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1 ELOZMENYEK ES CELKITUZESEK

1.1  Osszefiiggések az agrarélohelyek térszerkezete és okoszisztéma szolgaltatisokat

nyujté rovarkozosségek kKozott

Az utobbi évtizedekben a mezdgazdasagi teriiletek egyre intenzivebb miivelése és egyre
nagyobb, a természetes ¢lohelyek karara torténd térnyerése miatt a természetes tajszerkezet
vilagszerte sok helyiitt drasztikusan megvaltozott. Ennek a folyamatnak az eredményeként a
rovark6zosségek abundanciaja és diverzitasa is SOK helyen erésen lecsokkent (lasd példaul
HALLMANN et al. 2021; SANCHEZ-BAYO & WYCKHUYS 2021; WAGNER et al. 2021).
Azonban egy egyedszamban er6s és fajgazdag rovark6zosség jelenléte rendkiviil fontos az
Okoszisztémak miikodéséhez, mivel sok rovarfaj jelentds, gyakran kulcsszerepet tolt be az
¢letk6zosségeken belill. Az 6koszisztémak mitkddésének fenntartasa azért is fontos, mert csak
ilyen modon maradnak azok az ember szamara is hasznos szolgaltatasok (= O0koszisztéma
szolgaltatasok) elérhetéek, amelyeket bizonyos rovarfajok illetve rovarcsoportok nyujtanak.
Ezek a szolgaltatasok kiillondsen a mezdgazdasagi, haszonndvényektdl szarmazo termények €s
termékek eldallitasahoz, valamint a mindségiik megdrzéséhez sziikségesek (ALTIERI 1999).
Két kozismert példa effajta rovarok altal nyujtott szolgaltatasokra a ragadozd és parazitoid
rovarok kartevo-gyéritd tevékenysége, vagyis a haszonndvények bioldgiai védelme természetes
ellenségek altal (JONSSON et al. 2014; BENGTSSON 2015), valamint a (vad) méhek és mas
rovarok megporzo tevékenysége (MELATHOPOULOS et al. 2015; FIJEN et al. 2018). Néhany
rovarcsoport (példaul a zeng6legyek) képes mindkét szolgaltatast egyszerre nyujtani (DUNN
et al. 2020).

Az életkozosségekben betoltott fontos szerepiik mellett sok rovarfaj érzékenyen reagal a
természetes tajszerkezet megvaltozasara, ezért kifejezetten alkalmasak az ilyesfajta hatdsok
felderitésére és nyomon kovetésére. Az utdbbi évtizedekben tobb olyan tanulmany késziilt,
amely az agrartajban talalhatd kiilonbozo tajelemek, elsdsorban a féltermészetes éléhelyek
Osszetételének és elrendezésének kiilonféle 6koszisztéma szolgaltatasokat nya;jtd rovarfajokra
illetve rovarcsoportokra kifejtett hatasait vizsgaltak. Ezeknek a tanulmanyoknak az eredményei
azonban korantsem egyértelmiiek. Példaul egy szojabab (Glycine max) tablakban végzett
kisérletben (MITCHELL et al. 2014) kimutattak, hogy bonyolultabb szerkezet(i, azaz kisebb és
keskenyebb tablakkal rendelkez6 tajegységekben nem csak a ragadozoé rovarfajok diverzitasa
¢s abundanciaja, hanem a levéltetvek egyedszama is szignifikansan magasabb volt. Egy masik
tanulmany (ZIOLKOWSKA et al. 2021) eredményei, amely keretében rovardlé-szereknek és a
tajszerkezetnek — pontosabban a vizsgalt tablakat szegélyezd mezsgyék szamanak — a

1



Bembidion lampros futobogarfajra kifejtett hatasait vizsgalta, azt mutattak, hogy a rovar6l6-
szerek letalis hatasanak csokkentése sokkal erdsebb hatassal volt a faj egyedsiirliségének
novekedésére mint (csak) a mezsgyék szamanak novelése. Egy Etiopiaban végzett tanulmany
(KEBEDE et al. 2018) eredményei, amely a tajszerkezetnek a Busseola fusca kukorica-kartevé
bagolylepkefaj természetes ellenségeire kifejtett hatasait vizsgalta, viszont azt mutattak, hogy
egy komplexebb tdjszerkezet nagyobb kiterjedésti sovényekkel pozitiv hatassal volt a ragadozo
természetes ellenségek abundancidjara, mig a parazitoid természetes ellenségek egyedszamara

nem volt semmiféle hatassal.

Az agrartaj szerkezete és kiilonb6z6, rovarmegporzokkal kapcsolatos paraméterek Kozotti
Osszefiiggéseket szintén mar néhany tanulmany keretében vizsgaltak. Példaul egy intenziven
miivelt Németorszagi agrartajban végzett tanulmany (JAUKER et al. 2009) eredményei azt
mutattak, hogy mig a vadméhek egyedszama a féltermészetes élGhelyektdl vald tavolsag
fliggvényében csokkent, addig a zengblegyek szama nétt. Tovabba a vadméhek fajdiverzitasa
csak akkor csokkent a féltermészetes él6helyektdl valo tavolsag fliggvényében, ha felvételezési
transzektet koriilvevé tajban a gyepek részaranya meglehetésen alacsony (<10%) volt. Egy
masik tanulmany keretében (PFISTER et al. 2018), amelyet oriastok (Cucurbita maxima)
tablakban végeztek, a vizsgalatot végzd kutatok azt talaltak, hogy a poszméhek (Bombus spp.)
viraglatogatasi gyakorisaga a novekvé mezdgazdasagi teriiletek részaranyanak fiiggvényében
szignifikansan csokkent. Azonban a tablak kozvetlen szomszédsagaban talalhato féltermészetes

¢l6helyek jelenlétének semmiféle hatasat nem sikeriilt kimutatniuk.

Osszegezve kijelenthetd, hogy ezek és mas hasonld tanulmanyok eredményei ellenére még
mindig meglehetésen keveset tudunk az agrartdj térszerkezete és a mezdgazdasaggal
kapcsolatos Okoszisztéma szolgaltatasokat nyujto rovarfajok, illetve —csoportok kozotti

Osszefiiggésekrol.

1.2 A tijszerkezet felmérése

A tajokologia tudomanyaganak kezdeti elméleti alapjait a német biogeografus, Carl Troll
fektette le kdzvetleniil a Masodik Vilaghaboru el6tti években, és maga a “tajokologia” (ném.
“Landschaftsokologie”) kifejezés is tle szarmazik (TROLL 1971). Ehhez segitségére volt az
akkortajt erdsen fejlodd légi fényképezés technikdja és az Okoszisztémak miikodésének
kutatdsa (CUSHMAN et al. 2010a; KUPFER 2011). A t4jokologia elsésorban egy vizsgalt

tajegység térszerekezetének, és az itt zajlo okologiai folyamatok kozotti kdlcsonhatasokat
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vizsgalja (TURNER 1989; WIENS 2002). A modern szdmitastechnika, valamint a manapsag
kénnyen €és nagy szdmban elérhetd, magas felbontasu mitholdképek nagyban segitik ezeknek

az Osszefiiggéseknek a felderitését (CUSHMAN et al. 2010a).

A tajokologidban a tjszerkezetet — vagyis egy vizsgalt tdjegységben talalhato tdjelemek
Osszetételét, egymashoz valo térbeli viszonyat és szerkezetét — ugynevezett tdjmetriai mutatok
segitségével szamszerusitjiik. Az ember altal kevésbé bolygatott, a természetes allapothoz
kozeli tajszerkezetet “elsOdleges” tajszerkezetnek is szoktdk nevezni, mig a “masodlagos”
tajszerkezet egy, az emberi beavatkozasok eredményeként az eredeti allapottol jelentdsen eltérd
tajszerkezet. Ha a “masodlagos” tajszerkezet évszazadok vagy évezredek ota tartd természeti
hatasok €és hagyomanyos, kdrnyezetkimélo emberi tevékenység egylittes eredménye, akkor azt

“kultartdj”-ként is szoktak emlegetni (WALZ & SYRBE 2013).

A tajszerkezet tudomanyos jellegli felmérése a masodik vilaghdboru utani idészakban vette
kezdetét, eleinte az “elsddleges” tajszerkezetre fokuszalva (MEZOSI & FEJES 2004). Késobb
azonban, féleg az 1980-as évektdl kezdddden, a kutatdsok egyre inkabb a tajszerkezetbe vald
emberi beavatkozasok dkoszisztémakra kifejtett hatasat vizsgaltdk (MEZOSI & FEJES 2004).
A tajszerkezet felmérésére az ugynevezett “folt-folyoso-matrix” modell lett kifejlesztve
(FORMAN & GODRON 1986; FORMAN 1995), amely a MacArthur és Wilson féle
szigetbiogeografia-elméleten alapszik (MACARTHUR & WILSON 1967). Ez a modell az
alakjuk alapjan harom kiilonféle tajelemet kiilonboztet meg, amely egy vizsgalt tajegységben

eléfordulhat (FORMAN & GODRON 1986; FORMAN 1995):

a) Foltok: Nem-linearis, viszonylag homogén és a kornyezetiiktol eltérd teriileti egységek.

b) Folyosok: Linearis, vagyis hosszikas és savszerii teriileti egységek, amelyek a
kornyezetiiktol eltérnek és altalaban foltokat kotnek dssze. A folyosok érintkezhetnek a
foltokkal, de térbeli tavolsag is lehet a tajelemek kozott. A foltokkal azonos vagy eltérd
tipusuak lehetnek.

c) Matrix: A legnagyobb térbeli kiterjedésti folt egy vizsgalt tajegységben, amelybe a

tobbi, eltérd tipusu tijelem be van agyazodva.

Olyan tajmodellek, amelyek a szigetbiogeografia-elméletre vannak alapozva, altalaban csak
egyetlen egy folttipust vizsgalnak. A matrixra ugy tekintenek, mint egy, a vizsgalt organizmus
szempontjabol dkologiailag ellenséges vagy semleges hattérre, amelyben a foltok és folyosok,
mint szigetek egy tengerben helyezkednek el (CUSHMAN et al. 2010b). Ezzel a meglehet6sen

statikus modellel szemben létezik egy masik szemléletmod is, az ugynevezett “taj-mozaik



modell” (WIENS et al. 1993; WIENS 1995). Ez az elmélet vagy modell elveti a foltok és a
matrix szigort megkiilonboztetését, és a vizsgalt tijat egy térben és idoben folyamatosan
valtoz6, dinamikus és heterogén entitasként kezeli, amely szamos kiilonb6z6 folttipus

mozaikjabol all (CUSHMAN et al. 2010b).

A tajszerkezet vizsgalatara szamos kiilonféle tajmetriai mutatot fejlesztettek ki, amelyek a
vizsgalt tajegységben talalhato foltok részaranyat, térszerkezetét és diszpergaltsagat (= térbeli
szétdaraboltsagat) szamszerisitik (lasd példaul LI & REYNOLDS 1993; MCGARIGAL &
MARKS 1995; JAEGER 2000). Egy tajelemzésnél alapvetden nem tesziink kiillonbséget foltok
¢és folyosok kozott (BOGAERT et al. 2014). Ha esetleg a vizsgalat szempontjabol mégis
sziikséges linedris és nem-linearis tajelemek kozott kiillonbséget tenni, akkor ezeket eldzetesen
kiilon kategoridkba kell sorolni. Mivel a matrix altaldban a legdominansabb folt a vizsgalt
tajegységben, ezért ki szoktak hagyni a tijelemzésbdl. Abban az esetben viszont, ha a matrix
nem mint ‘valédi’ hattér viselkedik, és a tobbi folthoz vagy folttipushoz képest nem annyira

dominans, akkor foltként szoktak kezelni, és a tajelemzésbe is be szoktak vonni.

A tajszerkezet elemzéséhez és szamszeriisitéséhez legszélesebb korben hasznalt szoftver a
McGarigal és Marks (MCGARIGAL & MARKS 1995) éaltal kifejlesztett FRAGSTATS
program. Ez a szoftver raszter adatokat hasznal az egy vizsgalt tajegységben eléfordulo térbeli
mintazatok felméréséhez és elemzéséhez, vagyis a tajelemzéshez. Egy ilyen tijelemzést

alapvetéen harom heterogenitasi szinten lehet elvégezni:

1. Folt szinten, ha egyéni foltok térbeli tulajdonsagait vizsgaljuk.
2. Osztaly szinten, ha az §sszes azonos tipusu folt térbeli tulajdonsagait vizsgaljuk.
3. Téji szinten, ha az Osszes, egy vizsgalt tajegységben talalhato folt térbeli tulajdonsagait

kivanjuk szdmszertisiteni.

Annak ellenére, hogy szamos kiilonféle tdjmetriai mutato 1étezik, alapvetden mindegyik vagy
a vizsgalt tajegységben talalhato tajelemek Osszetételét, vagy térbeli elrendezését, vagy néhany
esetben mindkett6t egyszerre irja le. Tovabba, mivel a legtobb tajmetriai mutatd kiszdmitasa
tajfoltok ugyanazon geometriai tulajdonsagain, mint példaul a teriiletiikon vagy kertiletiikon
alapszik, ezért a legtobbjiik kozott magas a korrelacio. Vagyis gyakorlatilag a vizsgalt tajnak
ugyanazon térbeli tulajdonsagait irjak le, ami legtobbjiiket redundanssa, azaz feleslegessé teszi.
Ezidaig szamos kisérlet tortént a redundans mutatok megtalalasara és kisziirésére (példaul LI
& REYNOLDS 1995; MCGARIGAL & MCCOMB 1995; RIITTERS et al. 1995; CUSHMAN
et al. 2008). Ezeknek a tanulmanyoknak eredményei azt mutattdk, hogy a mutatok tobbsége



tényleg erdsen korrelal egymassal, és hogy altalaban néhany bel6liik elegendé, hogy a vizsgalt
tajegységrol egy messzemenden pontos leirast kapjunk. Azonban az eredmények arra is
engednek kovetkeztetni, hogy a mutatok kozotti korrelacid erésen fligg magatol a vizsgalt
tajegység mintazatatdl, €s hogy nem létezik egy eldre lehatarolhatd, minden esetben
alkalmazhatd készlet tdjmetriai mutatokbol. Ezért a mutatok kivalasztasa elsdsorban a

tudomanyos kérdésfeltevéstol fiigg.

Végezetiil még ki szeretném emelni a tdjelemzéshez valasztott térbeli 1épték fontossagat. A
térbeli 1épték egy raszter-kép formajaban vizsgalt tajegység esetében két f6 részbdl all: egyrészt
a térbeli Kkiterjedésébdl, illetve méretébdl, masrészt az elemzett raszter-kép térbeli
felbontasabol, illetve pixel-méretéb6l (FORMAN & GODRON 1986; TURNER et al. 1989;
WIENS 1989). Ezeknek a paramétereknek eldzetes bedllitasa, illetve kivalasztasa jelentsen
befolyasolja a kiszamitott tajmetriai mutatok értékeit és igy a tajelemzés eredményeit. A 1épték
két térbeli komponense mellett még 1étezik egy harmadik, nem-térbeli komponens is, amelyet
nem szabad figyelmen kiviil hagyni: a tematikus felbontas, vagyis a vizsgalt tajegységben
talalhat6 folttipusok szama. Ez a paraméter is jelentds hatassal lehet a tajelemzés eredményeire.
Altalaban minél finomabb a tematikus felbontas, annal precizebb képet kapunk a vizsgalt
okologiai jelenségekrdl vagy folyamatokrol, de annal bonyolultabba és egyre nehezebben

kivitelezhetové valik maga az elemzés.

1.3 Az értekezés fobb célkitiizései

Az értekezés keretében bemutatott mindharom tanulmanynak a {6 célkittizései koz¢é tartozott a
kisérleti helyszineket koriilvevé agrartaj szerkezetének kiilonbozo rovarfajokkal, illetve
rovarcsoportokkal kapcsolatos paraméterekre kifejtett hatasainak felmérése. A t4jszerkezet
felméréséhez az el6zd fejezetben emlitett FRAGSTATS program altal kiszamitott tajmetriai
mutatokat hasznaltam. Az elsé két tanulmény terepi felvételezései Magyarorszag intenziv
mezOgazdasagi teriiletek altal dominalt kozépso részén folytak, ahol a féltermészetes él6helyek
részaranya igen alacsony. Ezzel szemben a harmadik tanulmany terepi felvételezései egy
alacsony intenzitasu agrartajban, Romania k6zéps6 részén (vagyis Erdélyben, Székelyfoldon)
zajlottak. Itt a féltermészetes vagy természetes ¢l6helyek (agymint viragfajokban gazdag rétek,
mezOk, illetve erd6k) és a mezOgazdasagi teriiletek sokkal kiegyensulyozottabb részaranyaival
talalkozunk a tajban. A tajszerkezeti hatasok felderitése mellett az el6z6 fejezetben megtargyalt

néhany, tdjmetriai mutatokkal kapcsolatos modszertani kérdés kivizsgalasa is szerepelt az elsd



két tanulmany célkitlizései kozott. Példaul az els6é tanulmany keretében a redundans mutatok
megtalalasara és kisziirésére — vagyis, hogy megtaldljam a legnagyobb magyarazé erével bird
tajmetriai mutatokat — egy, ujfajta elemekkel rendelkez6 szelekcios procedurat alkalmaztam,
illetve vizsgaztattam. Tovabba, az elsé két tanulmény esetében a valtozoé térbeli 1épték hatasait
is vizsgaltam. Ennek a harom tanulmanynak tudoményos cikkek formajaban lek6zolt szovegei
a mellékletében taldlhatébak. A harom tanulmanynak fobb koncepcidit és célkitiizéseit a

kovetkez6 harom alfejezetben mutatom be.

1.3.1 Az elsé tanulmany koncepcioi és célkitiizései

A veresnyakt arpabogar (Oulema melanopus) larvai a gabonafélék, kiilondsen az Gszi buza
(Triticum aestivum) egyik fontos kartevéje (HAYNES & GAGE, 1981). Mind maga az
arpabogar (CASAGRANDE et al. 1977; PHILIPS et al. 2012), mind sok kartevl természetes
ellenségei (lasd példaul TAKACS & FRANK 2009) fas teriiletekhez kotédnek, amelyeket vagy
atmeneti (példaul az arpabogar esetében teleld), vagy allando éldhelyként hasznalnak. Az
intenziv mezdgazdasagi teriiletek altal dominalt kdzép-magyarorszagi térségben, ahol ez a
tanulmany folyt, alapvetden kétféle fas teriilettel lehet taldlkozni: egyrészt linedris elemekkel
mint erdésavokkal vagy fasorokkal, amelyek altalaban fajgazdag aljndvényzettel rendelkeznek
(TAKACS & FRANK 2009), masrészt nyarasok (Populus tremula) vagy akacosok (Robinia
pseudoacacia) terjedelmes iltetvényeivel, amelyek viszont altalaban erdsen zart
lombkoronaval és fajszegény aljnovényzettel rendelkeznek (WEIH et al. 2003; VITKOVA et
al. 2017). Az els6 tanulmany 6 célja az volt, hogy a természetes ellenségek altal a veresnyaku
arpabogar larvaira kifejtett gyéritd hatast szdmszerisitsiik buizatablak kozelében talalhatd két
kiilonb6z6 térszerkezetii fas teriilet hatasainak fiiggvényében. Ennek érdekében a larvak altal

okozott levélfeliiletveszteséget vizsgaltuk Kizarasos kisérletekkel.

