issues did not depend on a single
explanatory variable, and that such exclusion did not lead to an unbalanced

representation of any variable in the model set.

We checked for the normality of residuals in our global models using
graphical exploration (Zuur et al., 2009). In our global model for parasitism
rates, the distribution of residuals departed slightly from normality owing
to the presence of outliers. We repeated the analyses excluding those
observations and obtained normally distributed residuals; however, we
found no differences in the estimated effects (direction and precision of
estimates) between the models based on complete and on subset data.
Therefore, we decided to retain the models based on the complete data

set.

All analyses were performed using R 3.3.2 (R Core Team, 2016), with
packages gImmADMB version 0.8.3.3 (Fournier et al., 2012; Skaug et al.,
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2016) for model fitting and MuMin version 1.15.6 (Barton, 2016) for multi-
model inference.

5.3 Results
5.3.1 Aphids

We collected 12,136 aphids belonging to 18 species, the most abundant
being Sitobion (Sitobion) avenae (Fabricius), which represented 46% of the
total aphid abundance. See Table A.1 in Appendix for a complete list of all

aphid species found.

Overall, aphids were mainly influenced by two characteristics,
namely, crop type and cereal cover, both at field level. The abundance of
aphids was lower in barley fields and in fields with greater cereal cover.
Neither management, landscape nor weed communities had strong or
significant effects (Table 5.1A). Based on the estimated regression
coefficients, the magnitudes of landscape and management effects were

larger — albeit non-significantly — than those of weeds.
5.3.2 Parasitism

Of the 1,058 parasitized aphids, 572 were reared in the laboratory. The
remaining mummies were already open when collected in the field but
were still used in the calculation of parasitism rates. Of the reared
mummies, 267 (46% of reared) hatched successfully. A total of 109 primary
parasitoids (Hymenoptera: Braconidae: Aphidiinae) emerged, of which the
most abundant species (47.7% of the total) was Aphidius uzbekistanicus
(Luzhetzhi). We also found 133 hyperparasitoids, the most abundant
species (38% of the total) being the pteromalid Pachyneuron aphidis
(Bouché). Twenty-five of the hatched specimens were unidentifiable owing
to sample deterioration. See Tables A.2 and A.3 in Appendix for a complete

list of all parasitoids and hyperparasitoids found.
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Table 5.1: Results after model averaging for aphid abundances and parasitism rates.
Also shown are the averaged estimates for all predictor variables and their
Unconditional SE for all models containing the variable (Burnham & Anderson, 2004).

(A) Abundance of aphids (B) Parasitism rates

Variable averaged estimate = UnSE

aphid abundance - -0.354 £ 0.107  «

crop characteristics
-1.287 £ 0.284 *

crop variety?! -0.493 +0.208 .

cereal cover? -0.318 £ 0.116 * -0.123 £ 0.073
landscape management

PAL -0.125+0.155 -0.395+0.141

POML 0.063 £ 0.152 0.295+0.114 *

PAL x POML 0.107 £ 0.310 -0.284 + 0.155
management? -0.186 £ 0.409 0.123 + 0.292
weed community

forb cover? 0.097 £ 0.118 0.053 £ 0.053

legume cover -0.003 £ 0.116 -0.057 £ 0.070

grass cover -0.048 £ 0.076 -0.010 £ 0.056

1 —wheat is used as the reference level for differences between crop varieties
2 — partial effect of cereal cover once corrected for crop type and management.

3 — conventional management is used as the reference level for differences between management
types.

4 — partial effect of forb cover after correction for crop type and management, and after subtracting
cereal cover.

Parasitism rates were mainly influenced by landscape, crop
characteristics and aphid abundance (Table 5.1B). At landscape level,

parasitism was negatively affected by PAL and positively affected by POML.
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The effect size of the interaction between PALand POML was large but non-
significant. In terms of crop characteristics, crop variety but not cereal cover
was also important in determining the rates of parasitism, which were
higher on wheat than on barley. Neither field management nor the
presence of weeds altered parasitism rates, which were higher when aphid
abundances decreased.

5.4 Discussion
5.4.1 Field-level factors

Field-level factors were relevant for predicting aphid abundances but not
for parasitism rates. However, parasitism rates responded to aphid
abundance, which suggests that field-level factors do in fact influence
parasitism rates via a bottom-up mechanism given their effect on aphid
abundances. This result highlights the importance of analysing both the
populations of natural enemies and the effects of landscape and

management on host aphid abundances.

Aside from crop variety, the main factor affecting aphid abundances
was cereal cover: greater cereal cover resulted in less aphid abundance,
even though aphids would have more resources. Winder et al. (2005)
attributes similar results to the dispersal of the aphid population between
more numerous shoots. This behaviour leads to the formation of smaller
colonies or colonies that persist for less time (Winder et al., 2014) that
would be less detectable by our sampling method. Furthermore, greater
cereal cover also implies less weed cover, thereby increasing the efficiency
of host/prey searching by natural enemies and thus enhancing biological
control (Gols et al., 2005).

The fact that field management did not affect aphid abundances or
parasitism rates suggests that the dichotomy organic vs. conventional
management is not necessarily relevant to aphid-parasitoid systems (Puech
et al., 2014), particularly if insecticides are not applied. The great variability

in the intensity of agricultural practices such as ploughing, sowing density
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and nitrogen inputs that form part of both types of management (Armengot
et al., 2011) contributes to diluting the differences between farming
systems and thus the relevance of such differences to the aphid-parasitoid

system.

The negative density dependence of parasitism on aphid abundance
was unexpected, but similar to the observations made by Pareja et al.
(2008). These authors suggest that inverse density dependence may appear
when parasitoids only attack the periphery of colonies: the result is that the

bigger the colony is, the lower the parasitism rates.

In contrast to the findings by Caballero-Lépez et al. (2012a), aphid
abundances and parasitism rates failed to respond to differences in the
weed community and the size of the effect of all weed groups was one or
two orders of magnitude less than that of other variables. However,
Caballero-Lépez et al. (2012a) sampled in the centre of fields (55 m from
edges), while we sampled at 3 m from field edges. Just as semi-natural
vegetation patches or floral strips are more relevant for natural aphid
enemies in intensive landscapes where there is a massive lack of alternative
resources (Haenke et al., 2009; Jonsson et al., 2015), weeds may be more
important for parasitoids further inside the field, where, compared to the
edges, there are fewer available resources. Furthermore, adult parasitoids
can also rely on aphid honeydew for sugar provision, although it is
nutritionally inferior to floral nectar (Wackers et al., 2008), thus making

floral resources inside fields less relevant to parasitoids.
5.4.2 landscape

Our results show the relevance of landscape for parasitoids and how it
affects parasitism rates. In particular, we detected significantly higher
parasitism rates when POML values were high, in line with the findings of
Gabriel et al. (2010) on other groups of organisms. Even accounting for the
great variation in their management intensity, organic farms are on average

less intensive than conventional ones (Armengot et al.,, 2011). Thus, a
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landscape with a higher POML value will tend to be less intensive, which
may increase the availability of resources for parasitoids. Irrespective of the
type of field management, Rundlof et al. (2010) reported higher forb
richness on field edges in landscapes with more organic management,
which may ensure more floral resources for parasitoids. Organic farming
also tends to involve crop rotation, which potentially increases crop
diversity at landscape level. As Redlich et al. (2018) found, crop diversity

can increase biological control and parasitoid abundances.

