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SINOPSIS

Agricultural intensification, which alters land use and crop sequences in search of maximizing
productivity and revenue, affects pollinator abundance and diversity, which are crucial for
pollination. This thesis investigates how agricultural landscape characteristics affect pollinator
abundance in the northwestern Mediterranean region, with a focus on hoverflies and bees. Over
a two-year period, the study monitored pollinator density and pollination effectiveness in
twenty-two oilseed rape fields located in landscapes that differed in terms of crop diversity, the
extent of semi-natural habitats, and field size. These differences provided a basis for analyzing
how specific landscape features influence pollinator abundance and effectiveness. While many
studies have focused on the non-cultivated fraction of agricultural landscapes, few have
examined the temporal effects of agricultural land management, specifically how crop diversity
and the prevalence of certain crops providing floral resources influence pollinators. This thesis
adopts a more comprehensive approach by considering both the role of semi-natural habitats
and the temporal effects of agricultural practices within the cultivated matrix on pollinator
activity. This dual focus underscores the importance of understanding the interplay between
cultivated and non-cultivated areas in shaping pollinator abundance and pollination services,
by examining the effects in a facultative allogamous crop species.

This thesis is organized into two primary sections, each addressing distinct aspects of the
agricultural matrix. The first section addresses crop diversity, while the second focuses on the

cover of mass flowering crops, both analyzed with a temporal perspective.

Four landscape characteristics were examined: equivalent crop diversity in the sampling year
(ERG), equivalent crop diversity from the previous year (ERGp), the percentage of semi-natural
habitats (SNH), and mean field size (MFS). The study, conducted in twenty-two oilseed rape
fields in landscapes with varying characteristics, found that different landscape variables
influenced pollinator groups in distinct ways. SNH positively influenced bumblebee
abundance, while ERGp and MFS were important for other wild bees and for hoverflies. These
findings provide actionable insights to prioritize strategies for benefiting specific pollinator
groups, improve agricultural landscape planning, and promote wild pollinator conservation
through crop diversity.

The study also explored how certain landscape features — ERGp, SNH and MFS— as well as
pollinator densities (wild bees [ WB] and honeybees [HB]) influenced pollination outcomes and
seed quantity and quality in oilseed rape crops. The research in a subset of twenty oilseed rape

fields revealed a positive relationship between ERGp and pollinator density. A pollinator



exclusion experiment in these fields showed that insect pollination significantly improved
rapeseed quality and quantity. ERGp emerged as a relevant landscape feature, positively
impacting WB density and pollination effectiveness, thereby improving oilseed rape
production. Additionally, the study examined the effects of mass flowering crop cover (MFC)
from the previous year (MFC1) and accumulated over three years (MFC3). It also considered
semi-natural habitats and mean field size effects on pollinators and oilseed rape yield. Structural
equation modeling indicated that MFC1 and MFC3 positively influenced wild bee (WB)
densities. Smaller field sizes promoted higher densities of large bees (LB). The number of seeds
per pod was positively related to WB in general and LB in particular. It was also positively
related to MFC1 and MFS. Seed oil content was positively associated with LB densities and
negatively with MFS. SNH correlated with an increase in thousand seed weight. Overall, the
study highlights the importance of off-crop habitats and of on-crop floral resources and their
temporality to promote pollination services in cereal-dominated Mediterranean agricultural
landscapes. Therefore, landscape management should focus on these factors to promote

sustainability and maximize agricultural and ecological benefits.



CONTENIDO

1. AGRADECIMIENTOS .....oooitiiiiiiieeteeeee ettt ettt sttt ae e e I
2. SINOPSIS ettt ettt ettt ettt e bbbt ettt n et ettt ee 11
3. CONTENIDO ...ttt ettt sttt bt ettt be b e beebeeneeneeneas \Y
4. INTRODUCCION GENERAL ......coooooiiiriimrimeemesisssessesesesseseses s essse s esssssssssees 1
4.1  Biodiversidad y paisaje agricola.........ccoceeriiiiiiniiiiiieie e 3
4.2 Polinizadores y servicios de poliniZacion..........cccceecueeiiieniieniienieeiiienie e 3
4.3 Crisis de los polinizadores e intensificacion agricola........c..cocevveevieveniiencniicneenennne. 5
4.4  Estrategias de conservacion de los polinizadores en los agroecosistemas.................. 7
5. HIPOTESIS oottt 11
0. OBIETIVOS ...ttt ettt sttt sttt ettt 14
7. SELECCION DE PAISAJES Y RECOGIDA DE DATOS ......cooovovvememeeeeeeeeseeeeeae 17
8. INFORME DE LOS DIRECTORES DE TESIS DEL FACTOR DE IMPACTO DE LOS
ARTICULOS PUBLICADOS ... ..ottt ettt et e s e tae e e e ae e e esaaaaesssnsaeeeennns 23
9. CAPITULO Lottt 31
10, CAPITULO 2ottt 51
11, CAPITULO 3ot 73
12. DISCUSION GENERAL.......coooiiumrimiimeeinsesseeesssessesssesssse s sssesssessnns 108

12.0 Importancia de la diversidad de grupos de cultivos y los cultivos de floracién masiva
Para 108 POLINIZAAOTES ......ccvieiiiiiieiiecie ettt ettt ettt e et e et e st e eabeesaeeenseenns 110

12.1 Efectos de las areas seminaturales y del tamafio de los campos sobre los
POIMIZAAOTES....cuvieeiiieeiie ettt et e e et e e ettt e e e aeeesaaee e sbeeesbeeesseeensseesnsseesnseeessseens 112

12.2  Eficacia de la polinizacion por abejas. .........ccceevveeriieriieeiieniieeiieieeeee e 114

12.3 La eficacia de la polinizacion se ve afectada por las caracteristicas del paisaje
Yo o (670 ) - USSP 116

12.3.1 Efectos de la matriz agricola sobre la eficacia de la polinizacion.................... 116

12.3.2  Efectos de las areas seminaturales y el tamafio medio de campo sobre la eficacia

de 12 POINIZACION ....eeieiiiieciieeciee ettt e et e e et e e entaeeenseeeesseeeensee s 117
13. CONCLUSIONES ..o, 121
14. BIBLIOGRAFTA ...ttt eneens 125



INTRODUCCION GENERAL







Introduccion general

4.1 Biodiversidad y paisaje agricola

La biodiversidad es un componente clave en la sostenibilidad de los sistemas agricolas, ya que
provee multiples servicios ecosistémicos esenciales como el reciclaje de nutrientes, el control
bioldgico de plagas y la polinizaciéon (Anthony et al., 2023; Dainese et al., 2019a; Li et al.,
2024). Esta biodiversidad, sin embargo, depende estrechamente de la diversidad del paisaje
agricola, que se refiere a la variedad de ecosistemas que ofrecen habitat a una amplia gama de
organismos, incluidos plantas, animales y microorganismos, los cuales interactian en y
alrededor de los cultivos (Altieri & Nicholls, 2007). Cuanto mas diverso es el paisaje, mayor es
su capacidad para sostener una biodiversidad rica y funcional, lo que, a su vez, fortalece la

productividad y la resiliencia de los sistemas agricolas (Wang & Brose, 2018; Wu, 2013).

La diversidad dentro del paisaje agricola también ofrece una serie de beneficios especificos.
Por ejemplo, la presencia de enemigos naturales de plagas, como depredadores y parasitos,
ayuda a mantener bajo control las poblaciones de insectos dafiinos, reduciendo asi la necesidad
de pesticidas quimicos (Christmann et al., 2021). Ademas, la variabilidad espacial y temporal
de los cultivos en el paisaje contribuye a prevenir la propagacion de plagas y enfermedades
(Ratnadass et al., 2021). Por otro lado, los fragmentos de vegetacion natural, asi como los
margenes con vegetacion arborea y arbustiva, actian como corredores ecologicos que facilitan
el movimiento y la dispersion de especies benéficas, lo que refuerza la resiliencia del ecosistema
agricola (Benton et al., 2003). Asi mismo, la biodiversidad floral en los margenes de los campos
agricolas es vital para la salud de polinizadores como las abejas y los sirfidos, de los que
dependen muchos cultivos (Hautier et al., 2018; Sutter et al., 2017; Tilman et al., 1997). En
definitiva, la integracion de la biodiversidad en la gestion agricola no solo mejora la produccion
de los cultivos, sino que puede asegurar la sostenibilidad del sistema al permitir una mejor

adaptacion a condiciones cambiantes (Balvanera et al., 2006).

4.2 Polinizadores y servicios de polinizacion

Los polinizadores son esenciales para el equilibrio de los ecosistemas y la produccioén de
alimentos (Benadi et al., 2012; Sargent & Ackerly, 2008; Turo et al., 2024). Se estima que entre
el 65% y el 85% de las angiospermas dependen de la polinizacién por insectos para su
reproduccion (Ollerton et al., 2011). Pero los polinizadores no solo facilitan la reproduccion de
plantas silvestres, fundamentales para el funcionamiento de los ecosistemas, sino que también
contribuyen a la sostenibilidad de los paisajes agricolas (Biesmeijer et al., 2006; Ollerton et al.,

2011). En términos agricolas, aproximadamente el 35% de los cultivos a nivel global dependen
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de la polinizacion animal para optimizar su rendimiento y calidad. De una muestra de 107
cultivos principales que se benefician de la polinizaciéon en el mundo, un 10% requiere
estrictamente de la polinizacion entomofila (alogamia) para reproducirse, y un 75% se beneficia

de esta polinizacion, mejorando notablemente su produccion (Klein et al., 2007).

Los servicios ecosistémicos proporcionados por los polinizadores representan
aproximadamente el 10% del valor global de la produccion agricola, generando beneficios
econdmicos cuya estimacion se sitia entre 153 y 577 mil millones de ddlares anuales segiin
diversas investigaciones (Gallai et al., 2009; Potts, 2016). El declive de las poblaciones de
polinizadores podria tener consecuencias graves para la estabilidad de los sistemas agricolas
(Dainese etal., 2019a; Lee etal., 2024). Sin su intervencion, la produccion de muchos

alimentos seria significativamente mas escasa y costosa (Fijen et al., 2018).

Asimismo, la polinizacién mediante insectos es fundamental para mejorar la calidad de los
cultivos (Aizen et al., 2008; Bommarco et al., 2012, 2012). Este proceso no solo incrementa el
contenido de nutrientes esenciales en los alimentos, sino que también eleva la calidad de las
cosechas en cultivos que dependen de polinizadores, como los almendros, los manzanos y la
colza (Chaplin-Kramer et al., 2014; Ellis et al., 2015; Gazzea et al., 2023; Ramirez-Mejia et al.,
2024; Smith et al., 2015). La eficiencia de la polinizacion, es decir, la capacidad de los
polinizadores para transferir polen de manera efectiva entre flores y facilitar la fecundacion, y
su eficacia, que se refiere al impacto final en la produccion de semillas y frutos, evaluado por
la cantidad y calidad de estos (Rader et al., 2009), dependen de varios factores, como la
diversidad de polinizadores y sus rasgos funcionales. Por ello, entender las variaciones en la
eficiencia y la eficacia de la polinizacion es fundamental para optimizar los beneficios que esta

aporta a los cultivos.

Las abejas, tanto las silvestres como las domésticas, son los polinizadores mas conocidos y
eficientes (Bartomeus et al., 2018; Jauker et al., 2012). Sin embargo, otros insectos, como los
sirfidos o las mariposas, también juegan roles importantes en la polinizacion agricola. Aunque
la abeja melifera (Apis mellifera L. 1758) es el polinizador gestionado mas extendido en todo
el mundo (Potts, 2016), los polinizadores silvestres también contribuyen a la polinizacién de
los cultivos y suelen ser mas eficaces que las abejas meliferas (Garibaldi et al., 2013; Rollin
et al., 2013a).Un aspecto fundamental de la diversidad de los polinizadores es la divergencia en
sus rasgos funcionales, como el tamafno corporal, que influye directamente en la distancia de
forrajeo y en la eficacia de la polinizacion (Cortés-Gomez et al., 2023; Greenleaf et al., 2007,

Ne’eman et al., 2010; Pfister et al., 2017). Ademas, caracteristicas como los habitos de forrajeo

4
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permiten a los polinizadores ocupar roles especificos y complementarios en los ecosistemas

agricolas y naturales(Bliithgen & Klein, 2011; Fenster et al., 2004).

La diversidad de especies de polinizadores no solo permite la polinizacion de una mayor
variedad de cultivos, sino que también garantiza la resiliencia del sistema frente a los cambios
en las condiciones ambientales. La presencia de especies con rasgos funcionales inicos asegura
la estabilidad de los servicios de polinizacion y contribuye a un rendimiento agricola mas
consistente a lo largo del tiempo (Albrecht et al., 2012; Brittain et al., 2014; Garibaldi et al.,
2014; Hoehn etal.,, 2008). La coexistencia de multiples especies no solo optimiza la
polinizacion, sino que también incrementa la resiliencia de los ecosistemas ante cambios
ambientales, asegurando que siempre haya polinizadores adecuados para cada circunstancia
(Winfree et al., 2011). Por lo tanto, la diversidad funcional es clave para el mantenimiento de

los servicios ecosistémicos de polinizacion (Fontaine et al., 2006; Hoehn et al., 2008).

4.3 Cirisis de los polinizadores e intensificacion agricola

Actualmente, los polinizadores se encuentran en una profunda crisis, con una disminucion de
su abundancia que oscila entre un 20% y un 50% en regiones como Europa y América del Norte
desde la década de 1990 (Hallmann et al., 2017; Potts et al., 2010; Zattara & Aizen, 2021). En
los Estados Unidos, se ha registrado una disminucion del 23% en la diversidad de especies de
polinizadores en areas agricolas intensivas, mientras que el Reino Unido muestra una reduccion
del 33% (Kremen et al., 2007; Powney et al., 2019). Esta crisis se origina por una serie de
factores interrelacionados, entre los cuales destacan la urbanizacion, el cambio climatico y la

intensificacion agricola (Aizen et al., 2022; Seibold et al., 2019; Thomas et al., 2004).

La intensificacion agricola se identifica como una de las principales causas de esta pérdida de
biodiversidad y de la degradacion de los ecosistemas. Estas alteraciones del medio afectan
gravemente servicios clave como la polinizacion (Biesmeijer et al., 2006; Chapin III et al.,
2000). La intensificacion se manifiesta a distintos niveles, y en cada uno de ellos conlleva
transformaciones significativas. A nivel de paisaje, implica una homogeneizacion de la
estructura y de la composicion del entorno agricola, principalmente debido al incremento de las
areas cultivadas y la disminucion de las areas seminaturales (Figura 1). Estos cambios
perjudican indirectamente la diversidad taxonémica y funcional de los polinizadores, y afectan
negativamente a los servicios ecosistémicos disponibles (De Palma et al., 2015; Gdmez-Virués

etal., 2015; Grab et al., 2019; Wood et al., 2015).
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Figura 1. Esquema de los efectos de la intensificacion agricola (flechas negras) sobre la
heterogeneidad de la composicion y configuracion del paisaje agricola. Modificado de

Priyadarshana et al. (2024).

A nivel de campo, la intensificacion agricola se refleja en una simplificacion de las practicas
agricolas, que se manifiesta mediante el uso de practicas como la labranza intensiva y la repetida
aplicacion de biocidas y fertilizantes. Estas practicas, lejos de beneficiar la productividad a
largo plazo, incrementan la presion sobre los polinizadores (Foley et al., 2011; Garibaldi et al.,

2019; Robinson & Sutherland, 2002).

La agricultura debe adoptar practicas de adaptacion y mitigacion para frenar la pérdida de
polinizadores, especialmente en un planeta con recursos finitos. El sector agricola enfrenta el
reto de equilibrar la produccién de alimentos con la conservacion de la biodiversidad y los
servicios ecosistémicos. En las proximas décadas el cambio climatico afectara gravemente la
produccion agricola y a los polinizadores. Por lo tanto, es crucial implementar medidas de
adaptacion para hacer frente a nuevas condiciones ambientales (Kammerer et al., 2021;

Outhwaite et al., 2022). Al mismo tiempo, la agricultura ejerce presion sobre la biodiversidad
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y los polinizadores, lo que requiere acciones de mitigacion para reducir su impacto negativo

(Suetal., 2021).

Ante estos desafios, la Comunidad Europea ha impulsado acciones para reorientar la
produccion de alimentos a través de distintas politicas y programas. La reforma de la Politica
Agricola Comun (PAC) introduce estrategias como el Pacto Verde Europeo y el Plan de Accién
para la Agricultura Ecologica (European Commision, 2022). Estas iniciativas buscan apoyar a
agricultores, cientificos y responsables politicos en la adopcion de medidas que beneficien a los
polinizadores, como el aumento de los margenes de los campos y la preservacion de las areas
seminaturales. Aunque estas politicas se han implementado en diversas regiones de Europa, sus
efectos varian entre paises y regiones. Esto se debe a que las interacciones entre los servicios
ecosistémicos, la biodiversidad y las funciones del ecosistema dependen del contexto
geografico, cultural y ambiental (Wu, 2013). Esta variabilidad resalta la necesidad de investigar

como la biodiversidad responde regionalmente a las modificaciones en el paisaje agricola.

4.4 Estrategias de conservacion de los polinizadores en los agroecosistemas

La gestion de los sistemas agricolas es fundamental para la salud humana y ambiental a nivel
global. Es necesaria una produccion sostenible desde las perspectivas, ecologica, ambiental,
econdmica y social, que satisfaga las crecientes necesidades de la poblacion (Blaser et al.,
2018). Sin embargo, el dramatico impacto de la pérdida de biodiversidad sobre el
funcionamiento de los sistemas agricolas pone de manifiesto que Unicamente una gestion
agricola que preserve la biodiversidad, incluyendo los polinizadores, a diferentes escalas
temporales y espaciales permitirian la adaptacion a los nuevos escenarios agricolas (Bibi y
Rahman, 2023; Rashwan et al., 2023).

Aunque los requisitos para el futuro de la agricultura son claros, las soluciones integrales y
aplicables son escasas (Pathak, 2022). En este sentido, es fundamental entender como la
estructura, la composiciéon y la gestion de los paisajes agricolas pueden promover la
sostenibilidad ambiental y la conservacion de la biodiversidad. La intensificacion agricola ha
llevado a una reduccion significativa de la heterogeneidad del paisaje, afectando negativamente
la biodiversidad y los servicios ecosistémicos como la polinizacion (Gamez-Virués et al.,
2015). Algunas estrategias clave para revertir estos efectos negativos incluyen la expansion de
las areas seminaturales, la reduccion del tamafo de los campos y la diversificacion de cultivos

(Burian et al., 2024; Eisenstein, 2020).
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Los cambios en la configuracion del paisaje como la reduccion del tamafio de los campos
agricolas tienen un efecto positivo sobre los polinizadores, especialmente sobre las abejas.
Estos paisajes mas fragmentados rompen la homogeneidad impuesta por la matriz agricola y
crean un mosaico de habitats diversos que favorece la supervivencia y la movilidad de los
insectos polinizadores (Happe et al., 2018). En particular, los margenes de estos pequefios
campos ofrecen refugio, alimento y areas de anidacion, aumentan la conectividad de los habitats
para los insectos, facilitando su movimiento y mejorando la polinizacién en las areas
adyacentes, como los bordes de los campos (Clough et al., 2020; Dainese et al., 2019a).

La expansion de las dreas seminaturales también es una opcion que beneficia a los polinizadores
(Proesmans et al., 2019; Rollin et al., 2013a). Sin embargo, esta expansion puede entrar en
conflicto con los intereses econdmicos de los agricultores, ya que destinar tierras para la vida
silvestre seria a costa del area destinada a la produccion, reduciendo el rendimiento agricola
(Rey Benayas y Bullock, 2012). A pesar de que algunos estudios muestran que crear habitats
para la vida silvestre en las areas agricolas puede ser rentable a largo plazo al mejorar los
servicios ecosistémicos (Blaauw & Isaacs, 2014; Pywell et al., 2015), los costos iniciales
pueden superar beneficios inmediatos para los agricultores (Campbell et al., 2012; Olschewski
et al., 2006; Sutter et al., 2017). No obstante, el establecimiento de areas de compensacion
ecoldgica con la finalidad de promover la biodiversidad forma parte de la de los ecorregimenes

de la PAC.

Si bien modificar la configuracion del paisaje o aumentar la proporcion de areas seminaturales
puede ser complicado, incrementar la diversidad de cultivos representa una alternativa mas
factible. Un paisaje agricola con mayor diversidad de cultivos a escala de paisaje puede ofrecer
mayor variedad de recursos alimenticios y de habitats para los polinizadores, proporcionando
una fuente mas continua de néctar y polen a lo largo del afio, lo que ayuda a mantener las
poblaciones de insectos polinizadores (Aguilera et al., 2020; Dempewolf et al., 2010). Este
enfoque es clave para avanzar hacia paisajes agricolas mas sostenibles y para revertir los efectos

negativos de la intensificacion agricola (Fahrig et al., 2011; Priyadarshana et al., 2024).

La seleccion de cultivos favorables para los polinizadores, en particular los cultivos de floracion
masiva (MFC), puede aumentar la disponibilidad de polen y néctar en el paisaje, promoviendo
un entorno agricola mas favorable para estos organismos (Holzschuh et al., 2011; Requier et al.,
2015; Westphal et al., 2003). La integracion de distintos cultivos, como los de floraciéon masiva
(por ejemplo, los almendros, el girasol, la mostaza o la colza), diversifican el paisaje con

recursos florales abundantes en diferentes épocas que atraen polinizadores (Beyer et al., 2021).



Introduccion general

La colza (Brassica napus L.), en particular, se ha utilizado como cultivo diana de varios estudios
debido a su capacidad para atraer polinizadores (Holzschuh et al., 2011). Su amplia distribucion
en la agricultura global permite estudiar los efectos de la polinizacion en diferentes paisajes
(Fijen et al., 2022). Ademas, el hecho que sea especie alogama facultativa la convierte en un
fitometro ideal para evaluar la eficacia de los polinizadores (Bartomeus et al., 2018; Bommarco

et al., 2012; Fijen et al., 2018).

La integracion de practicas que favorezcan la diversidad de cultivos y la disponibilidad de
recursos florales en el tiempo puede transformar el entorno agricola en un espacio mas propicio
para los polinizadores, y de esta manera mejorar la eficacia de la polinizacion y contribuir a una
agricultura mas sostenible y resiliente. No obstante, aun falta informacion especifica sobre
como afecta la diversidad de cultivos a la disponibilidad en el tiempo de recursos florales
agricolas y al servicio ecosistémico de la polinizacion en paisajes mediterrdneos con diferentes
tamafios de campo y proporcion de areas seminaturales. Desde la perspectiva aplicada a los
agroecosistemas, la comprension del papel de la diversidad cultivada sobre los polinizadores y
el servicio de la polinizacion podria ser capital para el disefio de politicas encaminadas a la
proteccion de la biodiversidad, la polinizacion y la productividad agricola (Godfray et al., 2010;

Sirami et al., 2019).
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Hipdtesis

Esta tesis doctoral investiga el efecto de la heterogeneidad del paisaje sobre la densidad de
polinizadores y sobre la eficacia de polinizacion en los cultivos de colza, un cultivo alogamo
facultativo. La seleccion de la colza como planta diana permite evaluar la densidad de
polinizadores en el paisaje (al atraer los polinizadores del entorno més o menos inmediato) y
permite evaluar como la densidad de estos varia con la diversidad cultivos, el tamafio medio de
los campos y la proporcion de areas seminaturales (Capitulos 1 y 2) (Figura 2). Se ha analizado
también como la acumulacion temporal de recursos florales en la matriz agricola, estimada a
través de la suma del area de cultivos de floracion masiva en los anos previos al muestreo,
afecta la densidad total de abejas silvestres y la densidad de abejas de diversas clases de tamafio
(Capitulo 3). Finalmente, se investiga la relacion entre las métricas de composicion —
diversidad de grupos de cultivos y proporcion de areas seminaturales— y las métricas de
configuracion —tamafio medio de los campos—con la densidad de polinizadores y la eficacia
de la polinizacidn, evaluada mediante la produccion de semillas de colza y medidas de su
calidad (Capitulo 2). También se analizan los efectos directos de métricas de composicion,
métricas de configuracion y acumulacion temporal de cultivos de floracion masiva sobre la
polinizacion, y los efectos indirectos a través de la densidad de las abejas (Capitulo 3). La tesis
plantea la hipotesis general que la heterogeneidad del paisaje agricola y en particular la
diversidad de grupos de cultivos y la acumulacion temporal de la cobertura de cultivos de
floracion masiva aumenta la densidad de polinizadores y en consecuencia la eficacia de la
polinizacion. De las que se desprenden las siguientes hipotesis especificas:

e Hipotesis 1: El incremento de la diversidad de grupos de cultivos en el paisaje agricola,
tanto en el afio de muestreo como en anos anteriores, aumentara la densidad de
polinizadores silvestres (abejas y sirfidos), al proporcionar una mayor disponibilidad de
recursos florales y habitats a lo largo del tiempo.

e Hipotesis 2: La cobertura de los cultivos de floracion masiva en afios previos
incrementara la densidad de abejas silvestres, y sus efectos seran distintos en funcion de
sus atributos funcionales (tamafio) debido a la diferente capacidad de explotar estos
recursos cuya posicion espacial cambia en el paisaje entre afos.

e Hipotesis 3: Los efectos que tienen la diversidad de grupos de cultivos y la cobertura de
los cultivos de floracion masiva sobre los polinizadores mejoraran la eficacia de la
polinizacion de la colza, incrementando tanto la cantidad como la calidad de las semillas

producidas.
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Hipotesis 4: La mayor proporcion de areas seminaturales y el tamafio mas reducido de
los campos agricolas aumentaran la densidad de abejas y otros polinizadores, al mejorar
la disponibilidad de refugios y recursos florales y la conectividad de los habitats en el
paisaje agricola.

Hipotesis 5: La eficacia de la polinizacion estard mas influenciada por la diversidad
funcional de los polinizadores que por la densidad total. Ademas, el diferente
comportamiento de las abejas grandes y las pequefias, si como de las abejas silvestres y
domésticas tendra consecuencia sobre los pardmetros de cantidad y calidad de las

semillas de colza.

Composicion Configuracién

Areas seminaturales Tamafio medio de campo —

Cultivos de floracién masiva Diversidad de cultivos “““"“}“““““'.
Densidad de polinizadores '
silvestres !
Capitulo 1 !

. [ N (NP, (U \
‘ . .Densldadlde H ; Densidad de : H Densidad de 1
L—»! polinizadores silvestres ! _b: Abejas : H Abejas H
1 I I 1 ! 1
lemommmm ¢ ?Pl_tgl_o_];_______: | Capitulo 2 H i Capitulo 2 H

1

RN S
' Hficacia de la E
] polinizacién l—
| Capitulos 2y3 !

\  Densidad de clases de E
> tamaiios de abejas -
| Capitulo 3 H

Figura 2 . Mapa conceptual del estudio realizado en esta tesis. Las variables
explicativas del paisaje (en cursiva) incluyen caracteristicas de composicion
y de configuracion del paisaje agricola, mientras que las variables
respuesta (en negrita) dentro de los rectdngulos con linea discontinua
incluyen las densidades de los diferentes grupos de polinizadores silvestres
(sirfidos y abejas) evaluados y la eficacia de la polinizacién. Las flechas
indican las relaciones entre variables investigadas, derivadas de las hipdtesis
planteadas en esta tesis. En gris se sefialan los capitulos donde se estudi6 cada

componente.
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Objetivos

El objetivo principal de esta tesis es avanzar en el conocimiento del efecto que la diversidad de
grupos de cultivos y la acumulacion temporal de recursos florales ofrecidos por los cultivos de
floracion masiva tienen sobre la densidad y eficacia de los polinizadores en los paisajes
agricolas de la Catalufia Central, caracterizados por la dominancia de cultivos herbaceos
extensivos de secano. Este estudio pretende establecer una base para predecir como las
variaciones en la diversidad de grupos de cultivos y la cobertura de los cultivos de floracion
masiva influyen en las poblaciones de polinizadores y, en consecuencia, en los servicios de
polinizacion. A largo plazo, se espera que estos hallazgos contribuyan al disefio de propuestas
de manejo sostenible de los agroecosistemas.