1.3.2 A masodik tanulmany koncepcioi és célkitiizései

A napraforgd (Helianthus annuus) az Eurépai Unioban (= EU-28) a repce utan a masodik
legfontosabb olajndvény, amit tobb mint 4 milli6 hektaron termesztenek (EUROSTAT 2018).
Magyarorszagon a napraforgo6 a legfontosabb olajnévény, amit tobb mint fél millié hektdron
termesztenek 2005 6ta (KSH 2019). Annak ellenére, hogy a napraforgd képes az dnbeporzasra,

a rovarmegporzok altali idegenbeporzas gyakran tobb és jobb mindségli terméshez vezet



(HEVIA et al. 2016; TERZIC et al. 2017; SILVA et al. 2018), akar tablanként 40 szazalékkal
(PERROT et al. 2019). Vilagszerte a haziméh (Apis mellifera) a napraforgo elsé szamu
megporzdja (lasd példaul GREENLEAF & KREMEN 2006; NDERITU et al. 2008;
CERRUTTI & PONTET 2016; MARTIN & FARINA 2016). Azonban a vadméhek megporzoi
tevékenysége is kimutathatéan képes novelni a napraforgd terméshozamat. A sajat beporzasi
tevékenységiik mellett, jelenlétiikkel tobb mozgasra kényszeritik a haziméheket, igy novelve
azok beporzasi hatékonysagat (GREENLEAF & KREMEN 2006; CARVALHEIRO et al.
2011; SARDINAS & KREMEN 2015). Nagyon ugy tiinik, hogy ez a mozgasra 6sztonz6 hatas
elsésorban hibrid napraforgo fajtak beporzasanal jatszik fontos szerepet, ahol az anyanévények
himsterilek, és csak egy masik, himfertilis napraforgotdl képesek beporzodni (GREENLEAF
& KREMEN 2006; OZ et al. 2009; MARTIN & FARINA 2016). Ezért a napraforg6 sikeres
termesztéséhez fontos tudni, hogy a tablakat koriilvevé tajban talalhatod tajelemek Osszetétele
és elrendezése hogyan hat a vad rovarmegporzok egyedszamara és fajgazdagsagara. Azonban
a napraforgd vad rovarmegporzoira kifejtett tajszerkezeti hatasokat ezidaig csak néhany
tanulmany keretében vizsgaltak. Ezeknek a tanulmanyoknak az eredményei arra utalnak, hogy
a féltermészetes ¢ldhelyek magasabb szdma a napraforgotabldk koriil pozitivan hat a vad
rovarmegporzok egyedszamara ¢és fajgazdagsagara (BENNETT & ISAACS 2014;
RIEDINGER etal. 2014; BIHALY etal. 2018). Azonban a napraforgétablakat koriilvevé tajban
talalhato kiilonb6z6é tajelemek Osszetételének és elrendezésének, vagyis bonyolultabb
tajszerkezeti paramétereknek a hatasait ezidaig egy tanulmany keretében sem vizsgaltak. Az itt
bemutatott masodik tanulmany pont ennek a hidnynak a potlasat tiizte ki célul, méghozza a
vizsgalt napraforgotablakat koriilvevd taj térszerkezeti paramétereinek felmérését, valamint
ezeknek a paraméternek a napraforgd viraglatogatasi gyakorisagara kifejtett hatasainak

felderitését.

1.3.3 A harmadik tanulmany koncepcioi és célkitiizései

Fészekcsapdéak segitségével nemcsak az iiregekben fészkeld hartydsszarnytiak egyedszamat,
diverzitasat és trofikus kapcsolatait lehet vizsgalni, hanem erre az €lélénycsoportra kifejtett
tajszerkezeti hatasok felderitésére is kifejezetten alkalmas a fészekcsapdas adatgyiijtés
modszere (lasd példaul STECKEL et al., 2014; STANGLER et al., 2015; STAAB et al., 2018;
MAYR et al., 2020). A névekvé mezégazdasagi intenzifikacio és urbanizacid eredményeként,
féleg a stirtin lakott régiokban, mint példaul Nyugat-Eurdpaban, szamos rovarfaj él6helyének
teriilete vagy lecsokkent, vagy szétdarabolodott, ami vilagszerte SOk helyen visszaesést okozott

7



a rovarok egyedszamaban és fajgazdagsagaban (lasd példaul PIANO et al. 2020; WAGNER
2020; RAVEN & WAGNER 2021; SANCHEZ-BAYO & WYCKHUYS 2021). Ezért minden
tovabbi adat és informacid liregekben fészkeld hartyasszarnyuakrol, és az ezeket befolyédsold
tajszerkezeti hatasokrol segitséget nyujthat, hogy az érdekiikben elvégzett védelmi
intézkedések sikerrel jarjanak. Az eddigi nyugat-eurdpai tanulmanyok tobbsége, amely
iiregekben fészkeld hartyasszarnytiakkal foglalkozott, intenziv mezdgazdasagi teriileteken folyt
(lasd példaul HOLZSCHUH et al. 2009 és 2010; FABIAN et al. 2013 és 2014). Ezzel szemben
olyan nyugat-europai tanulmanyok, amelyek ugyanezt alacsony intenzitasu mezdgazdasagi
teriileteken vagy természetkozeli él6helyeken vizsgaltak sokkal ritkabbak (lasd példaul
ALBRECHT et al. 2007; SOBEK et al. 2009; KREWENKA et al. 2011). Tovabba Kelet-
Eurépa nagy részén iiregekben fészkeld hartyasszarnytiakat, néhany tanulmanytol eltekintve
(példaul BUDRYS et al. 2010; BIHALY et al. 2021), még egyaltalan nem vizsgaltak. Ezért a
harmadik tanulmany keretében fészekcsapdas vizsgalatokat végeztiink Romania ember altal
kevésbé befolyasolt és természetkdzeli teriiletekben gazdag kozponti részén. A tanulmany
konkrét célja az iiregekben fészkeld hartyasszarnyuak abundancidjanak és diverzitdsanak,
valamint ezek koziil a ragadozd csoportok pokzsakmany-preferencidjanak felmérésére volt, a
kisérleti helyszineket koriilvevé alacsony intenzitasti mezOgazdasagi teriiletek részaranya és

szegélystlriisége fliggvényeében.



2 ANYAGOK ES MODSZEREK

2.1 Elsé tanulmany: Linearis fas tajelemek segitségével enyhitheté a veresnyaku

arpabogar altal okozott levélfeliiletveszteség

A szabadtéri kisérletek két éven keresztiil (2014 és 2015-ben) a Nagyalfold északnyugati
részén, a Jaszsagban zajlottak. Mindkét évben 17 buzatabla lett a kisérletek helyszinéiil
Kivalasztva. 2014-ben a tablaszegélyre mer6legesen négy sor buzandvényt, mint transzektet
jeloltiink ki. Mind a négy transzekt mentén 2-25-50-75 m tavolsagra a szegélytdl, négy-négy
darab bazanovényt valasztottunk ki. Novényenként 6t darab, eldzetesen Gsszegylijtott him és
ndstény arpabogar imagot (6sszesen 2380 egyedet) helyeztiink ki, és a kisérleti novényeket
ezutan egy acélvazzal tamogatott izolatorhaloval letakartuk. Néhany nappal kés6bb, miutan a
néstények lepetéztek, az imagok el lettek tavolitva. Ezt kvetden az izolatorhalokat a negyedik
sor kivételével (= “zart” kezelés), nem helyeztiik vissza (= “nyitott” kezelés), igy a névények
hozzaférhetové valtak a természetes ellenségek szaméra. A 2015-0s szabadtéri kisérlet
hasonloan volt felépitve, mint a 2014-es, azzal a kiilonbséggel, hogy ebben az évben csak harom
sor buzanovény lett transzekteknek kijelolve, amelyek koziil a kzEpso sor volt a “zart” és a két
sz€ls6 sor a ‘“nyitott” kezelés. Az arpabogar Kkartételét a levélfeliiletveszteséggel
szamszerusitettiik oly modon, hogy névényenként 10 darab levélre nézve a teljes levélfeliilethez
viszonyitott karositott levélfeliilet aranyat becsiiltiik meg vizualisan. A természetes ellenségek
gyéritd hatasa a “zart” és “nyitott” kezelések kozotti atlagos levélfeliilet-veszteségbeli
kiilonbségekbdl (= LSLpirr) lett kiszamitva. A 34 buizatablat koriilvevo taj feltérképezése 500
m atmérdji tajszektorokként a QGIS szoftverben tortént, linedris (= szélesebb erddsavok) és
nem-linearis (= monokultaras faiiltetvények) fas tajelemeket megkiilonboztetve. Az igy
elkészitett vektortérképek 8 térbeli 1éptékben (50 méteres 1épésekben 150-500 m kozott)
raszter-képekké lettek atalakitva. Ezekbdl a raszter-képekboél a FRAGSTATS szoftver a kétféle
fas tajelem 36 kiilonféle tajmetriai mutatojat szamitotta ki. Kovetkezé 1épésként a tajmetriai
mutatok magas szamanak csokkentésére egy két-1épcsds szelekcids procedurat hasznaltam,
amely eldszor a tajmetriai mutatok kozotti korrelaciok alapjan a mutatok szamat egy kezelhetd
mennyiségre lecsOkkentette. Ezutdn a fennmarad6 tajmetriai mutatdk, mint magyarazo
valtozok, valamint a gyok-transzformalt LSLpirr értékei, mint fiiggd valtozé linearis
modellekbe lettek integralva, amelyekbdl automatizalt modell-szelekciokat alkalmazva sikertilt
a legerdsebb magyarazo erdvel bird tajmetriai mutatokat beazonositani Az egész szelekcios

procedura és minden mas statisztikai elemzés az R statisztikai szoftverben tortént.



2.2 Masodik tanulmany: A tajszerkezet hatassal van a napraforgo rovarmegporzoinak

viraglatogatasi gyakorisagara

A szabadtéri kisérletek, ugyanugy, mint az elsé tanulmény esetében, a Jaszsag északnyugati
részén, két éven keresztiil (2014 és 2015-ben) évente 18 darab véletlenszertien kivalasztott
napraforgdtablaban folytak. A kisérletek keretében a napraforgoviragokat latogaté megporzok
megfigyelésére keriilt sor. A megfigyelések nappal 9-17 éra kozott torténtek. A megporzod
rovarok megfigyelését ¢és gyiijtését két, a tablaszegélyre merdlegesen futd transzekt mentén
végeztiik, amelyek 10 méterre helyezkedtek el egymastol. A megfigyelési és gyiijtési pontok 5-
25-50-75 méterre voltak a tablaszegélytdl. Minden pontnal kilenc napraforgéfejen 10 percen
keresztiil figyeltilk a megporzokat. A megfigyelések soran harom csoportban (haziméhek,
vadméhek, egyéb megporzok) rogzitettiik az egyedszdmokat. A 36 napraforgotablat koriilvevo
ta) feltérképezése 750 m atmérdjii tajszektorokként a QGIS szoftverben tortént, lagyszart
féltermészetes €élohelyeket, mint példaul gyepeket vagy mezsgyéket, valamint az Osszes, a
tajszektorok hatdrain beliil talalhatdo napraforgotablat megkiilonboztetve. Lehetséges 1épték-
hatasok felderitésére a vektortérképek 13 1éptékben (50 méteres 1épésekben 150-750 m kozott)
lettek raszter-képekké atalakitva. A kétféle vizsgalt tajelem térbeli tulajdonsagait a raszter-
képekb6l a FRAGSTATS szoftver segitségével a kovetkezd harom tajmetriai mutatod
formajaban szamoltam Ki: részarany (‘Percentage of Landscape’), szegélysiriiség (‘Edge
Density’) és diszpergaltsag (‘Dispersion Index’). Ez utobbi tajmetriai mutatd kiszamitasahoz
az ‘Aggregacios Index’ (amely a foltok aggregaltsagat, illetve kompaktsagat méri) értékeit
minusz eggyel szoroztam meg. Az Osszes statisztikai elemzést az R szoftverben végeztem. A
kétféle tajelem térbeli tulajdonsagainak a harom megporzd csoport viraglatogatasi
gyakorisagara kifejtett hatasait Poisson eloszlasti altalanositott kevert hatdsu modellekkel
(GLMM) vizsgaltam. Ehhez mindhdrom tajmetriai mutato, a kétféle tajelemre kiilon bontva,

mint magyarazo valtozo lett a Poisson GLMM-ekbe integralva.

2.3 Harmadik tanulmany: Uregekben fészkel6 hartyasszarnyuak elézetes felmérése egy

Erdélyben talalhaté alacsony intenzitasu agrartajban

A harmadik tanulmany vizsgalati helyszinei a Vargyas-szoros kornyékén, Hargita és Kovaszna
megyek (Székelyfold, Erdély, Romania) hataran voltak. Az 0sszesen nyolc kisérleti helyszin
harom volgyben, 530-630 méteres tengerszint feletti magassag kozott helyezkedett el. Ezek

koziil két helyszin az Eszaki Vargyas-volgyben, valamint hdrom-harom a Déli Vargyas-
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volgyben és a Kormos-volgyben volt talalhatd. Az Eszaki Vargyas-volgyben elsésorban
extenziv legeltetés folyik és gyakoriak a rétek és kaszalok, mig a Déli Vargyas-volgy tilnyomo
része, elzartsdga miatt, erdok és fas terliletek altal boritott. A két volgyet a Vargyas-Szoros
valasztja el. A Vargyas-volgyekhez képest a Kormds-volgyben sokkal erdsebb az emberi hatas,
¢s a déli részén szantdk is taladlhatoak. Ezekbdl a tajhasznalati intenzitdsban tapasztalhato
kiilonbségekbdl adoddan az alacsony intenzitasu mezogazdasagi teriiletek aranya a természetes
erdoteriilethez képest helyszinrdl helyszinre valtoz6. Helyszinenként négy fészekcsapdat
helyeztiink ki 2018 méajusanak végén. A fészekcsapdak 12 cm atmérdjli €s 23 cm hosszisagu
PVC csovekbdl alltak. A csoveket kb. 22 ¢cm hosszi, elél-hatul nyitott nadszalakkal toltottiik
meg. A csapdak Osszegyljtése augusztus végen tortént. Az dsszegylijtott csapdakat eldszor a
szabadban, egy arnyékos, szaraz helyen taroltuk, majd 2019 januarjaban hiitészekrénybe
keriiltek. Ezutan megkezd6dott a csapdak feldolgozasa, vagyis a nadszalak felbontasa és az
adatok feljegyzése. Abban az esetben, ha egy nadszalban egy vagy tobb fészek volt, a kovetkezd
adatok illetve paraméterek keriiltek feljegyzésre: (a) a nadszal atmérdje; (b) a kolt6kamrak
szama, amelyekben vagy hartyasszarnyt ivadékok (larvak vagy kokonok), vagy pokok voltak;
(c) a fészekanyag tipusa; (d) a larvak vagy kokonok szine. A (c) és (d) paraméter alapjan
Osszesen hét fészektipust lehetett megkiilonboztetni. Mind a hét fészektipus esetében legalabb
két darab nadszalat, mint mintat, keltetésre mianyag zacskokba helyeztiink. Az imagok
kikelése utan koziilikk legalabb két egyedet begytijtottiink és genusz szinten meghataroztunk.
Osszesen nyolc genuszt sikeriilt meghatarozni: Ancistrocerus, Auplopus, Dipogon, Hylaeus,
Megachile, Osmia, Symmorphus, és Trypoxylon. Az Ancistrocerus és Symmorphus genuszok
esetében a fészektipust nem lehetett vizualisan megkiilonboztetni, ezért ennek a két genusznak
a fészkeit egy kozos csoportba, az Eumeninae (= fazekasdarazsak) alcsaladba soroltuk. A
fészkekben talalt pokzsakmanyt csalad szinten meghataroztuk, és a hdrom, pokokat ragadozé
hartyasszarny csoporthoz (= Auplopus, Dipogon és Trypoxylon) rendeltiik. A kisérleti
helyszineket koriilvevo taj feltérképezése 250 m atmérdjl tajszektorok formajaban a QGIS
szoftver segitségével tortént. A FRAGSTATS szoftverben egyetlen egy tajelem-kategorianak
két tajmetriai mutatdjat, méghozza a részaranyat és szegélysiirliségét szamitottam Ki. Ez a
tajelem az ‘alacsony intenzitasi mezdgazdasagi teriiletek’ elnevezésii tajelem volt, amely
réteket, kaszalokat és Kis-parcellas mezdgazdasagi teriileteket foglalt magaba. Az alacsony
intenzitdsu mezOogazdasagi teriiletek részaranya ¢és szegélysiirlisége, és a hartyasszarnytaak
koltékamrainak, valamint a fészkekben talalt gyakoribb pokzsakmanyok egyedszamai kozotti
kolcsonhatasokat Poisson eloszlast GLMM-ekkel, a vizsgalt tajelem részaranya és

szegélysirisége és a hartyasszarnyuak valamint a Trypoxylon pdkzsakmanyanak Shannon
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Diverzitasi Indexe kozotti kdlesdnhatasokat viszont linedris modellekkel elemeztem. Az Gsszes

statisztikai elemzést az R szoftverben végeztem.

3 EREDMENYEK

3.1 Els6 tanulmany: Linearis fas tajelemek segitségével enyhitheté a veresnyaku

arpabogar altal okozott levélfeliiletveszteség

A veresnyaku arpabogar larvai altal okozott levélfeliiletveszteség az izolatorhalokkal védett
(“zart”) buzanovények esetében (= 64.9 + 35.7%) joval magasabb volt, mint a védtelen
(“nyitott”) novényeknél (= 14.3 £ 19.7%). Ez a kiilonbség egy kétmintas Welch t-teszt szerint
er6sen szignifikans volt (t = 15.542, df = 168.05, p-érték < 0.001). A tablaszegélytdl valo
tavolsagnak viszont linearis modellek szerint sem a ,,nyitott”, sem a ,,zart” kezelések esetében

nem volt szignifikans hatésa.

Mindkét vizsgalt fas tijelem szignifikans, de ellentétes hatdsokat mutatott az arpabogar
kartételének enyhitésével kapcsolatban. A szelekcios procedura segitségével sikeriilt tajmetriai
mutatok szadmat a linearis fas tajelemek esetében két, illetve a monokultarés fatiltetvények
esetében egy mutatéra lecsokkenteni. A linearis fas tajelemek tajmetriai mutatoi koziil az
‘Aggregacios Index’, amely a vizsgalt tajegységekben talalhato foltok aggregaltsagat, illetve
kompaktsagat méri, a vizsgalt térbeli Iéptékek tobbségénél, valamint a szegélysiirliség a vizsgalt
két legkisebb 1éptéknél (150-200 méternél) fejtett ki pozitiv, szignifikdns hatasokat az
arpabogar kartételének enyhitésére. Ezzel ellentétben a monokultarés faiiltetvények novekvo
részaranya szignifikansan negativ hatasokat mutatott az arpabogar kartételének enyhitésére 200

¢és 500 m kozott, a legerdsebben 250 méternél.

3.2 Masodik tanulmany: A tajszerkezet hatassal van a napraforgé rovarmegporzoinak

viraglatogatasi gyakorisagara

A két vizsgalti év folyaman Osszesen 2993 (lehetséges) rovarmegporzot figyeltiink meg a
napraforgofejeken. Az egyedek dontd tobbsége (= 85.2%) a hazi méhek (Apis mellifera) kozé
tartozott. Ehhez képest a megfigyelt vad rovarmegporzok egyedszama meglehetdsen alacsony
volt. Az 6sszes megfigyelt rovarmegporzok koziil a vadméhek csak 7.8%-0t (n =233) és a nem-

méh rovarmegporzok csak 7.0%-ot (n=209) tettek ki.
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A haziméhek virdglatogatasi gyakorisagara, amelyek a legyakoribb napraforgdkat latogato
megporzok voltak, a lagyszaru féltermészetes €él6helyek vizsgalt tajszektoron beliili nagyobb
részaranya ¢€s erdsebb diszpergaltsaga szignifikansan pozitiv hatasokat mutatott. Ezek a hatasok
350 és 500 m kozott voltak a legerésebbek. A napraforgotablak tajmetriai mutatoi viszont nem
fejtettek ki semmiféle szignifikans hatast a haziméhek esetében. A haziméhekhez hasonléan a
vadméhek viraglatogatasi gyakorisdgara a lagyszaru féltermészetes élohelyek tdjszektoron
beliili nagyobb részaranya és erésebb diszpergaltsaga szintén szignifikansan pozitiv hatast
gyakorolt. Ezek a hatasok 1épték-fiiggéek voltak, és mig a diszpergaltsag esetében kisebb
1éptékeknél (150-300 méternél), addig a részarany esetében inkabb nagyobb 1éptékeknél (550-
750 méternél) voltak erésebbek. A vadméhek virdglatogatasi gyakorisagara a napraforgotablak
szegélysirisége nagyobb léptékeknél (500-750 méternél) szignifikdnsan negativ hatast
gyakorolt. A nem-méh megporzok viraglatogatasi gyakorisagara csak a lagyszaru
féltermészetes élohelyek erdsebb diszpergaltsdga gyakorolt szignifikdnsan pozitiv hatast. Ez a
hatas 1épték-fiiggd volt és 450 méternél érte el a csiicsértékét. A napraforgotablak egy tajmetriai

mutatdja sem hatott szignifikansan a nem-méh megporzok viraglatogatasi gyakorisagara.