As in many previous studies, parasitism rates decreased as the
cropped surface increased (Roschewitz et al., 2005a; Thies et al., 2005).
More generally, it has often been found that parasitoids respond positively
to landscape complexity (Chaplin-Kramer et al., 2011; Dainese et al., 2017,
Plecas et al., 2014; Rusch et al., 2016), a response that has been related to
the greater availability of alternative resources and habitats for them in
landscapes with more non-cropped habitat (Gillespie et al., 2016 and

references therein).

Our hypothesis that aphid abundances would not respond to
surrounding landscape characteristics was confirmed. The life style of
aphids during the crop-growing season means they have little need to
disperse until crop senescence, which thus reduces the effect of landscape

on their abundances.

5.5 Conclusions

At field level, a bottom-up mechanism in which characteristics such as crop
variety and cover influence the growth of aphid populations (the main
factor affecting parasitism rates) seems to be operating. Weeds, on the

other hand, play no role in either aphid or parasitoid abundances.

In terms of management, field-level organic management may not be
enough to alter how aphids are biologically controlled by their natural
enemies. Rather than concentrating on the individual management of

fields, a coordinated implementation of organic farming at landscape level
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seems a much more useful strategy for increasing the biological control of
aphids. Any such coordinated landscape management should also include

the conservation of existing non-crop habitat patches.
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Capitol 3

Not all field margins are equally useful: effects of the
vegetation structure of margins on cereal aphids and
their natural enemies

Summary

In any study of the effects of semi-natural habitats on aphids and their
natural enemies, and on biological control in general, it may be relevant to
consider how differences in vegetation affect them and the biological
control services they provide. Vegetation functional trait analysis has been
shown to have good explanatory power in relation to insect biology. Among
these traits, life forms reflect different aspects of plant structure and
functioning and help describe the value of margin vegetation for arthropods
in agricultural systems. The aim of this study was to clarify the effect of the
structure of margin vegetation on cereal aphids and certain guilds of their
natural enemies, namely, parasitoids, hoverflies and ladybugs. We
characterized margin vegetation using the relative cover of each life form
and sampled insects inside crops along transects parallel to margins. Our
results show that in the studied areas the abundance of natural enemies
was greater near margins dominated by annual plants than in margins
dominated by perennial plants, where aphid abundances decreased. On the
other hand, the abundances of aphids and parasitism rates were greater
near margins dominated by perennial woody forms than margins
dominated by perennial herbaceous forms. Our findings highlight how
margin vegetation structure affects arthropod populations in cereal fields.
By managing the vegetation and promoting specific life forms in already
existing margins, farmers can enhance the abundance of the natural

enemies of aphids and decrease pest pressure on their fields.
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6.1 Introduction

In recent years, research on biological control has devoted increasing
attention to how semi-natural vegetation in the agricultural matrix
maintains the diversity and abundance of natural enemies of arthropod
pests (Garcia-Feced et al., 2015; Holland et al., 2017), thereby enhancing
their potential as control mechanisms (Pollier et al., 2018; Rusch et al.,
2016).

Research on the effects of semi-natural habitats on natural enemies
and biological control has focused to date mainly on the correlation
between natural enemies and the area occupied by this type of habitats
(Rusch et al., 2016). However, these habitats comprise a few different plant
communities that provide both natural enemies and pests with a variety of
resources. Therefore, differences in vegetation need to be studied when
attempting to promote biological control services in agricultural

ecosystems.

Some studies have explored the effects of different classes of semi-
natural vegetation on natural enemies and pests. These effects are related
to the proportion of the area occupied by each habitat type in buffers
ranging from 250 m to several kilometres in width (e.g. Alignier et al., 2014).
However, the focus is seldom on the immediately adjacent field margin and
the vegetation that grows there, even though it is the nearest source of
alternative resources for organisms colonizing the crop. Furthermore, it is
easier for farmers to have an impact on habitats adjacent to their crops than

on habitat patches at larger landscape scales.

In recent years, functional traits have increasingly been recognized in
vegetation analyses as having good explanatory power in relation to insect
biology (Lundin et al., 2018). The analysis of functional traits allows for
comparisons of vegetation samples to be made even if their specific
compositions differ (Bruelheide et al., 2018; Pérez-Harguindeguy et al.,

2013). Furthermore, instead of relying simply on vegetation species
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richness, which is often a poor surrogate for the breadth of niche
opportunities offered by vegetation, the use of functional traits allows us
to infer the resources provided by plants. There are many plant traits, both
qualitative and quantitative, that can be linked to resource provision for
natural enemies. Of these traits, life form integrates different aspects of
plant structure and functioning: it is a good indicator of the height and the
structure of vegetation, and whether the margin is permanently vegetated
throughout the year. Therefore, this information can help determine the
value of margin vegetation for arthropods in agricultural systems. This value
will depend on the biological control agents and the pest species of interest
since each group of organisms has its own life-cycle requirements and
degrees of mobility that depend on traits such as body size and trophic level
(Thies et al., 2005; Tscharntke and Brandl, 2004).

The aim of this study was thus to clarify the effects of the structure
of margin vegetation on pests and their natural enemies in cereal crops,
one of the most important land uses in Europe. In all, cereal crops cover
32% of the continent’s total agricultural area (57 out of 179 million ha;
Eurostat, 2016) and so their management has a huge impact on the
environment. The main arthropod pests in cereal crops are aphids, which
are responsible for a 10-13% loss in wheat yields in the UK (Tatchell, 1989;
quoted in Dedryver et al., 2010) and a 20% loss in barley yield in France
(Dedryver et al., 2010). Our study focuses on cereal aphids and three of
their most important natural enemies: parasitoids (Hymenoptera:
Parasitica), hoverflies (Diptera: Syrphidae) and ladybugs (Coleoptera:

Coccinellidae).

In this study, we address the following questions: (a) Does vegetation
structure in field margins, measured by the proportions of plant life forms,
correlate with the abundance of natural enemies of aphids? (b) Do different
natural enemies of aphids respond differently to the structure of margin
vegetation? (c) Do aphids and their natural enemies respond in opposite

ways? Our hypothesis is that margins with simpler vertical structure
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(predominantly herbaceous) or with a discontinuous presence of standing
vegetation throughout the year (mainly annual plants) give rise to lower
abundances of natural enemies in the adjacent crops. More specifically, we
hypothesize that the presence of ladybugs in cereal crops during the cereal
season will not depend on the margin vegetation since they are able to feed
on aphids in the crops themselves in both their larval and adult forms.
However, since the adults of parasitoids and hoverflies need sugars (and, in
particular, floral nectar, which is scarce in cereal crops), we expect these
groups of insects to be affected by the composition of margin vegetation as

they may have to switch from crops to adjacent semi-natural habitats.

