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Abstract i

Abstract
Failures of biological control programs have bessoaiated with factors, such as rearing
systems of pest antagonists being of low qualdgk lof food for pest antagonists and low
efficiency of release methods among others. Tortnrie to the solution of these problems,
techniques for improving the quality of rearingteyss and strategies of habitat management
were evaluated. In this context, the main goalghi$ study were, to evaluate different
techniques for improving the quality @iaeretiella rapae and Encarsia tricolor rearing
systems (Chapter 2), to study the effect of flomgplants on the fitness and performance of
the target parasitoids (Chapter 3), to study whdthéhe first five days after beginning of the
experiment, banker plants could reduce the hotsspbipests infestation significantly and
whether flowering plants improve the efficiencylanker plants (Chapter 4). In the second
chapter, the approaches, type of host plant (btoeao Marathon F1, Brussels sprouts var.
Hilds Ideal and cauliflower var. Freemont), arctitee of the plant (with and without
pruning) as well as cage size (0.21and 0.02 ) were evaluated for improving the quality
of the target rearing systems. The pruning involgetiing the roots, old and large leaves (>
15 c¢m) in the # and & week after sowing. Regarding the host plant expents, the
broccoli treatment had the best effect on most aredsvariables. FdD. rapae experiment,
the broccoli treatment had 182 mummies per plantentban cauliflower. FoE. tricolor
experiment, broccoli treatment had 88 mummies pkmtpmore than cauliflower.
Additionally, for both parasitoids, the incidencé mowdery mildew was less in broccoli
treatment compared to the other treatments. Comsgihe architecture experiments, pruning
treatment had better performance than the conffol. D. rapae experiment, pruning
treatment had 106 mummies per plant more thandh&al, plants had no powdery mildew
and parasitoids lived 2.57 days longer. Eotricolor experiment, pruning treatment had 114
mummies per plant more than the control, plants tmadgowdery mildew and parasitoids
lived 12 days longer. In the cage size experimehts]arge cage had better effects than the
small cage in most measured variables. Borapae experiment, the large cage had 69
mummies per plant more than the control. Eotricolor experiment, the large cage had 121
mummies per plant more than the control and paidsitfrom this treatment lived 7.5 days
more than the control. In conclusion, the use afnpd broccoli plants in large cages
substantially improved the quality of both rearisgstems. In the third chapter, the
attractiveness between different food resourcest{plant complex and flowering plant
species) was compared. Thereafter, the effect fedrdnt food resources on the parasitoid
longevity in climate chamber experiments, the impzicflowering plants on the parasitoid
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fecundity in greenhouse experiments as well asiffleence of flowering plants on the
performance of the target parasitoid in the fieetevmeasured. The parasitoid performance in
the field was measured in terms of number of muraraied pest individuals, as well as the
percentages of female/male parasitoids, paraséoidrgence and hyperparasitism by other
species. The outcomes of the attractiveness expetinwere: i) both adult parasitoids had
access to the floral nectar of alyssamd buckwheat, but not to the faba beans; ii) alyss
had higher attractiveness o rapae compared to all other flowering plants; iii) therasitoid

D. rapae showed a higher preference for the host plant cexngbbmpared to flowering
plants, except in the case of alyssum; iv) alysswas more attractive t@. tricolor compared

to buckwheat and v) the parasitdid tricolor showed a similar response for the host plant
complex and flowering plants. The climate chamlme greenhouse experiments showed that
the fitness of both parasitoid species was subathnincreased given that: i) th@. rapae
longevity on sources of high quality (honey andtagowas 4.37 times as long as on sources
without sugar (control and water) and 8.91 timeasHotricolor; ii) the D. rapae longevity
was 2.07 times on buckwheat treatment as long adyssum and 1.53 times f&t tricolor;

iii.) For D. rapae, the treatment with flowering plants (mix of alyesand buckwheat) had
29.14 mummies more than the control, and iv) thenlmer of mummies produced by
E. tricolor did not differ significantly between the floweriqdant treatment and the control.
Finally, field experiments determined that the nembf D. rapae andE. tricolor mummies
with the flowering plant treatment were 2.1 andtindes as much as the control, respectively
In conclusion, flowering plants can to attract gémds and play an important role in
optimising the fitness of parasitoids. In the lelsapter, it was first measured whether banker
plants can give an opportune control at the begmoif the hot spots of the target pests and
second whether the flowering plants can improveetffieiency of banker plants. The results
showed that the parasitism rate in banker plaatritent was 55.5% fdD. rapae and 39.9%

for E. tricolor, respectively. The parasitism rate was estimagtha number of mummies
related to the events of oviposition during theefidays of the experiment divided by the
initial number of hosts. It was also observed thatvering plants did not improve the
efficiency of banker plants. Finally, it was corbdal that the evaluated techniques in this
study improve the fithess and performance of thegid D. rapae in the field, but the
efficiency of this techniques is not enough. Theref the optimal techniques to produce
parasitoids in rearing systems as well as theablemnker and flowering plants are discussed
as strategies to optimise the efficiency of pacédit in terms of fithess and agronomical

efficiency (percentage of mummies) and to contgliotthe integrated pest management.
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Zusammenfassung