3.3 Harmadik tanulmany: Uregekben fészkelé hartyasszarnyhak elézetes felmérése egy

Erdélyben talalhaté alacsony intenzitasu agrartajban

Osszesen 990 hartyasszarnyu fészket talaltunk 4,857 nadszalban. A fészkek tobbségét (n = 888)
maganyos darazsak épitették. Ezek koziil a legtobb fészek (n = 560) a Trypoxylon genuszhoz
tartozott. Ezt kovette a Dipogon genusz 158 fészekkel, a fazekasdarazsak (Eumeninae alcsalad)
152 fészekkel, és az Auplopus genusz Osszesen 18 fészekkel. A maganyos méhek altal épitett
fészkek szama alacsonyabb volt (n = 102). Ezek koziil a Hylaeus genusz 61 fészket, az Osmia
genusz 23 fészket €s a Megachile genusz 18 fészket épitett. Ami az azonosithatd pokzsakmanyt
illeti, a Trypoxylon genusz 6sszesen 1,471 darab, tobbségében keresztespokot (Araneidae; n =
1,118), a Dipogon genusz 99 darab, tobbségében karolopokot (Thomisidae; n = 93), és az
Auplopus genusz egy darab kalitpokot (Clubionidae) zsakmanyolt.

Az Auplopus, Megachile és Osmia hartyasszarny genuszok koltékamrainak szamai mind
szignifikans korrelaciot mutattak a vizsgalt helyszinek koriil talalhaté alacsony intenzitasu
mezOgazdasagi teriiletek részaranyaval és szegélysiirtiségével. A legerdsebb hatdsokat az
Osmia maganyos vadméh genusz esetében tudtuk kimutatni, ahol mind a részarany, mind a

szegélysiiriség negativan hatott a koltokamrak szamara. Az Auplopus utonallédarazs
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(Pompilidae) genusz esetében az alacsony intenzitasi mezOgazdasagi teriiletek felemas
hatdsokat mutattak a kolt6kamrak szamara: mig a szegélystiriségiik szignifikdnsan pozitivan
hatott, addig a részaranyuk negativan. A Megachile maganyos vadméh genusz esetében
mindkét tadjmetriai mutatd hatasa szignifikansan pozitiv volt. A pokzsakmany koziil a Dipogon
kaparodarazs genusz altal zsakmanyolt karolopokok (Thomisidae) szdmara negativan hatott az
alacsony intenzitasi mezdgazdasagi teriiletek részaranya. A Trypoxylon kaparodarazs genusz
altal zsdkméanyolt pokok Shannon diverzitdsara viszont pozitivan hatott ugyanez a tajmetriai

mutato.

4 KOVETKEZTETESEK ES JAVASLATOK

Ennek az értekezésnek a {6 célkitlizése, ahogyan a cime is utal ra, tijszerkezeti hatasok
tajmetriai mutatok segitségével torténd felderitése volt. Ezt harom kiilonb6z6 tematikajh,
rovarokkal kapcsolatos tanulmany keretében probaltam demonstralni. Mindharom tanulmany
esetében sikeriilt a tajszerkezet statisztikailag szignifikans hatasait feltarni, annak ellenére,
hogy a tanulmanyok teljesen mas tudomanyos kérdésfeltevéseket vizsgaltak és eltérd vizsgalati
modszereket hasznaltak. Ezek az eredmények mind a tdjmetriai mutatok eziranyu

alkalmassagat tamasztottak ala.

Az elsd tanulmany egyik f0 témadja a tajmetriai mutatok szelekcidja volt a veresnyakll arpabogar
larvainak kartételének fiiggvényében. Ebben a szelekcidos procedurdban a gyakrabban
alkalmazott (inter-) korrelacios vizsgalatok mellett (példaul LI & REYNOLDS 1995;
MCGARIGAL & MCCOMB 1995; RIITTERS et al. 1995; CUSHMAN et al. 2008), amelyek
a szelekcios procedura elsé részét képezték, masodik 1épcsdként egy, a tajanalizisben sokkal
ritkdbban hasznalt modell-szelekciot AICc-értékek alapjan (lasd példaul SCHINDLER et al.
2015; LUSTIG et al. 2017) alkalmaztam. Ennek az ujszert, kétlépcsds szelekcids proceduranak
az eredményei azt mutattak, hogy a legtobb tajmetriai mutaté egymassal er6sen korrelalt, illetve
nem nyujtott elegendé magyarazo-er6t a modellekben és emiatt redundans volt. Egy ilyen
szelekcids procediranak az eredményei természetesen erdsen fliggenek a fiiggd valtozoktol,
illetve azoktdl a tudomanyos kérdésektdl, amelyekre valaszokat szeretnénk talalni. Ha példaul
azt szerettem volna megvizsgalni, hogy melyek azok a tdjmetriai mutatok, amelyek a
tajszerkezet idébeli valtozasat a legjobban leképezik, akkor teljesen mas eredményeket kaptam
volna (lasd példaul LAUSCH & HERZOG 2002). Ezekbdl az eredményekbdl kiindulva azt

javaslom, hogy a tajszerkezeti hatasok vizsgalatahoz elég eldzetesen egy par, biologiailag
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egyszeriien értelmezhetd tajmetriai mutatot kivalasztani és ha mar ezeknél a mutatéknal
szignifikans hatasokat mériink, akkor nem érdemes tovabbi mutatokat vizsgalni. Mivel a
FRAGSTATS a legtobb t4jmetriai mutatd kiszdmitasahoz a tajfoltok teriiletét vagy keriiletét
veszi alapul (MCGARIGAL & MARKS 1995; MCGARIGAL et al. 2012), ezért ajanlatos ezzel
a két tulajdonséaggal szorosan kapcsolddo mutatokkal, mint példaul a részarannyal (‘Percentage
of Landscape’) vagy a szegélysiiriséggel (‘Edge Density’), kezdeni. Ennek a modszernek az
alkalmazasa mind a masodik, mind a harmadik tanulmanynal sikerrel jart, mivel az Gsszes

elézetesen kivalasztott tdjmetriai mutatd esetében sikeriilt szignifikans hatasokat kimutatnom.

Az els6 két tanulmany esetében egy tajelemzésnél alkalmazott térbeli 1épték fontossaganak
kimutatasara az elemzéseknél kiilonb6zé méretii tajablakokat hasznaltam. A legtobb vizsgalt
Osszefliggés esetében a tajszerkezeti hatasok erés 1épték-fiiggdséget mutattak. A tajszerkezeti
hatasok 1épték-fiiggdségével ezidaig tobb, mind novényvédelmi kérdéseket (példaul THIES et
al. 2003; ROSCHEWITZ et al. 2005; THIES et al. 2005), mind rovar-megporzokat érintd
kérdéseket (példaul STEFFAN-DEWENTER et al. 2001; WESTPHAL et al. 2006;
SCHERBER et al. 2019) vizsgalo tanulmanyban foglalkoztak, de csak ritkan olyan magas,
illetve sziik felbontasban, mint az itt bemutatott elsé két tanulméany esetében. Tovabba ennyi
kiilonféle tdymetriai mutatdt ezidaig egyetlen ilyesfajta tanulmanyban sem vizsgaltak. Az els6
két tanulmany keretében mért tajszerkezeti hatdsok 1épték-fliggdségét vizsgalva feltiind, hogy
a leger6sebb hatasok gyakran 500 méteres 1éptéken beliil fordultak el6. llyen Kicsi 1éptékeket
altalaban ilyesfajta vizsgalatoknal sajnos figyelmen kiviil szoktak hagyni. Ezért azt javaslom,
hogy jovobeli tanulmanyok vizsgalatai — legalabbis olyanok, amelyek rovarokkal foglalkoznak

— térjenek ki kisebb Iéptékekre is.

Végezetiil Ossze szeretném foglalni, hogy az értekezés keretében bemutatott harom
tanulmanyban milyen t4jszerkezeti hatasokat sikeriilt kimutatni és hogy ezekbdl milyen

kovetkeztetéseket, illetve javaslatokat lehet levonni:

a) Az els6 tanulmany eredményei azt mutattak, hogy olyan buzatablakban volt erésebb a
természetes ellenségek gyéritd hatasa, amelyeknek a kozvetlen szomszédsagaban
hosszu, de egyben kiterjedt linearis fas tajelemek (= szélesebb erdésavok) helyezkedtek
el. Ezzel szemben nagyobb erdéfoltok (= monokultiras faiiltetvények) kozelében
kisebb volt a természetes ellenségek gyéritd hatasa. Ezek az eredmények arra engednek
kovetkeztetni, hogy mig a szélesebb erddsavok valosziniileg élohelyiil szolgalnak a
veresnyakl arpabogar természetes ellenségei szamara, addig a nagyobb kiterjedésii
monokultaras faiiltetvények szamukra nem, vagy legalabbis nem annyira megfeleléek.
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b) A masodik tanulmany eredményei megmutattak a tajszerkezet kiemelked6 fontossagat

egy intenziven miivelt agrartajban a rovarmegporzok, kiillondsen a vadméhek szamara.
A lagyszari féltermészetes ¢élohelyek nagyobb részaranya és/vagy erésebb
diszpergaltsaga (= térbeli szétdaraboltsdga) az Osszes vizsgalt megporzd csoport
esetében pozitiv hatdssal birtak, mig a napraforgotablak névekvo szegélystiriisége —
vagyis minél tobb tabla helyezkedett el egy tdjablakon beliil — a vadméhekre negativ
hatassal volt. Ezek az eredmények arra utalnak, hogy a napraforgd sikeres
megporzasanak biztositasahoz egy intenziven miivelt agrartajban sziikség van elegendd
nagysagu ¢€s kiterjedésii lagyszar féltermészetes éléhelyre a napraforgotablak kortil.
Emellett még az is pozitiv hatassal lehet a rovarmegporzok viraglatogatasi
gyakorisdgara, ha a napraforgotabldk nem egymas kozvetlen szomszédsagaban
helyezkednek el.

Azonban a lagyszart féltermészetes ¢l6helyeknek nem csak pozitiv hatdsai lehetnek.
Példaul a harmadik tanulmany keretében vizsgalt alacsony intenzitasti mez6gazdasagi
teriiletek (amelyekbe a lagyszaru féltermészetes €l6helyek is beleszamitottak) nagyobb
részaranya ¢és szegélysiiriisége az Osmia maganyos vadméh-genusz kolt6kamra
szamaira negativ hatassal voltak. Ezzel szemben példaul a Trypoxylon kaparddarazs
pokzsakmanyanak diverzitasara az alacsony intenzitasi mezOgazdasagi teriiletek
részaranya pozitiv hatassal volt. Ebbdl arra lehet kdvetkeztetni, hogy minden tanulmany
eredményei nagyban fliggenek a vizsgalt él6lénycsoportoktol és az €éldhely tipusatol,
amelyben a vizsgalat folyt. Igy szerkezetileg és funkcionalisan hasonlé tajelemeknek

kiilonféle élohely-tipusokban kiilonboz0, akar ellentétes hatdsai is lehetnek.
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5

UJ TUDOMANYOS EREDMENYEK

Els6 tanulmany:

>

Egy ujszert, kétlépcsds, redundans tdjmetriai mutatok kivalogatasara szolgald szelekcios
procedura kifejlesztése és sikeres tesztelése.

A veresnyaku arpabogar (Oulema melanopus) larvainak kartétele azokban a buzatablakban
csokkent a leger6sebben, ahol a tablak szélét6] 200 méteren beliil linearis fas tajelemek (=
szélesebb erdésavok) helyezkedtek el. Eznek a linearis fas tajelemeknek a novekvo
szegélysiriisége és aggregaltsaga pozitivan hatottak a kartétel csokkenésére.

Kozeli monokultaras fatiltetvények névekvo részardnya mellett viszont a larvak kartétele

kevésbé csokkent. Ez a hatés a tdblak szélétdl 250 méter tavolsagra volt a legerdsebb.

Masodik tanulmany:

>

A lagyszari féltermészetes élGhelyek, mint példaul rétek vagy mezsgyék nagyobb
részaranya és/vagy erésebb diszpergaltsaga a napraforgotablakat koriilvevo tajban novelte
a haziméhek, vadméhek €és a nem-méh megporzok viraglatogatasi gyakorisagat.

A lagyszaru féltermészetes élohelyek pozitiv hatasai 1épték-fiiggdek voltak, és azok a
tavolsagok, ahol a leger6sebb hatasok voltak mérhetéek, nagyjabol megegyeztek a
megfigyelt méh-megporzok atlagos gylijtési tavolsagaval.

A felvételezési pontok koriil taldlhatd napraforgdtiblak novekvd szegélystirlisége a

vadméhek esetében alacsonyabb virdglatogatasi gyakorisagokat eredményezett.

Harmadik tanulmany:

>

Az Auplopus, Megachile és Osmia taxonok fészkeiben talalhato koltékamrak szama
szignifikdns Osszefliggést mutatott a felvételezési helyszinek koriil taldlhato alacsony
intenzitdsu mezdgazdasagi teriiletek részaranyaval és szegélystirtiségével.

A Dipogon kaparddarazs genusz altal zsakmanyolt karolopokok (Thomisidae) szamara
negativan hatott az alacsony intenzitasti mezdgazdasagi teriiletek részaranya.

A Trypoxylon kaparddarazs genusz altal zsakmanyolt pokok Shannon diverzitasara viszont

pozitivan hatott az alacsony intenzitdsi mezO0gazdasagi teriiletek részaranya.
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Abstract

Context Woody semi-natural habitats serve as per-
manent habitats and hibernation sites for natural
enemies and, through spillover processes, they play
an important role in the biological control of insect
pests. However, this service is also dependent on the
amount and configuration of the dominating woody
habitat types: linear landscape elements (hedgerows,
shelterbelts), and more evenly extended plantations.
Relating natural enemy action to the landscape context
can help to identify the effect of woody habitats on
biological control effectiveness.

Objectives In the Central European agricultural
landscapes such as in the Hungarian lowlands, where
our study took place, woody linear elements are
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characterised by high, while woody areal elements,
mostly plantations, by low biological and structural
diversity. In this study, we aimed to determine which
composition and configuration of woody linear and
areal habitats in the landscape may enhance the effect
of natural enemy action on plant damage caused by the
cereal leaf beetle (CLB, Oulema melanopus).
Methods Herbivory suppression by natural enemies
was assessed from the leaf damage difference between
caged and open treatments. These exclusion experi-
ments were carried out in 34 wheat fields on plants
with controlled CLB infections. The results were
related to landscape structure, quantified by different
landscape metrics of both woody linear and areal
habitats inside buffers between 150 and 500 m radii,
surrounding the wheat fields.

Results The exclusion of natural enemies increased
the leaf surface loss caused by CLBs in all fields.
Shelterbelts and hedgerows in 150-200 m vicinity of
the wheat fields had a strong suppressing effect on
CLB damage, while the presence of plantations at
250 m and further rather impeded natural enemy
action.

Conclusions Our results indicate that shelterbelts
and hedgerows may provide a strong spillover of
natural enemies, thus contribute to an enhanced
biological control of CLBs.
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Introduction

The importance of semi-natural habitats (SNHs) for
natural enemies of crop pests has already been
demonstrated in a number of studies (Geiger et al.
2008; Woltz et al. 2012; Alignier et al. 2014; Sarthou
etal. 2014). Besides herbaceous SNHs, like grasslands
and pastures, woody SNHs are also an important part
of the Central-European agricultural landscapes. Such
habitat patches roughly fall into two categories. One is
elongated, linear landscape elements, such as shelter-
belts and hedgerows. These are rather common sights,
since they were established as windbreaks along
country roads and field boundaries. In Hungary,
already in the 1950-1960s their secondary purpose
was regarded as providing nesting sites for birds and
shelter for natural enemy species, of which many use
shelterbelts or hedgerows as foraging habitats, breed-
ing and hibernation sites (Takacs and Frank 2009).
Commonly, they have a rich understory possessing
high biological and structural diversity. Shelterbelts
and hedgerows have been shown to enhance the
abundance and diversity of natural enemies in the
adjacent crop fields, thus supporting the biological
control of different agricultural pests (see for instance:
Holland and Luff 2000; Kujawa et al. 2006; Thomson
and Hoffmann 2009, 2010, 2013; Morandin et al.
2011; Morandin et al. 2014). This has been demon-
strated to be based on metapopulation processes which
affect the distribution of natural enemies in semi-
natural and crop habitat patches at the landscape scale
(Samu et al. 2018). An important mechanism that
controls this process is the spillover of natural enemies
across the non-crop—crop interface, which depends
on the habitat identity of the patches, as well as on the
structural features of the landscape (Tscharntke et al.
2007).

In contrast to linear elements, other woody habitat
patches have a more extended area. The naturalness,
plant diversity and structural heterogeneity of areal
woody areas play an important role in maintaining a
diverse natural enemy population and contribute to
their spillover (Theron et al. 2020). In Hungary areal

@ Springer

woody landscape elements with higher naturalness are
mostly restricted to the highlands of the country
(Bartha and Galhidy 2007). In the lowlands of
Hungary, which is the main agricultural area, apart
from the few remnant patches of the forest-steppe
vegetetation (Erdos et al. 2018), the woody areal
patches are mostly plantations of poplar (Populus
tremula), black lockust (Robinia pseudoacacia) and
pines (Pinus silvestris, P. nigra) with strong canopy
closure and predominantly low biological and struc-
tural diversity (Weih et al. 2003; Vitkova et al. 2017).
Moreover, these plantations mostly host forest spe-
cialist insects, which are strongly restricted to these
habitats and tend to avoid entering more open habitats
like cropland, as shown for example for spider and
carabid assemblages (Sunderland and Samu 2000;
Fischer et al. 2013).

Besides uncovering the habitat preferences of
natural enemies, it is also very important to quantify
their suppressive impact on agricultural pest activity
and damage. This can be experimentally tackled by
assessing plant damage when natural enemies can
freely act on the pest organism(s) and compare this to
situations where natural enemies are excluded by
some experimental manipulation. This way, the pest
species can cause plant damage unrestricted by their
natural enemies (Holland et al. 2012). In cereal fields,
however, previous studies have mainly focused their
research on the exclusion of the natural enemies of
aphids and their relationship with the landscape
context, analysing either the relationship between
landscape complexity and natural enemy abundance
(Caballero-Lopez et al. 2012) or the effects of
landscape features, including scale-dependencies, on
the outcome of exclusion treatments (Woltz et al.
2012; Martin et al. 2015). The spillover of parasitoid
and predatory natural enemies of aphids to crop fields
was enhanced by landscape complexity (Thies et al.
2005), but the effect of this process diminished
towards field interiors (Zhao et al. 2013).

Apart from aphids, another economically important
insect pest of small grain cereals in the northern
hemisphere, is the cereal leaf beetle (Oulema melano-
pus L., CLB; Chrysomelidae, Coleoptera). The CLB
preferably feeds on cereals like winter wheat, oat, rye
and barley (Wilson and Shade 1966). The CLB,
originally native to Eurasia, has become lately an
invasive pest of small grain crops over large parts of
North America (Olfert et al. 2004; Philips et al. 2011).
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CLB adults overwinter in ruderal or wooded areas in
the proximity of the previous seasons’ cereal fields
(Casagrande et al. 1977; Philips et al. 2012). They
emerge in early spring (Helgesen and Haynes 1972;
Gutierrez et al. 1974) and migrate into cereal fields,
where females lay 50-300 eggs (Philips et al. 2011) on
crop leaves (Helgesen and Haynes 1972). After
hatching, the larvae feed on leaves for 10-14 days,
during which they pass four instars (Guppy and
Harcourt 1978). They skeletonise the leaves by eating
the upper epidermis and parenchyma, sparing only the
lower epidermis (Gallun et al. 1967), leading to yield
losses of up to 40% (Buntin et al. 2004) and a decrease
in grain quality (Philips et al. 2011). The biological
control of CLBs is well studied, pointing out the
important role of both hymenopteran parasitoids (Kher
et al. 2011; Philips et al. 2011; Roberts 2016;
Kheirodin et al. 2020a), as well as insect and spider
predators  (Jenser 2003; Kheirodin et al.
2019, 2020a, b). Exclusion trials have already been
applied to CLBs, demonstrating that natural enemies
increase CLB egg mortality (Meindl et al. 2001).

At our present state of knowledge, however, the
landscape context of CLB suppression by natural
enemies has seldomly been studied. Tschumi et al.
(2015) examined the effect of flowering strips along
wheat fields on CLB, on natural enemy abundance and
on plant damage in Swiss landscapes with different
degrees of complexity. Adjacent flowering strips had a
beneficial effect, however this effect was in the given
study independent of the landscape context. Another
recent study found positive associations of CLB
abundance with the land cover of woody SNHs at
scales of 1-2 km and negative associations with
pastures at 2 km (Kheirodin et al. 2020a, b). However,
neither of these studies addressed the effect of
landscape configuration on CLB herbivory suppres-
sion, nor they examined the effect of woody landscape
elements in particular. Woody habitat patches are
especially of interest, since the presence of these
habitats, contingent on their shape and distribution,
benefits the natural enemies, as well as the CLB itself,
as they serve as alternative habitats or overwintering
sites for both.