6.2 Methods
6.2.1 Sampling site and field selection

Sampling was carried out in five areas in Catalonia (NE Spain) where cereals
and legumes are the main crops. Field margins with semi-natural vegetation
are present in all areas. The margin vegetation of these agricultural
landscapes exhibits various degrees of complexity, ranging from annual
ruderal vegetation and perennial grasslands, to scrubland and small copses.
Field margins in these areas are not generally managed and, if they are,
management is never intensive. The selected margins were not managed
directly during our study since we found no evidence of direct herbicide

application or any controlled burning.

We used data from two partially overlapping datasets to test our
hypotheses: one dataset consisted of data collected in an area (Gallecs, Ga)
in 2014-2016; the other contains data collected in 2015 in Gallecs and in
four other areas in central Catalonia (see Fig. 3.1 for their codes and their
locations). The sampling effort differed depending on the area and the year
due to the different size of the study areas. In Ga, we sampled 39 cereal
(wheat or barley) fields in the springs of 2014, 2015 and 2016. In each of
the four remaining areas (Ca, Co, Es, Mo), we sampled four cereal fields

(wheat or barley) in spring 2015.
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This data sets enabled us to analyse the consistency of the response
to margin vegetation over time in one location (Ga; henceforth ‘time’

dataset) and spatially over one year (henceforth ‘space’ dataset).
6.2.2 Aphid sampling

In each of the selected fields, we sampled aphids along a 50-m transect
parallel to the field margin. Each of these ‘aphid transects’ was subdivided
into five segments of 10 m each. In 2014, we sampled all five segments of
each transect but had to reduce the sampling effort in 2015 and 2016 to
ensure a manageable number of samples. To guarantee a constant transect
length, in 2015 and 2016 we sampled only the two end segments plus the
central segment (Fig. 6.1).

Each year from late April until harvest time or mid-June (depending
which came first), we collected once a week as regularly as possible ten
cereal tillers along the 10-m segments in each of the selected fields.
Collected stems were carefully placed inside sealable plastic bags and kept
in a portable fridge in the field. Afterwards the bags were kept at 4°C for at
most four days until examination to ensure that captured predator activity

was low and to avoid the loss of aphids.

\é vegetation transect: 70 m. FIELD MARGIN
1

10m 10m

20m

3 10m 10m 10m
B T e
Legend
—— aphid transect (all years)
--- aphid transect (only 2014)
----- visual predator survey (2016) FIELD

Figure 6.1: Sampling layout of each of the variables used in the study.
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During the subsequent days, we removed all aphids from the plant
stems using wet brushes and preserved them in 70 % ethanol. Mummies
from which parasitoids had not yet emerged were kept separately in
individual vials covered with hydrophilic cotton at room temperature (20—
24°C, with no control over humidity) until the parasitoid emerged; both the
parasitoid imagoes and the aphid mummies were then preserved in 70 %
ethanol. All aphids (including mummies) and hatched parasitoids and most
hyperparasitoids were identified to species level if possible, or to genus
level otherwise. The aphids were identified by Nicolas Pérez Hidalgo, the
parasitoids (Braconidae: Aphidiinae) by José M. Michelena Saval, and the
hyperparasitoids (Hymenoptera), by Mar Ferrer Suay (Cynipoidea:
Figitidae: Charipinae), Emilio Guerrieri (Chalcidoidea: Encyrtidae) and
Agnés Salat Molté (Chalcidoidea: Pteromalidae, Aphelinidae;

Ceraphronoidea: Megaspilidae).
6.2.3 Predator survey

In spring of 2016, we included a survey of hoverflies and ladybugs in six of
the fields in which we had already sampled aphids. At the same site as the
aphid-sampling transects, we conducted concurrent natural enemy visual
transects at 3 m and 20 m from the field margin (Fig. 6.1). We counted
adult, larvae and chrysalides of ladybugs and larvae and chrysalides of
hoverflies. We did not count adult hoverflies since their presence does not

imply predation on aphids.
6.2.4 Vegetation survey and characterization

We established a 70-m transect centred on the aphid-sampling transect
along the margin adjacent to the field edge. This ‘vegetation transect’ was
divided into 10-m segments, in which we assessed visually total vegetation
cover and the relative cover per species using the Braun-Blanquet scale. To
ensure standardized vegetation surveys, we only considered the vegetation

in the 1-m-wide strip nearest to the field edge.
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6.2.5 Vegetation data analysis

Cover data were transformed into numeric percentages as per the Braun-
Blanquet equivalences (van der Maarel, 1979). Since it makes little sense to
associate directly the information from vegetation transects with insect
transects at segment level, we derived composite vegetation samples using
a moving average of species-specific cover. Each composite sample
represented the average of the vegetation cover in a block of the three
segments closest to each segment of the insect surveys, with each block
partially overlapping with the next one. As a result, each segment in the
insect transect could be associated with one of the vegetation-averaged
blocks (Fig. 6.1).

We compiled the Raunkizer life form for all recorded plant species
(therophytes: annual plants; geophytes: plants that have bulbs or rhizomes;
hemicryptophytes: plants with buds at soil level; chamaephytes: plants with
perennial shoots and resting buds near soil level (< 25 cm); phanerophytes:
shrubs and trees). We also compiled information on flowering attributes —
specifically on entomophily (the need for interaction with pollinators) and
time of flowering (to check whether the species should have been flowering
during our sampling) — as these traits affect the activity of natural enemies
(Pollier et al., 2018). We used publicly available on-line databases (Fitter &
Peat, 1994; Julve, 1998; Klotz et al., 2002) and a local flora (Bolos et al.,
2005), and crosschecked for inconsistencies between sources. Whenever
the references did not agree, we prioritized data collected in
Mediterranean areas. We used package TR8 version 0.9.18 (Bocci, 2015) to

access online databases.

We used the community weighted mean (CWM) of the different life
forms to characterize the margin vegetation. The CWM is the proportional
cover attributable to each of the life forms present in each sample, and was
computed using R 3.4.4 (R Core Team, 2018) with package FD version 1.0-
12 (Laliberté et al., 2014; Laliberté & Legendre, 2010). To avoid collinearity

between measures, we characterized the vegetation in each block using
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non-linear multi-dimensional scaling techniques, retaining only two axes
that represented margin vegetation structure with a minimal deformation
in reduced space (stress =0.088). We used package vegan version 2.5.2

(Oksanen et al., 2018) for multi-dimensional analyses.

Even though we initially intended to include entomophily in our
models, we detected significant correlation with the first component of the
vegetation NMDS (Spearman’s correlation coefficient: -0.374, p < 0.001; see
Results). Entomophily was therefore excluded from linear models and only

used to explain our results.
6.2.6 Insect data analysis

We summed the number of aphids, mummified aphids, hoverflies and
ladybugs over the whole sampling period to obtain the response variables.
We then used both components of the NMDS as fixed-effect covariates in
generalised linear mixed effect models to test their effects on the response
variables. After a visual inspection of the data, we detected a certain lack of
linearity in the relationship between our response variables and NMDS
axes. Therefore, we included both linear and quadratic terms of the

explanatory variables as covariates.