Los objetivos especificos son:

OE1. Analizar el efecto de la estructura del paisaje agricola, evaluada mediante la diversidad
de grupos de cultivos, el tamafio medio de los campos y la proporcion de dreas seminaturales,

sobre la densidad de polinizadores silvestres.

OE?2. Evaluar el impacto de la diversidad temporal de los cultivos de floracion masiva a nivel

de paisaje sobre la densidad de abejas que visitan los campos de colza, asi como su efecto sobre

la produccioén y calidad de las semillas de colza.
OE3. Estudiar el efecto de la acumulacion temporal de la cobertura de los cultivos de floracion

masiva a nivel de paisaje sobre la densidad y el tamafio de las abejas que visitan los campos de

colza, y su influencia en la produccion de semillas de colza.
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Seleccion de paisaje y recogida de datos

El estudio se realiz6 durante las primaveras de 2021 y de 2022 en Catalufa, en el noreste de
Espana. El paisaje agricola de esta zona esta dominado por cultivos herbaceos de secano,
principalmente cereales de invierno como el trigo y la cebada intercalados con cultivos lefiosos
comunes en la region mediterranea (Figura 3), como los olivares, los almendrales y los vifiedos.
También forman parte del paisaje cultivos herbaceos como la alfalfa, los garbanzos, las lentejas

y la colza. El tipo de paisaje estudiado ocupa la mayor parte de la Catalufia central, donde la

tierra arable ocupa el 54% de los suelos agricolas (Institut d’Estadistica de Catalunya, 2023).
Las éreas no cultivadas estan ocupadas principalmente por diversos tipos de hébitats forestales
(pinares, encinares y robledales), arbustivos, que ocupan antiguas areas forestales degradadas
a causa de los incendios y el pastoreo, y pastizales xerofilos y mesoxerofilos que ocupan
antiguos cultivos y otras areas marginales (Departament d’Accié Climatica, Alimentaci6 1

Agenda Rural, 2023).

Cereales

Forrajes

Olivo

Vifiedo

Frutos secos

Fruta fresca

Cultivos industriales

Tipo de orientacién productiva

Hortalizas

Leguminosas en grano

Citricos

o

100 000 200 000 300 000
Superficie (ha)

Figura 3. Importancia relativa (ha) de los diez tipos de orientaciones productivas mas

abundantes en Catalufia durante el 2022. Fuente: Departamento de Accion Climatica,

Alimentacion y Agenda Rural.

Para este estudio, se seleccionaron 22 localidades (Figura 4A), en un gradiente de diversidad

de cultivos. En cada una de ellas se seleccion6 un campo de colza gestionado de forma
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Seleccion de paisaje y recogida de datos

convencional y sembrado con variedades hibridas de colza de invierno. Para caracterizar el
paisaje, se delimitd un area circular de 1 km de radio alrededor de cada campo. Ademas, se
escogio estas localidades asegurando que el area sembrada con colza fuera inferior al 10%, con
el fin de generar un efecto de concentracion de polinizadores (Beyer et al., 2021; Magrach et
al., 2018) (Figura 4B). Todas las localidades estaban separadas por al menos 2 km para evitar
que dos campos colza fueran visitados por el mismo grupo de polinizadores (Holzschuh et al.,

2016; Westphal et al., 2003).

En cada localidad se calcul¢ la diversidad de cultivos del afio de muestreo (ERG, por las siglas
en inglés de Equivalent Richness of Groups, ver a continuacion), y del afio anterior al muestreo
(ERGp), el porcentaje de areas seminaturales (SNH, por sus siglas en inglés), el tamafio medio
de campo (MFS, por sus siglas en inglés). Cabe destacar que la diversidad de cultivos no se
calculd sobre tipos de cultivos individuales, sino sobre grupos funcionales de cultivos, definidos
segun su contribucion a las poblaciones de los polinizadores. Por ejemplo, el trigo, la cebada,
la avena y la espelta se agruparon en el grupo funcional de los cereales. El ERG se calculd
mediante el indice de Shannon, ponderando la abundancia de los grupos funcionales de cultivos
en relacion con la proporcion del area del paisaje ocupada y convirtiéndolo en diversidad real,

es decir el numero equivalente de grupos funcionales de cultivos (Jost, 2006).

En el capitulo 3 también se calcul6 la cobertura de los cultivos de floracion masiva del afio
anterior al muestreo (MFC1, por sus siglas en inglés) y la cobertura acumulada de los cultivos

de floracion masiva durante los tres afos anteriores al muestreo (MFC3).

El muestreo de los polinizadores se realiz6 en cada campo de colza durante abril y mayo (2021
0 2022 dependiendo del campo). Solo se evaludé la abundancia de insectos que han sido
clasificados como polinizadores silvestres eficientes (Jauker et al., 2009). Se registro los
contactos con las flores de colza de tres grupos de polinizadores silvestres: abejorros, otras
abejas silvestres y sirfidos. También se registr6 la abundancia de la abeja melifera, ya que puede

afectar el comportamiento del resto de los polinizadores silvestres (Hudewenz & Klein, 2013).
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CARACTERISTICAS DEL PAISAJE

S

DIVERSIDAD DE CULTIVO COBERTURA DE CULTIVOS
DE FLORACION MASIVA

«

qg_,’ HABITATS TAMANO MEDIO DE
SEMINATURALES CAMPO
C POSICION EN EL CAMPO D

Exclusion de polinizadores

T

Abierta para
polinizadores

polinizadores

l—ﬁ .................. Cerrada para

Eficacia de la
TS polinizacion

3 “a

Cantidad Calida

Figura 4. A) Distribucion geografica de los 22 campos de colza en la Catalufia central. B)
Representacion esquematica de las caracteristicas del paisaje de una localidad (diversidad de
grupos de cultivos, cobertura de cultivos de floracion masiva, héabitats seminaturales y
tamafio medio de campo de una localidad (4rea de influencia de 1 km de radio). C) Esquema
de la distribucion de los transectos (75 m x 2 m) utilizados para evaluar el forrajeo de
polinizadores, junto con los puntos de instalacion del experimento de exclusion de
polinizadores dentro de un campo. D) Diagrama del analisis de la eficacia de la polinizacion

en cultivos de colza, basado en el experimento de exclusion de polinizadores.

Un observador registrd los insectos que visitaban flores de la colza en dos dias diferentes
durante el pico de floracion del cultivo en dos transectos de 150 m? cada uno (75 m x 2m)

paralelos al margen del campo, uno situado en el borde del cultivo y el otro en el centro del
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campo (a 25 m de cualquier margen del campo) (Figura 4C). Se tomaron muestras en dos
posiciones dentro del cultivo para estimar el efecto de la distancia a los margenes sobre los
visitantes florales. La densidad de cada grupo de polinizadores se calculé sumando las
observaciones de los dos dias de muestreo para el centro del campo y el borde por separado. El
esfuerzo total de muestreo fue de 15 minutos/transecto/dia x 2 transectos/campo x 2 dias = 60

minutos/campo.

Antes de la floracion, se implementd un experimento de exclusion de polinizadores en veinte
campos de colza. En cada campo, se seleccionaron 20 plantas de colza, la mitad de ellas
ubicadas en el centro y la otra mitad en el borde, que se sometieron a un tratamiento de
polinizacion con dos niveles experimentales (polinizadores excluidos vs. no excluidos). En cada
posicion del campo, se seleccionaron cinco plantas, marcando una rama en cada una de ellas
para el tratamiento de polinizacion abierta (OP). Esto permitié que las inflorescencias fueran
polinizadas por todos los vectores posibles, como el viento y los insectos. Para la exclusion de
los polinizadores (EP), en cada posicion del campo, se eligieron sendas ramas en cada una de
las plantas restantes, que fueron protegidas mediante una bolsa de malla fina para limitar el
contacto con insectos polinizadores (10 inflorescencias x dos posiciones dentro del campo x 20

campos = 400 inflorescencias) (Figura 4D).

La eficacia de la polinizacion se evaludé mediante seis parametros, tres relacionados con la
produccion y tres con la calidad de las semillas para cada una de las inflorescencias de colza
seleccionadas. La produccion se estim6 mediante (1) la relaciéon de vainas por flor, (2) el
nimero de semillas por vaina y (3) el peso de mil semillas; mientras que la calidad se evalu6 a
partir (4) del porcentaje de contenido de aceite en las semillas, (5) la composicion y
cuantificacion de tocoferoles, y (6) la cuantificacion de clorofila total y carotenoides. (Figura

4D).
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ARTICLE INFO ABSTRACT

Keywords: Agricultural intensification, by changing land use and modifying the yearly configuration and composition
Wild pollinators through crop sequences, affects the abundance and diversity of pollinators and, consequently, pollination. This
Oilseed rape ) study aims to assess the impact of the characteristics of agricultural landscapes on pollinator abundance in the
::Ss::f: heterogeneity Mediterranean region. We studied the response of three major wild pollinator groups (hoverflies, bumblebees,

and wild bees) to four landscape characteristics: three related to composition, namely, equivalent crop diversity
in the sampling year (eRg), previous year equivalent crop diversity (eRgP) and percentage of seminatural hab-
itats (SNH), and one related to landscape configuration, namely, mean field size (MFS). For this evaluation, we
selected twenty-two oilseed rape fields (OSRs) differing in surrounding landscape characteristics within a 1-km
radius. Multimodel inference indicates that landscape variables affect pollinator groups differently. The per-
centage of SNH was the most important variable having a positive influence on the abundance of bumblebees,
while eRgP and MFS were found to be important for the abundance of wild bees and hoverflies. These data allow
us to prioritize actions aimed at specific groups of pollinators, improve agricultural landscape schemes, promote
the conservation of wild pollinators, promote crop diversity at the landscape scale and increase the extent of
seminatural areas.

Ecosystem services

1. Introduction Kennedy et al., 2013; Kovécs-Hostyanszki et al. 2017; Raven and Wag-

ner, 2021). Agricultural intensification has modified the configuration

Pollinators provide essential services for the sexual reproduction of
many wild plant species and increase the yields of many globally traded
food and biofuel crops (Bommarco et al., 2012; Klein et al., 2007;
Raderschall et al., 2021). It is estimated that one-third of food depends,
directly or indirectly, on entomophilous pollination, an amount that
represents approximately 153 billion € per year worldwide (Gallai et al.,
2009). Therefore, maintaining sufficient levels of pollinators in the
landscape is key to preserving plant diversity and ensuring food pro-
duction (Balzan et al., 2014; Dainese et al., 2019).

In the last 50 years, a marked decrease in the abundance of bees has
been observed (Biesmeijer et al., 2006; Zattara and Aizen, 2021), so
pollination is considered a declining ecosystem service (Kearns et al.,
1998; Klein et al., 2007). The decline in pollinators has been attributed
to diverse anthropogenic causes, such as land use changes caused by the
intensification of agricultural land management (Hass et al., 2018;
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and composition of agricultural landscapes through the reduction and
fragmentation of seminatural habitats (SNH), the enlargement of fields
and the reduction of crop diversity, which has homogenized agricultural
land (Gamez-Virués et al., 2015; Tilman et al., 2001). All these factors
have altered the functioning of agroecosystems, generating loss of
feeding and nesting opportunities and resulting in a decrease in polli-
nator populations such as wild bees (Wersebeckmann et al., 2023).
The maintenance of pollinators and pollination services requires the
availability of sufficient resources in both noncultivated areas and crops
of these agricultural landscapes (Ricketts et al., 2008). These resources
include suitable nesting habitats as well as sufficient nectar- and
pollen-rich floral resources within their flight ranges (Le Feon et al.,
2010; Liczner and Colla, 2019). While floral resources can be obtained
both in noncrop and crop areas, many pollinators cannot complete their
life cycle in crops but visit them only to forage, and their nesting habitats
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are usually found in noncrop areas (Cavigliasso et al., 2022: Williams
and Kremen, 2007).

To supply the resources and habitats needed by pollinators, agri-
cultural landscapes need to display a certain degree of heterogeneity,
which relates to two different components, configuration and compo-
sition. Mean field size is a characteristic related to landscape configu-
ration, as it determines field boundary density and the availability of
small linear noncropped fragments, increasing connectivity with natural
and seminatural areas (Hass et al., 2018). On the other hand, both
noncrop areas and cropped areas contribute to the compositional het-
erogeneity of agricultural landscapes. Several authors have shown that
the extent of seminatural habitats (SNH) has a positive relationship with
the abundance and diversity of wild bee communities (Bukovinszky
et al., 2017; Loyola and Martins, 2008; Nayak et al., 2015; Rollin et al.,
2013). Moreover, landscapes with larger extents of seminatural habitats
and higher connectivity have also been shown to increase yields in
different crops through pollinators and their pollination services (Castle
et al., 2019; Martin et al., 2019; Petersen and Nault, 2014; Rollin et al.,
2013). However, the proportion of SNH present in agricultural land-
scapes may not provide sufficient pollen and nectar resources to main-
tain viable pollinator populations. Therefore, the relationship between
SNH and pollinators can be strongly affected by the floral resources
offered by crops in agricultural landscapes (Bartual et al., 2019; Holz-
schuh et al., 2011; Winfree et al., 2007). Agricultural landscape
composition can also vary in relation to the crop diversity in a landscape.
Crop diversity has been reported to have a positive relationship with the
abundance of pollinators by providing a more diverse matrix of food
resources and habitats for nesting and dispersal (Fahrig et al.,, 2011;
Raderschall al,, 2021; Sirami et al., 2019). Especially in
cereal-dominated arable land, the diversity of crops, some of which have
abundant floral resources, allows pollinators to complement their diet
(Fahrig et al., 2011).

Mass-flowering crops offer abundant floral resources and are very
attractive to a wide diversity of pollinators (Holzschuh et al., 2011). Ata
low proportion, these crops have a concentration effect in agricultural
landscapes, they can be used as phytometers to obtain estimates of the
abundance of pollinators in the landscape during flowering (Magrach
et al., 2018; Martinez-Nunez et al. 2022). Oilseed rape (Brassica napus
L.) (OSR) is a mass-flowering crop that is widely cultivated worldwide
and can concentrate the abundance of pollinators in the agricultural
landscape(Beyer et al., 2021; Mendoza-Garcia et al., 2018). Wild polli-
nators that visit oilseed rape flowers include honeybees, wild bees,
bumblebees, hoverflies and flower-visiting beetles (Rader et al., 2009;
Stanley et al., 2013).

However, the composition of the agricultural landscape varies from
year to year, especially in arable landscapes, where the crops grown are
mainly annuals. Thus, a deeper knowledge about pollinators and their
interactions with landscape elements, as well as with crop diversity and
its temporal changes, could help in promoting the pollinator community
and its pollination services.

In recent years, some progress has been made in understanding the
effect of changing heterogeneity at the agricultural landscape level on
the abundance and diversity of pollinators. However, the abundance of
pollinators increases with increasing availability of resources, the role of
the spatiotemporal compositional heterogeneity of the landscape on the
different pollinator groups is still unknown, especially in Mediterranean
agricultural landscapes.

We studied the response of three major wild pollinator groups
(hoverflies, bumblebees, and other wild bees) to four landscape char-
acteristics related to the configurational and compositional heteroge-
neity of agricultural landscapes. We selected 22 OSR fields in
Mediterranean agricultural landscapes of Spain, and we tested the
following hypotheses: (1) landscape metrics related to cropland (i.e.,
crop diversity and mean field size) and seminatural habitats in agri-
cultural landscapes have a differential effect on the abundance of
different group of pollinators, and (2) Temporal changes in crop
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diversity influence the abundance of pollinators that visit OSR fields.
2. Materials and methods

The study was conducted in the spring of 2021 and 2022 in central
Catalonia in northeastern Spain (Fig. 1). The landscape is dominated by
rainfed arable crops, mainly winter cereals such as wheat, barley or spelt
interspersed with woody crops common to the Mediterranean region,
such as olive groves and vineyards but many others such as alfalfa, fruit
trees, chickpeas, lentils, almond, onion, pumpkin, corn or oilseed rape
(Institut d’Estadistica de Catalunya 2023). The noncropped areas are
mainly occupied by various types of forest habitats (pine forests, holm
oak forests, oak groves), shrubs derived from their degradation (usually
by fire) or bushes and mesoxerophilic grasslands that occupy former
crops and other marginal areas (Departament de Territori i Sostenibili-
tat, 2018).

2.1. Landscape metrics

We selected conventionally managed OSR fields, all sown to hybrid
winter OSR varieties, with varieties differing between farmers. For the
characterization of the landscape, we selected a circular area of 1 km
radius around each OSR field. The radius was chosen because previous
studies have shown that most foraging flights for wild bees are within
this distance and corresponds to the range of the average landscape
response for hoverflies (Holzschuh et al., 2011; Madureira et al., 2023;
Steffan-Dewenter and Kuhn, 2003). We selected 22 localities in which
the area sown with OSR around the selected fields was less than 10% to
ensure the concentrating effect on bees (Beyer et al., 2021; Magrach
et al., 2018). All localities were at least 2 km apart to prevent any two
OSR fields from being visited by the same pool of pollinators (IHolzschuh
et al., 2016; Westphal et al., 2003).

The characterization of the composition and configuration of the
landscape around each of the OSR fields was carried out based on the
spatial information of the DUN-SIGPAC Crop Map (Departament d Accio
Climatica, Alimentacio i Agenda Rural 2023) and the Cartografia dels
Habitats de Catalunya, v.2 (Departament de Territori i Sostenibilitat,
2018) using R software with package sf (Edzer Pebesma, 2018). Four
landscape metrics were calculated for each circular area. Three of them
are related to composition: the equivalent crop group diversity (eRg) for
the current year, the equivalent crop group diversity for the previous
year (eRgP) and percentage of area occupied by seminatural habitats. To
compute the latter, crop groups were defined according to their func-
tional contribution to pollinators, e.g., wheat, barley, oats, and spelt are
included in cereal functional groups (see all groups in Table A.1). With
these functional groups, the eRg metric was obtained by calculating the
Shannon index (Eq. 1), weighting the groups according to their pro-
portion of the landscape area (p;), and converting it into true diversity
(Eq. 2) (Jost, 2006).

Hg= (- pinp,) m
=1

(2)

The equivalent crop group diversity corresponds to the effective
number of crop functional groups if all crop groups were equally rep-
resented. We also computed the equivalent crop group diversity of the
previous year with the same method but using crop data for the pre-
ceding year. The fourth metric is related to configuration, and we used
the mean field size (MFS). A detailed listing of the characteristics of the
studied agricultural landscapes is provided in Table A.3.

eRg = exp(Hg)

2.2. Pollinator evaluation

Sampling was carried out in each OSR field during April and May
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Fig. 1. Map of Catalonia (NE of Spain) and the distribution of the 22 localities. The blue—yellow gradient represents the percentage of agricultural land. Information
available in the Cartografia dels Habitats de Catalunya, v.2 (Departament de Territori i Sostenibilitat, 2018). The circles represent the agricultural landscape around
the localities, and this buffer zone has a radius of 1 km. The upper circles represent examples of landscapes with contrasting local land use. The lower circles represent
examples of landscapes with contrasting diversity of crop groups. Only five of the thirteen types of crops present in the 22 agricultural landscapes are shown,

complete list in Table A.1.

(2020 or 2021 depending on the field). We only evaluated the abun-
dance of insects that have been classified as efficient wild pollinators
(Jauker et al., 2009). We recorded three groups: wild bees, bumblebees,
and hoverflies. The abundance of the honeybee (Apis mellifera L. 1758)
was also recorded since it could affect the behaviour of the rest of the
wild pollinators (Hudewenz and Klein, 2013), although it was not ana-
lysed since it depends more on farmers’ preferences than on landscape
properties.

One observer recorded insects visiting OSR flowers on two different
days during peak flowering in two transects of 150 m* each (75 x 2 m)
parallel to the field margin, one at the crop edge and the other in the
field centre (25 m away from any field margin). We sampled on these
positions within the crop to estimate the effect of the distance to margins
in the floral visitors. The abundance of each group of pollinators was
calculated by adding the observations of the two sampling days together
for the field centre and the edge separately. The total sampling effort
was 15 minutes/transect/day x 2 transects/field x 2 days =
60 minutes/field.

2.3. Data analysis

The analysis of the relationship of the abundance of the pollinator
groups and total abundance of pollinators with landscape variables was
carried out using generalized linear mixed models using the ‘glmmTMB’
package (Brooks et al., 2017). We used the variance inflation factor
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(VIF) to test for potential collinearity between explanatory variables
(Zuur et al., 2010), but the VIF was below 4 in all cases (Table A.2). The
relationship between landscape variables and the abundance of polli-
nators was tested. As fixed effects variables, we included eRg, eRgP, MFS
and SNH as continuous variables (scaled to minimum = 0 and maximum
= 1) and within-field position (edge and centre) and year as categorical
variables. Locality was included as a random effect factor since the
abundance of pollinators between localities was variable.

We ran all possible model combinations using the 'dredge’ function
in the "MuMIn’ package (Barton and Barton, 2023) to test several hy-
potheses simultaneously across the models. For each pollinator group,
we explored the set of 64 models that included all possible combinations
of the four landscape variables plus within-field position and year, and a
null model. For each model, we computed its Akaike information cri-
terion corrected for small sample sizes (AICc). We averaged the whole
set of models (Burnham, 2002). For each average model, the 90% and
95% confidence intervals of coefficients and their weights (w;) were
obtained. We report all predictor variables (£w;j). All analyses were
performed in the R environment v3.4.4 (R R Core Team, 2020).

3. Results
During the study, 1462 pollinating organisms were recorded con-

tacting the OSR flowers, of which 16.3% corresponded to the group of
hoverflies, 18.9% to bumblebees and 65.5% to wild solitary bees.
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Within-field position and crop diversity from the previous year (eRgP) at
the agricultural landscape have a positive and significant impact on the
abundance of total pollinators visiting OSR fields. The average model
indicates strong support for each of these variables, according to their
accumulated weights (Ewj, 0.79 and 0.69, respectively) and their CI
(Table 1) (Fig. 2). The other metrics studied (SNH, MFS, and eRg) had
less clear effects with lower weights and their CI including zero.

3.1. Response of bumblebees to landscape metrics

The seminatural habitats and mean field size in the landscape have
an impact on bumblebee abundance visiting OSR fields. The average
model has substantial support, both in terms of relative importance and
CIs (Table 1). The landscape variables SNH (Zw; = 0.95) and MFS (Zwi
= 0.71) both had a positive effect on bumblebees (Fig. 3), and the var-
iable eRgP (Zwi =0.37) also had a positive effect; however, the confi-
dence interval of the latter contained zero. On the other hand, eRg (Zwi
=0.27) and within-field position (Zwi =0.24) (Fig. 2) were not
significant.

3.2. Response of wild bees to landscape metrics

The abundance of wild bees that visit OSR responds to three of the
agricultural landscape variables that were examined: eRgP, MFS in crop
areas and the amount of SNH that is present in the noncropped areas.
The average model has eRgP (Zwi =0.65) as the most important vari-
able, which has a positive effect on this group of pollinators (Fig. 3).
Additionally, SNH (Xwi =0.62) and MFS (Xwi =0.47) have a high
relative weight, both of which have a negative effect, although the in-
terval of MFS includes 0 at 90% CI (Table 1). Thus, there is strong
support for the influence of these three factors on wild bees. Different
patterns occur with eRg (Ewi =0.34) and within-field position (Zwi
=0.30) (Fig. 2), which have lower weights.

Table 1
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3.3. Response of hoverflies to landscape metrics

The effect of within-field position (edge) (Ewi = 0.93) was signifi-
cant for the hoverflies, supported by their CI (Table 1) (Fig. 2). Two of
the remaining agricultural landscape variables, MFS (Ewi = 0.56) and
SNH (Ewi = 0.56), both had a clear negative effect (Fig. 2), although the
confidence intervals of these variables included zero. The remaining
models included the other agricultural landscape variables, eRgP and
eRg, but with lower weights Zwi = 0.30 and Zwi = 0.28, respectively
(Table 1).

4. Discussion

Our study reveals that pollinator abundance responds to within-field
position and past year crop diversity, moreover, the responses to semi-
natural habitat cover, mean field size and past and current crop diversity
differed between the pollinator groups assessed.

These findings support our first hypothesis: Each group of pollinators
reacts differently to landscape features. The proportion of seminatural
areas and mean field size have a strong positive effect on the abundance
of bumblebees and a negative effect on other wild bees. Wild bees
respond positively to past crop diversity. Hoverflies, on the other hand,
respond to field environment rather than to landscape features.

Our second hypothesis has been partially supported. Past crop di-
versity has a consistently positive effect across all three pollinator
groups, although its strength is variable. This effect is particularly strong
(statistically significant) for wild bees, which are the most abundant
group of pollinators in our study.

4.1. Past and present effects of crop diversity

Crop diversity in the current year had no significant effect on the
abundance of any pollinator group. Although increasing last year’s crop
diversity correlated positively with the abundance of all three pollinator

Estimates and standard error (SE) for each predictor in the average models obtained through multimodel inference. For each fixed effect factor, its confidence intervals
(CI at 90% and 95%) and sum of weights (w;) are indicated. Bold numbers indicate cases where the confidence intervals do not include 0. eRg: Crop Diversity, eRgP:
Previous Year Crop Diversity, MFS: Mean Field Size, SNH: Seminatural Habitats percentage.

Estimate SE Iwi Cl
-2.50% -5% -95% -97.50%
a) Total Pollinators
Year (2022) 8.955 3.299 0.9 2.489 3.547 14.364 15.422
Edge 3.659 1.633 0.79 0.457 0.981 6.336 6.86
eRgP 4.473 2136 0.69 0.286 0.971 7.976 8.661
SNH -1.672 1.995 0.32 -5.583 -4.944 1.6 2.238
MES -2.825 2.827 0.38 -8.366 -7.464 1.814 2.715
eRg 1.174 2.648 0.29 -4.016 -3.17 5.519 6.364
b) Bumblebees
SNH 2.689 0.909 0.95 0.907 1.197 4.181 4.472
MFS 2.22 1.204 0.71 -0.139 0.244 4.196 4.58
eRgP 0.999 1.298 0.37 -1.546 -1.132 318 3.544
Year (2022) -1.438 1.503 0.34 -4.385 -3.903 1.026 1.508
eRg 0.169 1.07 0.27 -1.928 -1.586 1.924 2.266
Edge 0.09 0.553 0.24 -0.994 -0.816 0.998 1.175
c) Wild Bees
Year (2022) 7.725 2.442 0.96 2.938 3.721 11.729 12.511
eRgP 3.299 1.662 0.65 0.04 0.572 6.026 6.558
SNH -2.529 1.428 0.62 -5.328 -4.871 -0.186 0.269
MES -2.867 2.213 0.47 -7.206 -6.501 0.766 0.195
eRg 1.645 1.83 0.34 -1.943 -1.358 4.648 5.233
Edge 0.727 0.913 0.3 -1.062 -0.769 2223 2.517
d) Hoverflies
Edge 2.84 1.013 0.93 0.854 1.179 4.502 4.827
MFS -2.227 1.422 0.56 -5.06 -4.561 0.106 0.56
SNH -1.894 1.161 0.56 -4.17 -3.799 0.009 0.381
Year (2022) 3.028 1.91 0.52 -0.716 -0.104 6.161 6.774
eRg -0.472 1.38 0.28 -3.178 -2.737 1.792 2.234
eRgP 0.654 1.504 0.3 -2.293 -1.813 3.123 3.603
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Fig. 2. Effects of within-field position on the abundances per field of total pollinators and the three pollinator (hoverflies, bumblebee and other wild bee) groups
studied. Model predictions with 95% confidence intervals were obtained from the average model of the multimodel analysis (Table 1). Different letters above boxes
indicate significant differences between within-field position, centre (yellow) and edge (green).

groups, statistical significance was observed solely in the case of wild
bees and when considering the collective abundance of all three polli-
nator groups. The abundance of wild bees is more related to preceding
features of the agricultural landscape, with the crop diversity of the prior
year of sampling being more important than the crop diversity around
the area where they are thriving. This pattern is in line with earlier
studies that have demonstrated how an increase in crop diversification
benefits the agricultural landscape biodiversity of wild bees (Martin
et al.,, 2019; Sirami et al., 2019) and that interannual changes in crop
composition are also well known to affect ecological processes such as
pollination and biological control (Holzschuh et al., 2011; Schellhorn
et al., 2015; Tscharntke et al., 2021). Crop diversity did not affect
bumblebee abundance, in clear contrast with earlier studies, which
indicated that high crop diversity was related to higher bumblebee
prevalence in the agricultural landscape (Hemberger et al., 2021). For
hoverflies, our findings are consistent with those of Hass et al. (2018) in
that they also show that the abundance of these insects is independent of
crop diversity.