In the present study we aimed to establish the
suppression level of natural enemies on CLB damage
and its dependence on the extent and configuration of
two different types of woody habitats in the landscape,
differentiating linear woody elements like shelterbelts

and hedgerows from spatially more extended woody
areas like plantations. (1) We hypothesized that
natural enemies will reduce CLB herbivory. To test
this hypothesis, we have established exclusion trials,
predicting that the exclusion of natural enemies should
increase the leaf surface loss on wheat plants artifi-
cially infested with CLB. (2) Further, we hypothesized
that natural enemy action is determined by spillover
from neighbouring habitats. This hypothesis was
tested by the transect arrangement of the exclusion
trials perpendicular to field edge, where we predicted a
diminishing suppression effect towards the middle of
the field. (3a) Thirdly, we hypothesized that the spatial
configuration and distribution of two different types of
woody semi-natural habitats in the landscape will have
an effect on the suppression of CLB herbivory,
expecting that linear woody elements will have a
different impact on the herbivory suppression of the
CLB compared to spatially more extensive, plantation
type woody areas. We also hypothesized that (3b)
these landscape effects will be scale-dependent. To
test these hypotheses the herbivory suppression effects
from the exclusion trials were analysed for potential
landscape effects distinguishing between linear and
extensive wooded areas in the landscape sectors,
considered at multiple spatial scales.

Materials and methods
Study area

The study area was located in the north-western part of
the Great Hungarian Plain, 80-100 m above sea level,
in Jaszsag region, Jasz-Nagykun-Szolnok County, in
an area of approximately 150 km? around the settle-
ments of Jaszarokszallas, Jaszdézsa and Jaszagd
(Fig. 1a, b). This region has a continental, moderately
warm and dry climate with average temperatures
between 9.5 and 10.5 °C and average precipitation of
520 mm per year, with a minimum during the summer
months. The number of sunshine hours per year is
around 2000. Nowadays 90% of the region is under
human influence, predominantly agricultural land, and
untouched natural areas are rare. The natural and semi-
natural habitats in this region are mainly grasslands
and pastures with small patches of forest remnants
(Quercus robur, Fraxinus excelsior, Ulmus sp.) and
with linear riparian forested areas along springs and

@ Springer



2228

Landscape Ecol (2020) 35:2225-2238

(A)

Legend
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(C) |Legend
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Fig. 1 a Location of the study area within Hungary (base map
from GADM, the Database of Global Administrative Areas,
www.gadm.org). b Positions of the 34 investigated wheat fields
(the base map is an ESA Sentinel-2 Satellite Image from
2015-07-25). Fields, studied in 2014 are marked green, those in
2015 are orange. ¢ Example for the circular buffers between
radii of 150 and 500 m drawn around the centre point (yellow),

small rivers (Alnus glutinosa, Salix and Populus spp.
often mixed with introduced species, such as Acer
negundo, Celtis occidentalis, Ulmus pumila) (Busch-
mann 2011; Csiszar 2012). More extended forested
areas in the agricultural landscape are dominated by
plantations. The most common tree species in planta-
tions in the Jaszsdg region are poplar (Populus
tremula) and black locust (Robinia pseudoacacia)
(Buschmann 2011).

Experimental setup and management of the focal
wheat fields

The field experiments took place in 2014 and 2015. In

each year we selected 17 wheat fields as our focal
fields (Fig. 1c). The management of all of the fields

@ Springer

Study sites

® 2014

¥ 2015

O Buffer (500 m)

created to analyse possible scale effects (the base map is a
Google Satellite Image from 2014). d Schematic drawing of the
experimental setup within the landscape sector (the base map is
a Google Satellite Image from 2014). The different treatments
are indicated with the different colours of the dots. The red
frames indicate the position of the consecutive figure (b—d)

was conventional, using synthetic fertilizers. The field
sizes ranged from approx. 6 to 100 hectares. The
distance between fields studied in the same year was
always larger than 1000 m. The majority of the
farmers also provided us information about the
different wheat cultivars as well as the pesticide used.
The most common pre-crop on the investigated fields
was oilseed rape (Brassica napus L.), followed by
sunflower, winter wheat and maize (Online Appendix
Table 1). According to our field observations and the
database MePAR, all forest patches located inside our
landscape sectors were plantations.

In 2014, on each field, we designated three transects
(wheat rows, perpendicular to field edge) for the
experiments at 10 m distance from each other, plus a
fourth one, 2 m left or right of the central row
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(Fig. 1d). In each of these four transects we selected
individual plants at “transect distances” 2-25-50-
75 m from the field edge to serve as host plants for
caged populations of CLB adults. Plants were isolated
under a mesh (Ikea ‘Teresia’, article number
602.603.30, weight 34 g/mz, mesh size 0.25 mm)
supported by an iron frame (height 25 cm, diameter
20 cm). The bottom part of the mesh was isolated with
washed, clay-free sand to prevent the escape of CLBs
as well as the immigration of predators and para-
sitoids. The cages were set up between 14 and 17
April. Both male and female CLBs were collected
with sweep nets, and five individuals, of which at least
one was a male, were placed on the isolated individual
plants. After 4-7 days the eggs laid were counted and
the adults removed. Subsequently, the cages were
placed back on plants in the additional central row (=
“caged” treatment), while in case of the other rows we
did not place back the cages, thus allowing the action
of natural enemies (= “open” treatment). We set up a
larger number of open wheat plants compared to the
caged ones, because we expected higher fluctuations
of the CLB herbivory in case of the open ones. The leaf
damage caused by the CLB was assessed on 26-27
May. In 2015, in an otherwise identical experimental
setup, only three rows were set up per field with the
central row receiving the caged treatment and the
lateral rows serving as the open treatments. Cage
experiments were established on 23-24 April, and the
leaf damage was inspected on 17-18 June.

Response variables

CLB herbivory was quantified as leaf surface loss per
experimental wheat plant (LSLppanT), Which was
visually determined as an average ratio of skeletonized
leaf area in relation to the whole leaf area for 10 flag-
leaves of the plant. For answering hypotheses (1) and
(2) we denoted the response variable as “LSL”, which
was calculated as the averaged LSLp; onT values of the
plants at a given transect distance in the given
treatment in a field. Thus, in case of the open treatment
at each transect distance the LSL value was calculated
as the average of LSLpant values of N =03 or
N = 02 plants at the given transect distance observed
in the two study years, respectively; whereas in case of
the caged treatment for each transect distance LSL was
equal to LSLpant Of the singe plant that was
observed.

To answer the landscape context related hypotheses
(3a) and (3b) we calculated a single response variable
that describes “herbivory suppression” in a given
field, which was defined as the difference between the
mean leaf surface loss (LSLprp) of the caged and
open treatments. For this we averaged the LSL values
across the transect distances separately for the two
treatments to receive an LSLcagep and an LSLopgn
value, from which LSLpgr values were calculated for
all 34 wheat fields according to the following
equation:

(1)

LSLopen )
LSL =1-—
PIFF ( LSLcaceD

Mapping of landscape sectors around the fields

The surroundings of the 34 wheat fields were digitised
in QGIS 2.18.9 (QGIS Development Team 2009),
differentiating between hedgerows, shelterbelts and
the woody floodplain vegetation of small creeks
(woody linear, WL) and evenly extended forest
patches or plantations (woody areal, WA). By our
definition, WLs had a minimum width of 1.5 m and a
length-width-ratio larger than 3:1. In case of WAs the
length-width-ratio did not exceed 3:1. However, ring-
shaped woody landscape elements with a length-
width-ratio larger than 3:1 as well as irregularly
shaped woody landscape elements with narrow parts
were also considered as WAs. The minimum mapping
unit for woody landscape elements was 100 m? with
more than 30% shrub or tree canopy cover. The geo-
referencing of the vector layers was done in the
ETRS89/ETRS-LAEA (EPSG: 3035) coordinate ref-
erence system. For the digitisation we used Google
Satellite Images from 2014 to 2016 as base maps. The
identification of the woody landscape elements was
always double-checked using the topographic map of
Hungary of the open access database MePAR (FOMI
2016) and satellite images from previous years. The
landscape sectors were created in form of circular
polygons of 500 m radii around the wheat fields, with
the centres of the sampling transects serving as their
centre points. These landscape sectors of 500 m radii
were used as mask layers to clip layers from a larger
digitised map containing the surroundings of the
wheat fields. These vector layers were rasterized with
an output raster size of 1 x 1 m. The resulting raster
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images were sieved for raster cells smaller than 4 m>
in order to remove lone pixels. Then, smaller, circular
landscape sectors starting with radii of 150 m and
consecutively increasing by 50 m up to 450 m were
drawn around the centre of the 34 transects (Fig. lc,
cf. Thies et al. 2003). These polygons served then as
mask layers to clip the basic raster images into images
with consecutively smaller extent, resulting in 34
raster images for each of the 8 scales (from 150 to
500 m).

Calculation and selection of landscape metrics

The raster images of the 34 landscape sectors
described above were analysed with FRAGSTATS
v4.2.1 in order to determine landscape metrics of the
different woody landscape elements. All of the
analyses carried out with FRAGSTATS v4.2.1 were
performed at the class level with an 8-cell neighbour-
hood rule. We calculated 36 metrics from the ‘Area
and Edge’, ‘Shape’ as well as ‘Aggregation’ metrics
categories (McGarigal et al. 2012; McGarigal 2014).
In case of 9 from these 36 metrics, besides the
‘regular’ mean value, we also determined the area-
weighted mean. Additional statistical data like the
median, range, standard deviation or the coefficient of
variation of these nine metrics were left out from the
calculations. Due to the large number of metrics,
however, we decided to conduct a selection procedure
on them: (1) We removed those metrics, where too
many values were missing (NAs) or zeroes. (2) We
also decided to preliminary drop the metrics ‘Total
Class Area’, ‘Total Edge’ and ‘Number of Patches’,
since they are completely redundant with ‘Percentage
of Landscape’, ‘Edge Density’ and ‘Patch Density’.
(3) We calculated pair-wise Pearson’s correlation
coefficients between the remaining metrics from the
largest scale of 500 m for each woody landscape
element separately. For the graphical presentation of
the results of the correlation analyses we used the
R-package ‘corrplot’ (Weih et al. 2003), using the
absolute values of the correlation coefficients (Irl) and
applying a hierarchical clustering (see Online Appen-
dix). Based on the clusters, we aimed to identify
different groups of closely related metrics, from which
we decided to select one metric to represent each
group (Ruiitters et al. 1995), based on the variance and
interpretability of these metrics. These were the
metrics “Aggregation Index”, “Edge Density”,
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“Largest Patch Index”, “Patch Density” and the mean
“Shape Index” for woody linear landscape elements
(Online Appendix Table 3) and the metrics “Aggre-
gation Index”, “Related Circumscribing Circle”,
“Landscape Shape Index”, “Percentage of Land-
scape” and the mean value of “Shape Index” for
woody areal landscape elements (Online Appendix
Table 4). The other metrics were discarded from
further analyses. By the above procedure, separately
for the linear and areal woody elements, we managed
to identify a manageable initial set of quasi-orthogo-
nal, well interpretable metrics that represented the
main traits (related to area, edge, shape and aggrega-
tion) of these landscape elements, and could serve as a
meaningful set of variables from which the effective
ones could be selected in a further selection step
during model creation (see next section).

Statistical analyses

To answer the questions in hypotheses (1) and (2)
concerning the response variable LSL, we have built
Generalised Linear Mixed Models (GLMM) with
binomial distribution in R v3.6.3 (R Core Team 2018),
using the R-package ‘Ime4’ (Bates et al. 2015). In this
GLMM, we used the following predictor variables:
The ‘treatment’ variable (levels: caged, open), ‘tran-
sect distance’ from field edge as a continuous variable,
‘pesticide’ treatment with four levels (‘No Insecti-
cide’, ‘Cyperkill Max’, ‘Decis’ and ‘Karate Zeon’),
the area of the studied wheat field as ‘field size’ and the
‘number of eggs’ deposited by the introduced CLB
adults at the beginning of procedure as continuous co-
variates. The ‘field IDs’ and the ‘study year’ were
entered as random factors in this model. The binomial
GLMM was then tested for over- or underdispersion
with the ‘dispersion_glmer’ function from the
‘blmeco’ package (Korner-Nievergelt et al. 2015). In
case we encountered an over- or underdispersion, we
decided to switch to a quasibinomial GLMM using the
‘glmmPQL’ function from the ‘blmeco’ package.
When evaluating the final model, in hypothesis (1) we
were interested in the treatment effect, while in
hypothesis (2) we needed to check the transect
distance effect.

Before answering the questions formed in hypothe-
ses (3a) and (3b), we tested the effects of relevant
field-level predictor variables (as described above:
‘pesticide’, ‘field size’, mean ‘number of eggs’) on
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LSLprr and entered ‘study year’ as a random variable
in a model. This was done in a linear mixed effect
model testing all variables together, since we assumed
that the distribution of LSLprr would be closer to a
normal distribution. Departure from normality was
checked by testing for skewness of LSLprr (package
‘e1071° by Meyer et al. 2019). Since the values of
LSLprr were negatively skewed, we reflected and
square-root transformed them in order to fulfil the
assumption of normality, which was checked with a
Shapiro-Wilk test (Shapiro and Wilk 1965).

To describe how landscape context, stratified by
scale levels, affects herbivory suppression (LSLprg)
to answer hypotheses (3a) and (3b), we first studied the
spatial autocorrelation structure of this response by
calculating Moran’s I values using the R-package
‘ape’ (Paradis and Schliep 2019). The square-root
transformed values of LSLprr were then included as
dependent variables into linear models with the
standardized metrics of woody SNHs as explanatory
variables, for each scale separately. We entered the
preselected set of explanatory variables into the initial
models. To find the most influential variables from this
set, we performed automated model selections based
on a multimodel inference procedure from the
‘MuMIn’ package (Barton 2018). From this multi-
model inference procedure, we kept those metrics,
which occurred in the models with the lowest AICc
values (delta = 0) and thus have the highest relative
importance at multiple scales (Grueber et al. 2011;
Symonds and Moussalli 2011). In case this procedure
would lead to more than one metric, we would also test
the models for multicollinearity between the metrics
with Pearson’s correlation analyses, carried out over
all spatial scales, and variance inflation factors (VIFs)
from the ‘car’ package (Fox and Weisberg 2019). The
metrics remaining at the end of this selection proce-
dure were then included in linear models. The fit of all
models was a posteriori checked by inspecting resid-
uals and QQ plots.

Results
Exclusion effect on CLB herbivory
Testing our first hypothesis, the final binomial GLMM

showed that the exclusion of natural enemies had a
strong effect on the level of herbivory (LSL),

manifesting in highly significantly lower herbivory
on the open plants (Table 1). The initial number of
eggs (68.36 £ 36.42 per isolator cage) deposited had a
positive, significant effect on herbivory (Table 1).
Whereas two of the insecticides applied on the fields—
Decis and Karate Zeon—showed weak, but significant
effects, decreasing herbivory compared to those wheat
fields, where no insecticides were used (Table 1). The
variances for the two random effects were 0.5587 in
case of the ‘field IDs’ and 0.0001 in case of the ‘study
year’. Importantly, in the final model transect distance
had no significant effect on herbivory, which contra-
dicted the second hypothesis proposing a diminishing
spillover action of the natural enemies further inside
the field (Table 1).

CLB herbivory suppression and woody landscape
elements

The linear mixed effect model testing the influence of
the independent field-level variables on LSLpgr did
not indicate any significant effect (Online Appendix
Table 2), so none of these variables were included in
the final models. The variance of the random effect
‘study year’ was 0. The Moran’s I calculated on the
LSLpirr data showed no spatial autocorrelation
between the sites (observed I = — 0.038; expected I
= — 0.030; p value = 0.827), so no correction of the
model was necessary.

The results of the landscape analysis gave support
to both our hypothesis 3a and 3b. Both types of woody
landscape elements showed significant but contrasting
effects on CLB herbivory suppression in the studied
wheat fields and all these effects were scale-
dependent.

In case of WL patches, we found positive, signif-
icant effects of the metric ‘Aggregation Index’ on
CLB herbivory suppression at multiple spatial scales
(Table 2). These effects had their strongest impact at a
scale of 200 m. After this peak, there was a rather large
drop at 250 m, which was then followed by an increase
in the effect strength at 300 m, subsequently reaching
a plateau of fluctuating values between scales of
350-500 m. We also found similar positive, signifi-
cant effects in case of the metric ‘Edge Density’
(Table 2), but at a much narrower range of scales
(150-200 m). The effects of ‘Edge Density’ were the
strongest at the smallest scale of 150 m, which was
followed by a continuous drop of the effect strength to
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Table 1 Results of the binomial GLMM analysing the effects of exclusion treatments and other field scale variables on the LSL

(Leaf Surface Loss) of the wheat plants caused by the CLB

Variable Estimate Std. error z value Pr (>lzl)
Intercept 1.440 1.158 1.244 0.213
Exclusion treatment (reference level: caged)
Open — 4814 0.724 — 6.650 0.000
Eggs 0.019 0.007 2.925 0.003
Distance from field edge — 0.004 0.008 — 0.499 0.618
Area of wheat field — 0.012 0.013 — 0.936 0.349
Insecticide treatment (reference level: No Insecticide)
Cyperkill Max 1.041 0.916 1.137 0.256
Decis - 1.717 0.934 — 1.838 0.066
Karate Zeon — 2.309 0.890 —2.593 0.010

The variables ‘field IDs’ and ‘study year’ were entered as random factors into the model. For further explanation, see text

Table 2 Results of the linear model analysing the effects of standardized influential landscape metrics of woody areal SNHs (WA,
plantations) on herbivory suppression (LSLprr), analysed for multiple spatial scales (150-500 m)

Metric Scale (m) Estimate Std. error t value Pr (>ltl)

Percentage of landscape 150 — 0.002 0.001 — 1.544 0.167
200 — 0.003 0.001 —3.032 0.013
250 — 0.003 0.001 —4.132 0.001
300 — 0.003 0.001 — 3.064 0.008
350 — 0.003 0.001 — 2.966 0.007
400 — 0.003 0.001 — 2.901 0.008
450 — 0.003 0.001 — 2.889 0.008
500 — 0.002 0.001 —2.231 0.035

Influential landscape variables (here only Percentage of Landscape) were selected by automated model selections based on a

multimodel inference procedure. For further explanation, see text

a minimum at 300 m. Then, similarly to ‘Aggregation
Index’, the effect strength increased again to a plateau
of fluctuating values between 350 and 500 m. The
effect sizes (R?) of linear models including both
metrics were the highest at the smallest scales of
150-200 m, followed by a plateau of low values at
250-300 m and fluctuating values between 350 and
500 m (Fig. 2).

In contrast to WL patches, the metric ‘Percentage of
Landscape’ of WA landscape elements had signifi-
cant, negative effects on CLB herbivory suppression at
all scales between 200 and 500 m, with a peak value
found at 250 m (Table 3). The effect sizes (R?) of
linear models including this metric also had their peak
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at 250 m, followed by a rather continuous drop to a
minimum at 500 m (Fig. 2).

Discussion

Our results from the exclusion experiments unequiv-
ocally supported our hypothesis that natural enemies
will reduce the herbivory caused by the CLB.
Prohibiting natural enemy access to the artificially
infected wheat plants by isolator cages led to a
significant increase in CLB herbivory. This coincides
with the observation of Meindl et al. (2001), who
observed a significantly lower mortality of CLB eggs,
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Table 3 Results Of. the Metric Scale (m) Estimate Std. error t value Pr (>ltl)
linear model analysing the
effects of influential

Aggregation index 150 0.015 0.005 3.216 0.005
standardized landscape 200 0.009 0.003 3303 0.004
metrics of woody linear ’ ’ ’ ’
SNHs (WL, shelterbelts and 250 0.004 0.004 0.993 0.332
hedgerows) on herbivory 300 0.005 0.003 1.801 0.083
suppression (LSLpirr), 350 0.011 0.004 2.819 0.008
analysed for multiple spatial
scales (150-500 m) 400 0.010 0.004 2.438 0.021
450 0.013 0.004 2.992 0.005
500 0.011 0.004 2.464 0.019
Edge density 150 0.001 0.000 3.804 0.001
200 0.001 0.000 2.970 0.008
Influential landscape 250 0.000 0.000 1.336 0.195
variables (Aggregation 300 0.000 0.000 0.348 0.730
Index and Edge Density) 350 0.000 0.000 1.284 0.209
were selected by automated ’ ’ ’ ’
model selections based on a 400 0.000 0.000 0.818 0.420
multimodel inference 450 0.000 0.000 1.009 0.321
procedure. For further 500 0.000 0.000 0.790 0.436
explanation, see text
winter wheat, for instance, flying predators were
oel .- responsible for 70% reduction in aphid population
. \
A .~ B Woody areal patches Schmidt et al. 2003). In their extensive review
v o
P O N ® Woody linear patches Symondson et al. (2002) found that when the action
? \
05 i’ Y of both generalist and specialist natural enemies were
" ‘\‘ excluded, pest populations were reduced significantly
LN . .
04 ;0 ', in 89% of cases, and damage was reduced or yield
~ ; \ '\\ increased significantly in five out of seven cases.
@ ," \‘ . In our experiments, where exclusion was applied in
03 N ; e a transect design, the suppressive action of natural
L] " S . .
) AN enemies was demonstrated at every distance from the
' ~ , \ . .
02 | PO N %, field edge, up to the maximal 75 m distance where
i J . isolator cages were set up. This result contradicts the
o :\‘ Kd observation of some previous studies (e.g. Zhao et al.