We fitted different models for each dataset for both aphid
abundances and parasitism (Table 6.1). We used year as a covariate in
models with the ‘time’ dataset and area in models with the ‘space’ dataset
to exclude any variation due to differences between years or areas. All
models included the identity of the field as a random effect since

observations from the same field cannot be considered independent.

For the aphid abundance models, we also included crop variety as a
fixed factor. We employed a negative binomial distribution due to the
overdispersion detected during data exploration. For the parasitism rates
we included aphid abundances as an additional covariate since parasitism
rates can be density-dependent (Pareja et al., 2008). We used a logit-link

function and a binomial distribution, appropriate for proportional data
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Table 6.1: Outline of the models fitted to each response variable, with an indication
of the fixed-effect and random-effect variables included, and the distribution
considered.

Dataset Response Fixed effects Random effects Distribution
"Time" +vear
dataset y
Aphid +cro Negative
abundance P binomial
“Space” + area
dataset
vegetation
"Time" NMDS axis 1
+year
dataset yea
- is 12 + log(aphid . ) . .
Parasitism +axis 1 g(aphi + (intercept|field) Binomial
abundance)
"Space" + axis 2
+ar
dataset area
+ axis 2?
Ladybug negative
2016 abundance + log(aphid binomial
visual abundance)
transects Hoverfly + distance to margin Poi
oisson
abundance

(Zuur et al., 2009). We used a Poisson distribution for the hoverfly model,
and a negative binomial for the ladybug model to account for the

overdispersion of data. Details of each model are summarised in Table 1.

We checked residuals graphically to ensure statistical assumptions
were met (Zuur et al.,, 2009). We detected five outlier observations
belonging to the same field and year, where aphid abundances were
unusually high (up to ten-times greater than the mean of all other fields).
These points seriously conditioned our results even after modelling for
overdispersion and therefore this field was removed from the analyses. All
analyses were performed using R 3.4.4 (R Core Team, 2018), with packages
glmmADMB version 0.8.3.3 (Fournier et al., 2012; Skaug et al., 2016) and
Ime4 version 1.1-17 (Bates et al. (2015) for model fitting.
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6.3 Results

Margin vegetation can be characterized along two axes in terms of the
predominant life forms present. The first axis distinguishes margins
dominated by annual or perennial vegetation (Fig. 6.2). The therophytes
dominating annual margins are mainly ruderal, short-lived plant species
such as common poppy (Papaver rhoeas), common fumitory (Fumaria
officinalis), common sowthistle (Sonchus oleraceous) and white rocket

(Diplotaxis erucoides), most of which dry up in summer; on the other hand,

margins dominated by perennial life forms are vegetated throughout the
year. Furthermore, as stated before (see Vegetation analysis), we found
that margins with low values on the first axis had more entomophilous
plants in bloom during sampling (Fig. 6.3). The second axis distinguishes

between predominantly woody and herbaceous vegetation in margins
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Figure 6.2: Graphical display of the NMDS of field margin vegetation; the overlaid
labels indicate the centroid of each life form: Th: therophytes; G: geophytes; H:
hemicryptophytes; Ch: chamaephytes; Ph: phanerophytes.
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dominated by perennial vegetation, which determines the vertical
structure available during the vyear: in margins dominated by
phanerophytes (mostly woody plants), a well-developed vertical structure
stands throughout the vyear, while in margins dominated by
hemicryptophytes only a thin layer of vegetation remains. Values around
the centre correspond to a greater diversity of life forms. Unlike
hemicryptophytes, phanerophytes and therophytes, whose percentages of
cover vary considerably from 0% to almost 100%, chamaephytes and
geophytes have little discriminant power since these forms have little range

of plant cover in the sampled margins.

We captured 51,623 aphids (excluding the ones from the outlier
field), of which 4,556 were parasitized. We found 14 aphid species, the

most abundant being Sitobion (Sitobion) avenae (Fabricius). See Table A.1
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Figure 6.2: Correlation between the first axis of the margin vegetation NMDS and the
entomophilous plant cover. The line indicates the locally estimated smoothing
(LOESS) trend for illustrative purposes.
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in Appendix for a complete list of all aphid species found. We found 2,897
un-hatched mummies that were reared in the laboratory, obtaining 1,020
primary and secondary parasitoids from 23 species. The most abundant
species of primary parasitoid was Aphidius uzbekistanicus Luzhetzki
(Braconidae: Aphidiinae), while that of hyperparasitoids was Pachyneuron
aphidis (Bouché) (Pteromalidae). See Tables A.2 and A.3 in Appendix for

more details about parasitoids and hyperparasitoids found.

Although the response to most variables is similar in both datasets,
their significance does change in some cases (Table 6.2). The abundance of
aphids was affected by the margin vegetation structure, being higher where
the margin vegetation was predominantly perennial (axis 1) but lower
wherever perennial herbaceous species dominated cover in field margins

(axis 2). The effect of vegetation is consistent in both datasets.

Aphids were significantly less abundant in barley than in wheat fields,
with predicted means of 103 aphids/10 tillers vs 333 aphids/10 tillers (‘time’
dataset) and 47 aphids/10 tillers vs 161 aphids/10 tillers (‘space’ dataset),
respectively. By contrast, aphid abundances were significantly higher in
2014 (predicted mean: 378 aphids/10 tillers) than in both 2015 (predicted
mean: 130 aphids/10 tillers) and 2016 (predicted mean: 147 aphids/10

tillers). However, we did not detect any differences between areas.

Parasitism rates were also affected by margin vegetation structure
(Table 6.2) and displayed a significant positive correlation with a dominance
of annual vegetation (axis 1) and a negative one with a dominance of
perennial herbaceous forms (axis 2). However, the effect of margin
vegetation was only significant in the ‘time’ dataset. We detected no
significant non-linear relationship. Parasitism rates had only a marginally
negative correlation to aphid abundances; we detected no differences
between years. However, we found significant differences between areas

that are not attributable to the studied variables.
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In general, the abundance of ladybugs was significantly related to the
abundance of aphids but negatively affected by distance to the margin
(Table 6.3). Margin quality also affected the abundance of ladybugs. The
abundance of ladybugs was negatively correlated to the dominance of
perennial plants in the margins (axis 1). However, the abundance of

ladybugs did not respond linearly to the structure of the margin vegetation

Hoverflies were significantly correlated with the structure of the
margin vegetation (Table 6.3) as they were significantly more abundant
where margins were covered by annual vegetation (axis 1). Margins
dominated by woody vegetation (axis 2) were also related to greater
hoverfly abundance, although such an effect was only marginally
significant. As in the case of ladybugs, hoverfly abundances were higher in

transects near field margins.

6.4 Discussion

Our results show that margin vegetation can be described using the easily
obtainable trait of life form, which not only describes the structure and
presence of margin vegetation throughout the year but, as in our case, is
also related to resource-provisioning (i.e. floral nectar) that is relevant to
natural enemies. Life form has the advantage of being very easily
determined and can be used therefore as an assessment tool by farmers for

margin management.