According to recent studies, crop diversification in highly intensified
landscapes creates spatial and temporal heterogeneity of habitats and
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resources that enable bee populations to be sustained at higher levels
(Beyer et al., 2021; Cavigliasso et al., 2022). This may hold a relation-
ship with our findings, where past year crop diversity had a stronger
effect on the abundance of pollinators than crop diversity in the current
year. Similar effects have been observed in relation to the presence of
mass flowering crops, as they can contribute to pollinator population
growth, and spillage is generated to plants in noncultivated areas as well
as to other crops (Blaauw and Isaacs, 2014). Therefore, planning agri-
cultural schemes that increase crop diversity and consider crops pro-
ducing flower resources could be relevant in relation to the maintenance
of pollinators or the provision of pollination services in the following
year.

4.2. Relationship between seminatural areas and pollinators

Our findings suggest that the proportion of seminatural areas in the
landscape is important for the abundance of the three pollinator groups,
even though they exhibited the contrasting pattern. While solitary bees
and hoverflies benefit from lower percentages of seminatural habitats,
bumblebees were more abundant when the landscape had a higher
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are enhanced by cultivated areas, especially for generalist species, which
are generally found in agricultural landscapes (Haenke et al., 2014;
Jauker et al., 2009; Speight, 2017).

On the other hand, for bumblebees, the proportion of seminatural
areas had a positive effect and was the most important variable
explaining their abundance. This positive relationship between bum-
blebees and the proportion of seminatural areas agrees with previous
research (Hopfenmiiller et al., 2014; Raderschall et al., 2021). Bum-
blebees prefer environments that have constant resources, such as those
offered by natural and seminatural habitats. Furthermore, bumblebee
habitat is enhanced by heterogeneous landscapes comprising a variety of
seminatural habitats (Proesmans et al., 2019), and certain species of the
genus Bombus use uncropped areas to form colonies (Goulson et al.,
2008; Kells and Goulson, 2003).

4.3. Agricultural landscape configuration and its relationship with
pollinators

The mean field size has a positive correlation with the abundance of
bumblebees visiting OSR. Bumblebees are more abundant in environ-
ments with larger fields and thus fewer crop margins. Bumblebees have
larger body sizes, which allows them to have larger foraging ranges and
makes them less reliant on herbaceous habitats in intensive agricultural
landscapes (Gathmann and Tscharntke, 2002; Westphal et al., 2006).
Bumblebees feed instead on available natural resources present in
seminatural woody areas but can exploit mass-flowering crops when
present in the landscape (Rollin et al., 2013). This is the case with
Bombus terrestris L. 1758, a species that can adapt readily due to its
generalist behaviour (Dafni et al., 2010).

Conversely, field size has been proposed as a reliable and widely
available indicator that can help identify potential areas of high natural
value since reducing field size can bring substantial benefits to biodi-
versity (Clough et al., 2020). Previous research has reported a 70%
higher abundance of pollinators on small fields (Martin et al., 2019).
Smaller fields with more margins facilitate pollinator movement by
boosting landscape connectivity (Hass et al., 2018; Magrach et al., 2023;
Sutherland et al., 2001). Benefits of field size could be enhanced by the
negative correlation that exists with crop diversity (p < 0.05). According
to other studies, wild pollinators such as solitary bees nest mainly
outside of arable fields (Clough et al., 2020). Therefore, field margins
not only increase connectivity but also contribute to the stabilization of
pollinator populations (Gardner et al., 2021; Mendoza-Garcia et al.,
2018). The relationship of field size with hoverflies is not straightfor-
ward. Some studies have shown that the presence of margins in culti-
vated fields benefits hoverflies because it provides habitat and floral
supplies (Schirmel et al., 2018; Sutherland et al., 2001). In our case, we
found a field-level response to the proximity of the field margin, related
to the greater abundance of hoverflies on the edge compared to the
centre of the crop, but no landscape-scale effects of field size. Similar to
data from Hass et al. (2018), who also found where hoverflies do not
respond to the average field size or crop diversity.

4.4. Conclusions

The results of our study may have a few significant implications for
pollinator conservation in Mediterranean climate agricultural land-
scapes to report how different groups of pollinators respond differently
to landscape properties. This feature indicates that it is important to
define a target group of pollinators for the trade-offs that are considered
in agricultural landscape planning.

Despite the difficulty of changing the configuration of an agricultural
landscape, composition is a more controllable landscape quality. The
crop diversity would be the easiest target landscape feature for
benefiting pollination services. Adjusting crop diversity can have a faster
influence on pollination due to the inherent dynamic nature of crops in
arable landscapes and its positive effect on wild bees, which are the most
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abundant group of pollinators.

On the other hand, promoting the maintenance of seminatural hab-
itats, although less amenable to management, can have an impact on
bumblebee conservation. A balance between the persistence of natural
habitats, mean field size, and increasing crop diversity can benefit the
populations of different guilds of pollinators and thus their pollination
service in agroecosystems.

Landscape-scale management of crop planning both spatially (crop
diversity and field size) and temporally were all important and can be
considered complementary to seminatural habitats. The information
presented in this study reinforces its value in the design of agricultural
landscape schemes for pollination service preservation.

Funding

We would like to thank the farmers for their cooperation and for
providing access to their fields. This research was partially supported by
the projects RTI2018-095597-B-100 and PID2021-1275750B-100 of the
Spanish Ministry of Science and Innovation. P.N. was supported by
Scholarship Program Doctorado en el Extranjero BECAS CHILE of the
Agencia Nacional de Desarrollo e Investigacion (ANID), Chile Folio
7221038.

CRediT authorship contribution statement

Sans F. Xavier: Conceptualization, Funding acquisition, Investiga-
tion, Methodology, Project administration, Supervision, Writing — re-
view & editing. Olave Magdalena: Formal analysis, Investigation,
Visualization, Writing — review & editing. Caballero-Lopez Berta:
Conceptualization, Investigation, Methodology, Supervision, Writing —
review & editing. Neira Pablo: Data curation, Formal analysis, Inves-
tigation, Validation, Visualization, Writing — original draft, Writing —
review & editing. Blanco-Moreno José Manuel: Data curation, Meth-
odology, Supervision, Validation, Visualization, Writing — review &
editing, Conceptualization, Funding acquisition.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Pablo Neira Vidal reports financial support was provided by Chilean
National Agency for Research and Development. F. Xavier Sans and José
M. Blanco-Moreno report financial support was provided by Spanish
Ministry of Science and Innovation.

Data Availability

Data will be made available on request.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agee.2023.108869.

References

Balzan, M.V., Bocci, G., Moonen, A.-C., 2014. Augmenting flower trait diversity in
wildflower strips to optimise the conservation of arthropod functional groups for
multiple agroecosystem services. J. INSECT Conserv. 18, 713-728. https://doi.org/
10.1007/510841-014-9680-2.

Barton, K., Barton, M.K., 2023. Package ‘mumin’ [WWW Document]. MuMIn Multi-
Model Inference R Package. URL (https://CRAN.R-project.org/package=MuMin).

Bartual, A.M., Sutter, L., Bocci, G., Moonen, A.C., Cresswell, J., Entling, M., Giffard, B.,
Jacot, K., Jeanneret, P., Holland, J., Pfister, S., Pintér, O., Veromann, E., Winkler, K.,
Albrecht, M., 2019. The potential of different semi-natural habitats to sustain
pollinators and natural enemies in European agricultural landscapes. Agric. Ecosyst.
Environ. 279, 43-52. https://doi.org/10.1016/j.agee.2019.04.009.



P. Neira et al.

Beyer, N., Gabriel, D., Westphal, C., 2021. Contrasting effects of past and present mass-
flowering crop cultivation on bee pollinators shaping yield components in oilseed
rape. Agric. Ecosyst. Environ. 319 https://doi.org/10.1016/j.agee.2021.107537.

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemiiller, R., Edwards, M., Peeters, T.,
Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E., 2006.
parallel declines in pollinators and insect-pollinated plants in Britain and the
Netherlands. Science 313, 351-354. https://doi.org/10.1126/science.1127863.

Blaauw, B.R., Isaacs, R., 2014. Flower plantings increase wild bee abundance and the
pollination services provided to a pollination-dependent crop. J. Appl. Ecol. 51,
890-898. https://doi.org/10.1111/1365-2664.12257.

Bommarco, R., Marini, L., Vaissiére, B.E., 2012. Insect pollination enhances seed yield,
quality, and market value in oilseed rape. Oecologia 169, 1025-1032. https://doi.
org/10.1007/500442-012-2271-6.

Bosch, J., Kemp, W.P., 2002. Developing and establishing bee species as crop pollinators:
the example of Osmia spp. (Hymenoptera: Megachilidae) and fruit trees. Bull.
Entomol. Res. 92, 3-16. https://doi.org/10.1079/ber2001139.

Brooks, M.E., Kristensen, K., Van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
Skaug, H.J., Machler, M., Bolker, B.M., 2017. glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed modeling. R. J.
9, 378-400.

Bukovinszky, T., Verheijen, J., Zwerver, S., Klop, E., Biesmeijer, J.C., Wackers, F.L.,
Prins, H.H.T., Kleijn, D., 2017. Exploring the relationships between landscape
complexity, wild bee species richness and reproduction, and pollination services
along a complexity gradient in the Netherlands. Biol. Conserv. 214, 312-319.
https://doi.org/10.1016/j.biocon.2017.08.027.

Burnham, K.P., 2002. Model selection and inference: a practical information-theoretic
approach. Model Sel. Multimodel Inference Springe Verl. https://doi.org/10.1016/].
ecolmodel.2003.11.004.

Carré, G., Roche, P., Chifflet, R., Morison, N., Bommarco, R., Harrison-Cripps, J.,
Krewenka, K., Potts, S.G., Roberts, S.P.M., Rodet, G., Settele, J., Steffan-Dewenter, 1.,
Szentgyorgyi, H., Tscheulin, T., Westphal, C., Woyciechowski, M., Vaissiere, B.E.,
2009. Landscape context and habitat type as drivers of bee diversity in European
annual crops. Agric. Ecosyst. Environ. 133, 40-47. https://doi.org/10.1016/]}.
agee.2009.05.001.

Castle, D., Grass, 1., Westphal, C., 2019. Fruit quantity and quality of strawberries benefit
from enhanced pollinator abundance at hedgerows in agricultural landscapes. Agric.
Ecosyst. Environ. 275, 14-22. https://doi.org/10.1016/j.agee.2019.01.003.

Cavigliasso, P., Phifer, C.C., Knowlton, J.L., Licata, J.A., Flaspohler, D.J., Webster, C.R.,
Chacoff, N.P., 2022. Influence of landscape composition on wild bee communities:
Effects of functional landscape heterogeneity. Agric. Ecosyst. Environ. 340, 108150
https://doi.org/10.1016/j.agee.2022.108150.

Clough, Y., Kirchweger, S., Kantelhardt, J., 2020. Field sizes and the future of farmland
biodiversity in European landscapes. Conserv. Lett. 13 htips://dol.org/10.1111/
conl.12752.

Dafni, A., Kevan, P., Gross, C.L., Goka, K., 2010. Bombus terrestris, pollinator, invasive
and pest: An assessment of problems associated with its widespread introductions for
commercial purposes. Appl. Entomol. Zool. 45, 101-113. https://doi.org/10.1303
aez.2010.101.

Dainese, M., Martin, E.A., Aizen, M.A., Albrecht, M., Bartomeus, 1., Bommarco, R.,
Carvalheiro, L.G., Chaplin-Kramer, R., Gagic, V., Garibaldi, L.A., Ghazoul, J., Grab,
H., Jonsson, M., Karp, D.S., Kennedy, C.M., Kleijn, D., Kremen, C., Landis, D.A.,
Letourneau, D.K., Marini, L., Poveda, K., Rader, R., Smith, H.G., Tscharntke, T.,
Andersson, G.K.S., Badenhausser, 1., Baensch, S., Bezerra, A.D.M., Caballero-Lépez,
B., Cavigliasso, P., Classen, A., Cusser, S., Dudenhoffer, J.H., Ekroos, J., Fijen, T.,
Franck, P., Freitas, B.M., Garratt, M.P.D., Gratton, C., Hipolito, J., Holzschuh, A.,
Hunt, L., Iverson, A.L., Jha, S., Keasar, T., Kim, T.N., Kishinevsky, M., Klatt, B.K.,
Klein, A.-M., Krewenka, K.M., Krishnan, S., Larsen, A.E., Lavigne, C., Liere, H., Maas,
B., Mallinger, R.E., Pachon, E.M., Martinez-Salinas, A., Meehan, T.D., Mitchell, M.G.
E., Molina, G.A.R., Nesper, M., Nilsson, L., O'Rourke, M.E., Peters, M.K., Ple, M.,
Ramos, D. de L., Rosenheim, J.A., Rundlof, M., Rusch, A., Saez, A., Scheper, J.,
Schleuning, M., Schmack, J.M., Sciligo, A.R., Seymour, C., Stanley, D.A., Stewart, R.,
Stout, J.C., Sutter, L., Takada, M.B., Taki, H., Tamburini, G., Tschumi, M., Viana, B.
F., Westphal, C., Willcox, B.K., Wratten, S.D., Yoshioka, A., Zaragoza-Trello, C.,
Zhang, W., Zou, Y., Steffan-Dewenter, 1., 2019. A global synthesis reveals
biodiversity-mediated benefits for crop production. Science Advances 5, eaax0121.
https://doi.org/10.1126/sciadv.aax0121.

Departament d’Acci6 Climatica, Alimentaci6 i Agenda Rural, 2023. Mapa de cultius
DUN-SIGPAC [WWW Document]. URL (https://agricultura.gencat.cat/ca/ambit
s/desenvolupament-rural/sigpac/mapa-cultius/).

Departament de Territori i Sostenibilitat, 2018. Cartografia dels Habitats de Catalunya,
v.2 [WWW]. https://mediambient.gencat.cat/es/05_ambits_dactuacio/patrimoni
_natural/sistemes_dinformacio/habitats/.

Pebesma, E., 2018. Simple Features for R: Standardized Support for Spatial Vector Data.
The R Journal 10, 439-446. https://doi.org/10.32614/RJ-2018-009.

Fagan, W.F., Cantrell, R.S., Cosner, C., 1999. How Habitat Edges Change Species
Interactions. Am. Nat. 153, 165-182. https://doi.org/10.1086/303162.

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C.,
Siriwardena, G.M., Martin, J.L., 2011. Functional landscape heterogeneity and
animal biodiversity in agricultural landscapes. Ecol. Lett. 14, 101-112. https://doi.
org/10.1111/j.1461-0248.2010.01559.x.

Gallai, N., Salles, J.M., Settele, J., Vaissiere, B.E., 2009. Economic valuation of the
vulnerability of world agriculture confronted with pollinator decline. Ecol. Econ. 68,
810-821. https://doi.org/10.1016/j.ecolecon.2008.06.014.

Gamez-Virués, S., Perovi¢, D.J., Gossner, M.M., Borschig, C., Bliithgen, N., De Jong, H.,
Simons, N.K., Klein, A.M., Krauss, J., Maier, G., Scherber, C., Steckel, J.,
Rothenwohrer, C., Steffan-Dewenter, 1., Weiner, C.N., Weisser, W., Werner, M.,

Capitulo 1

Agriculture, Ec and Envir 363 (2024) 108869

Tscharntke, T., Westphal, C., 2015. Landscape simplification filters species traits and
drives biotic homogenization. Nat. Commun. 6 https://doi.org/10.1038
ncomms9568.

Gardner, E., Breeze, T.D., Clough, Y., Smith, H.G., Baldock, K.C.R., Campbell, A.,
Garratt, M.P.D., Gillespie, M.A.K., Kunin, W.E., McKerchar, M., Potts, S.G.,
Senapathi, D., Stone, G.N., Wackers, F., Westbury, D.B., Wilby, A., Oliver, T.H.,
2021. Field boundary features can stabilise bee populations and the pollination of
mass-flowering crops in rotational systems. J. Appl. Ecol. 58, 2287-2304. htips://
doi.org/10.1111/1365-2664.13948.

Gathmann, A., Tscharntke, T., 2002. Foraging ranges of solitary bees. J. Anim. Ecol. 71,
757-764. https://doi.org/10.1046/j.1365-2656.2002.00641.x.

Goulson, D., Lye, G.C., Darvill, B., 2008. Decline and conservation of bumble bees. Annu.
Rev. Entomol. 53, 191-208. https://doi.org/10.1146/annurev.
ent0.53.103106.093454.

Haenke, S., Kovacs-Hostyénszki, A., Friind, J., Batary, P., Jauker, B., Tscharntke, T.,
Holzschuh, A., 2014. Landscape configuration of crops and hedgerows drives local
syrphid fly abundance. J. Appl. Ecol. 51, 505-513. https://doi.org/10.1111/1365-
2664.12221.

Hass, A.L., Kormann, U.G., Tscharntke, T., Clough, Y., Baillod, A.B., Sirami, C., Fahrig, L.,
Martin, J.L., Baudry, J., Bertrand, C., Bosch, J., Brotons, L., Bure, F., Georges, R.,
Giralt, D., Marcos-Garcia, M., Ricarte, A., Siriwardena, G., Batary, P., 2018.
Landscape configurational heterogeneity by small-scale agriculture, not crop
diversity, maintains pollinators and plant reproduction in western Europe. Proc. R.
Soc. B Biol. Sci. 285 https://doi.org/10.1098/rspb.2017.2242.

Hellwig, N., Schubert, L.F., Kirmer, A., Tischew, S., Dieker, P., 2022. Effects of
wildflower strips, landscape structure and agricultural practices on wild bee
assemblages — A matter of data resolution and spatial scale? Agric. Ecosyst. Environ.
326, 107764 https://doi.org/10.1016/j.agee.2021.107764.

Hemberger, J., Crossley, M.S., Gratton, C., 2021. Historical decrease in agricultural
landscape diversity is associated with shifts in bumble bee species occurrence. Ecol.
Lett. 24, 1800-1813. https://doi.org/10.1111/ele.13786.

Hofmann, M.M., Fleischmann, A., Renner, S.S., 2020. Foraging distances in six species of
solitary bees with body lengths of 6 to 15 mm, inferred from individual tagging,
suggest 150 m-rule-of-thumb for flower strip distances. J. Hymenopt. Res. 77,
105-117. https://doi.org/10.3897/JHR.77.51182.

Holzschuh, A., Dainese, M., Gonzalez-Varo, J.P., Mudri-Stojni¢, S., Riedinger, V.,
Rundlof, M., Scheper, J., Wickens, J.B., Wickens, V.J., Bommarco, R., Kleijn, D.,
Potts, S.G., Roberts, S.P.M., Smith, H.G., Vila, M., Vuji¢, A., Steffan-Dewenter, 1.,
2016. Mass-flowering crops dilute pollinator abundance in agricultural landscapes
across Europe. Ecol. Lett. 19, 1228-1236. https://doi.org/10.1111/ele. 12657,

Holzschuh, A., Dormann, C.F., Tscharntke, T., Steffan-Dewenter, 1., 2011. Expansion of
mass-flowering crops leads to transient pollinator dilution and reduced wild plant
pollination. Proc. R. Soc. B Biol. Sci. 278, 3444-3451. htips://doi.org/10.1098
rspb.2011.0268.

Hopfenmiiller, S., Steffan-Dewenter, 1., Holzschuh, A., 2014. Trait-specific responses of
wild bee communities to landscape composition, configuration and local factors.
PLoS ONE 9. https://doi.org/10.1371/journal.pone.0104439.

Hudewenz, A., Klein, A.M., 2013. Competition between honey bees and wild bees and
the role of nesting resources in a nature reserve. J. Insect Conserv. 17, 1275-1283.
https://doi.org/10.1007/510841-013-9609-1.

Institut d’Estadistica de Catalunya, 2023. Anuari estadistic de Catalunya [WWW
Document]. URL (https://www.idescat.cat/indicadors/?id=aec).

Jauker, F., Diekotter, T., Schwarzbach, F., Wolters, V., 2009. Pollinator dispersal in an
agricultural matrix: Opposing responses of wild bees and hoverflies to landscape
structure and distance from main habitat. Landsc. Ecol. 24, 547-555. https://doi.
org/10.1007/510980-009-9331-2.

Jost, L., 2006. Entropy and diversity. Oikos 113, 363-375. https://doi.org/10.1111/
j-2006.0030-1299.14714.x.

Kearns, C.A., Inouye, D.W., Waser, N.M., 1998. ENDANGERED MUTUALISMS: The
Conservation of Plant-Pollinator Interactions. Annu. Rev. Ecol. Syst. 29, 83-112.
https://doi.org/10.1146/annurev.ecolsys.29.1.83.

Kells, A.R., Goulson, D., 2003. Preferred nesting sites of bumblebee queens
(Hymenoptera: Apidae) in agroecosystems in the UK. Biol. Conserv. 109, 165-174.
https://doi.org/10.1016/S0006-3207(02)00131-3.

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R.,
Bommarco, R., Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff, N.
P., Cunningham, S.A., Danforth, B.N., Dudenhoffer, J.H., Elle, E., Gaines, H.R.,
Garibaldi, L.A., Gratton, C., Holzschuh, A., Isaacs, R., Javorek, S.K., Jha, S., Klein, A.
M., Krewenka, K., Mandelik, Y., Mayfield, M.M., Morandin, L., Neame, L.A.,
Otieno, M., Park, M., Potts, S.G., Rundlof, M., Saez, A., Steffan-Dewenter, 1., Taki, H.,
Viana, B.F., Westphal, C., Wilson, J.K., Greenleaf, S.S., Kremen, C., 2013. A global
quantitative synthesis of local and landscape effects on wild bee pollinators in
agroecosystems. Ecol. Lett. 16, 584-599. https://dol.org/10.1111/ele. 12082,

Klein, A.M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, 1., Cunningham, S.A.,
Kremen, C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes
for world crops. Proc. R. Soc. B Biol. Sci. 274, 303-313. https://doi.org/10.1098,
rspb.2006.3721.

Kovacs-Hostyanszki, A., Espindola, A., Vanbergen, A.J., Settele, J., Kremen, C., Dicks, L.
V., 2017. Ecological intensification to mitigate impacts of conventional intensive
land use on pollinators and pollination. Ecol. Lett. 20, 673-689. https://doi.org
10.1111/ele.12762.

Le Feon, V., Schermann-Legionnet, A., Delettre, Y., Aviron, S., Billeter, R., Bugter, R.,
Hendrickx, F., Burel, F., 2010. Intensification of agriculture, landscape composition
and wild bee communities: A large scale study in four European countries. Agric.
Ecosyst. Environ. 137, 143-150. https://doi.org/10.1016/j.agee.2010.01.015.

39



P. Neira et al.

Liczner, A.R., Colla, S.R., 2019. A systematic review of the nesting and overwintering
habitat of bumble bees globally. J. Insect Conserv. 23, 787-801. htips://doi.org
10.1007/5s10841-019-00173-7.

Loyola, R.D., Martins, R.P., 2008. Habitat structure components are effective predictors
of trap-nesting Hymenoptera diversity. Basic Appl. Ecol. 9, 735-742. htips://doi.
org/10.1016/j.baae.2007.06.016.

Madureira, M., Rodrigues, 1., Villa, M., Pereira, J.A., 2023. The surrounding landscape
shapes the abundance of Sphaerophoria scripta and Melanostoma mellinum (Diptera:
Syrphidae) in Portuguese vineyards. Agric. . Entomol. 25, 206-216. htips://doi.org/
10.1111/afe.12544.

Magrach, A., Giménez-Garcia, A., Allen-Perkins, A., Garibaldi, L.A., Bartomeus, L., 2023.
Increasing crop richness and reducing field sizes provide higher yields to pollinator-
dependent crops. J. Appl. Ecol. 60, 77-90. https://doi.org/10.1111/1365-
2664.14305.

Magrach, A., Holzschuh, A., Bartomeus, L., Riedinger, V., Roberts, S.P.M., Rundlof, M.,
Vuji¢, A., Wickens, J.B., Wickens, V.J., Bommarco, R., Gonzalez-Varo, J.P., Potts, S.
G., Smith, H.G., Steffan-Dewenter, 1., Vila, M., 2018. Plant-pollinator networks in
semi-natural grasslands are resistant to the loss of pollinators during blooming of
mass-flowering crops. Ecography 41, 62-74. htips://doi.org/10.1111/ecog.02847.

Martin, E.A., Dainese, M., Clough, Y., Baldi, A., Bommarco, R., Gagic, V., Garratt, M.P.D.,
Holzschuh, A., Kleijn, D., Kovécs-Hostyanszki, A., Marini, L., Potts, S.G., Smith, H.G.,
Al Hassan, D., Albrecht, M., Andersson, G.K.S., Asis, J.D., Aviron, S., Balzan, M.V.,
Banos-Picon, L., Bartomeus, 1., Batary, P., Burel, F., Caballero-Lopez, B.,
Concepcion, E.D., Coudrain, V., Danhardt, J., Diaz, M., Diekotter, T., Dormann, C.F.,
Duflot, R., Entling, M.H., Farwig, N., Fischer, C., Frank, T., Garibaldi, L.A.,
Hermann, J., Herzog, F., Inclan, D., Jacot, K., Jauker, F., Jeanneret, P., Kaiser, M.,
Krauss, J., Le Féon, V., Marshall, J., Moonen, A.C., Moreno, G., Riedinger, V.,
Rundlof, M., Rusch, A., Scheper, J., Schneider, G., Schiiepp, C., Stutz, S., Sutter, L.,
Tamburini, G., Thies, C., Tormos, J., Tscharntke, T., Tschumi, M., Uzman, D.,
Wagner, C., Zubair-Anjum, M., Steffan-Dewenter, 1., 2019. The interplay of
landscape composition and configuration: new pathways to manage functional
biodiversity and agroecosystem services across Europe. Ecol. Lett. 22, 1083-1094.
https://doi.org/10.1111/ele.13265.

Martinez-Ntnez, C., Kleijn, D., Ganuza, C., Heupink, D., Raemakers, 1., Vertommen, W.,
Fijen, T.P.M., 2022. Temporal and spatial heterogeneity of semi-natural habitat, but
not crop diversity, is correlated with landscape pollinator richness. J. Appl. Ecol. 59,
1258-1267. https://doi.org/10.1111/1365-2664.14137.

Maurer, C., Sutter, L., Martinez-Nunez, C., Pellissier, L., Albrecht, M., 2022. Different
types of semi-natural habitat are required to sustain diverse wild bee communities
across agricultural landscapes. J. Appl. Ecol. 59, 2604-2615. https://doi.org/
10.1111/1365-2664.14260.

Mendoza-Garcia, M., Blanco-Moreno, J.M., Chamorro, L., José-Maria, L., Sans, F.X.,
2018. Patterns of flower visitor abundance and fruit set in a highly intensified cereal
cropping system in a Mediterranean landscape. Agric. Ecosyst. Environ. 254,
255-263. https://doi.org/10.1016/j.agee.2017.12.001.

Morrison, J., Izquierdo, J., Plaza, E.H., Gonzélez-Andjar, J.L., 2017. The role of field
margins in supporting wild bees in Mediterranean cereal agroecosystems: Which
biotic and abiotic factors are important? Agric. Ecosyst. Environ. 247, 216-224.
https://doi.org/10.1016/j.agee.2017.06.047.