2013; Boetzl et al. 2018). However, other studies, like
the one conducted by Bowie (1999), got similar results

150 200 250 300 350 400 450 500

Scale (m) finding no diminishing tendency in the abundance of
Fig.2 R%-values, taken from linear models testing the effects of ?phld p'araS1t'01dS (Aphidius spp.) in wheat ﬁelds. W}th
different landscape metrics of woody linear and areal patches increasing distance from field edge. Lack of dimin-

(WL and WA) on CLB herbivory suppression (LSLpjgg) for

ishing herbivory suppression towards midfield may
eight spatial scales between 150 and 500 m (see Tables 2 and 3)

either indicate that natural enemy action is not

externally influenced or may suggest that spillover
when they were protected by isolator cages. However, from neighbouring habitats has a larger action radius
other than that study we are not aware of any other than covered in the present study. We argue, that other
research that would have assessed natural enemy results from the present study give support to this latter
impact on CLB applying field experimentation. At the possibility. In itself, the positive influence of the
same time, for other herbivorous groups there is an wooded—non-wooded interface suggests that pro-
overwhelming evidence that natural enemy exclusion

cesses occurring on boundaries, such as a spillover

will increase herbivory by pests in various crops. In process, play an important role. The peak of this
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enhancement for the metric ‘Edge Density’, which is a
measure for the amount of boundaries of a landscape
element, was between 150 and 200 m and thus larger
than the distance we covered with the transect towards
the middle of the field. Large spillover radius of
natural enemies is important for their efficient plant
damage mitigation because Oulema spp. densities
have been shown to increase towards field interiors in
a Belgian study (Van De Vijver et al. 2019). Our
estimation of spillover scale is similar to the observa-
tions made by Martin et al. (2015), who reported a
scale-dependency of landscape effects on the studied
parasitoids of aphids, which was the strongest at a
scale of 200 m. The results of another study conducted
by Evans et al. (2015) also coincide with our
observations, who found that the parasitization rate
of CLB larvae by Tetrastichus julis, a host-specific
parasitoid wasp of the CLB, was the strongest at
50-100 m distance from field edge in wheat fields.

The results from the application of insecticides at
some of the fields, which occurred as a ‘natural
experiment’, may also support our argument about the
importance of the spillover process. The application of
insecticides had a suppressive effect on the absolute
amount of damage caused by the CLB. However,
natural enemy action seemed not to be influenced by
these chemical treatments, as the differential her-
bivory between open and caged treatment was not
affected by the insecticide application. Indirectly this
result allows speculation, that even if short action
insecticides also harmed natural enemies, they have
been soon replenished, presumably through spillover
processes. This dynamism of natural enemies taking
refuge in semi-natural habitats during pesticide appli-
cation and afterwards recolonising crop fields have
been demonstrated in a number of studies (Duffield
et al. 1996; Gontijo 2019).

We have uncovered that, as we predicted, woody
elements in the landscape did influence herbivory
suppression in the field. While many studies examined
the relationship between landscape complexity and
natural enemy abundance and diversity, there are much
fewer studies that would directly focus on the rela-
tionship between landscape features and pest damage
suppression (Chaplin-Kramer et al. 2011; Salek et al.
2018; Kheirodin et al. 2020a, b). Our analysis of woody
landscape elements indicated that the extent and type
of wooded habitat is important in this regard. Linear
wooded habitats, which mostly included shelterbelts
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and hedgerows, had markedly increased herbivory
suppression. This coincides with other previous obser-
vations, like the ones made by Dong et al. (2015), who
found that a larger area of shelterbelts resulted in larger
ladybeetle abundances through spillover. Linear semi-
natural landscape elements, as “green veins” in the
agricultural landscape, have been shown to increase
the diversity of many organisms, including natural
enemies in a wide range of studies (Grashof-Bokdam
and van Langevelde 2005). Dabrowska-Prot and
Wasilowska (2012) demonstrated that ecotones along
habitat boundaries have important function in creating
higher diversity, as they comprise specific microhab-
itats and often have special abiotic characteristics.
Shelterbelts significantly increased spider spillover to
crop fields in another Polish study (Kajak 2007). The
quality and composition of linear woody elements,
such as hedgerows, is also an important determinant of
natural enemy spillover. High diversity of non-tree
woody plants was more valuable for linyphiid spiders,
while the presence of trees within hedgerows sup-
ported lycosid spiders in an English study (Garratt et al.
2017).

Compared to the positive effects of linear woody
elements, however, we found that extensive planta-
tions in the landscape may impede natural enemy
action. If the interior of extensive wooded areas has a
limited overlap in species composition with agricul-
tural fields, then only limited spillover can be expected.
This has been found over a number of case studies in a
review by Samu et al. (1999). Predation pressure
experiments also indicated a lack of spillover of
predators between forested habitats and corn fields
(Ferrante et al. 2017). Areal woody elements in the
present study were plantations, without exemption.
These woody areas in the Hungarian agricultural
landscape offer a rather impoverished, homogenised
habitat (Bartha and Galhidy 2007) that is critically
different from crop fields. This leaves little space for
processes such as landscape complementation or
supplementation for potential natural enemy species
(Fahrig et al. 2011) and cannot be expected to enhance
diversity in the field (Martinez et al. 2015). In this
regard areal wooded areas can be considered as a
matrix habitat from the perspective of arable natural
enemy community, and as such, poor matrix quality
will rather have an isolation than an enhancement
effect (Prevedello and Vieira 2010; Watling et al.
2011). Furthermore the unfavourable matrix habitat
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will impede the dispersion of non-forest species
(Vasudev et al. 2015). While not included in our
experimental approach, it has to be noted that forested
areas may increase CLB density (Kheirodin et al.
2020a, b). Forests offset CLB biological control
(Tscharntke et al. 2016) by providing overwintering
habitats for adults beetles (Casagrande et al. 1977,
Philips et al. 2012) and therefore enhance the spring
migration of this pest to cereal fields. However, in other
landscape settings, where areal woody areas are more
natural and may offer resource supplementation (Erdés
et al. 2018; Theron et al. 2020), the trade-off between
these areas benefiting both natural enemies and pests
might have a different outcome, and may actually tip
toward a beneficial role that enhances pest suppression.

The supportive effect of linear wooded elements
had a well-defined range of scale, which occurred to be
the strongest when these habitats were closer to the
focal field and clearly diminished at larger scales
(> 200 m). Contrastingly, the inhibiting effect of
extensive wooded areas predominantly occurred at
larger scales. Scale related effects are often taxon-
specific, dependent on dispersal power, life history and
several other factors (Thies et al. 2003; Chaplin-
Kramer et al. 2011; Martinez et al. 2015) and the
observed effects are likely to be the compound action
from several natural enemy groups. The typical scale
of the suspected spillover process and the type of
habitat from which immigration is likely to occur,
might give clues, as to which natural enemy groups
might be responsible for the observed suppression of
CLB herbivory. Hymenopteran parasitoids play a very
important role in the biological control of CLBs
(Philips et al. 2011; Kher et al. 2014; Roberts 2016)
and their spillover can be expected to occur at smaller
scales. Especially Necremnus leucarthros could be an
important natural enemy of the CLB (Jelokova and
Gallo 2008) and is one of the most common parasitoid
species in Hungary (Szabolcs and Horvath 1991).
Laboratory feeding preference trials (Meindl et al.
2001; Kheirodin et al. 2019) and molecular studies on
field collected predators (Kheirodin et al. 2020a, b)
demonstrated that carabid beetles, lady beetles (Coc-
cinellidae), predatory bugs (Nabidae) and spiders are
prominent natural enemies of CLB larvae, adults and
also of eggs. Many of these predators have their
habitats in forest patches, shelterbelts or hedgerows
(Bianchi and Van der Werf 2003). Among the ground-
dwelling predators we also have to point out the

potential role of different representatives of ants
(Formicidae), which might be responsible for CLB
herbivory suppression (Floate and Whitham 1994;
Safarzoda et al. 2014).

Finally, we must also point out that in our study the
CLB infestation of wheat plants was artificial and that
we did not observe any strong infestation of the non-
experimental wheat plants in the investigated fields.
This phenomenon, along with the basic findings of the
exclusion trial, suggests that suppression of CLB
damage, as an ecosystem service, works efficiently in
the studied landscape. Based on our results we are
convinced that we managed to find evidence for the
suppressing effects of natural enemy species on the
CLB, and could show that woody habitats, pertaining
to shape, configuration and scale, importantly enhance
this effect. Our study underlines the positive effects of
green veining, the preservation and establishment of
hedgerows and shelterbelts, which not only helps to
enhance biodiversity in the agricultural landscape, but
effectively contributes to pest damage suppression in
crop fields.
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Landscape structure affects
the sunflower visiting frequency
of insect pollinators

Karoly Lajos®, Ferenc Samu?*, Aron Domonkos Bihaly*, David Filop? & Miklés Sarospataki'

Mass-flowering crop monocultures, like sunflower, cannot harbour a permanent pollinator community.
Their pollination is best secured if both managed honey bees and wild pollinators are present in the
agricultural landscape. Semi-natural habitats are known to be the main foraging and nesting areas

of wild pollinators, thus benefiting their populations, whereas crops flowering simultaneously may
competitively dilute pollinator densities. In our study we asked how landscape structure affects major
pollinator groups’ visiting frequency on 36 focal sunflower fields, hypothesising that herbaceous
semi-natural (hSNH) and sunflower patches in the landscape neighbourhood will have a scale-
dependent effect. We found that an increasing area and/or dispersion of hSNH areas enhanced the
visitation of all pollinator groups. These positive effects were scale-dependent and corresponded

well with the foraging ranges of the observed bee pollinators. In contrast, an increasing edge density
of neighbouring sunflower fields resulted in considerably lower visiting frequencies of wild bees.

Our results clearly indicate that the pollination of sunflower is dependent on the composition and
configuration of the agricultural landscape. We conclude that an optimization of the pollination can
be achieved if sufficient amount of hSNH areas with good dispersion are provided and mass flowering
crops do not over-dominate the agricultural landscape.

Abbreviations

SNH Semi-natural habitat
hSNH Herbaceous SNH
MEFC  Mass-flowering crop

The successful cultivation of insect-pollinated mass-flowering crops (MFCs) largely depends on the visiting
frequency of different insect pollinator species in the blooming period of these crops!~. It has been shown that
the structure of the landscape surrounding fields of MFCs can have a significant impact on pollinator flower-
visiting frequency and thus the pollination success of these crops**. Examples for pollinator-dependent MFCs
are oilseed rape (Brassica napus L.), sunflower (Helianthus annuus L.) or orange (Citrus x sinensis L.), which crops
are cultivated in monoculture over large areas and bloom synchronously over a short period®. In the last few
decades, there has been a decline in the abundance and species richness of wild insect pollinators globally*. One
of the main causes of this process is the homogenisation of agriculturally used landscapes into monocultures with
large field sizes at the expense of non-crop areas, resulting in the fragmentation and degradation of semi-natural
habitats (SNHs)*®. Examples for woody SNHs are hedgerows, lines of trees, wood- or shrubland areas, whereas
herbaceous SNHs comprise habitats such as grass-strips, grassy field margins or grasslands’. SNHs in agricultural
landscapes can be characterised by significantly lower mechanical and chemical disturbance, and therefore higher
stability and plant diversity than crop areas. These areas serve as source habitats for wild pollinators. The decline
in source habitat area and subsequent decrease of pollinator densities can lead to significant reductions in the
yield of crops that require insect pollination®!°-'?, Therefore, both for the prevention of further biodiversity loss
and for securing pollination of our crops, it is our basic interest to understand the landscape scale dynamics of
pollinators and to apply landscape management measures that help to sustain their populations. The influence of
landscape structure is especially strong on wild pollinators, which—unlike managed honey bees—permanently
live in the area surrounding the MFCs.

Most wild insect pollinator species are sensitive to the amount, composition and configuration of SNHs in
the agricultural landscape, because they provide foraging and shelter areas as well as nesting resources for wild
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pollinator groups>*!'. Especially herbaceous semi-natural habitat (hnSNH) areas play a crucial role in wild pol-
linator distribution in the landscape. These areas can support wild pollinator communities throughout the year if
the diversity of flowering plants provide nectar and pollen resources over the whole season!'>-'’. There have been
several studies, which used spatial analysis tools to investigate the effects of the composition and configuration
of different landscape elements, primarily SNH patches. For example, habitat area, expressed as the proportion
of SNH patches in the landscape, significantly increases the abundance of different solitary pollinator guilds'®!.
The capacity of such SNH patches to be a source of pollinators is partly area-related, since habitat area sets the
carrying capacity for wild pollinators?. However, the spillover of wild pollinators from a source patch happens
across the edges; therefore edge characteristics are also crucial parameters of spillover?"*%. If we consider a large
patch of a source habitat, then those wild pollinators that stay in the interior of the patch, i.e. their foraging range
does not reach the edge of the patch, will not contribute to the spillover process. Similarly, the spatial configura-
tion of source patches is also important, because it affects the mobility and foraging range of different pollinators
by determining the probability of a pollinator reaching other habitat patches?. Studies carried out in Hungary
also showed that a high habitat heterogeneity of the agricultural landscape, such as the presence of herbaceous
and woody habitats, and also the inclusion of organic fields among the conventionally managed ones, positively
influences the abundance and species richness of wild insect pollinators?-2¢.

Landscape structure can also have a negative impact on the pollinator populations, even apart from the
obvious negative effect of the increase in non-flowering crop areas at the expense of SNHs. MFCs, such as
oilseed rape and sunflower, offer rich nectar and pollen resource to pollinators, but only temporarily?”’. During
blooming period these MFCs redistribute pollinator populations via spillover process from other patches. The
distribution of pollinators arises from a dynamic process where different patches attract various proportions
of a finite pollinator population®. From the perspective of a given patch other patches may play a competing
role by depleting the available pollinator population, but in other circumstances may concentrate pollinators
from a wider area through resource concentration effect”. These processes make the role of MFCs ambiguous
in enhancing pollinator populations, and likely dependent on the land-cover and configuration of MFCs and
SNH patches in the given landscape.

Besides the composition and configuration of different landscape elements, the possible influence of differ-
ent spatial scales also has to be taken into account. For example, the results of Tscheulin et al.**, who examined
the impact of landscape structure on the abundance and species richness of different wild bee species in olive
groves, showed that the spatial scales where the strongest correlations occurred corresponded with the size of the
investigated wild bee species. The abundance and species richness of wild bees in the olive groves was positively
influenced by both area and aggregation related metrics of SNH patches. A meta-analysis of Garibaldi et al.'’
also demonstrated that the visitation rate of all pollinators, except for honey bees, decreased with distance from
natural areas. In addition, a marked scale-dependency was found in the mobile group of bumble bees (Bombus
sp.), where positive effects of SNHs occurred only at >500 m spatial scales®. All these studies indicate that the
size and scale-dependent configuration of SNH patches and also of other types of habitats have a strong influence
on the abundance and species richness of wild insect pollinators. See Kennedy, et al.’! for a global quantitative
synthesis using a complex configuration metric.

Among MFCs, sunflower (Helianthus annuus L.) is grown on more than 4 million hectares in the European
Union (=EU-28), making it the second most important oil crop after rape and turnip rape®’. In Hungary, sun-
flower is the most important oil crop, cultivated on more than 500.000 hectares since 2005**. Even though it
is capable of self-pollination, cross-pollination by insect pollinators results in better quality seeds and higher
yields*~%¢, up to 40% at field scale®’. Although, globally viewed, managed honey bee colonies are the main
insect pollinators of sunflower (e.g.****°), wild bees, whose role has been less investigated, were found to mostly
indirectly, but significantly affect sunflower yield, by increasing the pollination efficiency of honey bees*4¢47,
Such an effect seems to be aggravated in hybrid sunflower systems where male-sterile (i.e. female only) plants
require a polliniser movement for effective pollination®®***>*4, Therefore, in sunflower production in general,
it is important to know, which aspects of landscape structure enhance the abundance and species richness of
wild insect pollinators. The influence of landscape characteristics on wild pollinators visiting sunflower fields,
however, has been rarely investigated***%. It has been shown that a higher amount of SNHs in the landscape
surrounding sunflower fields strongly enhances the abundance and species richness of wild insect pollinators®.
However, the blooming of MFCs can also lead to a depletion of wild pollinator density in the surrounding SNHs,
due to their strongly attractive effect on the pollinators?®, which effect has not been investigated specifically for
sunflower fields. For this reason, it is important to fill in the knowledge gap, how the different composition and
configuration of the agricultural landscape affect the pollination efficiency of this crop, with special regard that
landscape effects might differ between pollinator groups with different foraging ranges and other functional traits.

We focused our study on the most important groups of pollinators of sunflower fields in Hungary: honey bees,
wild bees and non-bee insect pollinators. Different pollinator groups interact with landscape structure differ-
ently pertaining to their functional traits, such as foraging range, nesting habitats, sociality, and, importantly, if
their populations are managed by humans. Functionally, management is an important trait, because bee keepers
control managed honey bee population sizes and also their landscape distribution by moving the hives, modify-
ing this way their interaction with the landscape'?. On the other hand, in wild insect pollinators, which includes
both wild bees and non-bee pollinators, populations are governed by natural dynamics being dependent on the
amount and distribution of resources provided in the given landscape.

Foraging behaviour covers a range of functional traits, in which respect the most important distinction
between the studied groups is whether the species are central place foragers or vagrant, nomadic foragers. Honey
bees and all wild bees considered here fall into the central place forager category, because they are all nesting
species and all their foraging trips are centred around the nest, irrespective of whether they are social or solitary
species. In contrast to bee pollinators, non-bee pollinators encountered in this study were non-nesting. These
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pollinators follow a nomadic lifestyle and move on freely from one habitat patch to the next one, meaning that
even smaller foraging ranges can add up over time to a larger habitat area covered by their pollination action.
In this regard foraging range is a more important trait for central place foragers, because the necessity to return
to their nest after a foraging trip will limit their interaction with landscape structure to an area set by this range.

In this study we wanted to know how the structure of our studied landscape, that is the amount and spatial
configuration of hSNH patches and sunflower fields occurring in the landscape, affect the sunflower visiting
frequency of different pollinator groups. We distinguished three major pollinator groups: managed honey bees,
wild bees and non-bees. We also wanted to test the scale-dependency of the landscape effects. For this, we
recorded the flower visitation by pollinators in 36 sunflower fields and determined the spatial properties of the
two studied landscape elements in increasing sectors around these fields. Our findings indicated that both area
and/or dispersion of hSNH patches positively affected sunflower visiting frequency in all pollinator groups.
However, for wild bees we also found considerably negative effects of the edge density of sunflower fields. Another
interesting finding of our study was that honey bee visitation in sunflower fields was enhanced by an increasing
spatial proportion and dispersion of hSNH patches, despite the fact that their hives were artificially maintained
and positioned in the landscape.

Results

Pollinator assemblage and local effects. Over the two sampling years we observed 2993 potential pol-
linators on the investigated sunflower heads (Table S1 A). The vast majority (85.2%) of them were managed
honey bees (Apis mellifera L.). In comparison, the number of wild pollinators was rather low, with wild bees only
making up 7.8% (n=233) and non-bee pollinators 7.0% (n=209) of the total number of observed pollinators
(for detailed numbers see Table S1 A). We were able to identify 103 wild bee specimens at species level. Most
of the individuals belonged to the Lasioglossum genus (L. lineare, L. malachurum and L. politum), followed by
Bombus spp. (B. terrestris, B. lapidarius and B. pascuorum), Andrena flavipes and Halictus sexcinctus (Table S1
B). However, we could not collect and thus were not able to identify the rest of the observed wild bee pollinators
(n=130) at species level. Among non-bee pollinators (Table S1 B), we found flies (Diptera), mainly hoverflies
(Syrphidae: Diptera), and also observed few butterflies (Lepidoptera). But the majority (n=166) of non-bee pol-
linators, predominantly beetles (Coleoptera) and bugs (Heteroptera), was not further classified.