Our results also indicate that the vegetation of field margins can
affect the abundances of pests and their natural enemies, which supports
previously found evidence that field margins have a role in the regulation
of both pests and biocontrol agents and their interactions (Bischoff et al.,
2016; Pollier et al., 2018; Ramsden et al., 2015). Thus, our hypotheses are
partially confirmed. While vertical structure (margins dominated by woody
life forms) correlated with greater abundance of some natural enemies in

adjacent areas, this response differed depending on the group of natural
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enemies. However, contrary to our expectations, margins dominated by
annual species favoured the presence of all studied natural enemies and led
to lower aphid abundances in adjacent areas, thereby suggesting that a

joint effect of these enemies on aphid biological control is taking place.

The preference of natural enemies for margins dominated by annual
species may be related to a greater availability of sugars and of alternative
prey items and hosts for adult natural enemies to feed or oviposit on.
According to our results, these margins tend to have greater cover of
entomophilous flowers, a particularly important feeding resource for
hoverfly adults (e.g. Pollier et al., 2018; Ramsden et al., 2015). In other
studies, planted flower strips are used in intensive or simplified cereal
cropping landscapes to increase the abundance of hoverflies and enhance

the biological control of cereal aphids (Haenke et al., 2009).

Table 6.3: Model estimates and their significance for ladybug and
hoverfly abundances. Levels of significance: ***: p-value < 0.001; **: p-
value < 0.01; *: p-value < 0.05

Variable Ladybug abundance Hoverfly abundance
axis 1 (linear) -3.514+0.793 ***  -1.429+0.449 **
axis 1 (quadratic) -2.472+1.228 * 0.282 +£0.228

axis 2 (linear) 0.404 + 0.339 -1.626 + 0.886

axis 2 (quadratic) 4246 +1.006 *** 0.669 +0.595

20 mvs 3 m from margin  -0.560+ 0.280 * -1.910£0.268  ***
log(aphid abundance) 1.297£0.359 *** 0.233+0.206
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Parasitism also responds positively to annual vegetation cover in
margins, even though adult parasitoids also use aphid honeydew as a
feeding resource. Although honeydew is inferior in terms of nutrition and
nectar may thus be preferred (Wackers et al., 2008), honeydew feeding
must be considered when evaluating the benefits of greater floral resource
availability on the increase parasitism rates (Tena et al., 2016) as it can
hamper the relationship between nectar presence and parasitism
abundance.

Another surprising result was that ladybugs also responded to margin
vegetation structure and were present in greater abundances close to
margins covered by annual plants. An analysis of the gut content of
ladybugs by Ricci et al. (2005) showed a consumption of Gramineae pollen
but also pollen from other plant families such as Compositae, Umbelliferae
and Gentianaceae found in field margins. Even though pollen is usually only
considered to be an alternative feeding resource for ladybugs during the
aphid season (Ricci et al., 2005; Triltsch, 1999), an aphid-based diet may
have to be complemented with pollen (Schuldiner-Harpaz & Coll, 2017).
Although all plants produce pollen at some point, possibly only relatively
early-flowering habitats such as annual-dominated ruderal field margins
provide a significant source of pollen in late spring and so ladybugs may
respond positively to this type of field margins. Whether they use margins
for resource provisioning or simply as corridors through which to colonize
fields, the importance of margins for ladybugs is stressed by the fact that

ladybug abundances are significantly lower further into fields.

The positive effect of margins dominated by annual life forms on
ladybugs and parasitoids may also be the result of less pressure from other
natural enemies such as Carabidae and spiders, which are more sensitive to
agricultural management and thus more dependent on persistent semi-
natural (non-managed) habitats (Oberg et al., 2007; Pywell et al., 2005).
Margins dominated by annual vegetation may also provide a greater

availability of alternative prey items or hosts early in the season if other
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natural enemies are less abundant, thereby stabilizing populations of
ladybugs and parasitoids before cereal aphids increase in the crops and thus

potentially enhancing biological control when most necessary.

The response of natural enemies to the woodiness of margin
vegetation (axis 2 of the NMDS) is more ambiguous: while parasitism rates
and hoverfly abundances are higher in areas adjacent to woody margins
(although not significantly so in the latter case), the abundance of ladybugs
is lower. This response of ladybugs can be interpreted in terms of negative
interactions with other levels of the trophic network may be taking place.
Woody vegetation in margins encourages birds to nest (Heath et al., 2017)
and adults of insectivorous species predate on groups such as ladybugs and
hoverflies — particularly on their larvae —and so disrupt the efficiency of the
biological control (Grass et al., 2017). The presence of birds in woody
margins could explain the negative effect of such margins on ladybug
abundances and the lack of significance in the response of both ladybugs
and hoverflies to woodiness (axis 2 of the NMDS). Coincidentally, in our
results, areas near woody margins hosted higher aphid abundances which
is in agreement with the results of Grass et al. (2017), who found that a

significant disruption in biological control increases aphid abundances.

Perennially vegetated herbaceous margins are known for their
quality as sites for the overwintering and reproduction of ground beetles
(Fusser et al., 2016; Pfiffner & Luka, 2000). Some selective-exclusion
experiments have found a negative interaction between flying and ground-
dwelling natural enemies of aphids such as ground beetles (Caballero-Lépez
et al., 2012b), which revealed that there was no improvement in biological
control where an additive effect of these two guilds was anticipated. An
example of this negative interaction is the predation by carabid beetles
such as Pterostichus (Morphnosoma) melanarius (llliger) on aphid
mummies, which reduces parasitism rates and thus limits the efficiency of
biological control(Snyder & Ives, 2001). Negative interactions between

flying and ground-dwelling natural enemies could be the cause of the lack

84



Capitol 3

of significance in the response of ladybugs and hoverflies to margin
woodiness (neither woody margins with birds nor herbaceous margins with
other enemies are optimal), as well as the observed higher parasitism rates
in areas adjacent to woody margins (where there is no competition from

other enemies and, instead, there are higher abundances of aphids).

6.5 Conclusions

According to our results, two types of margin benefit aerial natural
enemies: margins with a dominance of annual species and perennial
margins dominated by woody vegetation, which highlights the importance
of margin vegetation structure for arthropod populations in cereal fields.
By managing the vegetation and promoting specific life forms in already
existing margins, farmers can enhance the abundance of natural enemies
and decrease the pest pressure on their fields. However, in order to advise
farmers properly, the effectiveness of biological control and its effects on

yield improvement should also be assessed.

Further research should explore temporal trends across the growing
season and attempt to understand the role that margin vegetation plays at
different times of the year as a means of clarifying the ambiguous responses
found in our results.
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7 Discussio







Discussio

Aquesta tesi s'emmarca dins del marc d'estudi de I'ecologia del paisatge en
relacié amb els serveis ecosistemics, i en concret pretén avaluar com el
paisatge afecta la provisido de serveis de control biologic. Com a sistema
d’estudi hem triat els cultius de cereal, els afids com a plaga i, dins dels
molts enemics naturals dels afids, ens hem centrat principalment en

I'analisi dels parasitoides.