Nayak, G.K., Roberts, S.P.M., Garratt, M., Breeze, T.D., Tscheulin, T., Harrison-Cripps, J.,
Vogiatzakis, I.N., Stirpe, M.T., Potts, S.G., 2015. Interactive effect of floral
abundance and semi-natural habitats on pollinators in field beans (Vicia faba). Agric.
Ecosyst. Environ. 199, 58-66. https://doi.org/10.1016/j.agee.2014.08.016.

Petersen, J.D., Nault, B.A., 2014. Landscape diversity moderates the effects of bee
visitation frequency to flowers on crop production. J. Appl. Ecol. 51, 1347-1356.
https://doi.org/10.1111/1365-2664.12287.

Proesmans, W., Smagghe, G., Meeus, 1., Bonte, D., Verheyen, K., 2019. The effect of mass-
flowering orchards and semi-natural habitat on bumblebee colony performance.
Landsc. Ecol. 34, 1033-1044. https://doi.org/10.1007/s10980-019-00836-5.

R Core Team, 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. [WWW Document]. URL

https://www.R-project.org/).

Rader, R., Howlett, B.G., Cunningham, S.A., Westcott, D.A., Newstrom-Lloyd, L.E.,
Walker, M.K., Teulon, D.A.J., Edwards, W., 2009. Alternative pollinator taxa are
equally efficient but not as effective as the honeybee in a mass flowering crop.

J. Appl. Ecol. 46, 1080-1087. https://doi.org/10.1111/j.1365-2664.2009.01700.x.

Raderschall, C.A., Bommarco, R., Lindstrom, S.A.M., Lundin, O., 2021. Landscape crop
diversity and semi-natural habitat affect crop pollinators, pollination benefit and
yield. Agric. Ecosyst. Environ. 306 https://doi.org/10.1016/j.agee.2020.107189.

Raven, P.H., Wagner, D.L., 2021. Agricultural intensification and climate change are
rapidly decreasing insect biodiversity. Proc. Natl. Acad. Sci. U. S. A, 118 https://doi.
org/10.1073/PNAS.2002548117.

Capitulo 1

Agriculture, Ecosystems and Environment 363 (2024) 108869

Ricketts, T., Regetz, J., Steffan-Dewenter, 1., Cunningham, S., Kremen, C., Bogdanski, A.,
Gemmill-Herren, B., Greenleaf, S., Klein, A., Mayfield, M., Morandin, L., Ochieng, A.,
Viana, B., 2008. Landscape effects on crop pollination services: are there general
patterns? Ecol. Lett. 11, 499-515. https://doi.org/10.1111/j.1461-
0248.2008.01157.x.

Rollin, O., Bretagnolle, V., Decourtye, A., Aptel, J., Michel, N., Vaissiere, B.E., Henry, M.,
2013. Differences of floral resource use between honey bees and wild bees in an
intensive farming system. Agric. Ecosyst. Environ. 179, 78-86. https://doi.org/
10.1016/j.agee.2013.07.007.

Schellhorn, N.A., Gagic, V., Bommarco, R., 2015. Time will tell: resource continuity
bolsters ecosystem services. Trends Ecol. Evol. 30, 524-530. https://doi.org/
10.1016/j.tree.2015.06.007.

Schirmel, J., Albrecht, M., Bauer, P.M., Sutter, L., Pfister, S.C., Entling, M.H., 2018.
Landscape complexity promotes hoverflies across different types of semi-natural
habitats in farmland. J. Appl. Ecol. 55, 1747-1758. https://doi.org/10.1111/1365-
2664.13095.

Sirami, C., Gross, N., Baillod, A.B., Bertrand, C., Carrié, R., Hass, A., Henckel, L.,
Miguet, P., Vuillot, C., Alignier, A., Girard, J., Batary, P., Clough, Y., Violle, C.,
Giralt, D., Bota, G., Badenhausser, I, Lefebvre, G., Gauffre, B., Vialatte, A.,
Calatayud, F., Gil-Tena, A., Tischendorf, L., Mitchell, S., Lindsay, K., Georges, R.,
Hilaire, S., Recasens, J., Solé-Senan, X.0., Robleno, 1., Bosch, J., Barrientos, J.A.,
Ricarte, A., Marcos-Garcia, M.A., Minano, J., Mathevet, R., Gibon, A., Baudry, J.,
Balent, G., Poulin, B., Burel, F., Tscharntke, T., Bretagnolle, V., Siriwardena, G.,
Ouin, A., Brotons, L., Martin, J.L., Fahrig, L., 2019. Increasing crop heterogeneity
enhances multitrophic diversity across agricultural regions. Proc. Natl. Acad. Sci. U.
S. A. 116, 16442-16447. https://doi.org/10.1073/pnas.1906419116.

Speight, M.C.D., 2017. Species accounts of European Syrphidae, ISSN 1393-4546.
Dublin.

Stanley, D.A., Gunning, D., Stout, J.C., 2013. Pollinators and pollination of oilseed rape
crops (Brassica napus L.) in Ireland: Ecological and economic incentives for pollinator
conservation. J. Insect Conserv. 17, 1181-1189. https://doi.org/10.1007/5s10841
013-9599-z.

Steffan-Dewenter, 1., Kuhn, A., 2003. Honeybee foraging in differentially structured
landscapes. Proc. R. Soc. B Biol. Sci. 270, 569-575. https://doi.org/10.1098/
rspb.2002.2292.

Sutherland, J.P., Sullivan, M.S., Poppy, G.M., 2001. Distribution and abundance of
aphidophagous hoverflies (Diptera: Syrphidae) in wildflower patches and field
margin habitats. Agric. . Entomol. 3, 57-64. hittps://doi.org/10.1046/1.1461-
9563.2001.00090.x.

Tilman, D., Fargione, J., Wolff, B., D’Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W.H., Simberloff, D., Swackhamer, D., 2001. Forecasting Agriculturally
Driven Global Environmental Change. Science 292, 281-284. hitps://doi.org
10.1126/science.1057544.

Tscharntke, T., Grass, 1., Wanger, T.C., Westphal, C., Batdry, P., 2021. Beyond organic
farming - harnessing biodiversity-friendly landscapes. Trends Ecol. Evol. 36,
919-930. https://doi.org/10.1016/j.tree.2021.06.010.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, 1., Thies, C., 2005. Landscape
perspectives on agricultural intensification and biodiversity - ecosystem service
management. Ecol. Lett. 8, 857-874. https://doi.org/10.1111/].1461-
0248.2005.00782.x.

Wersebeckmann, V., Warzecha, D., Entling, M.H., Leyer, 1., 2023. Contrasting effects of
vineyard type, soil and landscape factors on ground- versus above-ground-nesting
bees. J. Appl. Ecol. 60, 601-613. https://doi.org/10.1111/1365-2664.14358.

Westphal, C., Steffan-Dewenter, 1., Tscharntke, T., 2006. Bumblebees experience
landscapes at different spatial scales: Possible implications for coexistence.
Oecologia 149, 289-300. https://doi.org/10.1007/500442-006-0448-6.

Westphal, C., Steffan-Dewenter, 1., Tscharntke, T., 2003. Mass flowering crops enhance
pollinator densities at a landscape scale. Ecol. Lett. 6, 961-965. https://doi.org,
10.1046/j.1461-0248.2003.00523.x.

Williams, N.M., Kremen, C., 2007. Resource distributions among habitats determine
solitary bee offspring production in a mosaic landscape. Ecol. Appl. 17, 910-921.
https://doi.org/10.1890/06-0269.

Winfree, R., Griswold, T., Kremen, C., 2007. Effect of human disturbance on bee
communities in a forested ecosystem. Conserv. Biol. 21, 213-223. https://doi.org/
10.1111/j.1523-1739.2006.00574.x.

Zattara, E.E., Aizen, M.A., 2021. Worldwide occurrence records suggest a global decline
in bee species richness. One Earth 4, 114-123. https://doi.org/10.1016/j.
oneear.2020.12.005.

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid
common statistical problems. Methods Ecol. Evol. 1, 3-14. https://dol.org/10.1111/
j.2041-210x.2009.00001.x.

40



Capitulo 1

Table A.1 List of types of crops that have been considered for the characterization of the equivalent diversity of
crops (eRg).

Crop functional group Crops

Winter cereals Khorasan wheat, common wheat, barley, oats, spelt, triticale
Summer cereal corn, sorghum

Forage Alfalfa, peas, barley, sainfoin, wheat, oats

Sweet fruits Cherry trees, pear trees, apples, other fruit trees

Stone fruits Almond, walnut, pistachio trees

Horticultural Pumpkin, artichoke, onion, leeks, garlic, lettuce, potato, tomato
Legumes Chickpeas, beans, lentils

Oilseeds Oil seedrape, sunflowers

Olive groves Olives

Other products Herbaceous aromatics, Saffron

Proteinaceous Peas

Vineyards vineyards

Table A.2 VIF values for landscape metrics

Metrics VIF

eRg 2.454451
eRgP 3.335684
SNH 1.518418
MFS 3.617351
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Table A.3 Landscape metrics characterization of the 22 studied localities

Capitulo 1

Locality Crop Diversity Past Crop Diversity % Semi Natural Mean field size (m?)
(eRg) (eRgP) Habitat (SNH) (MFS)
Cap21 4.14 3.04 0.68 12393.07
Cas21 1.65 2.08 0.03 34858.39
Cla21 3.62 3.62 0.55 9763.09
Est21 2.12 1.70 0.18 30391.48
Eula21 3.03 2.44 0.30 10123.70
Gav21 2.94 2.26 0.36 17404.58
Pil21 1.53 1.34 0.16 41075.66
0d21 3.68 4.01 0.25 11755.18
Sai2l 3.57 2.60 0.46 10312.63
Sal21 2.02 1.98 0.70 15291.26
Vic2l 2.72 3.14 0.20 14355.86
Al22 2.16 2.19 0.30 25680.86
Cas22 2.82 2.06 0.12 34047.72
Mor22 2.73 3.18 0.27 11111.39
Mel22 2.36 2.15 0.18 23148.39
0d22 3.44 3.29 0.24 16402.19
Spe22 3.51 3.06 0.20 11340.33
Teu22 3.13 3.08 0.06 11254.31
Tonl122 2.33 3.22 0.43 11802.40
Ton222 2.65 2.87 0.48 10797.62
Ton322 2.98 2.87 0.36 12882.41
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Table A.4 Set of 64 mixed generalized linear models used in the Multi-Model Inference analysis for each group

of pollinators.

R?
Model - Total Pollinators AICce R?conditional  marginal
year+ Within-field position + eRgP + (1 | Locality) 645.95 0.60 0.36
year+ Within-field position + eRgP + SNH + (1 | Locality) 647.94 0.60 0.37
year+ Within-field position + eRgP + MFS + (1 | Locality) 648.19 0.60 0.36
year+ Within-field position + MFS + (1 | Locality) 648.27 0.60 0.32
year+ Within-field position + eRgP + eRg + (1 | Locality) 648.31 0.60 0.36
year+ eRgP + (1 | Locality) 648.62 0.57 0.34
year+ Within-field position + MFS + SNH + (1 | Locality) 649.05 0.60 0.35
year+ Within-field position + eRg + (1 | Locality) 649.18 0.60 0.31
year+ Within-field position + eRgP + MFS + SNH + (1 | Locality) 649.68 0.60 0.38
year+ Within-field position + eRg + MFS + (1 | Locality) 650.16 0.60 0.33
year+ Within-field position + eRgP + eRg + SNH + (1 | Locality) 650.31 0.60 0.37
Within-field position + eRgP + (1 | Locality) 650.45 0.60 0.23
year+ eRgP + SNH + (1 | Locality) 650.55 0.57 0.34
year+ Within-field position + eRgP + eRg + MFS + (1 | Locality) 650.61 0.60 0.36
year+ eRgP + MFS + (1 | Locality) 650.80 0.57 0.34
year+ Within-field position + (1 | Locality) 650.86 0.60 0.23
year+ eRgP + eRg + (1 | Locality) 650.92 0.57 0.34
year+ MFS + (1 | Locality) 650.94 0.57 0.30
year+ Within-field position + eRg + MFS + SNH + (1 | Locality) 651.06 0.60 0.35
year+ Within-field position + ¢eRg + SNH + (1 | Locality) 651.29 0.60 0.31
Within-field position + eRgP + SNH + (1 | Locality) 651.42 0.60 0.26
year+ MFS + SNH + (1 | Locality) 651.67 0.57 0.32
year+ eRg + (1 | Locality) 651.85 0.57 0.28
year+ Within-field position + ¢eRgP + ¢Rg + MFS + SNH + (1 | Locality) 652.17 0.60 0.38
year+ eRgP + MFS + SNH + (1 | Locality) 652.24 0.57 0.35
Within-field position + eRgP + eRg + (1 | Locality) 652.58 0.60 0.24
Within-field position + MFS + SNH + (1 | Locality) 652.66 0.60 0.24
Within-field position + eRgP + MFS + (1 | Locality) 652.74 0.60 0.23
year+ eRg + MFS + (1 | Locality) 652.77 0.57 0.31
year+ eRgP + eRg + SNH + (1 | Locality) 652.86 0.57 0.34
Within-field position + eRgP + MFS + SNH + (1 | Locality) 652.94 0.60 0.28
year+ Within-field position + SNH + (1 | Locality) 653.09 0.60 0.23
yeart eRgP + eRg + MFS + (1 | Locality) 653.17 0.57 0.34
eRgP + (1 | Locality) 653.18 0.57 0.21
year+ (1 | Locality) 653.58 0.57 0.20
year+ eRg + MFS + SNH + (1 | Locality) 653.61 0.57 0.33
Within-field position + MFS + (1 | Locality) 653.73 0.60 0.16
Within-field position + eRgP + eRg + SNH + (1 | Locality) 653.77 0.60 0.26
year+ eRg + SNH + (1 | Locality) 653.91 0.57 0.29
eRgP + SNH + (1 | Locality) 654.09 0.57 0.24
year+ eRgP + eRg + MFS + SNH + (1 | Locality) 654.66 0.57 0.35
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Within-field position + eRgP + eRg + MFS + (1 | Locality) 654.87 0.60 0.24
Within-field position + eRg + MFS + SNH + (1 | Locality) 654.91 0.60 0.24
Within-field position + eRgP + eRg + MFS + SNH + (1 | Locality) 655.24 0.60 0.28
eRgP + eRg + (1 | Locality) 655.26 0.57 0.21
MFS + SNH + (1 | Locality) 655.33 0.57 0.21
eRgP + MFS + (1 | Locality) 655.41 0.57 0.21
Within-field position + eRg + (1 | Locality) 655.48 0.60 0.11
eRgP + MFS + SNH + (1 | Locality) 655.55 0.57 0.26
year+ SNH + (1 | Locality) 655.76 0.57 0.20
Within-field position + eRg + MFS + (1 | Locality) 655.91 0.60 0.16
Within-field position + (1 | Locality) 656.28 0.60 0.02
eRgP + eRg + SNH + (1 | Locality) 656.38 0.57 0.24
MES + (1 | Locality) 656.46 0.57 0.13
Within-field position + eRg + SNH + (1 | Locality) 656.82 0.60 0.14
eRgP + eRg + MFS + (1 | Locality) 657.48 0.57 0.22
eRg + MFS + SNH + (1 | Locality) 657.53 0.57 0.21
eRgP + eRg + MFS + SNH + (1 | Locality) 657.80 0.57 0.26
eRg + (1 | Locality) 658.21 0.57 0.09
Within-field position + SNH + (1 | Locality) 658.46 0.60 0.03
eRg + MFS + (1 | Locality) 658.58 0.57 0.14
(1 | Locality) 659.06 0.57 0
eRg + SNH + (1 | Locality) 659.50 0.57 0.11
SNH + (1 | Locality) 661.19 0.57 0.00
Model - Bumblebees AlCc R?conditional R? marginal
MEFS + scSNH + (1 | Locality) 465.07 0.68 0.29
eRgP + MFS + scSNH + (1 | Locality) 465.76 0.68 0.33
year + MFS + scSNH + (1 | Locality) 466.79 0.68 0.30
eRg + MFS + scSNH + (1 | Locality) 466.89 0.68 0.30
scSNH + (1 | Locality) 467.18 0.68 0.19
year + eRgP + MFS + scSNH + (1 | Locality) 467.19 0.68 0.34
Within-field position + MFS + scSNH + (1 | Locality) 467.35 0.68 0.29
year + scSNH + (1 | Locality) 467.90 0.68 0.23
Within-field position + eRgP + MFS + scSNH + (1 | Locality) 468.09 0.68 0.33
eRgP + eRg + MFS + scSNH + (1 | Locality) 468.10 0.68 0.33
eRgP + scSNH + (1 | Locality) 468.74 0.68 0.21
year + eRg + MFS + scSNH + (1 | Locality) 468.74 0.68 0.31
eRg + scSNH + (1 | Locality) 468.76 0.68 0.20
year + Within-field position + MFS + scSNH + (1 | Locality) 469.12 0.68 0.30
Within-field position + eRg + MFS + scSNH + (1 | Locality) 469.22 0.68 0.30
Within-field position + scSNH + (1 | Locality) 469.40 0.68 0.19
year + Within-field position + eRgP + MFS + scSNH + (1 | Locality) 469.58 0.68 0.34
year + eRgP + eRg + MFS + scSNH + (1 | Locality) 469.61 0.68 0.34
year + eRg + scSNH + (1 | Locality) 469.70 0.68 0.24
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year + eRgP + scSNH + (1 | Locality)

year + Within-field position + scSNH + (1 | Locality)
Within-field position + eRgP + eRg + MFS + scSNH + (1 | Locality)
eRgP + eRg + scSNH + (1 | Locality)

Within-field position + eRgP + scSNH + (1 | Locality)

year + (1 | Locality)

Within-field position + eRg + scSNH + (1 | Locality)

(1 | Locality)

year + Within-field position + eRg + MFS + scSNH + (1 | Locality)
year + Within-field position + eRg + scSNH + (1 | Locality)

year + eRgP + eRg + scSNH + (1 | Locality)

year + Within-field position + eRgP + eRg + MFS + scSNH + (1 | Locality)
year + Within-field position + eRgP + scSNH + (1 | Locality)
year + eRgP + (1 | Locality)

year + eRg + (1 | Locality)

year + Within-field position + (1 | Locality)

MEFS + (1 | Locality)

year + MFS + (1 | Locality)

Within-field position + eRgP + eRg + scSNH + (1 | Locality)
Within-field position + (1 | Locality)

eRg + (1 | Locality)

eRgP + (1 | Locality)

year + Within-field position + eRgP + eRg + scSNH + (1 | Locality)
eRg + MFS + (1 | Locality)

year + eRgP + MFS + (1 | Locality)

eRgP + eRg + (1 | Locality)

year + eRg + MFS + (1 | Locality)

Within-field position + MFS + (1 | Locality)

eRgP + MFS + (1 | Locality)

year + Within-field position + eRgP + (1 | Locality)

year + Within-field position + eRg + (1 | Locality)

Within-field position + eRg + (1 | Locality)

year + eRgP + eRg + (1 | Locality)

Within-field position + eRgP + (1 | Locality)

year + Within-field position + MFS + (1 | Locality)

Within-field position + eRg + MFS + (1 | Locality)

eRgP + eRg + MFS + (1 | Locality)

year + eRgP + eRg + MFS + (1 | Locality)

year + Within-field position + eRgP + MFS + (1 | Locality)
Within-field position + eRgP + eRg + (1 | Locality)

Within-field position + eRgP + MFS + (1 | Locality)

year + Within-field position + eRg + MFS + (1 | Locality)

year + Within-field position + eRgP + eRg + (1 | Locality)
Within-field position + eRgP + eRg + MFS + (1 | Locality)

year + Within-field position + eRgP + eRg + MFS + (1 | Locality)

469.94
470.18
470.49
470.94
471.02
471.03
471.04
471.12
471.14
472.04
472.07
472.07
472.28
473.22
473.23
473.25
473.26
473.27
473.28
473.29
473.30
473.31
474.46
475.29
475.37
475.44
475.45
475.48
475.49
475.50
475.51
475.52
475.52
475.53
475.55
477.57
477.59
477.70
477.71
477.72
477.76
477.78
477.86
479.92
480.10
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0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68

0.23
0.23
0.33
0.21
0.21
0.08
0.20

0.31
0.24
0.24
0.34
0.23
0.08
0.08
0.08
0.00
0.08
0.21
0.00
0.00
0.00
0.24
0.01
0.08
0.00
0.08
0.00
0.00
0.08
0.08
0.00
0.08
0.00
0.08
0.01
0.01
0.08
0.08
0.00
0.00
0.08
0.08
0.01
0.08
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Model - Wild bees AICc  R?conditional R?marginal
year+ eRgP + SNH + (1 | Locality) 554.62 0.76 0.50
year+ eRgP + (1 | Locality) 554.71 0.76 0.46
year+ MFS + SNH + (1 | Locality) 555.02 0.76 0.49
year+ eRgP + MFS + SNH + (1 | Locality) 555.43 0.76 0.52
year+ eRg + MFS + SNH + (1 | Locality) 556.19 0.76 0.51
yeart+ Within-field position + eRgP + SNH + (1 | Locality) 556.33 0.77 0.50
year+ Within-field position + eRgP + (1 | Locality) 556.36 0.77 0.46
year+ eRgP + eRg + SNH + (1 | Locality) 556.39 0.76 0.50
yeart Within-field position + MFS + SNH + (1 | Locality) 556.73 0.77 0.49
year+ eRgP + eRg + (1 | Locality) 556.86 0.76 0.46
year+ eRgP + MFS + (1 | Locality) 556.99 0.76 0.46
year+ Within-field position + eRgP + MFS + SNH + (1 | Locality) 557.20 0.77 0.52
year+ eRg + (1 | Locality) 557.27 0.76 0.41
year+ eRg + SNH + (1 | Locality) 557.41 0.76 0.45
year+ eRgP + eRg + MFS + SNH + (1 | Locality) 557.58 0.76 0.52
year+ MFS + (1 | Locality) 557.72 0.76 0.40
year+ Within-field position + eRg + MFS + SNH + (1 | Locality) 557.96 0.77 0.51
year+ Within-field position + eRgP + eRg + SNH + (1 | Locality) 558.16 0.77 0.51
year+ Within-field position + eRgP + eRg + (1 | Locality) 558.57 0.77 0.46
year+ Within-field position + eRgP + MFS + (1 | Locality) 558.70 0.77 0.46
year+ eRg + MFS + (1 | Locality) 558.83 0.76 0.43
year+ Within-field position + eRg + (1 | Locality) 558.93 0.77 0.41
year+ Within-field position + eRg + SNH + (1 | Locality) 559.12 0.77 0.45
year+ eRgP + eRg + MFS + (1 | Locality) 559.22 0.76 0.46
year+ Within-field position + MFS + (1 | Locality) 559.38 0.77 0.41
year+ Within-field position + eRgP + eRg + MFS + SNH + (1 | Locality)  559.41 0.77 0.52
year+ (1 | Locality) 560.06 0.76 0.31
eRgP + SNH + (1 | Locality) 560.46 0.76 0.35
year+ Within-field position + eRg + MFS + (1 | Locality) 560.54 0.77 0.43
year+ Within-field position + eRgP + eRg + MFS + (1 | Locality) 560.99 0.77 0.46
MFS + SNH + (1 | Locality) 561.03 0.76 0.34
eRgP + MFS + SNH + (1 | Locality) 561.16 0.76 0.38
year+ Within-field position + (1 | Locality) 561.66 0.77 0.31
Within-field position + eRgP + SNH + (1 | Locality) 562.12 0.77 0.35
year+ SNH + (1 | Locality) 562.13 0.76 0.31
eRgP + (1 | Locality) 562.14 0.76 0.25
Within-field position + MFS + SNH + (1 | Locality) 562.68 0.77 0.34
eRgP + eRg + SNH + (1 | Locality) 562.70 0.76 0.35
Within-field position + eRgP + MFS + SNH + (1 | Locality) 562.87 0.77 0.38
eRg + MFS + SNH + (1 | Locality) 562.93 0.76 0.34
eRgP + eRg + MFS + SNH + (1 | Locality) 563.52 0.76 0.38
Within-field position + eRgP + (1 | Locality) 563.74 0.77 0.26
year+ Within-field position + SNH + (1 | Locality) 563.79 0.77 0.31
eRgP + eRg + (1 | Locality) 564.33 0.76 0.26
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eRgP + MFS + (1 | Locality)

Within-field position + eRgP + eRg + SNH + (1 | Locality)
Within-field position + eRg + MFS + SNH + (1 | Locality)
Within-field position + eRgP + eRg + MFS + SNH + (1 | Locality)
eRg + SNH + (1 | Locality)

MES + (1 | Locality)

Within-field position + eRgP + eRg + (1 | Locality)
Within-field position + eRgP + MFS + (1 | Locality)

eRgP + eRg + MFS + (1 | Locality)

eRg + (1 | Locality)

Within-field position + MFS + (1 | Locality)

Within-field position + eRg + SNH + (1 | Locality)

eRg + MFS + (1 | Locality)

(1 | Locality)

Within-field position + eRgP + eRg + MFS + (1 | Locality)
Within-field position + eRg + (1 | Locality)

SNH + (1 | Locality)

Within-field position + eRg + MFS + (1 | Locality)
Within-field position + (1 | Locality)

Within-field position + SNH + (1 | Locality)

564.39
564.42
564.64
565.29
565.88
565.93
565.98
566.04
566.63
566.82
567.53
567.53
567.81
568.03
568.35
568.41
569.46
569.47
569.57
571.06

0.76
0.77
0.77
0.77
0.76
0.76
0.77
0.77
0.76
0.76
0.76
0.77
0.76
0.76
0.77
0.76
0.76
0.76
0.76
0.76
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0.25
0.35
0.35
0.38
0.21
0.15
0.26
0.26
0.26
0.12
0.15
0.22
0.16

0.26
0.12
0.03
0.16
0.00
0.03

Model - Hoverflies

AICc R?*conditional R?marginal

Within-field position + MFS + scSNH + (1 | Locality)

year + Within-field position + MFS + scSNH + (1 | Locality)

year + Within-field position + (1 | Locality)

year + Within-field position + MFS + (1 | Locality)

Within-field position + eRg + MFS + scSNH + (1 | Locality)
Within-field position + (1 | Locality)

year + Within-field position + eRgP + (1 | Locality)

Within-field position + eRgP + MFS + scSNH + (1 | Locality)

year + Within-field position + scSNH + (1 | Locality)

year + Within-field position + eRg + MFS + scSNH + (1 | Locality)
Within-field position + MFS + (1 | Locality)

Within-field position + eRgP + (1 | Locality)

year + Within-field position + eRg + (1 | Locality)

year + Within-field position + eRgP + MFS + scSNH + (1 | Locality)
Within-field position + eRgP + scSNH + (1 | Locality)

Within-field position + scSNH + (1 | Locality)

year + Within-field position + eRgP + scSNH + (1 | Locality)

year + Within-field position + eRg + MFS + (1 | Locality)

year + Within-field position + eRgP + MFS + (1 | Locality)
Within-field position + eRg + (1 | Locality)

Within-field position + eRgP + eRg + MFS + scSNH + (1 | Locality)
year + Within-field position + eRg + scSNH + (1 | Locality)
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558.20
558.85
558.89
559.86
559.90
560.24
560.40
560.49
560.58
560.75
560.80
561.00
561.02
561.08
561.11
561.37
561.46
561.91
562.23
562.30
562.31
562.37

0.46
0.46
0.45
0.46
0.46
0.45
0.46
0.46
0.46
0.46
0.45
0.45
0.45
0.46
0.45
0.45
0.46
0.46
0.46
0.45
0.46
0.46