From the field variables only the intensity of cloud cover had a significant, negative effect on the sunflower
visiting frequency of wild bees (z-value=— 3.131; p-value=0.002; Table S2 A). The distance from field edge
significantly affected honey bees as well as wild bees (Table S2 B), which showed a decreasing sunflower vis-
iting frequency with increasing distance from field edge (z-value =— 2.468, p-value=0.014 for honey bees;
z-value =— 2.918, p-value =0.004 for wild bees).

Effects of hSNH patches and sunflower fields on the pollinator groups. The average proportion
of hSNH patches for all 36 studied landscape sectors was nearly constant over all scales, ranging around 9-10%,
while the proportion of sunflower fields dropped from nearly 60% at 150 m to ca. 25% at 750 m (Table S3).

Honey bees, the most abundant sunflower-visiting group, were significantly influenced by the proportion
and dispersion of hSNH patches (Fig. 1A; Table S4 A). The spatial properties of sunflower fields in the landscape
exerted no significant influence (Table S4 B). The positive effect of hSNH patches was scale-dependent and the
strongest at scales between 350 and 500 m.

Considering the two groups of wild pollinators, that is wild bees and non-bee insect pollinators, the Poisson
GLMMs revealed that the landscape elements differently affected their sunflower visiting frequency. Similarly
to manged honey bees, wild bees were also positively affected by both the proportion and dispersion of hSNH
patches. These effects were significant over two distinct ranges of spatial scales, with a gap between 400 and
550 m, where none of the two metrics had significant effects (Fig. 1B; Table S5 A). The impact of the dispersion
of hSNH patches was more scale-dependent than of their proportion. While the effects of the dispersion of hSNH
patches were significant at smaller scales (150-350 m) and at single larger scales (550 and 700 m), the impact
of the proportion of hSNH patches was, except for a significant effect at 200 m, more significant at larger scales
(550 and 650-750 m). In contrast to the positive effects of hSNH patches, the edge density of sunflower fields
negatively affected the visitation frequency of wild bees, being significant at larger scales (500-700 m). The effects
of the proportion and dispersion of sunflower fields was not significant (Table S5 B).

In comparison to the group of wild bees, non-bees were only significantly affected by the dispersion of h\SNH
patches. This positive effect of the dispersion of hSNH patches was clearly scale-dependent, reaching a peak value
at 450 m (Fig. 1C; Table S6 A). Similarly to the group of honey bees, the spatial properties of sunflower fields had
no significant impact on non-bees (Table S6 B).

Comparison of pollinators’ scale-dependent responses to hSNH patches and sunflower
fields. We compared the explanatory power of the GLMMs along the investigated scales, separately for hSNH
patches and sunflower fields. These show a higher scale-dependency in hSNH influence than in sunflower field
influence (Fig. 2A,B). The strongest effect of hSNH patches was found for wild bees, but only at close range
(200 m; Pseudo-R?=0.281). The effects of hSNH patches on honey bees was more or less trimodal, with moder-
ate effects at close range (200 m; Pseudo-R?=0.191) and at the largest scale of 750 m (Pseudo-R?>=0.174). How-
ever, the strongest effects occurred at a medium range of 450 m (Pseudo-R?=0.242). Non-bees were also affected
the strongest at a medium scale of 450 m (Pseudo-R*=0.191).

Sunflower fields had the strongest effects on the group of wild bees, especially at scales over 450 m up to the
highest investigated scale of 750 m, with Pseudo-R? values keeping a high level of 0.233-0.283 in that range.
Compared to wild bees, the effects of sunflower fields were considerably weaker for both honey bees (highest
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Figure 1. Z-values taken from generalized linear mixed models (GLMMs) assuming a Poisson distribution. The
Poisson GLMMs tested for the effects of three different landscape metrics of hSNH patches and sunflower fields
over 13 spatial scales (150-750 m) on the sunflower visiting frequency of (A) honey bees, (B) wild bees and (C)
non-bees. From the three tested metrics only those having significant effects are presented in the figures. For the
coeflicients of the Poisson GLMMs with all metrics see Tables S4-S6. Trend lines were fitted among the points
to make changes in the trend of the z-values more apparent. The intensity of coloration represents statistical
significance (n.s.=not significant; * <0.05; **<0.01).
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Figure 2. Explanatory power (= Pseudo-R*-values) of the Poisson GLMMs from Tables $4-S6, for (A) hNSNH
patches and (B) sunflower fields over 13 spatial scales (150-750 m). Trend lines were fitted among the points
to make changes in the trend of the Pseudo-R*-values more apparent. The three studied pollinator groups are
marked with different colours.
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Bee species Mean foraging distance [reference] | Maximal foraging distance [reference]
. 52 260 m*
Andrena flavipes 150 m 415 m™
800 m*’
Apis mellifera 1074-1408 m* 1100 m®°
5500 m*
>300 m®
Bombus lapidarius <500 m*! 450 m®
1500 m®!
Bombus pascuorum 449 m®
300-325 m®
o 758 m®
Bombus terrestris ggg-nllooo ! 800 m®
1500 m®
1750 m®!
Lasioglossum malachurum 500 m>

Table 1. Literature references on mean and maximal foraging distances of some bee species, which were
observed and identified in the focal sunflower fields during this study.

Pseudo-R? value of 0.068 at 500 m) and non-bees (highest Pseudo-R? value of 0.123 at 350 m). These effects were
also clearly less scale-dependent than for wild bees.

Discussion

The hSNH patches in the studied landscape overall had positive effects on the sunflower visitation of all pollina-
tor groups. The proportion and dispersion of hSNH patches increased sunflower visitation of honey bees and
wild bees, whereas visitation frequency of non-bee pollinators was positively affected by the dispersion of hSNH
patches alone. Intensive land use in the agricultural region of our study meant that there was a relatively low
cover of hSNH patches (c. 10% at each scale) in the landscape sectors around the focal sunflower fields. This low
proportion of hSNH patches, which serve as foraging, shelter and nesting areas for many wild bee species®>'%,
might also explain the low abundance of wild bees encountered at our study sites. Such a low number of wild
bees coupled with a strong dominance of managed honey bees is typical to many agricultural landscapes?>>!.
Since we expected a spillover process from semi-natural habitats, the positive effects for the wild pollinator
groups were anticipated. However, the positive effect of hSNH patches on honey bees came rather surprisingly,
because we hypothesised that positioning of their hives artificially by humans would override landscape effects.

The scale-dependency of the positive effects of hSNH patches (Figs. 1, 2) more or less coincided with the
foraging ranges of the observed bee pollinators (Table 1). Studies dealing with the question of foraging range of
pollinators found a positive relationship between the body size of pollinators and their foraging distances®>*>.
Table 1 gives an overview of different foraging ranges found in bees in various case studies. Such congruency
suggests that the spatial properties of hNSNH patches in the landscape may benefit the various pollinator groups
in a complementary way, with hSNH patches at different spatial scales having the greatest positive effects on
specific groups of pollinators. Although not addressed directly in the present study, among the different bee
groups the level of sociality may further influence these pollinators’ interaction with the landscape through
social information exchange, such as in honey bees, or memorising revisited resource locations, which has been
shown for bumble bees and other wild bees®**.

In the case of wild bees we expected the clearest manifestation of landscape effects, because here human
management does not directly interfere with their distribution and central place foraging bounds the group more
heavily to the given landscape. Mean foraging range of solitary wild bees with small to medium body size have
been shown to fall in the 100-300 m range, but maximal distances covered during a foraging trip can be over 1
km®. Bumble bees (Bombus spp.) were the largest among wild bees in the present study. While bumble bees very
effectively utilised resources within 500 m of colonies with a mean foraging distance of workers of only around
270 m®, this distance could extend to at least 1.5 km®. Sdrospataki et al*® found that grassland patches positively
affected species richness of bumble bees between 500 and 1000 m and their abundance at 2000 m. The majority
of wild bees sampled in our study were small-bodied, projecting short or moderate foraging distances. Indeed,
the strongest effects of the hSNH patches found in the present study were at the scales of 150-250 m, with a
clear peak value at 200 m. However, an interaction between foraging movement and landscape structure means
that pollinator distribution depends not only on foraging traits, but on the landscape characteristics, as well.

Pollinator foraging traits, such as the central place foraging mode of wild bees, might be in interaction with
landscape composition and structure. Martin, et al.> synthesising studies about 1515 landscapes across Europe,
came to the conclusion that spillover of arthropods and arthropod driven services were the strongest when, simi-
larly to our case, SNH landcover was low. Other, patch distribution related landscape characteristics, similarly to
our findings, were also important factors for wild bees. In a study, conducted in landscapes in Southern Germany,
patch density was positively associated with total wild bee richness®. In that study patch density was found to
increase the amount of edges and corridors that could act as food and nesting resources and dispersal routes for
wild bees. In a wider meta-analysis variation in interpatch distance was shown to be important determinant of
social bee abundance®, indicating the overall importance of landscape configuration for wild bees.
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Honey bees are the most abundant flower visitors worldwide®, and were by far the most prominent pollina-
tors of sunflower in our study. With honey bees we can expect that apart from foraging traits and landscape
characteristics, human management is also a decisive factor in their pollination efficiency. Honey bees, which can
be regarded medium sized among bees, were found to have a mean foraging distance around 800 m, measured
from their apiary of origin in a marking study by Hagler, et al.”’. In the present study the strongest effects of
hSNH patches on honey bees were between scales of 350 and 500 m, with a peak at 450 m, which is somewhat
lower figure than foraging range reported in the literature (Table 1). However, for honey bees we did not expect
any significant effects of hSNH patches, since honey bee workers spread out to flowering fields from artificially
and temporarily placed hives. Our initial hypothesis was supported by a synthesis from 29 studies'’. This review
indicated that in contrast to various wild bee groups, whose abundance was influenced differently by isolation
from florally diverse natural and semi-natural areas, honey bee visitation did not change with isolation. As
opposed to these findings, our results indicated significant positive effects of hSNH patches, related to both their
areal extent and level of dispersion in the landscape. We think that the dietary needs of honey bees can offer an
explanation for the positive effects of hSNH patches. Nutritional requirements may influence how honey bees
forage in landscapes with different floral resources, as collecting pollen from a wide diversity of plants improves
their diet composition®7°. Several previous studies have already demonstrated that a monofloral diet can have
negative impacts on honey bee immune health”’~>. This improved nutrition secured by a bigger choice of pollen
resources can lead to a larger number and also a higher survival rate of the offspring and result in larger hives”"">.
Compensatory foraging by honey bees can secure essential aminoacid diversity, and likely other nutrients”’. We
suggest that the presence of hSNH patches which offer resources for compensatory feeding will also enhance
flower visitation by honey bees in sunflower fields within their foraging range, especially if the florally diverse
resources are limited in the landscape. Another possible explanation for this phenomenon could have been
that beekeepers preferably put their hives in the vicinity of larger hSNH patches, leading to an accumulation of
honeybees in landscape sectors, where the proportion of hSNH patches was large. This pattern, however, could
not be verified as there were only two landscape sectors, where beehives were located within the boundaries of
the mapped sectors, and the proportion of hSNH patches in these two sectors was actually well below average
(c. 3% and 2% of the total landscape sector area at the largest scale of 750 m, respectively).

An interaction between honey bees and wild bees might be important for the success of pollination. Even
though honey bees were by far the most abundant pollinators in our study, wild bees may still significantly affect
sunflower yield. Pollinator species richness was shown to significantly increase sunflower seed set and production
in different studies*®*’. In a study in hybrid sunflower, where, similarly to our case the large majority of flower
visits was by honey bees (72%), behavioural interactions between wild and honey bees increased pollination
efficiency of honey bees up to five-fold**. In situations, when wild bees were rare, honey bee pollination on average
produced three seeds per single visit. However, with higher wild bee abundance honey bee pollination efficiency
increased strongly, up to 15 seeds per visit on average. From the study of** it became apparent that the presence
of wild bees disrupted the flower specialisation of honey bees. After interacting with a wild bee on a male flower
20% of honey bees moved to a female sunflower, whereas only 7% switched after interacting with another honey
bee. Also in sunflower, the encounter of honey bees with other bee species, butterflies and moths significantly
enhanced honey bee movement among sunflower heads*. Furthermore, honey bees after wild bee interaction
carried significantly more pollen on their bodies®. These behavioural interactions effectively doubled honey bee
pollination services on an average hybrid sunflower field*.

More sunflower fields in the landscape neighbourhood, expressed by the increasing edge density of the fields,
significantly decreased wild bee visitation on the monitored sunflower heads in the focal fields. This effect was
the strongest at larger spatial scales (500-700 m). The fact that edge density was the important variable, and not
area per se of the surrounding sunflower fields, suggests that sunflowers closer to edges attracted wild bees more
than those in the interior of fields. In other words, if sufficient resources were present close to field edges maybe
it was not worthwhile to travel greater distances further into the fields for this central place foraging group. This
reasoning was supported by the finding that an increasing distance of the monitored sunflower heads from the
field edge resulted in significantly lower observed numbers of visiting wild bees, an effect that was also significant
for honey bees. Similar observations have already been made in the study of Hevia et al.>*, who also observed a
significant decrease in the numbers of wild bees with increasing distance from the edge of sunflower fields. The
visual counts of honey bees were, however, not affected by the distance from field edge in their case.

As opposed to edge density, an increasing areal proportion of MFCs was also reported to have negative
effects on pollinators. Across six European regions densities of bumble bees, solitary bees, managed honey bees
and hoverflies were negatively affected by the cover of MFCs in the landscape. In SNHs, densities of bumble
bees declined with increasing cover of MFCs but densities of honey bees increased®. In a German study, at the
landscape scale, flowering oilseed rape negatively affected bumble bee densities in SNHs, presumably due to
dilution of pollinators, but had a positive effect after flowering, when bees moved back to these SNHs?. Despite
the temporal increase in floral resources MFCs provide, they overall may limit the growth of pollinator popula-
tions, because they fail to provide resource continuity'® and suitable nest sites®. These results together support the
‘landscape-moderated concentration and dilution hypothesis, which proposes that—such as we found, at least
partially, in all pollinator groups—MFCs dilute the density of pollinators, thus weakening pollination services
per unit area, but do not affect overall pollinator population size?.

Conclusions. An increasing proportion and/or dispersion of hSNH patches had positive effects on all stud-
ied pollinator groups. All these effects were scale-dependent and corresponded well with the foraging ranges
of the observed bee pollinators. Our analysis revealed that pollinator groups reacted to the presence of hNSNH
patches in a complementary way over the different spatial scales. This meant that these habitat areas had a ben-
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Figure 3. Example for a landscape sector with a composition of landscape elements typical for the study area.
The vector map of the landscape sector was created with the software QGIS 2.18.9 (http://qgis.osgeo.org)™.

eficial effect at every spatial scale through enhancing one or the other pollinator group, which effect diminished
only at distances further than 600 m from the focal fields. As opposed to hSNH patches, sunflower fields in the
landscape exerted a negative effect on wild bees. Presumably a higher presence of sunflower diluted wild bee
populations, which were bound to a certain area due to their short range central place foraging mode. On all
other pollinator groups with larger foraging ranges the effect of sunflower fields was marginal. Our results clearly
indicate that the pollination of sunflower is dependent on the composition and configuration of the agricultural
landscape. An optimization of the pollination process can be achieved if a sufficient amount of hSNH areas with
good dispersion is provided and sunflower fields do not over-dominate. Such landscape configurations promote
the beneficial actions of various pollinator groups, which do not only react to landscape structure in a comple-
mentary way, but also positively interact with one another to increase pollination efficiency. This case study also
points out that studying landscape diversity may uncover ways to landscape optimisation for the benefit of vari-
ous ecosystem services and the preservation of biodiversity.

Materials and methods

Study area and sampling methods. The study area was located in the central part of Hungary (Jész-
Nagykun-Szolnok county), in an intensively used agricultural landscape (Figure S1). The main crops in this
region are winter wheat, sunflower and maize®. The field experiments were carried out in randomly selected
sunflower fields over two years (2014 and 2015), with 18 fields examined in each year with permission of the land
owners or farmers (Table S7 A). We made all observations and taking samples from the insect populations with
maximal respect to animal welfare. All applicable international, national, and/or institutional guidelines for the
care and use of animals were followed. Each of the 36 study fields was only sampled once. Field sizes ranged from
1.77 to 108.12 hectares. The fields were located at distances of at least 1.5 km to each other (twice the radius of
the landscape sectors, see below). Pollinator data from half of these fields (n=18 sunflower fields, year 2014)
was reported in a Hungarian paper by Bihaly et al.*, where no scale-dependent landscape analysis was applied.

The sampling of the pollinators within the sunflower fields happened on July 14-17 in 2014 and on July 10-23
in 2015. On each occasion sampling was performed by visual observation between 9:00 and 17:00, adapted to the
daily activity of bees. In each case the percentage of cloud cover and wind velocity was assessed. The sampling
was carried out alongside two transects perpendicular to the field edge (Fig. 3), running parallel 10 m from each
other. Along a single transect, there were four sampling points located at 5, 25, 50 and 75 m from the edge of
the field. At each of these sampling points nine flowering sunflower heads were chosen for observation. These
nine sunflower heads were monitored for 10 min by one person, and the pollinator insects, which landed on the
flowers and thus may have been involved in the pollination process, were recorded by another person. The same
sampling method was also used in Bihaly et al.*.

Since we considered the human management of honey bee colonies as a factor that may potentially override
landscape effects, we made separate comparison between honey bees and all other non-managed wild pollinators.
In the latter group, we introduced a second level of differentiation distinguishing between wild bees and non-
bees. Honey bees and bumble bees were identified to species level at the sampling sites. Wild bee species, if we
were able to collect them, were sent to a taxonomist for identification. If the sampling of the wild bee species did
not happen immediately after their visitation of the sunflower heads, the time was stopped until the pollinator
could be caught. The observation period was subsequently prolonged with the time, which was needed for the
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sampling. We tried to locate honey bee hives within the mapped landscape sector (up to 750 m). Hives occurred
within this area in two sectors. In case of one of these sectors, honey bee hives were placed in the immediate
neighbourhood of the sampled sunflower field. Since the number of honey bees sampled in this field was very
large (n=354), we excluded honey bee data for this field from further analyses.

Mapping and calculation of landscape metrics. In order to reveal possible relationships between the
spatial features of different habitat patches and these pollinator communities, the surroundings of the sampled
sunflower fields (focal fields) were mapped in QGIS 2.18.9 (http://qgis.osgeo.org)”® using Google Satellite Images
from 2014 and 2016 as base maps. The geo-referencing of the vector layers was done in the ETRS89/ETRS-LAEA
(EPSG: 3035) coordinate reference system and the minimum area of all digitised patches was 100 m?. For testing
possible scale-dependent effects, circles of 13 scales with differences of 50 m in radius were created around the
centre point of one of the transects (at 37.5 m), ranging from 150 to 750 m (Fig. 3).

We distinguished two landscape element categories, as follows: (1) hSNH patches (herbaceous SNH patches),
which were SNH patches with less than 30% shrub or tree canopy cover, like grass strips and pastures; (2)
sunflower fields, fields with sunflower as crop in the given season, including the investigated focal fields. The
proportion of the two landscape element types and their occurrence per landscape sector are listed in Table S3.
The reason behind the separation of the sunflower fields from the other crops and not testing the effects of them
was that we assumed that the spatial characteristics of the investigated, focal sunflower field and also that of other
nearby sunflower fields may have significant effects on the abundance of the investigated pollinator groups, and
they may also interact with one-another (e.g. compete for pollinators). Since none of the major crops besides
sunflower was blooming at the time of the field experiments, we did not assume a similar possible influence of
other crops. Sunflower fields around the focal fields were identified by ground observations and validated by using
satellite images from Google Satellite, Landsat 8 or Sentinel 2A, recorded at multiple different dates between June
and October for each sampling year. The correct identification of the hSNH patches was also double-checked
using the open access database MePAR””.

As a next step, the vector layers of the surroundings were clipped by the circles with the largest radius (750 m).
The resulting 36 landscape sectors were then rasterized with an output raster size of 1 x 1 m. The algorithm used
was the GDAL command ‘Rasterize (vector to raster), executed as a batch process and with the output resolution
set in map units per pixel. The resulting raster images were first sieved for small areas using the GDAL function
‘Sieve’ with a threshold set at 4 pixels, applying four connectedness (=4-neighbourhood-rule), and then clipped
by the circles with smaller radii, resulting in 36 raster images across 13 scales (from 150 to 750 m).