Els resultats recollits en aquesta tesi mostren que, més enlla de la
superficie que ocupen, la configuracio espacial dels habitats seminaturals i
la seva composicié concreta tenen també influencia sobre els organismes
d'interes. Aquests resultats posen de manifest la rellevancia de
caracteritzar els elements agricoles des de diversos punts de vista enlloc de
limitar-se a la distincio classica d'entre "habitat cultivat" i "habitat no
cultivat" (Fahrig et al., 2011). La investigacid de les relacions entre els
organismes plaga, els seus agents de control i les caracteristiques concretes
dels habitats seminaturals i del paisatge agricola a diferents escales facilita
la identificacio dels elements sobre els quals és més pertinent incidir tant
per part dels agricultors com dels gestors del desenvolupament territorial.
A continuacio es detallen els principals resultats obtinguts i les implicacions

gue poden tenir en relacié amb la planificacié de la gestio agricola.

7.1 Efectes dels marges i de la gestid sobre els afids

La infestacio per afids en cultius de cereals no respon a l'estructura del
paisatge, ni a nivell de localitat en relacio amb I'abundancia d’habitats
seminaturals (capitol 2) ni a nivell local en relacié amb la densitat de la xarxa
de marges (capitol 1). Les condicions de I'hivern mediterrani permeten la
hivernacié dels afids en els camps de cultiu (Chaplin-Kramer et al., 2013;
Pons et al.,, 1993), i per tant no esperavem que els marges poguessin
representar una font d'afids que els recolonitzessin durant la primavera
després d'haver-hi hivernat, com si que observen per exemple Thies et al.
(2005) a Alemanya o Pleéas et al. (2014) a Serbia, on els hiverns sén més

rigorosos i causen la mort dels llinatges partenogenetics que podrien
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hivernar als camps (Vialatte et al., 2007). En canvi, una disminucié de la seva
abundancia en incrementar la superficie d’habitats seminaturals o la
densitat de la xarxa de marges hagués pogut suggerir que aquests habitats
afavorien la pressid exercida pels enemics naturals i que podrien reduir
efectivament les poblacions d'afids als camps de cultiu. Perd aquesta
resposta negativa només |'observem, i encara de manera marginalment
significativa, en el cas de la densitat de la xarxa de marges (capitol 1), els
gue ens indica que aquests efectes, si son presents, son d’una magnitud poc
important o molt variable entre camps. Tot i aixi, la manca de resposta
observada en els afids també podria estar emmascarant un efecte positiu
dels marges tant sobre els afids com sobre els seus enemics, |'accio dels
quals permetria compensar el creixement superior dels afids en aquestes
arees i mantenir unes poblacions relativament homogenies (Martin et al.,
2015).

En canvi, els afids responen clarament a I'estructura de la vegetacid
del marge adjacent. L'abundancia d'afids és més baixa en les zones dels
cultius adjacents a marges dominats per plantes anuals, on al mateix temps
augmenta l'abundancia de predadors afidofags aixi com les taxes de
parasitisme. Podem inferir, doncs, un possible efecte indirecte de la
vegetacio del marge sobre les abundancies d'afids al camp, via la promocié

dels seus enemics naturals (Pollier et al., 2018).

Les abundancies d'afids també responen a les caracteristiques del
conreu: la densitat de sembra influeix en l|'abundancia d'afids, que
disminueix en camps on el cereal és molt dens (capitol 2) i s'observen també
diferencies molt marcades entre cereals, amb una clara preferencia pel blat
(per sobre de I'ordi). Dins dels blats, I'espelta és la varietat que presenta
abundancies més elevades. A banda de la susceptibilitat inherent que
puguin tenir les diverses varietats (de Zutter et al., 2012), aquesta
preferencia observada per |'espelta podria ser deguda a un desfasament
entre |'epoca de maduracio respecte d'altres varietats de blat i de I'ordi.

L'espelta és un blat amb un cicle més llargi per tant, en un clima mediterrani
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com el del territori estudiat, comenc¢a a madurar quan les altres varietats
de blat i I'ordi estan ja senescents. Aixi, pot suposar un recurs pels adults
alats que emigren dels camps de cereal senescents, oferint-los en
abundancia plantes encara verdes. Aquest fet posaria de manifest la
necessitat d'investigar l'efecte de la diversitat de cultius i de la seva
disposicio espacial a nivell de paisatge des d'una perspectiva temporal
rellevant pel cicle vital dels organismes d'interes, com proposen Schellhorn
et al. (2015) o Vasseur et al. (2013). Una analisi que inclogui I'efecte de la
component agricola del paisatge sobre les plagues i els enemics naturals
proporcionaria informacié util per a una gestié que pogués afavorir el

control biologic (Hokkanen & Menzler-Hokkanen, 2018).

7.2 Efectesdels margesidelagestid sobre el parasitisme
d'afids de cereal

Els resultats d'aquesta tesi recolzen les conclusions d’estudis previs portats
a terme al centre i nord d’Europa en els quals es considera que els habitats
seminaturals promouen el parasitisme i poden, potencialment, afavorir el
control biologic (Alignier et al.,, 2014; Holland et al., 2017; Plecas et al.,
2014). Malgrat que s’assumeix que els parasitoides presenten una capacitat
de dispersid relativament baixa (Thies et al., 2005), els nostres resultats
mostren que la seva activitat (mesurada a través de la taxa de parasitisme)
és sensible a caracteristiques del paisatge agricola, tant de l'entorn
immediat als camps de conreu com de caracteristiques mesurades a escales
més amplies, que inclouen els camps i els habitats de I'entorn. Aixi, és
rellevant la composicié de la vegetacidé del marge adjacent (capitol 3), pero
també la densitat de la xarxa de marges al voltant del camp (capitol 1) i la
proporcié d'habitats no cultivats o la intensitat de la gestid agricola en el
paisatge circumdant (capitol 2). Més encara, quan es contraposen aspectes
propis del camp, com poden ser la gestio o les caracteristiques del cultiu,
amb caracteristiques del seu entorn, aquestes ultimes solen tenir més
importancia per explicar les diferencies en les taxes de parasitisme

observades.
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Si bé és important la presencia d'habitats seminaturals, també ho és
la seva configuracido espacial, en particular la densitat de la xarxa que
formen els marges. Segons els nostres resultats, les taxes de parasitisme
son més altes en camps amb una xarxa densa de marges al voltant (capitol
1). Els nostres resultats concorden amb els obtinguts en estudis efectuats
en altres regions d'Europa, en els quals també es posa en relleu Ia
importancia dels marges per la conservacio del servei de control biologic
(Balzan & Moonen, 2014; Dainese et al., 2017; Thies & Tscharntke, 1999).
Una xarxa densa de marges també afavoreix la diversitat de parasitoids,
sense que augmenti la diversitat d'afids. Diversitats de parasitoids més altes
poden reduir la variabilitat del parasitisme (Macfadyen et al., 2011) i per
tant afavorir I'estabilitat en la provisio de control biologic als cultius (Bianchi
et al., 2006; Jonsson et al., 2017).