0.19
0.22
0.13
0.16
0.20
0.05
0.15
0.19
0.15
0.23
0.09
0.09
0.14
0.23
0.13
0.08
0.18
0.17
0.16
0.06
0.20
0.16
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year + Within-field position + eRgP + eRg + (1 | Locality) 562.61 0.46 0.15
Within-field position + eRg + MFS + (1 | Locality) 562.66 0.45 0.10
Within-field position + eRgP + eRg + (1 | Locality) 562.82 0.45 0.10
Within-field position + eRg + scSNH + (1 | Locality) 562.88 0.45 0.10
Within-field position + eRgP + MFS + (1 | Locality) 562.98 0.45 0.09
year + Within-field position + eRgP + eRg + MFS + scSNH + (1 | Locality) 563.22 0.46 0.23
Within-field position + eRgP + eRg + scSNH + (1 | Locality) 563.35 0.45 0.14
MEFS + scSNH + (1 | Locality) 563.53 0.39 0.14
year + Within-field position + eRgP + eRg + scSNH + (1 | Locality) 563.86 0.46 0.18
year + MFS + scSNH + (1 | Locality) 564.12 0.39 0.17
year + Within-field position + eRgP + ¢Rg + MFS + (1 | Locality) 564.23 0.46 0.17
year + (1 | Locality) 564.27 0.39 0.08
Within-field position + eRgP + eRg + MFS + (1 | Locality) 564.49 0.45 0.11
eRg + MFS + scSNH + (1 | Locality) 565.17 0.39 0.15
year + MFS + (1 | Locality) 565.20 0.39 0.11
(1 | Locality) 565.68 0.39 0

year + eRgP + (1 | Locality) 565.73 0.39 0.10
eRgP + MFS + scSNH + (1 | Locality) 565.77 0.39 0.14
year + scSNH + (1 | Locality) 565.91 0.39 0.10
year + eRg + MFS + scSNH + (1 | Locality) 565.96 0.39 0.18
MEFS + (1 | Locality) 566.19 0.39 0.04
year + eRgP + MFS + scSNH + (1 | Locality) 566.29 0.39 0.17
year + eRg + (1 | Locality) 566.35 0.39 0.09
eRgP + (1 | Locality) 566.38 0.39 0.04
eRgP + scSNH + (1 | Locality) 566.44 0.39 0.08
year + eRgP + scSNH + (1 | Locality) 566.74 0.39 0.12
scSNH + (1 | Locality) 566.75 0.39 0.03
year + eRg + MFS + (1 | Locality) 567.18 0.39 0.12
year + eRgP + MFS + (1 | Locality) 567.50 0.39 0.11
eRgP + eRg + MFS + scSNH + (1 | Locality) 567.52 0.39 0.15
year + eRg + scSNH + (1 | Locality) 567.65 0.39 0.11
eRg + (1 | Locality) 567.68 0.39 0.00
year + eRgP + eRg + (1 | Locality) 567.88 0.39 0.10
eRg + MFS + (1 | Locality) 567.99 0.39 0.05
eRgP + eRg + (1 | Locality) 568.15 0.39 0.05
eRg + scSNH + (1 | Locality) 568.22 0.39 0.05
eRgP + MFS + (1 | Locality) 568.31 0.39 0.04
year + eRgP + eRg + MFS + scSNH + (1 | Locality) 568.37 0.39 0.18
eRgP + eRg + scSNH + (1 | Locality) 568.62 0.39 0.09
year + eRgP + eRg + scSNH + (1 | Locality) 569.07 0.39 0.12
year + eRgP + eRg + MFS + (1 | Locality) 569.44 0.39 0.12
eRgP + eRg + MFS + (1 | Locality) 569.76 0.39 0.06
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La diversidad de cultivos en el paisaje contribuye a una mayor eficacia de la
polinizacion y afecta positivamente a la calidad de la colza en los paisajes
agricolas mediterraneos
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1. Introduction

Insect pollination is crucial for agricultural productivity and research
has shown that this ecosystem service boosts crop yields across a wide
range of crops (Bommarco et al., 2012; Dainese et al., 2019; Klein et al.,
2007; Potts et al., 2010). The benefits of insect pollination services to
agricultural productivity are estimated to range from US $153-577
billion annually (Gallai et al., 2009). Pollinators may also have benefi-
cial effects on food security by increasing the availability of essential
macronutrients and micronutrients in the diet (Chaplin-Kramer et al.,
2014; Eilers et al., 2011). Pollinator-dependent crops provide 74 % of
lipids, 98 % of vitamin C, 70 % of vitamin A, and 34-65 % of vitamin E
worldwide (Ellis et al., 2015). Furthermore, the insect pollination of
insect-dependent crops produces high-quality yields. For instance,
pollinated crops of strawberry, apple and tangerine show higher sugar to
acidity ratios, higher calcium content and higher sugar content respec-
tively. Seeds from pollinated rapeseed crop have higher oil content, and
pollinated almond trees have lower vitamin E content (Bommarco et al.,
2012; Brittain et al., 2014; Garratt et al., 2014; Klatt et al., 2014;
Wietzke et al., 2018). Therefore, pollination not only increases pro-
duction but also improves the crop quality (Gazzea et al., 2023; Prado
et al., 2018).

Worldwide, 75 % of the over 100 crop species cultivated rely on or
benefit from pollination (Klein et al., 2007). Moreover, the cultivation
area for crops that do not depend on pollinators only grew by 17.3 %,
whereas the area for pollinator-dependent crops expanded by 136.9 %,
which also increased the demand for pollinators and pollination. Despite
significant increases in their reliance on pollinators, European countries
have not exhibited increased crop diversity yet (Aizen et al., 2019).

The ecosystem service of pollination is declining owing to agricul-
tural intensification at the farm level. This is exacerbated by the
reduction of semi-natural areas and crop diversification at the landscape
level (Mandelik et al., 2012). If the global trend of increasingly intensive
agriculture relying on pollinators continues, there will be a major
mismatch in pollination demand, which could worsen the current food
security scenario in terms of crop quantity and quality (Chaplin-Kramer
et al., 2014; Smith et al., 2015). Therefore, to guarantee stable crop
yields, functional pollinator communities must be preserved urgently
(Wietzke et al., 2018).

Landscape characteristics, such as the extent of semi-natural habi-
tats, agricultural and urban areas, and crop diversity, have been shown
to influence crop yield and biochemical processes (Cunha et al., 2023;
Halinski et al., 2020; Magrach et al., 2023; Pioltelli et al., 2024a). In
agricultural landscapes, for example, areas with higher crop diversity
help maintain more diverse sets of pollinators and, as a result, more
efficient and stable pollination services (Aguilera et al., 2020; Hass et al.,
2018a, 2018b). Numerous studies have been conducted to assess po-
tential pollination services by analysing the abundance and diversity of
pollinator species and agricultural production, or through the interac-
tion of plants and pollinators (Bartomeus et al., 2014; Bommarco et al.,
2012; Cunha et al., 2023; Holzschuh et al., 2016; Perrot et al., 2018).
Furthermore, the functional role of crop diversity and past crop diversity
at the landscape level has been documented, owing to their potential
capacity to provide a greater abundance and density of pollinators
(Aguilera et al., 2020; Neira et al., 2024). However, knowledge of the
relationships between crop diversity, pollinator abundance, pollination
effectiveness, and the quality of agricultural production at the landscape
scale remains limited.

Oilseed rape (OSR) (Brassica napus L.) is a valuable, economically
important, and rapidly expanding crop. This crop is recognized as a mass
flowering crop that attracts a high density of pollinators from semi-
natural zones when it occupies a low proportion of the landscape
(Holzschuh et al., 2016, 2011). During its flowering stage, and when it
covers <10 % of the landscape, it can concentrate up to 55 % of polli-
nator species from grasslands (Magrach et al., 2018). OSR crops are
mostly self-pollinated, but benefit from wind and insect pollination
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(Bartomeus et al., 2014; Beyer et al., 2021; Bommarco et al., 2012). Seed
quality is measured by parameters such as oil content (%), chlorophyll
content and moisture, which are routinely used by agricultural product
traders to assess the quality of OSR seeds and indicate the quality of the
resulting oil (Australian Oilseeds Federation, 2011). Oil extracted from
OSR seeds has been used in the food industry for human and animal
consumption and is considered a rich source of antioxidants and health-
promoting bioactive compounds, such as tocopherols and carotenoids,
owing to their nutritional value as vitamin E and provitamin A,
respectively. Conversely, high chlorophyll content reduces the price of
oil because it decreases durability and negatively alters the colour of the
extracted oil (Bommarco et al.,, 2012; Schneider, 2005). However,
studies regarding the association between landscape crop diversity and
quantity (e.g., seeds per pod) and quality (e.g., antioxidants or plant
pigments) of seeds from insect-pollinated OSR have not yet been con-
ducted in Mediterranean climates.

We conducted a pollinator exclusion experiment and assessed wild
pollinator and honeybee (HB) densities in 20 rapeseed fields in central
Catalonia across a gradient of crop diversification, abundance of semi-
natural areas, and mean field sizes. We evaluated the influence of the
agricultural landscape on the density of pollinators and the effectiveness
of pollinators visiting rapeseed flowers on the quantity and quality pa-
rameters of OSR seeds. This approach allows for an interdisciplinary
understanding of the effects of the agricultural landscape on pollinators,
and consequently, on the qualitative and quantitative characteristics of
rapeseeds. We hypothesised that: i) OSR fields in landscapes with higher
past crop diversity receive more visits from wild bees (WB), and ii) the
amount and quality of OSR fruits pollinated by insects are higher than
those produced by self-pollination; consequently, iii) past crop diversity
in an agricultural area affects both the quantity and quality of OSR
seeds, with wild bees playing an important role.

2. Materials and methods
2.1. Study fields and landscape metrics

During the years 2021 and 2022, we chose 20 conventional arable
fields seeded with different varieties of OSR (Brassica napus L.), in total
(10 per year), each field in a dryland cereal region situated in Central
Catalonia, in the NE Spain (41°24'-42°05'N; 1°05-2°05'E) (Fig. 1A). All
localities were at least 2 km apart to prevent any two OSR fields from
being visited by the same pollinator pool (Holzschuh et al., 2016;
Westphal et al., 2003). The agricultural environment is characterised by
the dominance of dryland arable crops and woody crops, whereas un-
cultivated areas are dominated by forests, shrublands, and grasslands
(Departament d’Accio Climatica, Alimentacio i Agenda Rural, 2023).

A circular area with a radius of 1000 m was chosen around each
rapeseed field to characterise the landscape of each locality, as it has
been shown that the majority of pollinator feeding flights occur within
this distance (Holzschuh et al., 2011; Steffan-Dewenter and Kuhn,
2003). Landscape heterogeneity was characterised by three compo-
nents, two of which were associated with its composition: (1) the
equivalent crop richness of the past year (ERGp), which corresponds to
the effective number of crop functional groups of crops computed as the
exponential of the Shannon diversity of functional groups of crops (e.g.
legumes, oilseeds, sweet fruits, cereals) (Neira et al., 2024); (2) the
percentage of land covered by seminatural habitats (SNH); and (3) one
component associated with its configuration, the mean field size (MFS).
The localities were chosen according to an ERGp gradient, with a
maximum of 10 % agricultural area cultivated with rapeseed crops, to
guarantee the effect of bee concentration (Fig. 1B) (Holzschuh et al.,
2011; Magrach et al., 2023). The composition and structure of the
landscape in each locality were characterised using spatial data from the
DUN-SIGPAC Crop Map (Departament d’Acci6 Climatica, Alimentacio i
Agenda Rural, 2023) and the Cartografia dels Habitats de Catalunya, v.2
(Departament de Territori i Sostenibilitat, 2018) using R software with
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Fig. 1. Study fields and experimental design. A) Map of Catalonia (NE of Spain) and the distribution of the 20 localities. The blue-yellow gradient represents the
percentage of agricultural land. Information is available in the Cartografia dels Habitats de Catalunya, v.2 (Departament de Territori i Sostenibilitat, 2018). B)
Representation of the 1-km radius buffer zone of the selected localities in a gradient of crop diversity; representation of the other characteristics of the agricultural
landscape evaluated; seminatural habitats; and mean field size. C) Scheme of the pollinator exclusion experiment design within each rapeseed field. D) Methodo-
logical diagram of the use of samples and their respective parameters. n: Number of samples per field, N: Total number of samples.

package ‘sf’ (Pebesma, 2018).

2.2. Pollination assessment

A pollinator exclusion experiment was set up prior to flowering in the
twenty rapeseed fields. Within each field, crop plants in two within-field
positions (centre and edge) were subjected to two different pollination
treatments: open pollination (OP), which included plants whose in-
florescences could be pollinated through all vectors (wind and insects),
and pollinator-excluded plants (EP), whose contact with insects was
limited (Fig. 1) (Bommarco et al., 2012; Perrot et al., 2018). In each
within-field position, five plants x two pollination treatments from ten
size-equivalent plants, split into five pairs 18 m apart, were chosen at
random in an area of 75 m x 2 m (10 inflorescences x two within-field
positions x 20 fields = 400 inflorescences). To prevent pollinating in-
sects from visiting EP plants, a fine mesh nylon bag (0.8 mm x 0.8 mm)
was installed around each inflorescence from randomly selected plants
within each pair. Although inflorescences from OP plants were available
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for both self-pollination and wind and insect pollination, insect polli-
nation was completely excluded from inflorescences from EP plants
(Fig. 1D). A previous evaluation inside and outside the mesh nylon bag
did not reveal any significant differences in photon flux (p > 0.05)
(Table S1) that could have an impact on the physiological responses of
OSR plants. In both cases, the levels of photon flux are higher than what
is considered to be shadow stress (Wang et al., 2023).This experimental
approach, which allows for both self-pollination and wind pollination,
was developed in previous field studies (Bartomeus et al., 2014; Beyer
et al., 2021; Bommarco et al., 2012; Islam et al., 2022). Plants from both
treatments were collected one day before the crop was harvested in July
to ensure pod ripening in the field (Beyer et al., 2021; Bommarco et al.,
2012). Plant material collected were stored in paper bags at room
temperature (22-26 °C) until they were processed, and then preserved in
cold conditions for future analysis.
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2.3. Pollinator evaluation

A pollinator survey was conducted in each rapeseed field between
April and May (2021 and 2022). Two parallel transects of 150 m? (75 m
x 2 m) were established in each field, one at the centre and the other at
the edge of the field. To determine the densities of WBs and HBs, the
number of contacts with rapeseed flowers was recorded for 15 min per
transect (Holzschuh et al., 2016). The surveys were conducted on two
different days during the peak flowering period under fair weather no
rain, temperature above 15 °C, low wind speed. The total sampling effort
was 15 min/transect x two transects/field/day x two days = 60 min/
field.

2.4. Pollination effectiveness

To quantify the pollination effectiveness, three parameters were
estimated for each of the 400 OSR inflorescences: (1) pods per flower
ratio (PPF), (2) number of seeds per pod (NSP), and (3) thousand seed
weight (TSW). The total number of pods was divided by the number of
flowers in each inflorescence to calculate PPF as an indicator of polli-
nation effectiveness. NSP was obtained from a mean of five pods per
infructescence (a total of 2000 pods). The TSW was calculated using the
following formula: 1000 x (weight of all seeds from the infructescence)
/ (average number of seeds per pod x total pods).

2.5. Phytochemical analyses and quality of seeds

Three analyses were performed to assess the quality of OSR seed
production: (1) percentage of oil content in the seeds, (2) tocopherol
composition and quantification, and (3) quantification of total chloro-
phyll and carotenoids. Oil content was determined using a modified
gravimetric protocol (Bligh and Dyer, 1959). Seeds from three infruc-
tescence were randomly chosen for each pollination treatment condition
and within-field position (centre/edge) per field (N = 240). Seeds from
each infructescence were crushed and 100 mg of each sample was
weighed. One millilitre of the extraction solvent (chloroform:methanol,
2:1 v/v) was added to each sample and an ultrasonication bath was
applied for 15 min before centrifugation at 5000 rpm for 10 min. The
supernatant was extracted and transferred to glass vials that had pre-
viously been weighed. The solvent extraction procedure was repeated
three times until a white pellet was obtained. The glass vials containing
the supernatant were exposed to nitrogen until the solvent evaporated
and the weight was stabilised. The oil content corresponded to the
percentage of the final weight minus the initial weight of the vial over
the weight of the initial OSR sample.

Tocopherols were analysed following the procedure described by
Amaral et al. (2005). Seeds from five infructescences were randomly
chosen for each pollination treatment condition and each within-field
position (centre/edge) per field (N = 400). Cold extraction was per-
formed as follows: samples were kept cold using ice, and extraction
products were extracted with 100 % methanol containing 0.01 %
butylhydroxytoluene on 30 mg of seeds from each sample, which had
previously been crushed and placed in Eppendorf tubes (2 mL). Meth-
anol (400 pL) was then added to each sample, and ultrasonication bath
was applied for 30 min, with the samples passing through a vortex
before and after this step, and finally the samples were centrifuged at
10,000 rpm for 10 min. The extraction procedure was repeated two
more times until a completely white pellet was obtained, and the final
supernatant was separated into two aliquots: one for tocopherols anal-
ysis and the other one for total pigment determination. Extracts were
filtered using single-use 0.45-pm polytetrafluoroethylene hydrophobic
filters and a portion was transferred to glass vials for analysis using high-
performance liquid chromatography. A Waters 600 controller pump,
Waters 717 plus autosampler, and Jasco FP-1520 fluorescence detector
(Jasco, Tokyo, Japan) were used. Tocopherol compounds were sepa-
rated on a normal-phase column (Inertsil SIL-100 A, 5 pm, 3.0 x 250

56

Capitulo 2

Science of the Total Environment 950 (2024) 175062

mm, GL Sciences, Tokyo, Japan) with an isocratic mobile phase of n-
hexane and 1,4-dioxane (95.5/4.5; v/v). The flow rate was 0.7 mL-min !
and the injection volume was 10 pL. The excitation wavelength was 295
nm, and the emission wavelength was 330 nm for fluorescence detec-
tion. A calibration curve with authentic standards using a concentration
range from 0.1 to 5 pg/mL (Sigma-Aldrich, Steinheim, Germany) was
used to quantify the compounds.

The second aliquot was used for dual-beam ultraviolet/visible
spectrophotometric analyses of chlorophylls a and b, and total carot-
enoids using a CE Aquarius UCE7400 (Cecil Instruments Ltd., Cam-
bridge, United Kingdom). To quantify chlorophylls a and b, as well as
total carotenoids, we measured absorbance at 750 nm, 665.2 nm, 652.4
nm, and 470 nm and applied the equations with absorption coefficients
as described by Lichtenthaler and Buschmann (2001).

2.6. Statistical analysis

To analyze the obtained data, we used Generalized Mixed Linear
Models (GLMMs) with the ‘glmmTMB’ package (Brooks et al., 2017).
First, to check for significant correlations, a Spearman rank’s correlation
analysis was conducted between the landscape characteristics and the
densities of WBs, HBs, and total bees (Fig. S1). A strong correlation was
identified between the MSF and ERGp. Therefore, a sequential regres-
sion approach (Graham, 2003) was used to create a new purged
explanatory variable by reciprocally subtracting the common variation
from the MFS to the ERGp. This approach allowed the inclusion of both
variables in the model. We then used the variance inflation factor (VIF)
to test for potential collinearity between these explanatory variables
(Zuur et al., 2010); however, the VIF indicated low multicollinearity in
all cases (Table S2). To analyze WB density and its relationship with the
agricultural landscape, the landscape metrics ERGp, MFS, and SNH were
treated as continuous explanatory variables (scaled to minimum = 0 and
maximum = 1), whereas within-field position (edge and centre) and
year were used as categorical explanatory variables.

In the pollinator exclusion experiment, the total pollinator density
(the sum of WB and HB) was treated as a continuous variable. Pollina-
tion treatment (OP or EP), within-field position (edge or centre), and
year were the categorical variables. We also considered the interactions
between the total density of bees and pollination treatment, and the
interaction between the total density of bees and the within-field posi-
tion. The interaction term is needed when analysing the effect of total
density of bees on both EP and OP plants in the same model, as it is
expected a lack of effect in EP but a significant effect in OP. The inter-
action term allows us to attribute any effect to the total density of bees
and not to wind pollination or any other uncontrolled effect. Crop va-
riety was included as a random effects factor. Finally, to test the influ-
ence of the agricultural landscape and pollinators on the pollination
effectiveness and the quality of OSR seeds of OP OSR plants, the agri-
cultural landscape variables (ERGp, MFS, and SNH) were scaled and
treated as continuous variables as in the first analysis. Bee densities (WB
and HB) were log transformed before analysis, to reduce variability at
the higher end of the variable and improve the homogeneity of distri-
bution of this explanatory variable. We used the OSR variety as a
random effect variable.

In these three analyses, we used the ‘dredge’ function in the ‘MuMIn’
package (Barton, 2023) to test multiple hypotheses simultaneously
across the models. We investigated all possible combinations for each
dataset. For each model (i), we computed the Akaike information cri-
terion corrected for small sample sizes (AICc), and we ranked and
calculated relative Akaike weights (w) (Akaike, 1998; Burnham and
Anderson, 2002). Then, a relative weight of evidence for each model
(wj) can be interpreted as the probability of model a being the best
approximating model from the entire set of candidate models. The sum
of the weights (wj) of all possible models is scaled to 1. We calculated the
confidence sets for each response variable, which are the smallest sub-
sets of candidate models for which the sum of w; equals 0.95, and we
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averaged the entire set. For each variable included in the set of candi-
date models, its relative importance is calculated based on its contri-
bution to explaining the variability in the response variable. We report
all predictor variables, considering as relevant all variables that have a
relative importance (Zwj;) >0.5, and 95 % confidence intervals (CI) as
critical tools for assessing variable effects. We inspected residual plots to
validate model assumptions and calculated the marginal (RZ) and
conditional (R?) R? values (Nakagawa et al., 2017). Furthermore, in the
case only one model had a weight of >0.95, we calculated the estimates
and p-values. Statistical analyses were performed using R software
version 4.1.2.

3. Results
3.1. Agricultural landscape effects on pollinators

In the 20 OSR fields, 2592 HBs and 992 WBs were recorded. The total
number of WBs belonging to the genus Bombus was 231, whereas 761
belonged to other WB genera. The average model for WBs indicated that
ERGp influenced them positively, with a relative importance (Zw;) of
0.73, the unique feature of the landscape was supported by the CI. The
second most important landscape feature was MFS (Zw; = 0.68) with a
negative effect. Both features showed a clear effect. Within-field position
displayed higher pollinators density in the edge than in field centres, but
this effect had a relative importance (Xwj;) of 0.43, whereas SNH (Zw; =
0.28) had a negative effect. Both features showed an unclear effect and
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without support from their CIs (Fig. 2).

3.2. Pollinator exclusion effects on seed quantity

The parameters associated with seed quantity were responsive to
both pollination treatment and pollinator density (Table 1). The
observed PPF in rapeseed fields was explained by a single model (w; >
0.95) encompassing all variables studied. Within-field position and
pollinator density exhibited negative effects (P < 0.001), thereby
decreasing the PPF. The interaction between total pollinator density and
within-field position a positive influence (P < 0.001), decreasing less
PPF ratio in edge plants than in centre plants with higher pollinator
density. In contrast, plants subjected to the pollination treatment in the
interaction with pollinator densities demonstrated a statistically signif-
icant positive effect (P < 0.001) in OP plants. Inflorescences from OP
plants produced 39 % more pods per flower than that produced by EP
plants (P < 0.001) (Fig. 3A).

The NSP, as indicated by the average model (Table 1), decreased in
response to pollinator density. This negative response was more pro-
nounced at the edge of the field than at the centre. Both variables had a
relative importance of Xw; = 1.00. However, when both variables
interacted (TD:P in Table 1), we observed a positive effect (Xw;j = 0.62),
indicating that the NSP of plants at the edge decreased less than centre
plants in response to increasing pollinator density. The pollination
treatment revealed that OP inflorescences had a higher NSP than EP
(Zw; = 1.00). The pollination treatment also revealed that OP

1.00 4

0.754

0.50 1

Density of wild pollinators

0.254

0.004

o

0.25

0.50 0.75

Explanatory variable

/ Crop Diversity / Mean Field Size / Seminatural Habitats /Zwlzo.s /l

Iw;<0.5

Fig. 2. Relationship between agricultural landscape variables and density of wild pollinators. Lines represent the model effects for each landscape metric of the
agricultural landscape individually and were obtained from the average model of the multimodel analysis. Relative importances greater than or equal to 0.5 are
represented with solid lines. Relative importances <0.5 are represented with dashed lines.
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Table 1

Estimates and relative importance (Zw;) for each predictor in the average
models obtained through multimodel inference or estimate and p-values when it
corresponds to a single model from the pollinator exclusion experiment. For
each fixed effect factor, confidence intervals (CI at 95 %) are provided. Bold
numbers indicate relevant variables. Total pollinator density (TD), pollination
treatment (PT), within-field position (P), (TD:PT): interaction between total
pollinator density and pollination treatment, (TD:P): interaction between total
pollinator density and within-field position.

Quantity parameters Estimate 2w/ CI
5 e Lower Upper
Pods per flower  Total —0.000 P< —0.001 —0.000
(PPF) (only pollinator 0.001
one model) density
Pollination 0.250 P< 0.235 0.265
treatment 0.001
(Open vs.
Exclusion)
Within-field —0.063 P< —0.076 —0.049
position (edge 0.001
Vs centre)
TD:PT 0.001 P< 0.000 0.001
0.001
TD:P 0.000 P< 0.000 0.000
0.001
N seeds per Total —0.047 1.00 —0.063 —0.031
pod (NSP) pollinator
density
Pollination 3.236 1.00 2.354 4.118
treatment
(open vs.
exclusion)
Within-field —3.976 1.00 —4.883 —3.070
position (edge
vs centre)
TD: PT 0.045 1.00 0.030 0.060
TD:P 0.013 0.62 —0.002 0.027
Thousand seed Total 0.002 0.67 —0.001 0.004
weight pollinator
density
Pollination 0.650 1.00 0.506 0.795
treatment
(open vs.
exclusion)
Within-field —0.076 0.82 —0.158 0.006
position (edge
Vs centre)
TD: PT —0.002 0.51 —0.004 0.001
TD:P 0.000 0.13 —0.002 0.002
Oil content (%) Total —0.012 1.00 —0.035 0.011
pollinator
density
Pollination 2.328 1.00 0.959 3.698
treatment
(open vs.
exclusion)
Within-field —0.750 1.00 —2.153 0.654
position (edge
vs centre)
TD:PT 0.044 1.00 0.021 0.066
TD:P —0.024 1.00 —0.047 —0.001
Total Total 0.167 0.63 —0.07 0.404
tocopherols pollinator
density
Pollination 3.308 0.29 ~7.283 13.899
treatment
(open vs.
exclusion)
Within-field 15.947 0.92 —1.415 33.309
position (edge
Vs centre)
TD:PT —0.025 0.29 —0.278 0.229
TD:P —0.255 0.43 —0.517 0.008
a-Tocopherol Total 9.812 0.80 —0.596 20.220
pollinator
density
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Table 1 (continued)

Quantity parameters Estimate Zwi/ CI
vpalue Lower Upper
Pollination —9.947 0.67 —21.046 1.152
treatment
(open vs.
exclusion)
Within-field 19.808 1.00 8.676 30.985
position (edge
Vs centre)
TD:PT -0.214 0.08 -11.267 10.839
TD:P —11.987 0.61 —23.360 —0.382
y-Tocopherol Total 2.350 1.00 —1.451 6.151
pollinator
density
Pollination 17.254 1.00 13.109 21.398
treatment
(open vs.
exclusion)
Within-field —15.463 1.00 —19.612 —11.313

position (edge

vs centre)

TD:PT —~7.981 0.18 —4.005 4.290

TD:P —0.142 1.00 —12.279 —3.683
Chlorophylls Total —0.002 0.61 —0.007 0.003

pollinator

density

Pollination —0.019 1.00 —0.025 —0.013

treatment

(open vs.

exclusion)

Within field —0.005 0.56 —0.011 0.001

position (edge

Vs centre)

TD:PT —0.004 0.27 —0.010 0.002

TD:P - - - -
Carotenoids Total —0.002 0.42 —0.005 0.001

pollinator

density

Pollination —0.014 1.00 —0.017 —0.01

treatment

(open vs.

exclusion)

Within-field 0.001 0.30 —0.002 0.005

position (edge

vs centre)

TD:PT 0.002 0.08 0.002 —0.002

TD:P 0.002 0.04 —0.002 0.005

inflorescences also showed a lower decrease of NSP in response to
increasing total pollinator density than EP inflorescences (Xw; = 1.00)
(TD:PT in Table 1). EP plant inflorescences exhibited a 15 % lower of
NSP than those from OP plants (P < 0.001) (Fig. 3B).