In order to quantify the spatial composition and configuration of the landscape sectors regarding the two
landscape element types, we calculated three specific landscape metrics (also referred to as “metrics”) with
FRAGSTATS v4.2.17%: (1) To quantify the composition of the landscape sectors we chose the metric ‘Percent-
age of Landscape, which measures the proportional abundance of a particular patch type and thus quantifies
the areal dominance of that patch type. (2) To quantify the configuration of the two landscape element types
within the landscape sectors, we chose the metric ‘Edge Density, which gives a measure of the edge length of a
particular patch type related to the total landscape area. (3) Finally, we negated the values ‘Aggregation Index,
which quantifies both the spatial composition and configuration of a landscape unit, to create a metric, which we
termed ‘Dispersion Index’ The “normal” ‘Aggregation Index’ quantifies the aggregation of the focal patch type
using an adjacency matrix, giving the strength of the aggregation in percent. The value of this index is 0, when the
focal patch type is maximally disaggregated and 100, when the patch type is maximally aggregated into a single,
compact patch. In our case, the values of the ‘Dispersion Index’ are turned into the opposite and higher values
mean that there is less aggregation or compactness of a particular patch type. So, basically, we created the new
metric ‘Dispersion Index” mirroring the “normal” ‘Aggregation Index. We also simplified the names of two of
these metrics, renaming ‘Percentage of Landscape’ into ‘proportion’ and the ‘Dispersion Index’ into ‘dispersion.
The definitions of these three metrics were taken from McGarigal”. All calculations were performed at the class
level with an 8-cell neighbourhood rule. A good description about these metrics and the concept behind them
can be found in the freely accessible lecture notes of Kevin McGarigal®.

Data analysis and presentation. All analyses were carried out in R 3.6.3%!. Spatial autocorrelation of the
pollinator counts was tested by determining Moran’s I values using the R-package ‘ape’ for each three pollina-
tor groups. The coordinate reference system used for this calculation was ETRS89/ETRS-LAEA (EPSG:3035),
which was also used for georeferencing the vector layers. We did not detect any spatial autocorrelation in the
field counts of any pollinator group (Table S7 B).

To test the effects of field variables and landscape structure on the sunflower visiting frequency of the three
pollinator groups, we applied generalised linear mixed models (GLMM:s) assuming a Poisson distribution from
the R package Ime4'®, with the site ID as a random factor in each case. The results of the Poisson GLMMs were
plotted using the R package ‘ggplot2™. All explanatory variables in the GLMMs were continuous ones, except
for the study year, which was a categorical variable with the study year of 2014 as reference (Table S2 A). We used
the sums of the field counts for the three pollinator groups in all these GLMMs, except for testing the effects of
the distance from field edge, where we used the sums of the field counts for each four distances (Table S2 B). For
analysing the effects of landscape structure on the sunflower visiting frequency of the studied pollinator groups,
we added all three metrics mentioned above as explanatory variables in the Poisson GLMMs, for each two land-
scape element types separately. This separation was necessary because of the absence of hSNH patches in some
landscape sectors at scales below 400 m, while sunflower fields were occurring in all of these sectors (Table S3).

The residuals of all Poisson GLMMs were checked for uniformity, dispersion and outliers using functions
from the R package ‘DHARMa™®. In case the results of these tests would indicate a bad fit of a tested Poisson

Scientific Reports |

(2021) 11:8147 | https://doi.org/10.1038/s41598-021-87650-9 nature portfolio


http://qgis.osgeo.org

www.nature.com/scientificreports/

GLMM, we intended switch to a negative binomial GLMM. However, this change proved to be unnecessary,
since the tests did not detect any significant deviations of the residuals for all tested Poisson GLMMs. All models
were also tested for multicollinearity between the explanatory variables with variance inflation factors (VIFs)
using the R package ‘car’®. The VIFs for the three tested metrics were below 2 at most spatial scales for hSNH
patches, but over 2 at the majority of scales for sunflower fields in case of all three pollinator groups, indicating
a high redundancy of the metrics for the latter landscape element.
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Abstract

In this study, our aim was to assess several traits of cavity-nesting Hymenopteran
taxa in a low-intensity agricultural landscape in Transylvania. The study took place
between May and August 2018 at eight study sites in the hilly mountainous central
part of Romania, where the majority of the landscape is used for extensive farming or
forestry. During the processing of the trap nest material, we recorded several traits
regarding the nests of different cavity-nesting Hymenopteran taxa and the spider
prey found inside the nests of the spider-hunting representatives of these taxa. We
also evaluated the relationship between the edge density and proportion of low-
intensity agricultural areas surrounding the study sites and some of these traits.

The majority of nests were built by the solitary wasp genus Trypoxylon, followed
by the solitary wasp taxa Dipogon and Eumeninae. Solitary bees were much less com-
mon, with Hylaeus being the most abundant genus. In the nests of Trypoxylon, we
mostly found spider prey from the family of Araneidae, followed by specimens from
the families of Linyphiidae and Theridiidae. In the nests of Dipogon, we predominantly
encountered spider prey from the family of Thomisidae. We found significant effects
of low-intensity agricultural areas for the genera of Auplopus, Megachile, Osmia, and
the Thomisid prey of Dipogon. We also found that the spider prey of Trypoxylon was
significantly more diverse at study sites with higher proportions of low-intensity ag-
ricultural areas.

Our results indicate that solitary bees seem to be more abundant in areas, where
the influence of human activities is stronger, while solitary wasps seem to rather
avoid these areas. Therefore, we suggest that future studies not only should put
more effort into sampling in low-intensity agricultural landscapes but also focus more

on solitary wasp taxa, when sampling such an area.
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1 | INTRODUCTION

Several recent studies have reported a decline of insect abun-
dance, biomass, and species richness in many densely populated
regions of Western Europe and also other parts of the world
(Forister et al., 2019; Habel et al., 2019; Hallmann et al., 2017, 2021,
Sanchez-Bayo & Wyckhuys, 2019, 2021). (Wagner et al., 2021) The
two main drivers behind this decline are the increasing agricul-
tural expansion and intensification as well as urbanization in these
regions, which lead to a loss or fragmentation of the insects' hab-
itats (Habel et al., 2019; Knop, 2016; Merckx & Van Dyck, 2019;
Piano et al., 2020; Raven & Wagner, 2021; Sanchez-Bayo &
Wyckhuys, 2019, 2021; Wagner, 2020). However, some other recent
studies reported a partial recovery of insect abundance, biomass,
and species richness in certain Western European regions (like in
the Netherlands or Great Britain) since the 1990s, where different
kinds of management actions or policies (e.g., stricter regulations of
pesticide use, agri-environmental schemes, conservation programs)
have been implemented to protect and maintain (insect) biodiversity
(Carvalheiro et al., 2013; Ollerton et al., 2014).

It has already been demonstrated in numerous studies that
trap nests are useful tools to assess the biodiversity of cavity-
nesting Hymenopterans and also their trophic interactions in a cer-
tain area as well as the parasitoids and hyperparasitoids of these
Hymenopteran taxa (Albrecht et al., 2007; Klein et al., 2006; Kruess
& Tscharntke, 2002; Mayr et al., 2020; Scherber et al., 2010; Staab
et al., 2018; Stangler et al., 2015; Steckel et al., 2014; Tscharntke
et al., 1998). Basically, cavity-nesting aculeate Hymenopterans can
be divided into two trophic groups of nectar and pollen-feeding
solitary bees and predatory solitary wasps (Klein et al., 2006; Mayr
et al., 2020; Steckel et al., 2014). With regard to the pollination ser-
vice provided by cavity-nesting solitary bees, which are pollinators
of many wild and crop plant species, and the biological pest control
by some cavity-nesting solitary wasp species (like Ancistrocerus ga-
zella; Harris, 1994), additional knowledge about these species and
the influence of landscape context on them may provide help in
measures for their protection.

The fact that trap nests provide a good nesting opportu-
nity and thus lead to an accumulation of cavity-nesting solitary
Hymenopteran species living in the area surrounding these nests
also makes trap nests especially suitable to study landscape ef-
fects. Some studies dealing with the effects of landscape context on
cavity-nesting Hymenopterans conducted rather simple landscape
analyses looking only at the presence of (Holzschuh et al., 2009;
Mayr et al., 2020; Tscharntke et al., 1998) or distance from certain
habitat types like forests (Klein et al., 2006) or ecological compen-
sation area (ECA) meadows (Albrecht et al., 2007). Other studies,
however, looked more specifically at the landscape structure sur-
rounding their study sites, analyzing the effects of the propor-
tion of different habitat types (Coudrain et al., 2016; Kratschmer
et al.,, 2020; Taki et al., 2008) or even conducting complex landscape
analyses (Holzschuh et al., 2010; Steckel et al., 2014) at multiple spa-
tial scales (Steckel et al., 2014; Taki et al., 2008).

Most previous studies, which were assessing cavity-nesting
Hymenopterans in different Western European countries, were con-
ducted in high-intensity agricultural landscapes (Table 1). However,
in the eastern part of Europe, there are still a few regions and areas
remaining, which are not under such a strong human influence.
An example for such a region is Transylvania in the central part of
Romania, where the population density is relatively low and the ma-
jority of the landscape is used for extensive farming or forestry. The
most common form of extensive farming in this region is traditional
small-scale farming, which is characterized by manual hay mowing,
manual hay gathering, and extensive low-intensity organic manuring
(Babai & Molnar, 2014; Babai et al., 2015). Such small-scale pastures
and meadows often harbor a high species diversity of insects and are
regarded as high nature value (HNV) grasslands (Veen et al., 2009),
which are still widespread in the Transylvanian section of the
Carpathian Mountains (Huband et al., 2010). Compared to Western
Europe, however, there is a large gap of knowledge concerning
the abundance and diversity of cavity-nesting Hymenopterans in
Eastern Europe. Up to this date, only a few studies have taken on
this topic in Eastern Europe (e.g., Budrys et al., 2010) and no study
has addressed this issue in Transylvania. This highlights the need for
more studies from such less-disturbed reference landscapes.

Therefore, the goals of our present pilot study were the follow-
ing: (a) to assess and quantify the abundance and taxon diversity
of the cavity-nesting Hymenopteran assemblage in our study area;
|(b) to identify and quantify the spider taxa preyed by the spider-
hunting representatives of the Hymenopteran taxa; (c) to analyze
the influence of the proportion and edge density of low-intensity
agricultural areas around the study sites on both Hymenopteran and
spider prey taxa. Concerning our first goal, we were interested if we
would encounter a different taxon composition of cavity-nesting
Hymenopterans in the rural, low-intensity agricultural landscape of
our study area compared to other, more intensively used Western
European study areas (Table 1). Regarding our last goal, we were
curious to find out which cavity-nesting Hymenopteran and spider
prey taxa would be significantly affected by the proportion and edge
density of low-intensity agricultural areas around our study sites.

2 | MATERIALS AND METHODS
2.1 | Study sites

The study took place in a hilly mountainous area at the border of the
two counties Hargita and Kovaszna (Transylvania, Romania), where
the valleys are predominantly used for extensive, small-scale farm-
ing. The landscape surrounding our study sites can be defined as
a cultural-historic low-intensity agricultural landscape, which con-
sists of a mosaic of grassland and woodland patches. The grassland
patches are mostly used as meadows and pastures, where grazing is
made with low numbers of cattle and predominantly hand-mowing is
applied (Figure 1). The eight study sites were located in three valleys
between 530 and 630 m a.s.l. (Figure S1). The natural vegetation in
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TABLE 1 Examples for studies with a similar study design, analyzing the abundance and diversity of cavity-nesting Hymenopterans,

carried out in different Western European countries

Reference Country Landscape Sites
Albrecht et al. (2007) Switzerland Grassland 13
Steffan-Dewenter (2002) Germany Agricultural 15
Diekotter et al. (2014) Germany Agricultural 12
Fabian et al. (2013) and Switzerland Agricultural 12
Fabian et al. (2014)
Gathmann et al. (1994) Germany Agricultural 40
Happe et al. (2018) Germany Agricultural 36
Holzschuh et al. (2009) Germany Agricultural 12
Holzschuh et al. (2010) Germany Agricultural 46
Krewenka et al. (2011) Germany Grassland 55
Kruess and Tscharntke (2002)  Germany Grassland 18
Schiiepp et al. (2011) Switzerland Agricultural 30
Sobek et al. (2009) Germany Woodland 12

Trap
nests Reeds Sampling period Most abundant taxa
8 ca. April-October Trypoxylon figulus
200
8 150- April-October Osmia bicornis (rufa);
180 Hylaeus communis
2 NA March-October Osmia bicornis (rufa)
14 170- April-October Osmia bicornis; Trypoxylon
180 figulus; Ancistrocerus
nigricornis
6 180 April-October Megachile sp.; Osmia sp.;
Trypoxylon sp.
2 NA April-September
ca. April-September  Trypoxylon sp.;
200 Symmorphus sp.
2 150- April-July Osmia bicornis (rufa)
180
216 ca. April-October Trypoxylon sp.;
(total) 200 Passaloecus sp.
4 150- April-October Trypoxylon figulus
180
2 ca. April-October Trypoxylon figulus; Osmia
170 bicornis
12 NA May-September Ancistrocerus trifasciatus;

Trypoxylon clavicerum

Note: We distinguished three different groups of studies according to the main characteristic of the landscape around the study sites in these studies
(=agricultural landscape, grassland, woodland). The number of sites, trap nests per site, reeds (Phragmites australis Cav.), the sampling period, and the
most abundant taxa reported in these studies are also given. The reed diameters, if reported, ranged from 2 to 10 mm in almost every case.

this region at this sea level mostly consists of sessile oak-hornbeam
or hornbeam-sessile oak (Querco petraeae-Carpinetum or Carpino-
Quercetum petraeae) and hornbeam-beech or bastard balm-beech
(Carpino-Fagetum or Melittio-Fagetum) mixed forests (Benke, 2004;
Szabo, 1985). Two of these valleys were formed by the Vargyas creek
(='Vargyas valleys') and are separated by a canyon (Figure S1A). The
third one is located 5-8 km east to the Vargyas valleys and was
formed by the Kérmos creek (='Kérmos valley’; Figure S1B). The
main flow direction of both creeks in this area is north to south. The
Northern Vargyas valley is mostly used for extensive grazing and is
dominated by meadows and pastures, while the Southern Vargyas
valley, due to its remoteness, is much less used for grazing and more
dominated by forest patches. Compared to the two Vargyas valleys,
the Kérmos valley is more strongly influenced by humans with arable
land in its southern part, close to the settlement Erdéfile (Filia). As
a result of these differences in the intensity of land use, the ratio of
low-intensity agricultural areas to the natural woodland and other
areas in the close surroundings of the eight study sites also differed
from site to site (Table S1). We established three sites each in the
Koérmos valley (K1-K3) and Southern Vargyas valley (SV1-SV3) and
two sites in the Northern Vargyas valley (NV1-NV2). The selection
of the sites happened randomly, only paying attention to that the

center points of each site should be at least 500 m away from each

other. As the majority of the study sites were located within the
borders of three Natura 2000 sites (ROSPA0027, ROSCI0036, and
ROSCI0091), the number of sampling sites as well as the intensity
of the sampling procedure was limited. Natura 2000 sites belong
to a large, coordinated network of protected areas in the European
Union, which were selected and established with the aim to ensure
the long-term survival of threatened species and valuable habitats,
listed under both the Birds Directive and the Habitats Directive of

the European Commission (European Commission, 2021).

2.2 | Trap nests

We installed four trap nests each at the eight study sites at the end
of May 2018 (Figure S1). All trap nests were marked with a unique
code in reference to the sites and placed within 100 m distance
around the center point. The trap nests were custom-made, consist-
ing of a PVC tube of 12 cm diameter and 23 cm length (Figure 2). The
tubes were filled with stalks of common reed (Phragmites australis
Cav.), which were cut off to a length of approx. 22 cm between the
nodes, so that the inner part of the stalks would be freely accessible
for any nest-building Hymenopteran. The stalks were placed tightly
packed in the tubes to avoid them from falling out. The tubes were
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FIGURE 2 A trap nest, mounted to a tree branch

placed in trees or shrubs at 1-2 m above ground. The trap nests were
collected at the end of August 2018 and stored outdoors at a shady
place. In January 2019, the nests were put into a refrigerator and
stored at 4-7°C. In the same month, we began to collect the data
from the reed stalks. For this, all stalks were cut open, and, in case
we found a nest within a stalk, it was recorded with reference to
the unique code of the trap nest plus a serial number, giving each
nest a unique ID code. In case of each occupied stalk (=nest), we
recorded the following parameters: (a) diameters of the reed stalks;
(b) number of occupied brood cells, filled either with Hymenopteran
offspring or spider prey (if present)—empty cells were also counted,
but not used in further analyses; (c) type of nesting material; (d) color
of larvae or cocoons (if present). Besides these parameters, we also
counted the total number of stalks per trap nest. Based on the pa-
rameters (c) and (d), we were able to identify seven groups of nest
types. From each of these seven groups, we also took a few nest
samples (at least two) and reared them at room temperature in plas-
tic bags. After the emergence of the adults from these samples, at

least two specimens from each nest sample were collected, killed in

70% ethanol, and identified at genus level. We were able to identify
the following eight genera: Ancistrocerus, Auplopus, Dipogon, Hylaeus,
Megachile, Osmia, Symmorphus, and Trypoxylon. Except for the two
genera Ancistrocerus and Symmorphus of the subfamily of Eumeninae
(potter wasps), which could not be distinguished based on the nest
type, each genus was assigned to a specific nest type. Therefore,
based on this information, we distinguished between three taxa of
solitary bees and four taxa of predatory, solitary wasps, giving them
the name of the respective genus, except for the two genera of pot-
ter wasps, which were named after the subfamily.

If present, spider prey specimens were collected from the nests,
put into 70% ethanol, and marked with the unique nest ID codes.
The spider prey were then taxonomically identified at species lev-
el—if possible, but at least at family level—and grouped according
to the taxon of the spider-hunting wasp and the identified spider
families.

2.3 | Landscape context

The landscape surrounding the eight study sites was mapped as land-
scape sectors of 250 m radius in QGIS 2.18.9 (QGIS Development
Team 2009) in the ETRS89/ETRS-LAEA (EPSG: 3035) coordinate
reference system. We distinguished between three different land-
scape element types: (a) ‘low-intensity agricultural areas’ like mead-
ows, pastures, and small patches of arable land (small-scale farming);
(b) ‘woodland’; and (c) ‘other areas’, like the water bodies of the two
creeks, the creek banks without vegetation, as well as dirt roads.
The categories of ‘woodland’ and ‘other areas’ were not included
in further analyses. We decided to calculate the landscape metrics
‘Percentage of Landscape’ and ‘Edge Density’ in FRAGSTATS v4.2.1
(McGarigal et al., 2002) to quantify the landscape structure around
the eight study sites (Table S1). We chose these two metrics due
to their common use in landscape analysis and their easy interpret-
ability. For calculating the landscape metrics, the vector layers of the
landscape sectors were rasterized with an output raster cell size of
1 x 1 m. We used an 8-cell neighbor-hood rule for all calculations
carried out with FRAGSTATS v4.2.1. The calculated values for the
proportion and edge density of the low-intensity agricultural areas
within 250 m around the eight study sites are listed in the Table S1.

2.4 | Statistical analyses

All statistical analyses were conducted in R v3.6.3 (R Core
Team, 2020), and all graphs were created using the R package
‘ggplot2’ (Wickham, 2016). The relationship between the nest
numbers of solitary wasp and bee taxa was tested with a gener-
alized linear model (GLM) assuming a Poisson distribution. We
conducted principal component analyses (PCAs) using functions
from the R packages ‘FactoMineR’ (Le et al., 2008) and ‘factoex-
tra’ (Kassambara & Mundt, 2020). These PCAs were used to reveal

if there was a relationship between the study sites and the nest
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numbers of the Hymenopteran taxa and the specimen numbers of
the most commonly preyed spider families, that is the families of
Araneidae, Linyphiidae, and Theridiidae for Trypxylon (all above 100
specimens) as well as Thomisidae, which was the most frequently
preyed spider family for Dipogon. All variables were scaled prior
to the PCAs. The differences in the reed stalks' diameter used by
the Hymenopteran taxa for nesting were tested with an ANOVA
followed by a post hoc Tukey's HSD test (confidence level = 0.95).
The relationship between the number of nests and occupied brood
cells for the seven cavity-nesting Hymenopteran taxa was tested
with linear models (LMs).