Das Scheitern der biologischen Bekampfung von Sattiacbpoden hangt oft mit Faktoren
wie der geringen Qualitat von Zichtungssystemearereiu geringen Menge an Nahrung und
Wirten fur Nutzlinge oder einer geringen Effizieter Freilassungsmethoden zusamn#da
Beitrag zur Lo6sung dieser Probleme befasst siclsedi@rbeit mit der Bewertung und
Verbesserung von Aufzuchtsystemen und Habitatmamege um die Qualitdt und

Leistungsfahigkeit von Parasitoiden zu verbessern.

In diesem Zusammenhang hatte diese Studie die Eelgtverschiedene Techniken zur
Verbesserung der Qualitdt vddiaeretiella rapae- und Encarsia tricolor-Zuchtsystemen
(Kapitel 2) zu bewerten, den Einfluss von Blihp#an auf die Fitness der Parasitoide unter
kontrollierten Bedingungen sowie die Leistung imidversuch zu messen (Kapitel 3), zu
untersuchen, ob Banker Plants den Schéadlingshefdin ersten fuinf Tagen nach dem Start
des Experiments reduzieren kénnen und ob Blihpélardie Wirkung von Banker Plants
verbessern (Kapitel 4).

Die Wirtspflanzen (Broccoli var. Marathon F1, Roselnl var. Hilds Ideal und Blumenkohl
var. Freemont), Behandlung der Pflanzen (mit undeoBeschneidung) sowie zwei Grof3en
von Kafigen (0,21 m2 und 0.02 m3) waren die Fakipdie im zweiten Kapitel untersucht
wurden, um die Qualitdt der Zichtungssysteme zlbesgsern. Beschnitten wurden die
Wurzeln, sowie alte und grof3e Blatter (> 15 crjlen 4. und 8. Woche nach Aussaat. Bei der
Untersuchung der Wirtspflanzen hat die Brokkoligate hinsichtlich der meisten Parameter
am besten abgeschnitten. Somit waren auf den Blipilamzen 182D. rapae-Mumien und
88 E. tricolor-Mumien mehr als auf Blumenkohl. Unabhangig von larasitoidenart trat in
den Varianten mit Brokkoli weniger Echter Mehltauf als in den anderen Varianten. In den
Experimenten zur Pflanzenarchitektur schnitten \éggianten mit Wurzel- und Blattschnitt
besser ab als die ohne. Hinsichtli€h rapae wurden 106 mehr Mumien pro Pflanze
beobachtet als in der Kontrolle. Diese Pflanzenehakeinen Echten Mehltau und die
Parasitoide lebten 2,57 Tage langer. Bei den Vemmamit E. tricolor wurden 114 mehr
Mumien pro Pflanze auf beschnitten Pflanzen gefarade auf Kontrollpflanzen, die Pflanzen
hatten keinen Echten Mehltau und die Parasitoiieefe12 Tage langer. In den Versuchen
zur KafiggroRe hatte ein grol3er Kafig einen bessdifekt auf die meisten gemessenen
Parameter als ein kleiner Kafig. Pflanzen im groRéfig hatten 6D. rapae-Mumien mehr
pro Pflanze als die Kontrolle. Zudem wurden in gnoKafigen 121. tricolor-Mumien pro

Pflanze mehr gefunden und die adulten ParasitoesedArt lebten 7,5 Tage langer als in der
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Kontrolle. AbschlieRend betrachtet zeigte die Verdeng von beschnittenen Brokkoli-
Pflanzen in grof3en Kéfigen eine Verbesserung dehtiingssysteme beider Parasitoide.

Im dritten Kapitel wurde die Attraktivitat verschiener Nahrungsressourcen vergleichend
betrachtet (Wirt-Pflanze Komplex und BluhpflanzépharNachdem der Effekt von
verschiedenen Nahrungsressourcen auf die Lebensdaudarasitoide unter kontrollierten
Bedingungen in der Klimakammer erfasst wurde, wardatersuchungen zum Einfluss von
Bluhpflanzen auf die Fertilitat und Leistungsfategk bzw. der Parasitierung im
Gewaéchshaus durchgefuhrt. Zur Bewertung der Legstler Parasitoide wurden die Anzahl
an Mumien und Schéadlingen, sowie der Anteile anbliaien/ mannlichen Parasitoide,
geschlupften Parasitoiden und Hyperparasitismuschduandere Arten erfasst. In den
Experimenten zur Attraktivitat wurde Folgendes lmaaiitet: 1. Beide Parasitoide haben
Zugang zum Blitennektar von Steinkraut und Bucherizjedoch nicht zu dem der
Ackerbohne; 2. Steinkraut wies gegeniberapae die héchste Attraktivitat auf; 3. rapae
zeigte eine hohe Praferenz fur den Wirt-Pflanze Klem verglichen mit Blihpflanzen; 4.
Steinkraut hatte im Vergleich mit Buchweizen eirddnére Attraktivitdt auk. tricolor; 5. E.

tricolor zeigte eine ahnliche Praferenz fur den Wirt-Pflakaenplex und Blihpflanzen.