The average model for the TSW (Table 1) shows an increased trend
for both the total pollinator density (Ew; = 0.67) and the pollination
treatment, where OP plant seeds were heavier (Zw; = 1.00). Both var-
iables exhibited clear effects. Conversely, the within-field position (Zw;
= 0.82) had negative effects, indicating that the edge plants show lower
TSW compared with those at the centre of the field. Regarding the in-
teractions, only the interaction between total pollinator density and
pollination treatment showed a negative and clear effect (Zw; = 0.51)
(TD:PT in Table 1), indicating that OP plants exhibited a decrease in
TSW relative to EP plants in the presence to increasing total pollinator
density. Notably, seeds from the EP plant inflorescences weighed 40 %
less than those from OP plants open to insect visits (P < 0.001) (Fig. 3C).

3.3. Pollinator exclusion effects on seed quality

The quality parameters of the rapeseed seeds primarily showed
responsiveness to pollination treatment and location within the field
(Table 1). The analysis of oil content (%) in rapeseed seeds reveals a
positive response for OP plants of the pollination treatment (Xw; =
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Fig. 3. Effects of the pollination treatment on (A) pods/flowers, (B) the number of seeds per pod and (C) the thousand seed weight. The 95 % confidence intervals for
treatments are shown in boxes inside of each violin graph. Results of statistical comparison among inflorescences from pollinator-excluded plants (EP) and open-

pollinated plants (OP) are indicated below each graph.

1.00), showing more oil content than that in EP plants, and this finding is
supported by its confidence interval. The total density of pollinators and
the position in the field had a negative effect (Xw; = 1.00). Whereas the
interaction between the pollinator density and within-field position (TD:
P in Table 1) exhibits a negative effect (Xw; = 1.00) indicating that the
seeds of plants on the field edge have even less oil content in the pres-
ence of a higher density of pollinators than plants in the field centre. A
positive effect is observed in the interaction between total pollinator
density and pollination treatment (TD:PT in Table 1) (Ew; = 1.00),
showing that OP plant seed oil content increases as pollinator density

increases, and both interactions are supported by their confidence in-
terval. Notably, seeds from the inflorescences of EP plants contained 10
% less oil than those from OP plants (P < 0.001) (Fig. 4A).

The average model for total tocopherols in OSR seeds indicates an
increase in relation to within-field position showing more content at the
edge (Ew; = 0.92). The tocopherol content also increased as the polli-
nator density increased (Xwj = 0.63), and although its confidence in-
tervals encompass zero, it exhibits clear positive effects (Table 1).
Overall, pollination treatment doesn’t show a clear effect (Xw; = 0.29).
Seeds from the inflorescences of EP and OP plants did not show any
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Fig. 4. Effects of the pollination treatment on (A) seed oil content (%), (B) total tocopherols (a-toc + y-toc), (C) a-toe, (D) y-toc, (E) chlorophyll (a + b) and (F)
carotenoids. The 95 % confidence intervals for treatments are shown in boxes inside each violin graph. P-values of statistical comparison among inflorescences from

EP and OP plants are indicated in each graph.
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significant differences in total tocopherol content (P > 0.05) (Fig. 4B).

Tocopherol composition shows two predominant tocopherols, a- and
y-tocopherol. The a-tocopherol content was higher in plants from field
edge than in plants from field centre (Xw; = 1.00, Table 1). However, we
detected an important interaction with total pollinator density (Zw; =
0.61, TD:P in Table 1), causing a steeper positive response of
o-tocopherol to total pollinator density in the field centre than in field
edge (i.e. total pollinator density effect on a-tocopherol content is higher
in the field centres than in field edges). Each variable was supported by
its respective confidence intervals. The «-tocopherol content increased
in response to increased pollinator density (Xw; = 0.80) and pollination
treatment (Xw; = 0.67). There was no difference between OP and EP
plants in the a-tocopherol content (P > 0.05) (Fig. 3C). For y-tocopherol,
the variables carrying the greatest relative importance, as outlined by
the average model (Table 1), encompassed the total pollinator density,
within-field position, their interaction, and the pollination treatment, all
boasting a relative importance of Tw; = 1.00, with clear effects. The
y-tocopherol content increased as pollinator density increased (Zw; =
1.00) and showed higher levels in plants from the centre. Their in-
teractions exhibited negative trends, indicating that the increase was
smaller in the edge plants than in the centre (TD:P in Table 1). In seeds
from OP plants, y-tocopherol content was also higher, but the interaction
with pollinator density had no clear effect (TD:PT in Table 1). The
y-tocopherol content of seeds from OP plants was 10 % higher than that
from EP plants (P < 0.001) (Fig. 4D).

The total chlorophylls, as indicated by the average model, only
showed a relationship with the pollination treatment (Xw; = 1.00)
which is supported by the confidence interval. Seeds from OP plants
have a lower chlorophyll content than those from EP plants. In contrast,
the remaining variables had an unclear effect. Seeds from the in-
florescences of EP plants contained 60 % more total chlorophyll than
those from the inflorescences of OP plants (P < 0.001) (Fig. 4E). Total
carotenoids were primarily influenced by the pollination treatment (Zw;
=1.00), as per the average model (Table 1). This effect was supported by
its confidence interval, which indicated that seeds from OP plants had a
lower carotenoids content than those from EP plants. The remaining
variables exhibited lower relative importance, and their confidence in-
terval contained zero, with a tendency towards symmetry; therefore, we
could not consider their effects. Seeds from EP plants had 20 % higher
total carotenoids content than those from OP plants (P < 0.001)
(Fig. 4F).

3.4. Agricultural landscape and pollinator density affected pollination
effectiveness and rapeseed seeds quality

The average model indicated that the pollination effectiveness pa-
rameters of the OP treatment seeds responded to agricultural landscape
and pollinator density variables (Table 2 and Fig. 5). The average model
for PPF revealed that ERGp (Zw; = 0.71) and SNH (Zw; = 0.95) were the
variables with the highest relative importance, both corroborated by
their confidence intervals (Table 2). PPF increased in plants from
landscapes with higher crop diversity and decreased with increasing
SNH proportion in the agricultural landscape. In contrast, MFS, WB and
HB densities did not have a clear effect. Crop diversity (ERGp) was the
most important (Xw; = 1.00) variable influencing NSP, with greater crop
diversity resulting in increased NSP. MSF (Zw; = 0.60) and SNH (Zw; =
0.67) presented lower relative importance, and although their confi-
dence intervals included zero, they also showed clear effects, thereby
increasing NSP in landscapes with small field sizes or with a higher
proportion of SNH. The WB (Xw; = 0.25) and HB (Zw; = 0.41) densities
did not have a clear effect. For the TSW, the average model revealed that
only SNH (Zw; = 1.00) had effects on TWS, which was the variable with
the highest relative importance, with a positive effect supported by their
respective confidence intervals. This indicated that the greater the
proportion of SNH in the agricultural landscape, the higher the TSW.

The percentage of oil content in the seeds was explained by an
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Table 2

Estimates and relative importance (Zw;) for each predictor in the average
models obtained through multimodel inference or estimate and p-value when it
corresponds to a single model from the analysis of landscape effects on open
pollination treatments plants. For each fixed effect factor, confidence intervals
(CD) (95 %) are provided. Bold numbers indicate relevant variables.

Quantity parameters Estimate  Zw; CI
Lower Upper
Pods per flower ~ Wild bees (WB) 0.008 0.32 —0.010 0.026
(PPF) Honeybees (HB) 0.005 0.24 -0.013 0.022
Crop diversity 0.017 0.71 0.000 0.034
(ERGp)
Mean field size -0.016  0.49 —0.037 0.005
(MFS)
Seminatural —0.031 0.95 —0.053 —0.009
habitats (SNH)
Within field 0.000 0.19 -0.025 0.024
position (edge vs
centre)
N seeds per Wild bees (WB) -0.516 0.25 —1.842 0.810
pod (NSP) Honeybees (HB) —0.748 0.41 -1.965 0.469
Crop diversity 2.789 1.00 1.522 4.056
(ERGp)
Mean field size —1.603 0.60 —3.587 0.381
(MFS)
Seminatural 1.492 0.67 —0.085 3.070
habitats (SNH)
Within-field -0.004 0.18 -1.536 1.528
position (edge vs
centre)
Thousand seed Wild bees (WB) —0.026 0.22 —-0.168 0.115
weight Honeybees (HB) —0.063 0.29 —0.204 0.079
Crop diversity 0.016 0.23 —0.136 0.168
(ERGp)
Mean field size 0.109 0.36 —0.100 0.318
(MFS)
Seminatural 0.440 1.00 0.270 0.610
Habitats (SNH)
Within-field 0.001 0.20 —0.180 0.181
position (edge vs
centre)
Total oil (%) Wild bees (WB) —0.048 0.29 —0.180 0.084
Honeybees (HB) - - - -
Crop diversity 1.132 1.00 0.974 1.291
(ERGp)
Mean field size —0.384 1.00 —0.500 —0.267
(MFS)
Seminatural 1.079 1.00 0.882 1.277
habitats (SNH)
Within field —0.070 1.00 —0.105 —0.035
position (edge vs
centre)
Total Wild bees (WB) 0.021 0.24 ~0.067 0.109
tocopherols Honeybees (HB) 0.110 1.00 0.043 0.177
Crop diversity 0.049 0.30 —0.049 0.148
(ERGp)
Mean field size —0.803 1.00 —0.879 —0.727
(MFS)
Seminatural —0.244 1.00 —0.355 —0.133
habitats (SNH)
Within field 0.025 0.88 0.002 0.047
position (edge vs
centre)
a-Tocopherol Wild bees (WB) -0.017 0.2 -0.133 0.099
Honeybees (HB) 0.121  1.00 0.031 0.211
Crop diversity 0.002 0.24 —-0.112 0.115
(ERGp)
Mean field size —0.617 1.00 —0.719 —0.515
(MFS)
Seminatural -0.040 0.26 -0.180 0.100
habitats (SNH)
Within-field 0.101 1.00 0.070 0.132
position (edge vs
centre)
y-Tocopherol Wild bees (WB) 0.104 0.56 —0.008 0.215
Honeybees (HB) 0.037 0.14 —0.047 0.121

(continued on next page)
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Table 2 (continued)

Quantity parameters Estimate  Zw; ClI
Lower Upper

Crop diversity 0.142 0.77 0.010 0.274
(ERGp)
Mean field size —0.799  1.00 —0.910 —0.689
(MES)
Seminatural —0.427 1.00 —0.589 —0.265
habitats (SNH)
Within-field -0.118 1.00 —0.146  —0.089
position (edge vs
centre)

Chlorophylls Wild bees (WB) -0.010  0.21 -0.144 0.124
Honeybees (HB) —0.161 1.00 —0.264 —0.058
Crop diversity —0.322 1.00 —0.453 —0.191
(ERGp)

Mean field size —0.189 1.00 —0.296 —0.081
(MEFS)

Seminatural 0.086 0.30 —0.089 0.260
habitats (SNH)

Within-field -0.014 0.27 —0.050 0.021
position (edge vs

centre)

Carotenoids Wild bees (WB) 0.061  0.33 ~0.062 0.185
Honeybees (HB) 0.067 0.47 —0.027 0.162
Crop diversity —0.468 1.00 —0.605 —0.331
(ERGp)

Mean field size —0.109 0.80 —0.211  —0.006
(MES)

Seminatural —0.482 1.00 —0.644 —0.320
habitats (SNH)

Within-field 0.016 0.30 —0.0151 0.047
position (edge vs

centre)

average model that did not contain the variable HB. Both ERGp (Zw; =
1.00) and SNH (Zw; = 1.00) had a positive effect on oil content, whereas
MFS (Zw; = 1.00) had a negative effect. Consequently, the oil content in
OSR seeds was higher in landscapes with more ERGp and SNH and in
agricultural landscapes with smaller field sizes. Conversely, the oil
content was lower in edge plants (Zw; = 1.00).

POLLINATOR DENSITIES
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The average model for the total tocopherols obtained from seeds of
the OP treatment (Table 2) indicated a positive response to the HB
densities (Zw; = 1.00) and within-field position, being higher in edge
(Zw; = 0.88). In contrast, total tocopherols decreased in landscapes with
a higher proportion of SNH (Zw; = 1.00) and with larger field sizes (Zw;
= 1.00). The remaining variables had a relatively minor impact on the
overall outcome; however, their effects were not entirely clear.

The average model for a-tocopherol indicated that the HB density, in
addition to MFS and within-field position, were the variables with the
greatest relative importance (Zw; = 1.00). Only MFS had a negative
effect. All three variables were supported by the confidence intervals.
The model indicated that seeds grown on the field’s edge and in land-
scapes with smaller field sizes exhibited a higher a-tocopherol content,
as well as in the presence of a higher HB density (Table 2). The average
model for y-tocopherol explained that all landscape variables had a high
relative importance and were supported by their confidence intervals.
The WB density (£w; = 0.56) demonstrated a positive and clear effect
despite containing zero in its confidence interval. The MFS, SNH, and
within-field position had negative effects. This model indicated that
y-tocopherol decreased in landscapes with a higher proportion of SNH
and in plants from the edge of the field. However, it increased in land-
scapes with smaller fields and a higher WB density (Table 2).

The pigments present in the seeds varied with all the studied vari-
ables. According to the average model, the HB density, ERGp, and MFS
variables showed the highest relative importance (Zw; = 1.00) and were
supported by their respective confidence intervals. Moreover, they all
had a negative effect on total chlorophylls content. The remaining var-
iables had a lower relative importance and less clear effects. The model
indicated that the chlorophylls content was diluted in landscapes with
higher HB density, lower crop diversity, and larger fields.

Finally, the average model indicated that agricultural landscape
variables (ERGp, MFS, and SNH) had the highest relative importance
(Table 2) and influenced the reduction in the total carotenoids content in
OP treatment seeds. This trend was supported by the respective confi-
dence intervals. HB (Zw; = 0.47) densities positively impacted carot-
enoids with a clear effect even though its confidence interval contained
zero. Consequently, the model indicated that the carotenoids content in

LANDSCAPE FEATURES

Fig. 5. Summary of the influence of different pollinator densities and agricultural landscape features on seed quantity parameters, pod per flower (PPF), number of
seeds per pod (NSP), thousand seed weight (TSW) and seed quality parameters, oil content (T.Oil), total tocopherols (T.toc), a-tocopherol (a-toc), y-tocopherol
(y-toc), chlorophyll (Chl) a + b, and carotenoids (Car). Bold numbers indicate relevant variables.
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OSR seeds was higher in landscapes with smaller field sizes and higher
HB density, whereas it decreased in landscapes with greater crop di-
versity and a higher SNH proportion.

4. Discussion

The key finding of this study is the identification of relationships and
influences among different characteristics of the agricultural landscape,
with a specific emphasis on crop diversity and pollinator densities and
their impact on agronomic parameters (quantity/quality) in OSR. This
study highlights the fact that WB density increases in agricultural
landscapes with greater crop diversity. Moreover, landscapes charac-
terised by higher crop diversity are associated with improved quantity
and improvements in OSR seed quality. These findings confirm our first
two hypotheses, and in part the third, because WB does not play an
important role individually in the quantity and quality of OSR seeds.

4.1. Landscape characteristics influence WB density

Our findings revealed a positive correlation between WB density in
rapeseed fields and landscape crop diversity, and a negative correlation
with the mean field size. These trends align with those of previous
research, indicating that higher crop diversity benefits WB abundance
(Aguilera et al., 2020; Sirami et al., 2019). In productive landscapes,
diverse crops create temporal variations in habitats and resources,
supporting larger bee populations (Cavigliasso et al., 2022; Neira et al.,
2024; Raderschall et al., 2021).

In contrast, an inverse correlation has been documented between
wild pollinator density and mean field size. Martin et al. (2019) reported
that there were 70 % more pollinators in small fields. Small fields with
more margins improve landscape connectivity, making it easier for
pollinators to move around (Hass et al., 2018a, 2018b; Sutherland et al.,
2001). In addition, WBs typically require natural areas for nest or colony
establishment and adapt by utilising disturbed or less dense areas
compared to forest such as field margins (Hellwig et al., 2022; Rollin
et al., 2013). Therefore, the outer part of the crop edge borders with
diverse neighbouring microhabitats provide resources for many insects
that are favourable for the establishment, growth, and diversification of
WB populations in agroecosystems (Bartholomeée et al., 2020; Coutinho
et al.,, 2021; Morrison et al., 2017). This could explain the higher
abundance of bees observed on the field edges than in the centre.

4.2. Influence of pollinator density and pollinator exclusion on seed
quantity and quality

Our study highlights that insect visitation plays a crucial role in OSR
yields. The deposition of pollen, facilitated by insect visits, had a posi-
tive influence on the flower ratio, and the interaction between open OSR
plants and total pollinator density produced a joint effect, increasing
PPF while decreasing NSP and TSW. Individually the different groups
density of pollinators (WB-HB) did not explain the pollination effec-
tiveness parameters like reported in other studies (Beyer et al., 2021).
Pollinators only improve effectiveness in a total way, not individually
(Bartomeus et al., 2014; Jauker et al., 2012). Nevertheless, our results
underscore the indispensable role of pollinators in maximising yield in
OSR crops, consistent with the findings of other authors (Bommarco
et al., 2012; Klein et al., 2007) and with more recent studies indicating
that HBs and wild insects contribute similar amounts to crop yields
(Reilly et al., 2024).

Most quality components of OSR seeds were affected by both the
exclusion of pollinators and pollinator density, albeit at different in-
tensities. Plants that interact with pollinators exhibit higher oil content,
underscoring the importance of insect pollination in the development of
OSR seed oil content (Bartomeus et al., 2014; Perrot et al., 2024). The
relationship between oil content and pollinators remains under-
researched, yet its importance to market value is significant
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(Bommarco et al., 2012; Marini et al., 2015). It is likely that this is due to
an increase in hybrid vigour, as only a small amount of exogenous pollen
is needed to increase the productive parameters of OSR (Lankinen et al.,
2018). The total tocopherol content in the rapeseed crop was within the
usual range, as reported by Flakelar et al. (2015). However, total to-
copherols were not affected by pollination treatment or the density of
total pollinators on open inflorescences, but increased with the closeness
of the edge and with increasing HB density. The a- and y-tocopherol
concentrations exhibited distinct responses to the pollination treatment.
Specifically, y-tocopherol increased in seeds from inflorescences acces-
sible to pollinators. The observed pattern may be attributed to chloro-
phyll degradation, which triggers the recycling of phytol into an
alternative metabolic pathway for vitamin E biosynthesis (Munoz et al.,
2024). The accumulation of y-tocopherol suggests that seeds from in-
florescences accessible to pollinators have initiated the maturation
process and are in a more advanced stage of development. This
increased chlorophyll degradation leads to higher production of
y-tocopherol, the form of vitamin E that tends to accumulate in seeds
(Munné-Bosch and Falk, 2004).

Higher HB densities were associated with an increase in o-tocoph-
erol, whereas WB density correlated with an increase in y-tocopherol.
The higher concentration of y-tocopherol in seeds from insect-pollinated
inflorescences may be linked to an enhanced maturation process,
resulting in the production of more mature seeds in inflorescences
accessible to pollinators. This relationship may also be associated with
the fact that a higher WB density increases y-tocopherol, contributing to
seeds with greater maturation, as WBs are considered more effective
pollinators than HBs owing to a higher likelihood of contact with the
flower stigma (Woodcock et al., 2013).

HB density significantly reduced chlorophyll content in insect-
pollinated plants. This indicates that a higher density of these pollina-
tors has a direct impact on pigment content. Analysis of the pollinator
exclusion experiment demonstrated that insect pollination plays a
crucial role in enhancing both the quantitative and qualitative param-
eters of rapeseed production. Pigments found in OSR seeds were more
abundant in plants without pollinators than in OP plants, suggesting that
insect pollination influenced pigment concentrations. All pollinator
densities, specifically HB densities, were associated with lower chloro-
phyll levels. Insect pollination expedites fruit and seed ripening, which
causes greater decomposition of chlorophylls (Smolikova and Medve-
dev, 2016). The pattern of chlorophylls in seeds is opposite to that of
-tocopherol, possibly because both compounds have a common pre-
cursor (Mene-Saffrane, 2018). This response could be explained because
HB are the most abundant group of pollinators in the fields studied. HB
collect pollen with high flower constancy, which can be linked to
improved pollination efficiency (Montgomery, 2009). Lower concen-
trations of chlorophyll and higher concentrations of carotenoid are in-
dicators of higher oil quality (Flakelar et al., 2015; Hannoufa et al.,
2014). Therefore, based on our findings, insect pollination to enhances
oil quality.

4.3. The quantity and quality of OSR seeds are affected by the
agricultural features of landscape

The characteristics of the agricultural landscape influence the
quantity and quality of rapeseed seeds. Crop diversity was positively
correlated with PPF and increased the number of seeds per pod. In
contrast, semi-natural areas are particularly important for augmenting
the TSW, but they are associated with fewer pods per flower. Rapeseed
seed quality was also responsive to diverse landscape features, with
specific effects varying depending on the parameters considered.

Crop diversity is a pivotal characteristic of agricultural landscapes
that positively affects pollination effectiveness and seed quality.
Furthermore, it plays a role in increasing the oil content and y-tocoph-
erol, while concurrently reducing the presence of pigments in seeds.
These patterns are consistent with the findings of previous studies. The
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positive effect of crop diversity is attributed to its ability to enhance
pollinator diversity, leading to increased pollination services for crops
(Dainese et al., 2019). Notably, both WBs and HBs have been associated
with higher fruit set, elevated oil content, and reduced chlorophyll levels
(Bartomeus et al., 2014; Bommarco et al., 2012; Garibaldi et al., 2013).
In this study, we could not find a relationship between the crop diversity
of the landscape and the improvement in OSR parameters mediated by
WaBs, but this is not the first report of landscape characteristics affecting
both production and phytochemical processes (Magrach et al., 2023;
Pioltelli et al., 2024a, 2024b), which is an interesting and novel aspect
that requires further investigation.

The observed positive response may be attributed to the correlation
between crop diversity in the landscape and WBs. WB density, in
conjunction with the contribution of HBs, influences some quantity and
quality parameters. HBs showed no relationship with landscape char-
acteristics in the localities (Fig. S1); instead, WBs made the difference in
the total pollinator density, a group that is directly related to crop di-
versity, as indicated above. Our study is the first to show connections
between landscapes with diverse crops, pollinator density, and an in-
crease in y-tocopherol and total tocopherols in seeds. Having various
crops in an area appears to create a better environment for OSR
production.

Our data indicate that agricultural landscapes with smaller field sizes
correlate with an improved number of seeds per pod and generally with
better seed quality. Smaller fields may be associated with higher OSR
crop yield and plant reproduction (Hass et al., 2018a, 2018b; Magrach
etal., 2023). Semi-natural areas positively affect the number of seeds per
pod and the weight of a thousand seeds. This is consistent with other
studies indicating that oil content in seeds increases with the number of
seeds per pod (Vera et al., 2007). Mazzei et al. (2021) underscored the
pivotal role of forest fragments in close proximity to OSR fields and their
substantial influence on seed production parameters. This highlights the
significance of semi natural habitats and their proximity, as emphasised
by Halinski et al. (2020, 2018).

5. Conclusions

This novel study provides nuanced exploration, unveiling new in-
sights into the agricultural landscape and the quantity and quality of
rapeseed crop yield. Our findings underscore the pivotal role of crop
diversity through its positive influence on WBs and the enhancement of
both seed quantity and quality in OSR crops. In addition, there were
positive effects of a greater proportion of semi-natural areas for quantity
parameters and smaller fields for quality parameters.

Our investigation of pollination effectiveness revealed a comple-
mentary relationship between WBs and HBs. Both groups of bees have a
joint effect by increasing the percentage of oil in seeds. Besides, Notably,
WBs are linked to seeds that exhibit increased maturity profiles
compared with those associated with HBs. This study emphasises the
implications of the presence of WBs for seed maturity.

Although this study contributes novel perspectives, our research also
underscores the necessity for further enquiries into the intricate dy-
namics between landscapes, bees, and cultivation practices.

In a broader context, our findings advocate for prioritising the
preservation and augmentation of agricultural landscape heterogeneity
in the design of agricultural eco-schemes. This underscores the role of
agricultural landscape management in supporting WBs and high-quality
crop production, presenting a win-win scenario for both biodiversity and
agricultural communities.
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Crop diversity (eRg)

Wild bees (WB)

Total Abundance

Honey bees (HB)

Seminatural Habitats ( SNH)

Mean field size (MFS)

Fig S1. Spearman rank correlation matrix showing significance between the characteristics of
the landscape and the visit ratio of wild, honey and total bees
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Photon flux evaluation inside and outside the mesh nylon

Table S1

Out mesh Inside mesh
1741 1740
1830 1795
1855 1781
1824 1763
1820 1791
1765 1762
1825 1738
1737 1778
1832 1823
1821 1769
1810 1786
1742 1759

t test results

P value and statistical significance:

P value = 0.0702
By conventional criteria, this difference is considered to be not quite statistically significant.

Confidence interval:

The mean of Group One minus Group Two equals 26.42

95% confidence interval of this difference: From -2.37 to 55.21

Intermediate values used in calculations:

t=1.9030
df =22

standard error of difference = 13.882

Review your
Group

Mean

SD

SEM

N

data:

Out mesh
1800.17
41.7
12.04
12
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Inside mesh
1773.75
23.94
6.91
12
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Table S2. VIF values for landscape metrics and bee densities

Term

VIF

Crop diversity

1.020186726

SNH 1.602689765
MFS 1.510651554
Year 1.141169955
Whithin-field position 1
Term VIF

Total Density 2.41456003

Exclusion Treatmeant

Whithin-field position

Year

Total Abundance :Exclusion Treatmeant

2.469835245
2.651186558
1.003862401
3.578025102

Total Abundance :Whithin-field position 2.96426317
Term VIF

Whithin-field position 1.022698689
Honey bees (HB) 1.195828293
Crop diversity 1.21925348

MFS
SNH
Wild bees (WB)
Year

1.493726991
1.710202485
1.520857063
1.346143997
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Past cover of mass flowering crops affects bee density, increases pollination
effectiveness and improves the oilseed rape yield in Mediterranean

agricultural landscapes.

Abstract

Context: The heterogeneity of agricultural landscapes, including both in-crop and off-crop
areas, is crucial for maintaining agroecosystem functions. Mass-flowering crops provide

essential resources for pollinators, enhancing pollination services over time.

Objective: This study aimed to examine how four landscape features—mass-flowering crop
cover from the previous year (MFC1), cumulative cover over three years (MFC3), semi-natural
habitats (SNH), and mean field size (MFS)—influence bee densities and pollination
effectiveness on oilseed rape (OSR) yield. We also explored how small and large bees

contribute differently to pollination.

Methods: Over two years, we analyzed 18 OSR fields in the Central Catalan Depression, using
structural equation modeling to evaluate the impact of landscape features on wild bee densities
and pollination effectiveness. Wild bee density and bee size-class criteria, categorized into
small bees (SB) (<1.5 cm) and large bees (LB) (>1.5 cm), were assessed separately, each in its

own structural equation model, to understand their distinct effects.

Results and conclusions: MFC1 increased wild bee densities, while MFC3 promoted LB. Also,
smaller MFS was associated with higher densities of LB. OSR productivity was more strongly
linked to bee size class than WB density. Seeds per pod correlated positively with WB, LB,
MFCI, SNH and MFS. Oil content was positively related to LB but negatively to MFS, while
SNH boosted thousand-seed weight.

Significance: LB are vital for OSR productivity, but SB can complement pollination services.
These findings highlight the need for agricultural strategies that account for landscape diversity

and bee size to optimize pollination and crop yield.