We applied generalized linear mixed models (GLMMs) assuming
a Poisson distribution from the R package ‘Ime4’ (Bates et al., 2015)
to analyze the effects of the proportion and edge density of the low-
intensity agricultural areas on the cavity-nesting Hymenopteran taxa
and the most commonly preyed spider families. In these GLMMs,
we used the number of occupied brood cells (=parameter b) per site
for all seven cavity-nesting Hymenopteran taxa and the number of
preyed spider specimens per site for the most frequently preyed spi-
der families. The number of occupied brood cells was chosen, be-
cause it showed a considerably higher variance than the number of
nests for rarer taxa. The IDs of the eight study sites were included as
a random effect in all GLMMs. The metrics of low-intensity agricul-
tural areas were scaled prior to the GLMMs,

The relationship between the proportion and edge density of
the low-intensity agricultural areas and the diversities per site for
both Hymenopteran taxa and Trypoxylon spider prey was analyzed
with linear models (LMs). The diversity of both groups was assessed
by calculating Shannon's Diversity Indices (SDIs) using the R pack-
age ‘vegan’ version 2.5-6. (Oksanen et al., 2019). The SDIs were de-
termined using the number of occupied brood cells per site for the
Hymenopteran taxa and the number of spider specimens per site for
the spider families preyed by Trypoxylon. For the Trypoxylon spider
prey diversity, the specimen numbers from all seven identified spi-
der families were used for determining the SDI. The distribution of
both SDIs fulfilled the assumption of normality. The metrics of low-
intensity agricultural areas were scaled prior to the LMs.

The residuals of all LMs, GLMs, and GLMMs were tested for uni-
formity, dispersion, and outliers using functions from the R package
‘DHARMa’ (Hartig, 2020). We did not detect any significant devia-
tions for the residuals of the tested models. Finally, we also checked
for spatial autocorrelation (Moran's I) in the case of those data,
where we encountered a significant effect of the landscape context,
using the R package ‘ape’ (Paradis & Schliep, 2019). The coordinate
reference system used for this analysis was ETRS89/ETRS-LAEA
(EPSG: 3,035), the same one as used for mapping. We only detected
significant spatial autocorrelation in the case of the brood cells of
the genus Megachile (Table S2). Therefore, besides the normal linear
regression models, we also used generalized least squares fits (‘gls’)
by REML from the R package ‘nlme’ (Pinheiro et al., 2013), incorpo-
rating a Gaussian correlation structure in order to account for the
spatial autocorrelation in case of Megachile. The brood cell numbers

of Megachile were “log+1"-transformed for this analysis.
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3 | RESULTS
3.1 | Nests

In total, we found 990 nests in 4,857 reed stalks, with the occupancy
per site ranging from ca. 13%-30% with a mean number of 20 + 6%
for all sites (Table S3A). The majority of the nests were built by soli-
tary wasps (n = 888; Table S3B), with the genus Trypoxylon (n = 560)
being the most abundant nest-building taxon at five of the eight
study sites, especially at those located in the Southern Vargyas val-
ley (SV1-SV3). We found 158 nests built by the wasp genus Dipogon,
which was the most abundant nest-building taxon at two study sites
(K3 and NV1). The nests of Dipogon occurred at all sites, but always
in a balanced manner with nest numbers ranging between 8 and 27
(19.75 + 6.76 nests per site on average). We identified 152 nests built
by representatives of the subfamily of potter wasps (Eumeninae). The
nests of potter wasps were found at all sites, but with strongly vary-
ing numbers, ranging from the most abundant nest-building taxon at
one site (K1 with 51 nests) to nearly absent at another site (K3 with
2 nests). Nests of the wasp genus Auplopus occurred at seven of the
eight study sites, but always with very low numbers (n = 18 in total).

The number of nests built by solitary bees was relatively low
compared to those built by solitary wasps (n = 102; Table S3B). We
found a total of 61 nests built by the genus Hylaeus, followed by the
genera Osmia (n = 23) and Megachile (n = 18). From these solitary bee
genera, only nests built by Hylaeus were occurring at all sites. We
also observed that an increasing number of wasp nests encountered
at a study site had a significantly negative effect (Estimate = -0.01;
df = 6; z value = -4.61; p-value < 0.001) on the number of bee nests
(Figure 3).

The PCA (Figure 4) conducted on the nest data also indicated
that the nest numbers of Trypoxylon were most strongly associated
with the study site SV3 and less strongly with four other study sites
(K2, NV2, SV1, and SV2). The nest numbers of the other cavity-
nesting Hymenopteran taxa were most strongly associated each
with one site (Dipogon, Hylaeus with NV1; Auplopus and Eumeninae
with K1; Megachile with K3). Only the nests of Osmia had no clear
association with any site.

We partially found differences in the diameters of the reed
stalks, which the Hymenopteran taxa used for nesting (Figure 6).
Overall, the occupied reed stalks (=nests) had a mean diameter
of 6.62 + 0.33 mm (Table S3A). The genus of the small-sized soli-
tary bee Hylaeus built its nests in stalks with the smallest diame-
ters (5.68 + 0.75 mm). The three most common wasp taxa found
in the trap nests—Trypoxylon, Dipogon, and Eumeninae—all choose
reed stalks of very similar diameters, which were close to the over-
all mean diameter of all reeds with nests inside (6.57 + 1.02 mm
for Trypoxylon; 6.45 + 0.82 mm for Dipogon; 6.62 + 1.19 mm for
Eumeninae). The two medium-sized solitary bee genera Osmia and
Megachile, as well as the Pompilid wasp Auplopus, which builds
nests with barrel-shaped cells, all favored reed stalks with larger di-
ameters: Osmia (7.45 + 1.40 mm), Megachile (8.44 + 1.19 mm), and
Auplopus (8.21 + 0.89 mm).
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FIGURE 4 Principal component analysis (PCA) biplot of the nest
numbers of the cavity-nesting Hymenopteran taxa per site. The
length of the arrows represents the strength of the association with
the study sites

Regarding the number of occupied brood cells per site
(Table S3C), we found significant relationships between the number
of nests and cells for all Hymenopteran taxa (Table S4A). The genus
Dipogon had the lowest mean number of cells per nest (<3), while
Auplopus and Osmia had the highest numbers of cells per nest (>4)
from all Hymenopteran taxa (Table S4B).

3.2 | Spider prey

The largest number of identifiable spiders was preyed by Trypoxylon
with a total number of 1,471 specimens (Table S5A), followed by
Dipogon with 99 identifiable specimens (Table S5B) and Auplopus
with only one identifiable specimen from the family of Clubionidae
at the NV1 site. The majority of spiders preyed by Trypoxylon were
from the family of Araneidae (n = 1,118). Among Araneidae, Mangora
acalypha was the most abundant species, occurring in 14 different
nests (n = 17). Other spider families, which were more commonly
preyed by Trypoxylon, were the Linyphiidae (n = 175), with Linyphia
triangularis as the most abundant species encountered in 18 different
nests (n = 44), and the Theridiidae (n = 131), with Phylloneta impressa
as the most common species found in 14 different nests (n = 53).
Other spider families preyed by Trypoxylon were the Tetragnathidae
(n = 31), Thomisidae (n = 10), Salticidae (n = 4), and Trachelidae
(n = 1). Dipogon clearly differed in its prey use from Trypoxylon, with
mostly preying on spiders from the family of Thomisidae (n = 93).
The most abundant species from this family found in Dipogon nests
were Xysticus bifasciatus (n = 4) and Xysticus cristatus (n = 4). The PCA
(Figure 6) conducted on the numbers of the four most common spi-
der prey families of Trypoxylon and Dipogon showed that the Araneid
prey of Trypoxylon and Thomisid prey of Dipogon were mostly related
to the study sites in the Southern Vargyas valley (SV1-SV3), whereas
the Linyphiid and Theridiid prey of Trypoxylon were strongly associ-
ated with the K2 site.

3.3 | Lowr-intensity agricultural areas

The cell numbers of the Hymenopteran taxa of Auplopus, Megachile,
and Osmia were significantly correlated with both the edge den-
sity and proportion of low-intensity agricultural areas around the
study sites (Table 2). The strongest, significant relationships with
low-intensity agricultural areas were found for Osmia, where an in-
creasing edge density and proportion of these areas both had nega-
tive effects on the cell numbers of this bee genus (Table 2). The cell
numbers of the Auplopus wasp genus were significantly, positively
correlated with an increasing edge density and negatively with an
increasing proportion of low-intensity agricultural areas (Table 2).
The cell numbers of the Megachile bee genus were significantly,
positively correlated with both an increasing edge density as well as
an increasing proportion of low-intensity agricultural areas (Table 2).
However, the effects of both the edge density (Estimate = 0.01; t-
value = 1.80; p-value = 0.12) and proportion of low-intensity agri-
cultural areas (Estimate = 0.02; t-value = 0.60; p-value = 0.57) were
not significant in the models corrected for spatial autocorrelation.
The number of Trypoxylon and Dipogon spider prey was largely
unaffected by the edge density and proportion of low-intensity ag-
ricultural areas around the study sites (Table 3). From the preyed
spider families, only the numbers of Thomisidae were significantly,
negatively correlated with an increasing proportion of low-intensity

agricultural areas (Table 3).
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The edge density and proportion of low-intensity agricultural
areas had no significant effects on the SDI of the nest-building soli-
tary Hymenopteran taxa at the study sites (Table 4). The SDI of the
Trypoxylon spider prey, however, was significantly, positively influ-
enced by the proportion of low-intensity agricultural areas around
the study sites (Table 4).

4 | DISCUSSION
4.1 | Nests

Analyzing the content of the trap nests revealed that the nest num-
bers of solitary wasps were higher than the nest numbers of soli-
tary bees across all study sites. Nests built by solitary bees were
only more frequently found at two sites (K3 and NV1), where the
numbers of wasp nests were relatively low. From these two sites,
NV1 was located the closest to the border of the Natura 2000 site
‘ROSPA0027’ framing the two Vargyas valleys and K3 was com-
pletely situated outside the Natura 2000 site ‘ROSCI0091’, which
extends over the eastern part of the Kérmés valley (Figure S1A
and B). Thus, an increasing nest number of solitary bees might be

the indication of an increasing human impact at the study sites.

TABLE 2 Results of generalized linear mixed models (GLMMs)
assuming a Poisson distribution, testing for the relationship
between the proportion and edge density of low-intensity
agricultural areas within 250 m around the eight study sites and
the total number of occupied brood cells per nest and site, built by
different cavity-nesting Hymenopteran taxa

Metric Taxon Estimate  SE zvalue  Pr(>[z])
Edge Bees 0.00 0.00 0.00 1.00
density  \wasps 0.00 000 -1.33 018
Auplopus 0.01 0.00 1.99 0.05
Dipogon 0.00 0.00 -0.29 0.77
Eumeninae 0.00 0.01 -0.15 0.88
Hylaeus 0.01 0.01 1.31 0.19
Megachile 0.02 0.01 2.06 0.04
Osmia -0.01 0.00 -2.15 0.03
Trypoxylon -0.01 0.01 -1.57 0.12
Proportion  Bees 0.00 0.01 0.03 0.97
Wasps -0.02 0.01 -1.89 0.06
Auplopus -0.02 0.01 -3.05 0.00
Dipogon -0.02 0.01 -1.28 0.20
Eumeninae  -0.03 0.03 -0.98 0S8
Hylaeus 0.02 0.02 0.64 0.52
Megachile 0.08 0.04 2.18 0.03
Osmia -0.03 0.00 -6.61 0.00
Trypoxylon -0.03 0.02 -1.30 0.20

Note: The IDs of the sites were included as a random effect in these
GLMMs. The number of observations was 8 in each case. Significant
relationships are marked bold.
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Solitary bees were also the most abundant taxa in the majority
of those Western European studies that were conducted in high-
intensity agricultural landscapes (Table 1), whereas in studies, that
were carried out in natural (Sobek et al., 2009) or low-intensity
agricultural (Albrecht et al., 2007; Krewenka et al., 2011; Kruess
& Tscharntke, 2002) landscapes with higher proportions of grass-
or woodland, solitary wasp taxa were the most abundant nesting
taxa. The results of the PCAs also indicated that the occurrence of
the most abundant cavity-nesting Hymenopteran taxon Trypoxylon
showed the strongest association with study sites located in the
Southern Vargyas valley, where human disturbance is relatively low.
Another possible explanation for low numbers of bee nests is that
competitive pressure from higher wasp densities caused solitary
bee taxa to search for alternative nesting locations. This theory is
partially supported by the reed diameters chosen for the nests of
the most common solitary wasp taxa (=Trypoxylon, Dipogon, and
Eumeninae; Figure 5), which were very close to the overall mean
diameter of all reeds with nests inside (=6.62 + 0.33 mm). This in-
dicates that reed stalks with average diameters were preferably
occupied by the most abundant Hymenopteran taxa, leaving the
other, rarer taxa only stalks with much smaller or larger diameters
for nesting (Figure 5). Using a specific reed diameter for nesting,
however, could also be related to the body size or proportions of the
Hymenopteran taxa. For example, the smallest taxon Hylaeus also
choose reeds with the smallest diameters for its nests (Figure 5). It
is also possible that the sampling period of our study did not over-
lap well with the breeding time of the local solitary bee taxa. The
results of another study using sweep-net methods, conducted par-
allel to this one during 2018 in the same area, support this theory
as they revealed that the occurrence of Osmia species was mainly
in spring (April and May), while their occurrence between June and
August, the time when the trap nests were available for them, was

considerably lower (Demeter et al., 2021).

4.2 | Spider prey

We found that the majority of spider specimens preyed by the
genus Trypoxylon were from the family of Araneidae. In contrast to
our findings, however, two other studies reported that the major-
ity of spider specimens preyed by Trypoxylon figulus were from the
family of Theridiidae (Coudrain et al., 2013; Hoffmann et al., 2020).
A possible explanation for the different findings of these two
studies is that they were carried out in more intensively used agri-
cultural landscapes. The results of the PCAs also support this as-
sumption as they indicate that the Araneid prey of Trypoxylon was
closely related to the study sites located in the remote Southern
Vargyas valley (SV1-SV3), where the proportions of low-intensity
agricultural areas were considerably lower than at the other study
sites. However, the Theridiid prey of Trypoxylon was strongly as-
sociated with the study site K2, where low-intensity agricultural
areas were the proportionally most dominant landscape element
(Figure 6).
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Metric Family Estimate SE

Edge density Araneidae (Try) -0.02 0.01
Linyphiidae (Try) 0.00 0.01
Theridiidae (Try) -0.01 0.01
Thomisidae (Dip) 0.00 0.01

Proportion Araneidae (Try) -0.07 0.04
Linyphiidae (Try) 0.01 0.04
Theridiidae (Try) 0.01 0.05
Thomisidae (Dip) -0.06 0.01

TABLE 3 Results of generalized

Zvalue Pri>zI) linear mixed models (GLMMs) assuming
-1.84 0.07 a Poisson distribution, testing for the
-0.23 0.82 relationship between the proportion and
edge density of low-intensity agricultural
-1.08 0.28 ol .
areas within 250 m around the eight
-0.57 0.57 study sites and the total number of spider
-1.70 0.09 specimens per nest and site from families,
0.40 0.69 which were mTost conlwmcz_rllly)prezj/e; by the
wasp genera Trypoxylon (Try) and Dipogon
0.19 0.85 (Dip)
-9.41 0.00

Note: The IDs of the sites were included as a random effect in these GLMMs. The number of

observations was 8 in each case. Significant relationships are marked bold.

Diversity Metric Estimate SE

Hymenopteran Edge density 0.00 0.00
Proportion 0.00 0.00

Spider prey Edge density 0.01 0.01
Proportion 0.03 0.01

Note: For the calculation of the SDIs for the Trypoxylon spider prey, representatives of all spider

TABLE 4 Results of linear models

t-value Hil) (LMs) testing for the relationship between
117 0.29 the proportion and edge density of low-
1.37 0.22 intensity agricultural areas within 250 m
0 D5 around the eight study sites and the

’ ’ Shannon's Diversity Indices (SDIs) per site
4.38 0.00

of the Hymenopteran taxa and Trypoxylon
spider prey

families preyed by Trypoxylon (Table S5A) were included. The number of observations was 8 in each

case. Significant relationships are marked bold.
4.3 | Low-intensity agricultural areas

The brood cell numbers of Osmia were significantly lower at study
sites with both a higher edge density and proportion of low-intensity
agricultural areas. This finding may come a bit unexpected, since
most Osmia species feed on wild flowers, but many species are
closely associated with forest habitats due to their nesting habits
as they create small burrows for their nests in tree barks (Muller
et al., 2019). In contrast to Osmia, a higher edge density and propor-
tion of low-intensity agricultural areas both had a significantly posi-
tive effect on the brood cell numbers of Megachile. The brood cell
numbers of the Pompilid were Auplopus were positively correlated
with an increasing edge density, but negatively with an increasing
proportion of low-intensity agricultural areas. This latter finding cor-
responds well with those reported by Holzschuh et al. (2009), who
found that the abundance of Eumenid, Pompilid, and Sphecid wasps
were highest at forest edges, which provide natural nesting sites,
and lowest in grass strips, with a few natural nesting sites. They
also reported that wasp abundance in grass strips connected to for-
est edges was higher than in slightly isolated grass strips and much
higher than in highly isolated grass strips.

We did not detect any significant relationship between the edge
density or proportion of low-intensity agricultural areas and the di-
versity of the nest-building solitary Hymenopteran taxa. Other stud-
ies, however, found that landscape context had significant effects on
Hymenopteran species diversity: Steffan-Dewenter (2002) reported
a positive relationship between an increasing proportion of semi-
natural habitats and the number of Hymenopteran species, while
Schiiepp et al. (2011) found that species richness of wasps was more

than doubled and diversity three-times higher at sites with high

percentages of woody habitats, compared to sites with low percent-
ages of woody habitats, and Fabian et al. (2013) also reported that
forest cover had a positive effect on the species richness of wasps.
All three studies were conducted in intensively managed agricultural
landscapes with relatively low proportions of semi-natural habitats,
which may explain the positive effect of an increasing proportion
of semi-natural habitats on the Hymenopteran species diversity in
their studies.

Regarding the spider prey of Dipogon and Trypoxylon, only the
numbers of Thomisid prey specimens found in Dipogon nests were
significantly affected by low-intensity agricultural areas, with an
increasing proportion in the studied landscape sectors having a
negative effect on the number of preyed specimens. An increasing
proportion of low-intensity agricultural areas also had a significant
effect on the diversity of spider prey found in the nests of Trypoxylon,
with the diversity being higher at study sites surrounded by a higher
proportion of low-intensity agricultural areas. In other words, the
lower the proportion of low-intensity agricultural areas was around
the study sites, the higher was the proportion of Araneid specimens
among the spiders preyed by Trypoxylon, which resulted in a lower
diversity of Trypoxylon spider prey. The highest numbers of Araneid
prey were encountered at the study sites SV1 and SV3, where the
proportion of low-intensity agricultural areas was the lowest with
regards to all eight study sites (Table S1). Hoffmann et al. (2020),
however, reported exactly the opposite, with an increasing area of
grassland having a negative effect on the species diversity of spiders
in Trypoxylon nests. Again, this contrasting finding may be explained
by the different composition and structure of the intensively man-
aged agricultural landscape in their study area, where they found

that Trypoxylon mostly preyed in grassland patches. Therefore,
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FIGURE 6 Principal component analysis (PCA) biplot of the
numbers of Trypoxylon (Try) and Dipogon (Dip) spider prey per site.
The length of the arrows represents the strength of the association
with the study sites

were both located the furthest away from the respective centers of
the Natura 2000 protected areas. These results indicate that soli-
tary bees are more common in areas, where the impact of human
activities is stronger. In contrast to this, solitary wasps seem to
rather avoid these areas. Our findings correspond well with those of
similar previous studies from Western Europe, where solitary bees
were the most abundant nest-building taxa in the majority of those
studies, which were conducted in high-intensity agricultural areas.
However, solitary wasps were the most abundant nest-building taxa
in most studies, which were carried out in similar low-intensity agri-
cultural or natural areas. Of course, this phenomenon could also be
related to the chosen time period for sampling. However, as most

studies from Table 1 chose similar time periods for sampling (mostly
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from April to October), this might not be the cause for the lower
abundances of solitary wasps and higher abundances of solitary
bees in high-intensity agricultural landscapes. Therefore, we suggest
that future studies not only should put more effort into sampling in
reference landscapes with low-intensity agriculture but also focus
more on solitary wasp taxa, when sampling such an area. As there
are only a few such landscapes in Europe still remaining and as the
maintenance of Hymenopteran biodiversity is crucial for the well-
functioning of many ecosystem processes, our results can serve as a
reference for future research in other areas, which are either less or

more strongly influenced by humans.
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