Die Klimakammer- und Gewachshausexperimente zeigteWesentlichen, dass die Qualitat
beider Parasitoide erhoht wurde: 1. Die LebensdaoeD. rapae undE. tricolor war 3,37-
bzw. 7,91-mal langer bei Nahrung hoher Qualitéat nigound Nektar) im Vergleich zu
Nahrungsquellen ohne Zucker; 2. Die LebensdauerDrorapae und E. tricolor war 1,07-
bzw. 0,53-mal so lang mit Buchweizen gegenibeMaerante mit Steinkraut; 3. Die Anzahl
der gefundeneD. rapae-Mumien war in der Behandlung mit blihenden Pflam@dischung
aus Buchweizen und Steinkraut) war um 29,14 Munhiéher als in der Kontrolle; 4. Die
Anzahl der gefundenerk. tricolor Mumien war in allen Behandlungen &hnlich. Im
Feldversuch zeigte sich schlie3lich, dass die ausdmen Blihpflanzen die Anzahl der
rapae- undEk. tricolor-Mumien um das 2,1- bzw. 1,4-fache erh6hten. Zusangefasst zeigte
sich, dass Bluhpflanzen in der Lage sind die Ptmidsi anzulocken und eine wichtige Rolle

bei der Optimierung ihrer Fitness spielen.

Im letzten Kapitel wurde zunachst untersucht, obkéa Plants eine rechtzeitige Bekdmpfung
zu Beginn der Besiedlung des Zielschadlings bigtamen und zudem, ob Blihpflanzen die
Wirkung der Banker Plants steigern konnen. Die Binggse zeigten, dass die
Parasitierungsrate duréh rapae undE. tricolor in Varianten mit Banker Plants 55,5%, bzw.
39,9% betrugen. Die Parasitierungsrate wurde &sAdizahl an Mumien (parasitierte Wirte)

wahrend der ersten finf Tage des Experiments gel@ith die Anzahl der Wirte zu Beginn
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definiert. Dartiber hinaus wurde beobachtet, dadisenide Pflanzen die Effizienz der Banker
Plants nicht verbessert haben. Schliel3lich veressdie untersuchten Techniken die Fitness
und Leistung der Parasitoide in den Feldversucjeeloch ist die Effizienz dieser Techniken
nicht ausreichend. Deshalb werden die optimalemiigen zur Produktion von Parasitoiden
in Zuchtsystemen, sowie die Rollen von Banker Rlamid blihenden Pflanzen als Strategien
diskutiert, um die Effizienz der Parasitoide hihgich der Fitness, der agronomischen

Effizienz oder dem Anteil an Mumien zu verbessern.

Schlusselwdorter: Diaeretiella rapae; Encarsia tricolor; Brevycorindrassicae; Aleyrodes

proletella; Banker Plants; Blutenpflanzen; Verbesserte Qualitatvon Zuchtsystemen
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Abbreviations

ANOVA Analysis of Variance

BCA Biological Control Agent

CBC Conservation biological control
°C Degree Celcius

Fig. Fig.

GLM General linear model

HPC Host Plant Complex

H Hour

HSD Honestly Significant Difference
IPM Integrated Pest Management
L:D Light: Darkness Photoperiod
RH Relative humidity

% Percentage

SE Standard Error

Note: For all measurements the Sl units and trexivdtives were used
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Chapter 1. General introduction 1

1. General introduction
Mass rearing systems of pest antagonists beingvefguality (Van Lenteren, 1991, 1993,
2003), deficiency of food for pest antagonistshiea tield (Landiset al., 2000) and unsuitable
releasing methods (Collier and Van Steenwyk, 20f14) causes associated with the low

efficiency of biological control programs.