Keywords: Agricultural landscape, Mass Flowering Crops, wild bees, temporal landscape

metrics, semi-natural habitats.
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1. Introduction

Landscape has been man-shaped for a long time, particularly in the Mediterranean, and
consequently natural and agricultural ecosystems are intermingled, favouring the interrelation
among different land uses. This complexity has an impact on ecological processes, especially
those involving interactions among plants and animals (Farina, 2015; Potts et al., 2006). The
functioning of the agricultural landscape is contingent upon its composition and configuration,
which in turn influence the ecosystem services provided, such as pollination and pest control
(Tittonell et al., 2020; Tscharntke et al., 2012). From an agroecological perspective, achieving
sustainability in agricultural landscapes requires the maximisation of ecological processes at

different scales (Jeanneret et al., 2021; McGranahan, 2014; Wezel et al., 2020).

Their relationship with human activities is dual. On the one hand, agricultural intensification at
both landscape and field levels has dramatically reduced wild pollinator communities,
negatively impacting pollination service provision (Klein et al., 2007). On the other hand,
agricultural landscapes that support ecosystem services are the result of years of human land
use, with landscape history playing a key role in determining ecosystem service provision
(Biirgi et al., 2015; Foster et al., 2003). Therefore, the availability of suitable habitats and
sufficient resources for pollinator communities largely depends on the configuration and
composition of agricultural landscapes over time (Bottero et al., 2023; Estrada-Carmona et al.,
2022). Therefore, the availability of suitable habitats and sufficient resources for pollinator
communities largely depends on the configuration and composition of agricultural landscapes

over time (Cavigliasso et al., 2022; Neira, Blanco-Moreno, et al., 2024).

Landscape characteristics at different spatial scales affect both the abundance and taxonomic
richness of pollinators and their functional traits (Elzay & Baum, 2021). One of the key
functional traits impacting pollination services is the body size of flower visitors (Cortés-
Goémez et al., 2023). This trait is positively correlated with their foraging distance, pollen
carrying, and deposition capacity, all of which are closely linked to pollination effectiveness
and the fruit set of insect-pollinated crops (Greenleaf et al., 2007; Ne’eman et al., 2010; Pfister
et al., 2017). Agricultural landscape simplification has been linked to a reduction in bee size,
with smaller body size serving as an early indicator of environmental stress (Grab et al., 2019).
The reduction in body size is associated with a decrease in floral resources and a decline in the
quality of pollen and nectar available to larvae (Borchardt et al., 2023; Burkle & Irwin, 2009;
Roulston & Cane, 2002). This reduction results in diminished total offspring production,

ultimately leading to a decrease in pollinator abundance (Brasil et al., 2023; Lawson et al.,
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2021; Nooten & Rehan, 2019). Consequently, landscape-induced declines in body size have
significant implications for the persistence of bee communities and the effectiveness of

pollination services.

In this context, the agricultural landscape plays a crucial role. Essential resources for pollinator
survival are found in various habitats. Semi-natural areas like forests, thickets, and flower-rich
grasslands provide these resources, as do field margins between crops as well as crops with
floral rewards as such mass flowering crops (MFCs) (Ammann et al., 2024; Bassa et al., 2012;
Rollin et al., 2013b). MFCs are characterized by an intense bloom over a short period, attracting
pollinators with concentrated pollen and nectar (Mendoza-Garcia et al., 2018). Oilseed rape
(Brassica napus L., hereinafter OSR) is an oleaginous crop widely cultivated across Europe. In
Mediterranean landscapes, it blooms massively between April and May. Although OSR is not
entirely reliant on pollinators, available evidence suggests that effective insect pollination can
enhance its yield and other productivity parameters (Da Cunha & Aizen, 2023; Fairhurst et al.,
2022; Fijen et al., 2022; Halinski, Garibaldi, dos Santos, et al., 2020; Neira, Morales, et al.,
2024). Previous research has explored the impact of MFCs on pollinators over time, revealing
positive relationships between MFC cover from the previous year (Blasi etal., 2021;
Kallioniemi et al., 2017; Riedinger et al., 2014) and up to three years prior to sampling (Beyer
et al., 2021). Notably, MFCs have a positive effect on bee abundance, acting as drivers of bee

populations.

Despite some research (Beyer et al., 2021; Blasi et al., 2021), there remains a scarcity of studies
investigating the long-term effects of MFC and the body size of bees that visit crops, especially
in Mediterranean regions. Considering this gap, our study proposes an approach to explore the
temporal relationship between different MFC cover in Mediterranean agricultural landscapes
and densities of wild bees and their size as well as their potential impact on oilseed rape (OSR)
crops. We hypothesize that OSR fields situated in agricultural landscapes with greater MFC
area accumulation over the past three years will have higher wild pollinator density and support
communities of larger pollinators. Furthermore, the impact of the accumulated MFC over three
years will be higher than the MFC cover from the previous year. Our hypotheses posit that OSR
fields within agricultural landscapes exhibiting greater MFC area accumulation over the past
three years will demonstrate higher wild pollinator density and foster communities of larger
pollinators compared to the MFC cover from the previous year. Given that pollinator density

and body size significantly influence pollination effectiveness in OSR, we anticipate that fields
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experiencing more visits from larger bees will exhibit enhanced pollination effectiveness in

OSR crops.

2. Material and methods

2.1 Landscape metrics

In 2021 and 2022, 20 OSR fields were selected in the Central Catalan Depression, the NE
Iberian Peninsula (41°24°-42°05°N; 1°05°-2°05°E) (Figure 1). All the selected fields were
managed conventionally and sown with winter OSR varieties. The studied landscapes are
dominated (average 66%) by arable cropland intermingled with non-cropped areas. The main
crops in the area are winter cereals; other common crops are almond trees, olive groves,
vineyards, forage and oilseed crops. Forest habitats, thickets and grasslands occupy the non-

cropped areas (Departament d’Accio Climatica, Alimentacié 1 Agenda Rural, 2023).

SNH N .':l . ' ‘. Jr}.aw‘ :mssnlmmlm

Arable lands

Figure 1. Location of study areas in the Central Catalan Depression, in the context of Catalonia
(right above), and distribution of the 18 localities (yellow points). The circles represent the
agricultural landscape around the localities, with a buffer zone of 1 km. The zoomed-out buffers

represent examples of the four landscapes features used as explanatory variables. MFS = mean
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field size, SNH= semi-natural habitats, MFC1 and MFC3 = mass flowering crop in the previous

and in the cumulative three past years. Names indicate Catalan shires (‘“comarques”).

A buffer area of 1 km radius from the centre of each OSR field was used to describe the
landscape around the sampled fields. The buffer radius was established following previous
studies that have found that most feeding flights of the surveyed pollinators are within this
distance (Steffan-Dewenter & Kuhn, 2003). We selected localities where less than 10% of the
buffer area was covered by OSR crop during the sampling year to promote a concentration
effect on pollinators (Beyer et al., 2021; Holzschuh et al., 2011; Magrach et al., 2018). Fields
sampled in any given year were at least 2 km away from each other to prevent overlapping and

to ensure that different OSR fields were not visited by the same pollinator pools.

For each locality, we calculated four landscape features, including the cover of mass-flowering
crops that overlapped their bloom with OSR flowering in the year previous to sampling
(MFC1), cumulative mass flowering crop cover in the three years previous sampling (MFC3),
mean field size (MFS) and percentage of the buffer area occupied by seminatural habitats
(SNH). Spatial information for the calculation of these features was obtained from the DUN-
SIGPAC Crop Map and the Cartography of Habitats of Catalunya (Departament d’Accio
Climatica, Alimentaci6 i Agenda Rural, 2023; Departament de Territori i Sostenibilitat, 2018).
MEFS is used as an indicator of agricultural landscape configuration, while the rest of indicators
refer to landscape composition. MFC1 cover for the first year prior to sampling considers all
identified MFC. MFC3 cover is calculated as the sum of MFC cover for the three years prior to

sampling.

The set of crops considered as MFC has been established from the list of crops present in the
study localities and the information on flowering periods (crops potentially blooming during
the sampling period) (de Bolos et al., 2005 ). The MFCs present in the landscapes include
oilseed crops such as rapeseed and mustard, as well as sweet fruit trees like pears, cherries,

peaches, and apples.
2.2 Pollinator sampling

Sampling was conducted during April and May. The survey was performed by a single observer
who counted individual pollinators visiting OSR flowers during two standardized transect
walks per field at different within-field positions. One walk was carried out in the crop centre
and the other in the crop edge, both parallel to the field margin. The transects covered an area

of 150 m? (75 x 2 m), and each walk lasted 15 minutes. Each transect was sampled twice during
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the OSR bloom period. Transects were surveyed on days when the air temperature was above

15°C, the wind speed was low, and there was no rain following similar studies.

To assess the densities of pollinator groups, we recorded during transect walks wild bees (WB),
which are classified as efficient wild pollinators for OSR crops (Jauker et al., 2012; Stanley
et al., 2013), and honeybees (HB). Although the abundance of honeybees (Apis mellifera L.) is
not directly related to the resources provided by the ecosystem but rather to the location of
hives, it was still recorded because honeybees contribute to OSR pollination (Bommarco et al.,
2012; Hudewenz & Klein, 2013). Wild bees were grouped according to size class criteria into
small bees (SB) (<1.5 cm) and large bees (LB) (>1.5 cm) since bee of similar size have similar
effects on pollination. Wild bees and honeybees were both considered for the evaluation of

pollination effects on OSR.
2.3 Evaluating pollination effectiveness in OSR

Two sampling zones were established in each study field, one in the centre and one at the crop
edge, coinciding with pollinator transects. In each sampling area, 5 OSR plants were selected,
and one inflorescence of similar size was chosen from each plant (N=200). Inflorescences were
manually collected once the plants had completed its development, when OSR crop was ready

to harvest, at the beginning of July.

To quantify pollination effectiveness, three parameters were estimated for the selected OSR
inflorescences: (1) The number of seeds per pod (NSP) was characterized by examining five
pods per inflorescence (50 pods per field). (2) The thousand-seed weight (TSW) was estimated
by calculating the total weight of all seeds in each inflorescence and dividing it by the product
of the average number of seeds per pod and the total number of pods, using the formula 1000x
(weight of all seeds / (average number of seeds per pod x total pods)). (3) Percentage of oil
content in seeds (TO) was determined using a modified gravimetry protocol (Bligh & Dyer,
1959) of three inflorescences randomly chosen for each within-field position (centre/edge) per

field (N = 120).
2.4 Statistical analyses

We tested the effects of the landscape metrics on bee density and on OSR pollination
effectiveness by means of structural equation modelling (SEM). This method allows the
evaluation of the direct and indirect pathways that can influence the OSR pollination
effectiveness. We used piecewise SEMs, which allow for a wide range of response distributions

in a hierarchical (mixed effects) framework (Lefcheck 2016). We used the package
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“piecewiseSEM” to assess the goodness-of-fit based on Shipley’s test of directed separation
that combines the P-values of all independence claims in Fisher’s C statistic (Shipley, 2009).
We constructed two different hypothetical models comprising either total wild bee density
(WB) and honeybees (HB), or density split by size-class criteria (SB and LB). The first model
included effects of landscapes features (MFC1, MFC3, SNH, MFS) as continuous explanatory
variables affecting total wild bee density (WB Also, we aggregated HB densities and WB
densities for the pollination effectiveness models (number seeds per pod, weight of thousand
seeds and oil content in seeds). As we expected correlations between honeybee densities and
wild bee densities, we added correlated errors between those variables (Figure S1a). The second
model includes only wild bee densities split according to size classes (SB and LB) instead of
total wild bee density (WB) (Figure S1b). Locality was included as a random effect factor for
models that relate landscape and wild bee density, while OSR variety was used as a random

effect factor in pollination effectiveness models.

Each pathway in the SEM represents a single model for which we used generalized linear mixed
models fit through the 'glmmTMB' package (Brooks et al., 2017). A strong correlation was
identified between the MFC1 and MFC3, and between MFS and SNH (R? > 0.8). Therefore, a
sequential regression approach (Graham, 2003) was used to create new purged explanatory
variables by reciprocally subtracting the common variation from the MFC1 in relation to MFC3,
and from SNH in relation to MFS. These procedures allowed us to obtain new independent
surrogate variables for MFC1 and SNH from their residue’s vs MFC3 and MFS, respectively.
This approach allowed the inclusion of both adjusted variables in the model. We tested for
potential collinearity between explanatory variables using the variance inflation factor (VIF)
through the 'check collinearity' function from the 'performance’ package (Liidecke et al., 2021).
The set of variables showed low collinearity, all VIFs were <2 (Zuur et al., 2010). All SEMs
were manually simplified by removing stepwise pathways with the highest P-value until the
best model was found based on the AIC. All statistical analyses were conducted using R version

4.2.1 (R Core Team, 2022) under RStudio version 4.1.2.2 (RStudio Team, 2022).
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3. Results

A total of 2592 individuals of honeybees and 992 of wild bees were recorded in both sampled
years. The average density of honeybees and of wild bees recorded was 32 and 12 individuals
per transect, respectively. We collected 1000 pods from oilseed rape plants, with an average of
23 seeds per pod. The average weight of a thousand seeds varied between 1.2 g and 5.6 g across

locations, while the oil content averaged 43% of the seed weight, ranging from 28% to 53%.

The first SEM model, which included total wild bee density, fit the data well (best simplified
model Fisher’s C = 33.89, P-value = 0.287, Fig. 2A). None of the independence claims
remained significant, indicating no important links were missing from the model. The best
model for wild bee density revealed that an increase in the previous year mass flowering crop
cover (MFC1) had a strong effect on the density of wild bees visiting the oilseed rape fields
(Fig. 2A and 3A). This was the only landscape variable affecting wild bee density. In turn, WB
significantly increases the number of seeds per pod (Fig 4a). Honeybee density positively

correlated with wild bees but did not impact pollination efficacy.

MEFS positively affected the number of seeds per pod and negatively affected the oil content in
seeds (Fig. 3b). An increase in the percentage of semi-natural habitats in the landscape had a
strong positive effect on the thousand-seed weight (Fig. 2b). Additionally, the number of seeds

per pod was positively related to the thousand-seed weight and the oil content in seeds.
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Figure 2. Results of the best piecewise SEMs based on AIC values, analyzing the relationships
between the previous year mass flowering crop cover (MFC1), cumulative mass flowering
crops cover (MFC3), mean field size (MFS), and the proportion of seminatural habitats (SNH)
in the landscape. The analysis includes (A) wild bee and honeybee densities and (B) size-class
criteria (small and large bee density), and their effects on pollination effectiveness (TSW =
thousand-seed weight, NSP = number of seeds per pod). Numbers next to arrows indicate
standardized regression coefficients. Conditional (RZ, including random effects) and marginal

(RZ,, excluding random effects) R? values are presented for the response variables.
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Figure 3 Effect of previous year mass flowering crop cover (ha) (MFC1) on wild bees (WB)
density and on bee density split by size-class (small and large bees (SB-LB)) (A) and effect of
cumulative mass flowering crop cover (MFC3) on wild bee (WB) densities and on bee density
split by size-class (SB-LB) (B). Lines show predictions from mixed models included in the
SEMs. Solid lines indicate significant relationships (P-value < 0.001) and dashed lines indicate

non-significant relationships (P-value > 0.05) from best fitting SEM.

By replacing the honeybee and wild bee density with wild bee size class (small and large) in
the SEM (best simplified model C = 24.699 with P-value = 0.644, Fig. 2b), it was found that
MFCI1 had strong effects on small wild bees and the number of seeds per pod (Fig. 2b, 3a).
MFC3 showed a strong effect on the density of large bees. The MFS had a negative effect on
the oil content in seeds and on the density of large wild bees (Fig. 3b). The percentage of semi-
natural habitats maintained its positive effect on the weight of a thousand seeds and number of
seeds per pod. A higher density of large wild bees had a positive effect on the number of seeds
per pod and a stronger effect on the oil content in seeds (Fig. 2b,4b). The density of small wild

bees had a negative effect on the oil content in seeds.
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Figure 4. Effect of wild bee density (WB) (A) and large bee density (B) on pollination
effectiveness parameters. Lines show predictions from mixed models that were examined in the

SEMs. Solid lines indicate significant relationships from best fitting SEM.

4. Discussion

Overall, our results indicate that wild bee densities increased with the previous year mass
flowering crop cover in the landscape, though the effect of agricultural landscape features is
different depending on their body size. The density of small bees was related to previous year
mass flowering crop cover, while the density of large bees was related to the cumulative mass

flowering crops cover and mean field size, partially confirming our first hypothesis.

The analysis of oilseed rape quality indicators shows that large bees play an important function

on two of the evaluated parameters, thereby confirming our second hypothesis.
4.1 Mass-flowering crops and small field size increase wild bee densities

The positive effect of mass-flowering crops cover over previous years, on the visitation rate of
wild bee in the Mediterranean landscapes of the Central Depression of Catalonia is consistent
with Previous studies (Beyer et al., 2021; Biirgi et al., 2015; Foster et al., 2003). This confirms

the importance of landscape history in shaping pollination services.
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The presence of mass-flowering crops (MFCs) in cereal-dominated landscapes enhances and
supports pollination services in agroecosystems (Estrada-Carmona et al., 2022; Fijen et al.,
2022; Hass, Kormann, Tscharntke, Clough, Baillod, Sirami, Fahrig, Martin, Baudry, Bertrand,
Bosch, Brotons, Burel, etal., 2018). The cumulative mass flowering crops cover in the
agricultural landscapes increases wild bee abundance by consistently providing large amounts
of pollen and nectar for bees. In line with Beyer et al (2021), our results highlight the importance
of MFC cover accumulated in the past. On the other hand, the presence of honeybees did not
negatively affect the density of wild bee. It is likely that competitive relationships are alleviated
due to the large resource supply during MFCs blooming period (Wignall et al., 2020; Zanini
et al., 2024).

The previous year mass flowering crop cover also influenced wild bee density, depending on
their body size in OSR fields. The coverage from the previous year increased the density of
small-sized bees, likely because their limited foraging range makes them more dependent on
consistent resource availability. In contrast, the cumulative mass MFC cover had a positive
effect on the density of large bees, but the previous year mass flowering crop cover did not have
any effect on these. These positive effects of mass flowering crop coverages from the previous
year have been previously reported for bees with smaller sizes and therefore a smaller range of
feeding areas (Greenleaf et al., 2007; Kennedy et al., 2013; Van Reeth et al., 2018). Conversely,
larger bees, with their extensive foraging areas, may benefit differently (Happe et al., 2018;
Westphal et al., 2006). Small bees rely heavily on the conditions of the previous year due to
their limited foraging range, whereas larger bees, with their greater mobility, can more
effectively capitalize on landscape resources, even when these resources shift due to crop
rotation. In the studied landscapes, OSR is included in crop rotational schemes, mainly with
cereals. This rotation in the location of crops could disadvantage small bees due to their limited
spatial resource exploitation range. Conversely, it may not significantly impact on larger bees,
which can utilize these crops even if they change location annually, benefiting from

accumulated MFC cover in the landscape.

In our agricultural landscapes, we found that the smaller the fields, the greater the density of
large bees. This pattern may be attributed to the dominance of the genus Bombus among the
large bees in our observations. Species from this genus rely heavily on high-quality feeding
habitats and flower-rich field margins, which are more prevalent in small-scale agricultural
settings (Happe et al., 2018). The increased number of crop edges and field margins in

landscapes with smaller fields enhances connectivity, which benefits large bees by facilitating
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their movement and access to diverse resources (Clough et al., 2020). Additionally, landscapes
with smaller fields allow large bees to better complement the temporal availability of
agricultural resources (Bishop et al., 2024; Carvell et al., 2004). This could explain why smaller
average field sizes in agricultural landscapes are particularly advantageous for large bees,

enabling them to effectively forage and thrive.

4.2 The influence of agricultural landscape and large bees on pollination
effectiveness

The features of the agricultural landscape significantly influenced pollination effectiveness
parameters. Among the landscape parameters evaluated, only MFC3 did not have a direct effect
on OSR yield parameters, underscoring the importance of the surrounding landscape in crop
development (Bommarco et al., 2012; Burchfield et al., 2019). Specifically, the percentage of
semi-natural areas positively affected the weight of a thousand seeds in rapeseed crops, a
finding consistent with previous studies by Halinski et al. (2020) and Mazzei et al. (2021).
Additionally, agricultural landscapes with smaller average field sizes were associated with
higher oil content in seeds. Such landscapes have been reported to enhance crops that benefit
from pollination by increasing the density of pollinator visits and improving landscape
connectivity (Dainese et al., 2019b; Hass, Kormann, Tscharntke, Clough, Baillod, Sirami,
Fahrig, Martin, Baudry, Bertrand, Bosch, Brotons, Burel, et al., 2018). Furthermore, MFC1 had
a direct effect on the number of seeds per pod, highlighting the significance of the landscape's

previous conditions in influencing current crop outcomes (Beyer et al., 2021).

Furthermore, the density of wild bees has a positive impact on OSR production, affecting the
number of seeds per pod. These findings are consistent with previous research (Bartomeus
et al., 2014; Bommarco et al., 2012; Jauker et al., 2012). Our findings add complexity to the
results, by showing that bee body size significantly impacts pollination effectiveness. Crop
harvest quantity and quality (number of seeds per pod and oil content) are influenced by the
densities of different-sized bees. In contrast, the density of wild bees only relates to the number
of seeds per pod. SEM results show that both models explain the number of seeds per pod,
similarly, as indicated by the comparable percentage of explained variability (Fig 2). However,
for oil content in seeds, the SEM model that includes size class explains the response better the
model that considers honeybee and wild bee density. This highlights the importance of

pollinator size over the visit density in pollination efficacy of OSR crops.
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Bee body size may influence pollination, since it affects the quantity of pollen load (Foldesi
et al., 2021; Goulson et al., 2002; Greenleaf et al., 2007). The amount and type of pollen bees
deposit on flowers’ stigma significantly impacts OSR crops yield. Excessive pollen load can
reduce seed production per pod due to stigma obstruction (Thomson, 1989) while pollen from
different individuals can increase the outcrossing of oilseed rape by pollinating with pollen

from different plants enhancing ovules’ fertilization rates (Artz & Nault, 2011; Sun et al., 2021).

Our data indicate that large bees do not deposit an excess pollen on flowers, given that they are
positively related to the number of seeds per pod and the percentage of oil in seeds. These
effects are likely due to enhanced cross-pollination caused by the foraging behaviour of the
large bees (Brittain et al., 2014; Chang et al., 2023; Hudewenz et al., 2014; Perrot et al., 2024).
Large bees are more effective pollinators due to their longer flight ranges, enabling them to
visit various fields and flower types, thus transporting a greater diversity and quantity of pollen
(Bartomeus et al., 2018). Their stronger buzz also allows them to deposit more pollen per visit,

enhancing the chances of cross-pollination (De Luca et al., 2019; Greenleaf et al., 2007).

Our results also indicate that small bees do not significantly affect production parameters. They
are specialized pollen and nectar collectors with shorter flight ranges, tending to visit flowers
within the same inflorescence (Chang et al., 2023; Tscharntke et al., 2005). Small bees often
gather and carry less pollen from just a few flowers and do not transfer much pollen between
plants, suggesting they might be ineffective pollinators (Koski et al., 2018). This behaviour
reduces cross-pollination as they consistently transfer pollen of the same plant while
minimizing pollen transfer of different individuals. This is supported by other research that
larger bee species have higher rates of stigma contact and deposit more pollen grains than
smaller bees, which benefits OSR yields (Chang et al., 2023; Willmer & Finlayson, 2014).
Their superior thermoregulation allows them to forage earlier in the day, often leaving little
pollen available for smaller bees (Christopher et al., 2021). Consequently, small bees may have
minimal impact on plant reproduction in areas where large bee are abundant. However, in areas
with few large bees, these smaller bees might still provide valuable pollination services

(Mitchell et al., 2024).

These findings highlight the importance of considering both bee density and size-class in crop
pollination and promotion landscape heterogeneity. Our research agrees with recent data
indicating that landscape heterogeneity even improves pollen transport of agricultural species
by bees, one of the possible explanations for these improvements in OSR yield parameters

(Marrero et al., 2024).
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5. Conclusions

In conclusion, our research provides a complementary perspective on the relationship between
landscape features and pollination services, emphasizing their importance in enhancing the
productivity of oilseed rape fields. The mass flowering crops cover (MFC) from the previous
year, along with its accumulation over the last three years, is important for sustaining wild bee
populations and ensuring a higher proportion of large bees. Notably, high previous year MFC
cover in the past, especially in landscapes with more semi-natural areas and smaller fields, has
been shown to benefit the density of large bees, which in turn improves OSR crop quality by

raising the oil content in seeds.

While large bees are vital for rapeseed production, in areas where they are less abundant, small
bees can complement the pollination service. Although the effects of small bees on seed quality
are not yet fully understood, further studies are necessary to clarify their role in the absence of

large bees.

A balanced presence of both small and large bees can optimize seed production and promote
genetic diversity through cross-pollination, ultimately contributing to more resilient and
productive agricultural landscapes. Therefore, there is a need for agricultural strategies that

consider the variability in bee size to optimize pollination in agroecosystems.
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Figure S1. General model to predict the effect of the agricultural landscape on A) Wild bees
and Honeybee densities and B) size-class criteria and on OSR pollination effectiveness.
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Table S1. Best fitting SEMs considering A) Wild bee and honeybee densities and B) separate
size-classes, small and large bees (SB/LB).

A) Response Predictor Estimate Std.Error DF Crit.Value P.Value Std.Estimate
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WB
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Predictor
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LB

0.1068
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0.2805
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-2.4937

Estimate
3.0906
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0.3726
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0.1141
0.0104
0.0935
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0.1016

Signif. codes: 0 '***'0.001 "**'0.01 '*' 0.05
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Discusion general

Los estudios sobre la heterogeneidad espacial y temporal de los componentes del paisaje
agricola se han centrado en comprender los efectos sobre la densidad y la eficacia de la
polinizacién como una herramienta fundamental para aumentar la biodiversidad y la
funcionalidad de los agroecosistemas (Fahrig et al., 2011; Priyadarshana et al., 2024). No
obstante, la magnitud del efecto del ensamblaje espacial y temporal de los elementos que
conforman el paisaje agricola varia en funcion del contexto biogeografico (Wu, 2013). Debido
a esta importancia del contexto resulta esencial examinar la manera en que la composicion de
la matriz agricola y sus cambios temporales, junto con la configuraciéon y composicion de las
areas no cultivadas, afectan a los polinizadores y a la eficacia de la polinizacion. Para ello, en
esta tesis se ha empleado la colza, un cultivo al6gamo facultativo como un fitdbmetro en paisajes

agricolas dominados por cultivos herbaceos extensivos de Catalufia.

Un aspecto relevante de esta tesis doctoral es el analisis de la relacion entre la diversidad de
grupos funcionales de cultivos y la densidad de diferentes grupos de polinizadores. Los
resultados muestran que la mayor diversidad de grupos de cultivos en el paisaje, tanto del afio
de muestreo como del afio anterior, estan asociadas con el aumento de la densidad de
polinizadores. La diversidad de grupos de cultivos del afio actual correlaciona positivamente
con el numero total de polinizadores, y con las densidades de abejorros y otras abejas silvestres,
mientras que la diversidad de grupos de cultivos del afio anterior tiene un efecto positivo y
significativo sobre la abundancia de polinizadores totales y sobre las abejas silvestres. Ademas,
los diferentes grupos de polinizadores respondieron de manera diferente a las otras
caracteristicas del paisaje como son el porcentaje de areas seminaturales y el tamafo medio de
campo. Las densidades de los diferentes grupos de abejas que visitan los campos de colza tienen
un efecto sobre la eficacia de la polinizacion, estimada mediante parametros relacionados con
la produccion y la calidad de las semillas de colza. El estudio refleja que la densidad total de
abejas tiene un impacto significativo y positivo sobre la proporcion de flores que se convierten
en frutos y sobre la concentracion de aceite en las semillas de colza. Ademas, se observo la
labor complementaria entre las abejas silvestres y las abejas de la miel en el proceso de
polinizacion, pero con diferentes grados eficacia sobre los distintos parametros analizados en

las semillas de colza.