Malgrat la importancia que s’atribueix als marges per al
manteniment d’aquest i d’altres serveis ecosistemics, no tots els marges
son igualment efectius en la seva promocié del parasitisme d'afids (capitol
3). Els nostres resultats indiquen que tant els marges coberts d'una
vegetacio predominantment anual com els marges amb vegetacid perenne
llenyosa promouen el parasitisme. El fet que dues menes de marges tan
diferents tinguin efectes semblants concorda amb els resultats presentats
a la revisio de Bianchi et al. (2006), i pot ser degut a una major disponibilitat
de recursos florals per als parasitoides adults, a la presencia d'hostes
alternatius o per tenir menys competencia d'altres predadors d’afids
(Caballero-Lépez et al., 2012b, Gillespie et al., 2016). L'efecte de I'estructura
de la vegetacid de marge immediatament adjacent posa de relleu la
importancia dels habitats més propers als cultius on actuen els organismes
beneficiosos, tal com assenyalen Ramsden et al. (2015). Aquest fet dona
suport a la idea que les caracteristiques concretes dels elements que
conformen el paisatge agricola de I'entorn immediat, i que afecten el cicle
vital dels agents de control biologic, son rellevants independentment del

paper que pugui jugar el paisatge a una escala més amplia.
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D'altra banda, el paisatge agricola no esta caracteritzat només pels
habitats seminaturals que hi romanen, siné en major mesura pels cultius i
per la gestid que se’n faci. La taxa de parasitisme que afecta els afids és més
elevada en paisatges amb major proporcié de terra gestionada sota un
régim ecologic (capitol 2). Malgrat aix0, les nostres analisis mostren que la
gestio del propi camp és irrellevant per al nivell de parasitisme. Es possible
que les diferencies en la intensitat amb que es realitzen les tasques
agricoles dins I'agricultura ecologica (Armengot et al.,, 2011) i el fet que
rarament s'apliquin insecticides en cereals a Catalunya (fins i tot sota gestid
convencional) puguin emmascarar les diferéncies entre els models gestid
ecologic i convencional, com suggereixen Puech et al. (2014). En qualsevol
cas, per tal que els parasitoides responguin de manera positiva a I'agregacio
de la gestio ecologica a nivell de paisatge, d’acord amb els nostres resultats
interpretem que sén necessaries dues condicions. D'una banda, cal que la
gestid ecologica sigui de mitjana menys intensiva que la convencional; i,
d'altra banda, és necessari que els parasitoides puguin beneficiar-se del que
succeeix en camps veins, el que implica una mobilitat més enlla de I'entorn
més immediat, el que contradiu I'assumpcid d'una limitacié en I'habilitat de
dispersido d'aquests organismes. Estudis recents demostren que els
parasitoids poden utilitzar el vent per dispersar-se a escales més grans,
juntament amb una hipotetica habilitat d'aterrar activament en habitats
favorables (Strickland et al., 2017).

Els nostres resultats mostren també que la relacio entre les taxes de
parasitisme i l'abundancia d'afids és variable, des de ser directament
proporcional (capitol 1), a no tenir cap efecte (capitol 3), o a ser
inversament proporcional (capitol 2). Aquestes observacions coincideixen
amb la magnitud de les abundancies mitjanes d'afids detectades: maximes
al capitol 1 i minimes al capitol 3. Aquesta doble variabilitat entre les
abundancies d'afids i la seva relacié amb la taxa de parasitisme suggereix
qgue la densodependencia del parasitisme no segueix una relacié monotona
(a més abundancia d'afids, més parasitisme) siné que la relacié entre el

parasitisme i I'abundancia d'afids varia segons la magnitud de I'abundancia
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d'afids. Altres autors troben resultats similars que suggereixen una resposta
composta, amb una densodependéencia negativa a densitats baixes i
positiva a densitats més altes, tant en situacions experimentals (Byeon et
al., 2010) com en mesures de camp (Pareja et al., 2008). Pareja et al. (2008)
proposen que la densodependencia de les taxes de parasitisme esta
regulada pels components volatils alliberats per les plantes atacades. Una
planta atacada per més afids allibera més components volatils, de manera
gue augmenta la probabilitat de ser trobada pels parasitoides. Per altra
banda, la ratio d'afids parasitats (calculada com a afids parasitats/afids
totals) és més probable que augmenti quan la colonia sigui més petita. El
balanc d'aquest doble fenomen (la probabilitat que el parasitoide trobi una
colonia i la probabilitat d'una taxa de parasitisme alta) podria ser

responsable de la complexitat de la resposta observada.

La resposta densodependent del parasitisme a |'abundancia d'afids
és modulada també per la densitat de la xarxa de marges (capitol 1: a més
densitat, el parasitisme augmenta amb |'abundancia d'afids, a menys
densitat, el parasitisme és constant). Una xarxa més densa de marges pot
oferir més nectar floral per als parasitoides adults, augmentant la seva
longevitat i la seva capacitat de cerca i per tant, la seva capacitat d'aprofitar
de manera més efectiva altes abundancies d'hostes (Bianchi & Wackers,
2008). Aquests resultats suggereixen que el paisatge pot jugar un paper
important no només en mantenir les poblacions d'enemics naturals sind
també en regular la seva resposta a les abundancies de les seves preses o

hostes.

7.3 Interaccido amb altres enemics naturals i altres nivells
trofics

lgual que els parasitoides, coccinel-lids i sirfids mostren una preferencia per
arees properes a marges amb vegetacié anual (capitol 3). El fet que en

aquestes mateixes arees |'abundancia d'afids disminueixi suggereix un
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efecte conjunt d'aquests enemics naturals pel que fa al control biologic
(Martin et al., 2015).

En arees properes a marges amb vegetacid perenne, pero, els
diversos grups d'enemics avaluats responen de manera oposada a
I'estructura de la vegetacio, fet que es pot interpretar com una possible
interaccid negativa amb altres organismes. Degut a les dificultats que
suposa mesurar les abundancies, l'efectivitat o l'activitat de tots els
diferents grups d'enemics potencials dels afids simultaniament, no ens ha
estat possible analitzar el paper que poden jugar altres actors
potencialment importants per la predacio d'afids com son els carabids o les
aranyes (Symondson et al.,, 2002). Tot i aix0, els nostres resultats
suggereixen que podria haver-hi una interaccié negativa entre els carabids
i els parasitoides, que explicaria en part perque les taxes de parasitisme sén
meés baixes en marges herbacis perennes, un potencial focus d'hivernacio i
cria de carabids i un habitat que afavoreix tant les aranyes com els carabids
(Mansion-Vaquié et al., 2017, capitol 3). Aixi mateix, els afids podrien ser
més abundants en marges llenyosos degut a la disrupcié que provoquen els
ocells insectivors que nien a aquests marges i que podrien alimentar-se en
gran mesura de coccinél-lids i sirfids (Grass et al., 2017; Fig. 7.1) i d'altres
potencials enemics no avaluats com ara les aranyes, un recurs alimentari
important en época de cria per algunes espécies a la Mediterrania (Pagani-
Nufez et al., 2014).