Finalmente, la tesis también analiza la relacion entre la cobertura de los cultivos de floracion
masiva y la densidad de abejas silvestres, diferenciando entre dos clases de tamafo, abejas

pequenas y las grandes. La cobertura de cultivos de floracion masiva del afio anterior esta
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positivamente asociada con una mayor densidad de abejas pequefias, mientras que la cobertura
acumulada de cultivos de floracion masiva en los ultimos tres afios favorece a las abejas
grandes. Ademas, el estudio pone de manifiesto que la cobertura de cultivos de floraciéon masiva
afecta la eficacia de la polinizacion de manera diferente segun el tamafio de las abejas. La
densidad de abejas grandes estd asociada con un mayor peso de las semillas y una mayor
concentracion de aceite en las semillas, mientras que la densidad de abejas pequefias estd

relacionada principalmente con el nimero de semillas por vaina.

En conjunto, esta tesis proporciona una vision integral de como la presencia de cultivos de
floracion masiva y la diversidad de grupos de cultivos del paisaje agricola puede aumentar la
eficacia de la polinizacién y, en consecuencia, mejorar la produccion y calidad de las semillas
de especies aldogamas facultativas como es la colza. Este trabajo de investigacion destaca la
importancia de promover la diversidad temporal de cultivos, asi como la presencia de cultivos
de floracion masiva, ademas de conservar las areas seminaturales y promover los campos mas
pequetios para el mantenimiento de las poblaciones de polinizadores y mejorar la eficacia de la
polinizacion. A continuacion, exploraremos como estas caracteristicas composicionales de la
matriz agricola, junto con las areas seminaturales y la configuracion medida a través del tamaiio

medio de los campos influyen en la eficacia de la polinizacion.

12.0 Importancia de la diversidad de grupos de cultivos y los cultivos de
floracion masiva para los polinizadores

La diversidad de grupos de cultivos en el paisaje agricola y su variacion temporal tienen un

impacto complejo en la densidad de polinizadores. En particular, la diversidad de grupos de

cultivos del afio anterior muestra una correlacion positiva y significativa con las densidades de

abejas silvestres. Nuestros resultados indican que esta diversidad pasada tiene un mayor

impacto que la diversidad de grupos de cultivos actual (Capitulos 1 y 2). Este hallazgo subraya

la importancia de la diversidad histérica de cultivos para las poblaciones de polinizadores.

Segun estudios previos, la diversidad de cultivos contribuye a una mayor biodiversidad de
polinizadores en el paisaje agricola al favorecer la disponibilidad espacial y temporal de héabitat
y recursos florales necesarios para el mantenimiento de las poblaciones de polinizadores
(Holzschuh et al., 2011; Martin et al., 2019; Sirami et al., 2019). Nuestros resultados sugieren
que las estrategias agricolas que promuevan una mayor diversidad de grupos de cultivos, tanto
en términos espaciales como temporales, beneficiarian a los polinizadores presentes, pero es

importante enfatizar la importancia de la diversidad pasada en lugar de la actual. Esta
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perspectiva sugiere que los efectos de las practicas agricolas no solo se manifiestan en el
presente, sino que también tienen repercusiones sobre la densidad de polinizadores en el futuro.
Ademas, las investigaciones en otras regiones geograficas respaldan que una mayor diversidad
de cultivos incrementa la abundancia de abejas silvestres al proveerles de habitats y recursos
que favorecen la persistencia temporal de sus poblaciones (Aguilera et al., 2020; Cavigliasso

et al., 2022).

En este contexto, la planificacion agricola debe considerar tanto la diversidad de grupos de
cultivos coetanea como la continuidad temporal de esta para optimizar la densidad de
polinizadores. Una forma efectiva de diversificar los paisajes cerealistas es mediante la
integracion de cultivos de floracion masiva, que a su vez tienen efectos temporales positivos
sobre la densidad de abejas (Beyer et al., 2021). Nuestros resultados destacan que la cobertura
de los cultivos de floracion masiva también juega un rol importante para entender el aumento
de la densidad de abejas silvestres que visitan la colza. Este efecto, de la misma manera que el
observado para la diversidad de grupos de cultivos, es temporal y resalta la importancia de la

historia del paisaje agricola sobre los polinizadores (Capitulo 3).

El andlisis de los patrones de densidad de las abejas en funcion de su tamafo en relacion con la
cobertura de los cultivos de floracion masiva refleja diferencias entre las abejas grandes y las
pequenias. Tanto la cobertura en el pasado inmediato como la pasada acumulada tuvieron
efectos significativos, aunque sobre distintos grupos de abejas, lo que demuestra la importancia
de la temporalidad de los cultivos de floracion masiva en la provision de recursos para los
polinizadores en el paisaje agricola. La cobertura acumulada de cultivos de floraciéon masiva
durante los tres anos consecutivos anteriores correlaciona mas fuertemente con las abejas
grandes, mientras que cobertura de los cultivos de floracion masiva del afio anterior lo hace
fundamentalmente con las abejas pequefias. Las abejas pequeiias dependen en gran medida de
las condiciones del afio anterior debido a que tienden a forrajear en areas mas limitadas (Van
Reeth et al., 2018), mientras que las abejas mas grandes, con su mayor movilidad, son mas
independientes de la cercania del recurso y pueden aprovechar de manera mas efectiva los
recursos del paisaje, incluso cuando estos recursos cambian de lugar de un afio a otro debido a
la rotacion de cultivos (Greenleaf et al., 2007). En los paisajes estudiados, la colza esta incluida
en los esquemas de rotacion de cultivos, principalmente con cereales. Esta rotacion en la
ubicacion de los cultivos podria afectar a las poblaciones de las abejas pequenias debido a su
rango limitado de explotacion de recursos espaciales. Las poblaciones locales se benefician

cuando los cultivos estdn cerca. Por el contrario, para las abejas mas grandes, que podrian
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utilizar estos cultivos incluso si cambian de ubicacion anualmente, es mas importante la
cobertura de los cultivos de floracion masiva acumulada durante los ultimos tres afos en el

paisaje.

Estos resultados invitan a reflexionar sobre las estrategias mas efectivas para el beneficio de los
polinizadores y proporcionan un punto de partida valioso para futuras investigaciones. Desde
el punto de vista de la planificacion de los servicios ecosistémicos en paisajes agricolas, la
informacion obtenida durante el desarrollo de la tesis sugiere que la diversificacion espacial y
temporal de los cultivos y la promocion de los cultivos de floracion masiva son estrategias

necesarias para mejorar la polinizacidon en paisajes agricolas mediterraneos de secano.

12.1 Efectos de las areas seminaturales y del tamaiio de los campos sobre
los polinizadores

Las dreas seminaturales, como pastizales, tierras abandonadas, margenes de caminos y bosques,
y el tamafio medio del campo juegan un papel fundamental en la conservacion de los
polinizadores (Clough et al., 2020; Raderschall et al., 2021). Estas zonas, que han sido
moderadamente perturbadas por la actividad humana, ofrecen habitats esenciales para diversas
especies de abejas, permitiéndoles prosperar y desempefiar su rol como polinizadores
(Michener, 2007). Las areas seminaturales y la densidad de margenes proporcionan una
variedad de recursos florales y refugios necesarios para la supervivencia de los polinizadores.
Este apartado de la tesis explora como estas caracteristicas del paisaje influyen en la densidad
de los diferentes grupos de polinizadores, destacando su importancia para la polinizacién de los

sistemas agricolas.

Los hallazgos de esta tesis revelan que tanto la proporcion de areas seminaturales como el
tamafio medio de los campos agricolas influyen de manera diferente en la abundancia de los
polinizadores, dependiendo del grupo al que pertenezcan. En general, la abundancia total de
polinizadores fue mayor en los bordes de los campos, lo que resalta la importancia de los
margenes y de las areas seminaturales adyacentes como habitats para la nidificacion, para el
establecimiento de colonias, o como corredores (Bartholomée et al., 2020; Coutinho et al.,
2021; Hass, Kormann, Tscharntke, Clough, Baillod, Sirami, Fahrig, Martin, Baudry, Bertrand,
Bosch, Brotons, Bure, et al., 2018).

Sin embargo, al analizar cada grupo de polinizadores por separado, surgen patrones especificos.

Los sirfidos, por ejemplo, parecen depender principalmente de caracteristicas locales, como

112



Discusion general

indicaria las diferencias en densidad en funcion de la ubicacion dentro del campo. Su densidad
es mayor en los bordes del cultivo y no parece estar influenciada por la proporciéon de areas
seminaturales ni por el tamafio medio de los campos en el paisaje (Capitulo 1). Esta relacion
con los margenes de los campos puede explicarse por la disponibilidad de recursos florales y
habitats de esas zonas adyacentes a los campos que se adecuan al limitado rango de forrajeo de

los sirfidos (Schirmel et al., 2018; Sutherland et al., 2001).

En contraste, los abejorros si se beneficiaron de una mayor proporcion de areas seminaturales
en el paisaje (Capitulo 1). Este grupo, que tiene un rango de vuelo mas amplio y depende de la
disponibilidad prolongada de recursos, muestra una fuerte relacion positiva con estos habitats,
que, segun algunos autores, les proporcionan recursos alimenticios continuos y espacios
adecuados para formar colonias (Hopfenmiiller et al., 2014; Proesmans et al., 2019). Esta
preferencia por ambientes diversos y ricos en recursos también ha sido observada en otros

estudios (Goulson et al., 2008; Kells & Goulson, 2003).

Por otro lado, otras abejas silvestres mostraron patrones distintos. En paisajes con mayor
proporcion de areas seminaturales, su densidad fue menor (Capitulo ). Ademas, la densidad
total de abejas silvestres y la abundancia de abejas grandes no mostraron una relacion
significativa con estos habitats (Capitulos 2 y 3). Morrison et al. (2017) encontraron patrones
similares en paisajes agricolas mediterrdneos dominados por cereales. Otros estudios llevados
a cabo en otras regiones que sugieren que las dreas seminaturales no son tan favorables para
algunas abejas como lo son los margenes de los campos o los habitats herbaceos cercanos

(Martin et al., 2019; Rollin et al., 2013a), lo que podria explicar este patron.

La configuracion del paisaje agricola, especialmente el tamafio de los campos tiene un impacto
significativo en la visita de los polinizadores en los campos de colza. Los paisajes con campos
mas pequetios estan asociados con una mayor densidad de abejas silvestres y abejas silvestres
totales (Capitulos 1 y 2). También evaluamos coOmo estas caracteristicas del paisaje agricola
afectaron la densidad de las abejas segun su tamafio y encontramos que, en paisajes agricolas
con tamafios de campo mas pequenos, la proporcion de abejas grandes también era mayor

(Capitulo 3).

Aunque no hemos evaluado la disponibilidad de recursos en los margenes, otros estudios
sugieren que los margenes, a pesar de su extension, proporcionan recursos necesarios para la
anidacion y alimentacion (Hass, Kormann, Tscharntke, Clough, Baillod, Sirami, Fahrig,

Martin, Baudry, Bertrand, Bosch, Brotons, Bure, et al., 2018; Martin et al., 2019). Ademas, los
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campos pequeilos con mas margenes facilitan la conectividad del paisaje, lo que podria
promover el movimiento de los polinizadores y contribuir a la estabilidad y diversidad de las
abejas (Gardner et al., 2021; Happe et al., 2018). En la misma linea, Mendoza-Garcia et al.
(2018) sugieren que los margenes ricos en recursos pueden favorecer la presencia y densidad
de actividad de las abejas en paisajes mediterraneos. Segun Clough et al. (2020), los paisajes
agricolas con campos mas pequefios ofrecen una mayor densidad de margenes, lo que junto con
una mayor disponibilidad de recursos beneficiaria directamente a las abejas silvestres. En
conjunto, los resultados de esta tesis destacan la compleja relacion entre las areas seminaturales,

la configuracion del paisaje agricola y los polinizadores.

12.2 Eficacia de la polinizacion por abejas.

El estudio realizado en esta tesis ha revelado el papel fundamental de la eficacia de la
polinizacion por abejas silvestres (Capitulo 2) y las densidades seglin las clases de tamafios
(Capitulo 3) en los cultivos aldgamos facultativos como la colza, a través de un experimento
de exclusion de polinizadores, como también los efectos de las abejas de la miel (Capitulo 2).
Estos resultados demuestran que, a pesar de que la colza es un cultivo que no depende
estrictamente de la interaccion con insectos para su polinizacion, la ausencia de polinizadores

tiene un fuerte impacto negativo sobre los parametros productivos.

La exclusion de los polinizadores resulté en una reduccion significativa del numero de frutos
por flor, del niimero de semillas por vaina, del peso de mil semillas y del contenido de aceite
en las semillas. Estos resultados subrayan la importancia de la eficacia de polinizacidn, ya que
no solo aumenta la proporcion de flores que producen frutos en la colza, sino que también
mejora parametros clave de rendimiento. En particular, la contribucion de los polinizadores al
contenido de aceite en las semillas fue notable: un 10% mas que en las inflorescencias
embolsadas, superando el aumento del 2,4% observado en otros estudios realizados en otras
regiones (Bartomeus et al., 2014; Bommarco et al., 2012; Jauker et al., 2012; Perrot et al., 2018,
2024). Esto resalta la funcion esencial de los polinizadores en la produccion de colza y cémo

su ausencia impacta negativamente en la polinizacién y el rendimiento del cultivo.

Buena parte de estos efectos cabe atribuirlos a las abejas silvestres. Nuestros resultados revelan
que las abejas silvestres tienen efectos positivos sobre la eficacia de la polinizacion de la colza.
La densidad total de abejas se correlaciona con el aumento en la proporcion de flores que

producen fruto y con el contenido de aceite en las semillas. Sin embargo, nuestros resultados
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sugieren que el grado de eficacia de los polinizadores no es uniforme entre los diferentes grupos

(Capitulos 2 y 3).

Los analisis de la relacion entre la densidad de las abejas y la calidad de las semillas de colza
reflejan efectos distintos para cada grupo de abejas (Capitulo 2). Las abejas silvestres se asocian
al aumento de y-tocoferol en semillas, mientras que la abundancia de abejas de la miel se asocia
con una disminucidn significativa del contenido de clorofila de las semillas. Una mayor
concentracion de y-tocoferol en las semillas de las flores polinizadas por las abejas silvestres
estd relacionada con una etapa de maduracion mas adelantada de las semillas (Munne-Bosch &
Falk, 2004). Las abejas silvestres son mas efectivas que las abejas de la miel, ya que tienen
mayor contacto con el estigma de la flor (Chang et al., 2023), lo que adelantaria los procesos
de maduracion. Sin embargo, las densidades de las abejas de la miel se relaciona
significativamente con un menor contenido de clorofila lo que aumenta el valor de mercado del
aceite resultante (Bommarco et al., 2012). Aunque las abejas meliferas no son tan eficientes en
la polinizacién, su abundancia puede compensar los déficits de polinizadores silvestres,

ayudando a mantener la produccion. (Woodcock et al., 2013).

Estas relaciones entre las abejas y su efecto en la calidad de las semillas de colza resultan un
beneficio para los agricultores, quienes obtendrian cosechas mas maduras y con un mayor valor
comercial. Por lo que este resultado destaca la importancia de no solo contar con una alta
densidad de polinizadores, sino también con una combinacion adecuada de tipos de

polinizadores para maximizar los beneficios para el cultivo (Bartomeus et al., 2018).

En esta tesis se explora como el tamafio corporal de las abejas silvestres influye en la eficacia
de la polinizacion. Nuestros resultados muestran que el tamano de las abejas tiene un impacto
significativo en los parametros de la eficacia de la polinizacion (Capitulo 3). En particular, las
abejas de mayor tamafio transportan una mayor cantidad de polen por visita (Chang et al., 2023)
y, gracias a su mayor rango de vuelo, favoreceria la polinizacion cruzada y la mejora de aspectos
productivos de la colza, como el niimero de semillas por vaina y el contenido de aceite
(Hudewenz et al., 2014). En contraste, las abejas pequeiias, que tienden a visitar flores dentro
de la misma inflorescencia y por tanto tenderian a transportar menos polen entre plantas (Koski
et al., 2018), tienen, en general, un menor impacto en la produccion y en la calidad de las

semillas (Tscharntke et al., 2005).

Estos resultados sugieren que el tamaio de las abejas es un factor crucial que afecta la eficacia

de la polinizacion y, por ende, la cantidad y calidad de la producciéon de colza. Las abejas
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grandes no solo son mas eficaces en la transferencia de polen, sino que su mayor movilidad y
capacidad de zumbido contribuyen a una mayor diversidad y cantidad de polen depositado (De
Luca et al., 2019; Greenleaf et al., 2007), y en consecuencia mejoran la eficacia de polinizacion

de este cultivo aldégamo facultativo.

En resumen, los resultados de los Capitulos 2 y 3 destacan la importancia de los polinizadores
en la mejora de la eficacia de la polinizacion en cultivos alogamos facultativos como la colza.
La densidad de abejas junto con su tipo y tamafio influye de manera significativa en la
produccion y calidad de las semillas. Las abejas silvestres grandes, en particular, contribuyen
de manera mas efectiva a la polinizacion cruzada, lo que aumenta la cantidad de semillas y su

contenido de aceite.

12.3 La eficacia de la polinizacion se ve afectada por las caracteristicas del
paisaje agricola

Una de las areas mas novedosas que se exploran en esta tesis es la relacion que existe entre las

caracteristicas del paisaje y la eficacia de la polinizacion evaluada mediante distintos

parametros productivos de la colza. Recientemente, algunas publicaciones han sefialado que las

caracteristicas del paisaje agricola, como la diversidad de cultivos, las areas seminaturales y el

tamafo de los campos, tienen un efecto significativo en los procesos bioquimicos de las plantas,

en la polinizacién y en la produccion agricola (Pioltelli et al., 2024; Raderschall et al., 2021).

12.3.1 Efectos de la matriz agricola sobre la eficacia de la
polinizacion
Nuestro estudio confirma que las caracteristicas del paisaje agricola afectan la eficacia de la
polinizacion de los cultivos de colza. Los resultados revelan que la diversidad de grupos de
cultivos del afio anterior tiene una correlacion positiva con la eficacia de la polinizacion y
mejora la calidad de las semillas, como lo indican el aumento en el numero de semillas por
vaina y el contenido de aceite de las semillas (Capitulo 2). La diversidad de grupos de cultivos
también esta asociada con un aumento en el contenido de y-tocoferol y una reduccion en los

pigmentos de las semillas, mejorando su calidad.

El efecto positivo de paisajes con mayor diversidad de grupos de cultivos sobre la produccion
ha sido sefialado recientemente para diversos cultivos. Asi, Magrach et al. (2023) realizaron un
estudio, que incluyo todas las provincias de Espafia, donde indican que la diversidad de cultivos

incrementa la produccion de cultivos que se benefician de lo polinizadores. Aunque el estudio
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no encuentra relacion entre la diversidad de cultivos y la mejora de los parametros productivos
mediado por la actividad de las abejas, si confirmé que la diversidad de cultivos crea un entorno
mas favorable para la produccion. Estos efectos de las diversidad de cultivos a escala paisaje
sobre el rendimiento o sobre procesos bioquimicos de plantas han despertado un gran interés
durante los ultimos anos (Raderschall et al., 2021; Redlich et al., 2021; Zymaroieva et al.,

2021).

La presencia de los cultivos de floracidn masiva en afios anteriores en la matriz agricola mostré
efectos positivos sobre la eficacia de la polinizacion en la colza. Especificamente, la cobertura
de los cultivos de floracion masiva del afio anterior influyd de manera positiva en el numero de
semillas por vaina. Aunque la cobertura acumulada en los ultimos tres afios no tuvo un efecto
directo en los parametros de produccion y de calidad de las semillas evaluados, fue necesario
incluirla en el modelo para obtener un mejor ajuste, y refleja la importancia de los afios
anteriores en la historia del paisaje agricola (Capitulo 3). En un estudio reciente, Beyer et al.
(2021) también encontraron una relacion positiva entre las coberturas de los cultivos de
floracion masiva y el peso de mil semillas, asi como un aumento en la densidad de las abejas.
Aunque este efecto no se pudo explicar completamente, estas caracteristicas del paisaje parecen
ser un buen indicador de los servicios de polinizacion. Por lo tanto, mantener una disponibilidad
constante y abundante de recursos florales mediante de la inclusion de los cultivos de floracion
masiva podria contribuir a la salud de las comunidades de polinizadores. Si bien es conocido el
papel que tiene la incorporacion medidas a escala local como las bandas florales y los setos
para favorecer la fauna 1til como son los polinizadores Blaauw y Isaacs (2014) nuestros
resultados evidencian que los cultivos de floracion masiva también pueden beneficiar a los

polinizadores a escala de paisaje.

12.3.2  Efectos de las areas seminaturales y el tamafio medio de
campo sobre la eficacia de la polinizacion
El andlisis de los efectos de la composicion del paisaje agricola sobre la polinizacion refleja
que las areas seminaturales benefician la produccion de semillas de colza al mejorar pardmetros
como el peso de las semillas y el nimero de semillas por vaina (Capitulos 2 y 3). Sin embargo,

también se observo una disminucion en la proporcion de flores que forman vainas.

Los efectos positivos de la proximidad de las dreas seminaturales sobre la produccion agricola
han sido reportados por diversos autores (Mazzei et al., 2021a; Raderschall et al., 2021). El

estudio de Radershall et al. (2021), centrado en un cultivo de floracién masiva diferente, reporto
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un efecto positivo de estas caracteristicas del paisaje sobre los pardmetros productivos. Sin
embargo, estos autores tampoco encontraron que la relacion entre el aumento de la
productividad y las areas seminaturales fuera debida a un aumento de las poblaciones abejas
(Capitulo 3). Esta patron plantea la reflexion acerca si aspectos como el aumento de las
interacciones bidticas como el control biologico y la polinizacion, la calidad de los suelos e
incluso la regulacién microclimética, que no han sido considerados en nuestro estudio, podrian

tener un impacto directo en la produccion (Holland et al., 2016; Papanikolaou et al., 2017).

Nuestros resultados indican que la proporcion de zonas seminaturales en el paisaje también
tienen un efecto significativo en la calidad de las semillas de colza, que se manifiesta por la
reduccion del contenido de tocoferoles totales y carotenoides, compuestos importantes que
juegan un papel clave en la proteccion de las células vegetales contra el dafio oxidativo
especialmente bajo condiciones de estrés ambiental como las altas temperaturas (Capitulo 2)
(Huang etal., 2019; Mufoz & Munné-Bosch, 2019). La alta proporcion de habitats
seminaturales en el paisaje agricola podria estar correlacionado con una mayor capacidad de
amortiguar la temperatura ambiental, y en consecuencia favorecer un ambiente mas propicio
para el desarrollo de los cultivos de colza y disminuir a su vez la sintesis de compuestos
protectores. Aunque estos hallazgos indican una posible relacién entre la presencia de areas
seminaturales y el rendimiento agricola, es fundamental llevar a cabo investigaciones
adicionales para determinar su efecto real y si su integracion en los cultivos puede conducir a
mejoras consistentes en los rendimientos. Ademas, estos resultados sugieren que los
agricultores podrian incrementar su productividad al incorporar un mayor nimero de areas

seminaturales en sus practicas agricolas.

La configuracion de los paisajes agricolas con tamafios de campo mas pequefios se correlaciona
con una mejor calidad de las semillas y un mayor nimero de semillas por vaina, lo que esta
relacionado con una mayor eficacia en la polinizacion (Capitulos 2 y 3). Halinski et al (2020)
resaltan que los campos de colza situados a mas de 300 m de algin fragmento de érea
seminatural estaban mal polinizados, por lo que campos pequeiios pueden verse mas
beneficiados de los servicios de polinizacion provenientes de las areas seminaturales
adyacentes. Sin embargo, el tamafo del campo agricola influye directamente en el modelo de
produccion agricola. Las grandes explotaciones tienden promover campos grandes con la
finalidad de facilitar su mecanizacidon y a aumentar la eficiencia en términos de costos, mientras
que las pequenas pueden ser mas sostenibles. Diversos estudios destacan la importancia de esta

variable de configuracion del paisaje agricola. (Fahrig et al., 2015; Hass, Kormann, Tscharntke,
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Clough, Baillod, Sirami, Fahrig, Martin, Baudry, Bertrand, Bosch, Brotons, Bure, et al., 2018;
Magrach et al., 2023; McDougall et al., 2019). Esta variable del paisaje puede tener mayor
importancia que la diversidad de cultivo: Hass et al. (2018) sefalan que la eficacia de la
polinizacion estd mas relacionada con el tamafio de los campos que con otras caracteristicas del
paisaje agricola como la diversidad de cultivos. No obstante, la dificultad de modificar el
tamano de los campos, debido a las dimensiones econdmicas y sociales que implica como son,
entre otras, la gestion y coordinacion colectiva, hace mas compleja la actuacion a través de ella

(Pelosi et al., 2010).
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Conclusiones

La presente tesis doctoral ha tenido como objetivo evaluar la eficacia del servicio de
polinizacion, tomando como planta diana la colza, una planta al6gama facultativa comun
en los paisajes dominados por cultivos herbiceos extensivos de secano en la region
mediterranea. Metodologicamente, este estudio se ha centrado en analizar como la
composicion y configuracioén del paisaje agricola de 22 localidades de Catalufia central
influyen en la densidad de polinizadores silvestres y en la eficacia de la polinizacion, a
través, de la diversidad de grupos de cultivos, la cobertura de cultivos de floracion masiva,
la presencia de é4reas seminaturales y el tamafio de campo. Esta influencia, directa o
indirecta, en la polinizacion se refleja en la produccion del cultivo de colza desde una

perspectiva tanto cuantitativa como de calidad.
Las principales conclusiones de esta tesis son las siguientes:

e Ladiversidad de grupos de cultivos del afo anterior en paisajes agricolas incrementa la
densidad de polinizadores silvestres y mejora tanto la cantidad como la calidad de la
produccion, indicando una mayor eficacia de la polinizacion. Por tanto, el incremento
de la diversidad de grupos cultivos en el paisaje agricola podria ser una estrategia viable
para beneficiar las poblaciones de polinizadores y los servicios ecosistémicos que

ofrecen los paisajes agricolas.

e Los cultivos de floracion masiva son esenciales para sostener tanto las poblaciones de
abejas grandes como de abejas pequenias. Mientras que las abejas grandes, con su mayor
capacidad de movimiento, mejoran de forma notable la eficacia de la polinizacion, las
abejas pequefias también contribuyen al proceso, aunque en menor medida. Es crucial
tener en cuenta esta variabilidad en el tamafio de las abejas al disefiar estrategias

agricolas que busquen maximizar los beneficios del servicio de polinizacion.

e [os campos de menor tamafio, al estar asociados con una mayor cantidad de margenes
y una mejor conectividad del paisaje, resultan en un aumento de la eficacia de la

polinizacion, a través de mayores densidades de abejas silvestres y abejas grandes.

e Lapresencia de habitats seminaturales mejora los parametros de produccion del cultivo
de colza. Por tanto, su conservacion debe ser un componente clave en la gestion de los

paisajes agricolas.
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Conclusiones

Las abejas silvestres, y especialmente las grandes, son esenciales para la mejora de la
eficacia de la polinizacién en cultivos aldgamos facultativos. Las estrategias de manejo
agricola deben priorizar la conservacion de estos grupos funcionales de abejas, dada su
importancia en los paisajes agricolas dominados por los cultivos herbaceos extensivos

de secano de la Cataluna Central.

La integraciéon de medidas como el manejo adecuado de la diversidad de grupos de
cultivos, la incorporacion de cultivos de floracion masiva, la optimizacioén del tamafio
de los campos y la conservacion de areas seminaturales favorecera tanto la biodiversidad
como la produccion agricola. Desde una perspectiva aplicada, aumentar la diversidad
de grupos de cultivos e incluir los cultivos de floracién masiva en las rotaciones resultan
opciones mas manejables y con impactos a corto plazo en la eficacia de la polinizacion,
en comparacion con cambios en el tamaiio de los campos y en la abundancia de las areas
seminaturales. La integracion de estas medidas en la planificacion territorial contribuira
a mejorar tanto la sostenibilidad de los sistemas agricolas mediterraneos como la
rentabilidad y resiliencia de los cultivos, equilibrando la productividad y la

conservacion de los polinizadores.
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