7.4 Implicacions per a la gestio

La investigacio duta a terme durant aquest projecte de tesi pretén proveir
informacid util per orientar futures mesures de gestio de les arees agricoles,
per tal de caminar envers una agricultura més sostenible, optimitzant el
control biologic pel benefici dels cultius de cereal. En aquest sentit, la nostra
recerca reforcga la idea que aquestes mesures haurien d'anar encaminades
a conservar els habitats seminaturals existents i en particular els marges,

mantenint-ne la xarxa existent i densificant-la alla on sigui possible. Una
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Figura 7.1: Diagrama de les relacions entre el cultiu, els afids, els enemics naturals
d’aquestsiocells insectivors: I'efecte disruptiu dels ocells insectivors afecta el control
de les poblacions d'afids. Fletxes solides i figures doblades: efectes forts; fletxes
discontinues: efectes débils. Extret de Grass et al. (2017).

xarxa de marges densa pot afavorir el parasitisme, tal com mostren els
resultats obtinguts, pero també podrien afavorir altres enemics naturals
gue responen positivament a un augment de I'heterogeneitat del paisatge
(Chaplin-Kramer et al., 2011).

D'acord amb els resultats obtinguts, el caracter anual de la vegetacid
dels marges pot afavorir el control biologic durant el creixement del cereal.
Al mateix temps, i malgrat que la resposta dels enemics naturals és poc
clara, els afids es veuen afavorits per marges amb una estructura vertical
ben desenvolupada, que podria fer aquest tipus de marges poc adequats
per al control biologic d'aquesta plaga. Ara bé, cal tenir en compte que la
vegetacio dels marges pot afavorir la conservacid de la biodiversitat o la
provisid d'altres serveis com la pol-linitzacié i que, per tant, una gestid
estrictament orientada al control biologic d'afids pot oposar-se als esforgos
de conservacié de marges amb altres objectius (Heath et al., 2017; Olson &
Wackers, 2007) o a la promocid d'altres serveis que requereixin una
vegetacid perenne o llenyosa (per exemple, Boutin et al., 2002; Garratt et
al., 2017).
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A banda de les mesures més directament relacionades amb la gestio
dels habitats seminaturals, els resultats d’aquesta tesi també ofereixen una
base per desenvolupar mesures per la gestié de la terra cultivada en
benefici del control biologic. Aquestes mesures, encaminades a
contrarestar o disminuir els efectes negatius de la intensificacid agricola,
s'haurien de prendre a nivell de paisatge, tal com proposen Gonzalez-Diaz
et al. (2012) per la gestié de les males herbes. En aquest sentit, I'accid
coordinada de diversos agricultors d'una mateixa regio per aconseguir una
reduccio d'intensitat a nivell de paisatge seria més efectiu que a nivell de
parcel-les individuals de cara a mantenir la provisio de serveis ecosistemics
(Gabriel et al., 2010).

Aixi mateix, l'accié coordinada dels agricultors podria permetre
augmentar la biodiversitat planificada dels sistemes agricoles. Un augment
de la diversitat de cultius trencaria en part I'homogeneitat del paisatge
producte de la intensificacid agricola, oferint un mosaic divers que pot
limitar I'expansid de les plagues o afavorir enemics naturals (Bertrand et al.,
2016; Bosem Baillod et al., 2017; Cohen & Crowder, 2017). D'altra banda,
les varietats més susceptibles, com l'espelta, es poden situar en zones
especialment adequades per al control biologic (zones amb una xarxa molt
densa de marges coberts d'una vegetacié poc dominada per especies
llenyoses). Mantenir o establir una xarxa densa de marges també pot
reforgar-se a través de |'establiment de bandes florals per afavorir el control
biologic, ja sigui mitjancant parasitoides o predadors com les larves de
sirfids (Altieri & Letourneau, 1982; Balzan & Moonen, 2014; Bianchi &
Wackers, 2008; Tschumi et al., 2016). La planificacioé de cultius al llarg de
I'any també pot determinar la disponibilitat de recursos rellevants pels
diferents grups d'enemics naturals, com ara preses alternatives, podent
reduir aixi possibles situacions de coll d’ampolla en les poblacions
d'enemics naturals a través del cicle dels propis cultius (Schellhorn et al.,
2015).
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Conclusions

En aquesta tesi s’ha estudiat la infestacio d’afids en cultius cerealistes de
seca de Catalunya en diferents localitats i a diferents nivells, i se n’ha
avaluat quines soén les taxes de parasitisme exercit per himenopters
parasitoides. Addicionalment s’ha estudiat 'abundancia d’altres enemics
naturals dels afids, els coccinel-lids i els sirfids. S’"ha avaluat com ambdds
processos (infestacid i parasitisme), aixi com I'abundancia d’altres enemics
naturals, depenen de les caracteristiques del paisatge que envolta els
camps, de la gestio d’aquests i de I'’entorn immediat que constitueixen els
marges dels cultius. Aquests estudis han permes determinar alguns
aspectes del paisatge i de la gestio agricoles que s’han de considerar, i a
quin nivell s’"han d’avaluar, per tal de potenciar els serveis ecosistemics de

control biologic oferts per aquests organismes.

A continuacio s'enumeren les principals conclusions dels treballs

recollits en aquesta tesi doctoral:

1. Una xarxa densa de marges en |’entorn dels camps de cereals afavoreix
el parasitisme dels afids del cereal dins dels cultius sense afavorir al
mateix temps una major abundancia de la plaga, fent d'aquesta xarxa

una eina util per a afavorir el control biologic.

2. Una xarxa densa de marges en |'entorn dels camps de cereals pot
contribuir a augmentar la diversitat de parasitoides que actuen als

cultius i aixi proporcionar estabilitat al servei de control biologic.

3. El parasitisme no respon a les caracteristiques del cultiu (gestid
ecologica o convencional, densitat del cereal, cobertura de males
herbes) pero si a caracteristiques de I'entorn (PAL, POML) a diversos
nivells, posant de manifest la importancia dels habitats seminaturals i de
la gestio de les parcel-les que envolten els camps per a l'activitat dels
parasitoides i per tant per a la provisié del servei ecosistemic de control

biologic.
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dels habitats immediatament adjacents sobre les abundancies d'afids
seria convenient planificar la sembra de varietats susceptibles als afids
en aquelles zones amb marges herbacis i anuals, que puguin afavorir el

control biologic dels afids.

La coordinacié dels agricultors d'una mateixa zona es revela més
important que la gestio individual a nivell de camp com a eina per
optimitzar els efectes beneficiosos de la gestid ecologica sobre el servei
ecosistemic de control biologic, donat que és I'agregacid de cultius sota
un regim de gestid ecologica i no la gestid del propi camp el que

afavoreix el parasitisme.

La coordinacid entre diversos agricultors d'una mateixa zona també
permetria optimitzar la planificacié espacio-temporal de cultius per

disminuir l'impacte dels afids sobre varietats més susceptibles.

La gestid de I'estructura de la vegetacio dels marges pot constituir una
estrategia adequada per gestionar tant les poblacions d’afids com les

dels seus enemics naturals.

Es necessari tenir en compte la multifuncionalitat dels marges i no
focalitzar en un Unic servei o un unic grup d'organismes proveidors del

servei ecosistemic avaluat.
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