The present work was focused on the following egtgonistsDiaeretiella rapae and
Encarsia tricolor. These species are parasitoidsBoévicoryne brassicae (cabbage aphid)
and Aleyrodes proletella (cabbage whitefly), respectivelfhe cabbage aphid and whitefly
are important pests of many cultivar groups of Brassica genus, including broccoli,
cauliflower, napus, and turnip among others. Theesgs lead to serious direct damage when
they feed on the plant and indirect damage whewy peduce honeydew that favours the
growth of sooty mould and hence reduce the photbsyically active area of the plant.
Moreover, the cabbage aphid can also transmit esrfBeBarro and Carver, 1997). These
pests are mainly managed with agrochemicals, bgaimabsolute risk for residues in the
produce which is a matter of health concern forscomers, are harmful to the environment
and force development of pest resistance if int@hgiused. Hence, the trend of consumer
demand for products free of pesticides and thessitgeto evaluate alternative strategies for
eco-friendly integrated pest management is arisifigese pests are only associated with
cabbage crops (brussels sprouts, broccoli, cawifftoamong others) which have high
importance in Germany according to the Federal $tiipi of Food and Agriculture of
Germany. In 2013, a total of 5836 ha were plantéith white cabbage, 4241 ha with
cauliflower, 2172 ha with broccoli, 1915 ha withdreabbage and 1873 ha with kohlrabi,

meaning that cabbage covered around 18% of the areter cultivation outdoors.

The koinobiont, solitary, endoparasitoids treatedhis study wer®. rapae andE. tricolor.
They are the only parasitoids Bf brassicae and A. proletella. These parasitoids have a
higher preference for these pests than others iGMil, 1995; Freuleet al., 2003; Kant,
2012). The parasitoidD. rapae (Mcintosh) (Hymenoptera: Aphidiinae) is of Western
Palearctic origin and has spread to other parthefworld (Carver and Stary, 1974). The
parasitoidE. tricolor (Hymenoptera: Aphelinidae) is native to Europe dhid is more
frequent in Mediterranean and all Palearctic regjififvans, 2002; Hernandetzal., 2003).
These parasitoids survive through seasons andiwannl diverse ecozones of the earth,
showing a high plasticity. However, the agronomi@icency in terms of parasitism

percentage by these parasitoids is not enoughadid atrong yield losses.
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Consequently, this study focused on the evaluaifdachniques for enhancing the quality of
rearing systems as well as habitat managemenegigat for improving the fithess and
performance in the field of the selected parasstoithe tested approaches for enhancing the
quality of rearing systems were host plant, plashiéecture and cage size. The evaluated
habitat management techniques were flowering andkdra plants. These techniques
minimize the negative effect of many practices bé tmodern agriculture, such us
domestication of plant species, monoculture, us@esiticides among others. During the
domestication process of crop plants, often geegsansible for the production of secondary
metabolites for pest resistance have been discafdedmonoculture offers a high quantity
of food, increasing the permanence and performahtiee pest individuals. Additionally, the
richness and abundance of plant species that gifege, provides food and alternative hosts
to pest antagonists has been reduced. The usestifiges kills pest antagonists, increases
the production costs, and gradually generatestagsis in the pest (Altieri, 1999; Balmeir

al., 2014).

In second chapter, techniques to optimise the tyuafimass rearing systems were studied
because they can be used to obtaine parasitoidselieasing by hand for augmentation
programs or to provide banker plants for conseowmatiological control (Van Lenteren,
2003; Pickettet al., 2004). Hence, the poor quality of rearing systears megatively affect
the efficiency of biological control agents for theanagement of pest in farmer’s crops as
well as in research programs despite the possile potential of these organisms (Van
Lenteren, 1991, 1993, 2003; Frank, 2010). Nones$sel¢the study about strategies or
optimising the rearing systems has received lgdtieention and should be a fundamental

matter of concern in biological control.

Techniques to optimising the rearing systems wardied because at the beginning of this
research, parasitoids lived two or three days, iteesipey were provided with food of high

quality. Additionally, banker transplants from rnegr systems had a high incidence of
powdery mildew, low number of herbivores per pldaty number of mummies per plant,

small size of mummies, in the cuticle of the heob@és grew fungi, and hence these rearing
plants could not be used neither as provision cdgtoids for the fithess experiments nor as
banker plants for transplanting in the field. THere, in second chapter, techniques for
improving the quality of rearing systems were eatdd in order to produce parasitoids and
banker plant to transplant in field of high qualhen natural enemies are reared for a long
time, their fitness is reduced because of endog@eygenet al., 1992; Hoekstra, 2003) and
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conditions of high nursing (Lewist al., 2003). Endogamy refers to mating between
individuals of a small group of a species. Withpexs to the conditions of high nursing, such
as optimal microclimate conditions and high avaligbof food, host, and mate, the insects
reduce the searching intensity as well as thetglid adapt, reproduce and survive in
agroecosystems. The solution for this problem igiiotroduce new populations from field to
the rearing system (Nunney, 2003). Nevertheless,qielity of a rearing system is also
determined by other management aspects (Freuldr, 2003; Frank, 2010; Jandriagt al.,
2014), such as the host plant (variety, subspeaebivar group among others), plant
architecture and cage size. Hence, in this chajteypothesis was that the management of
rearing systems is a factor influencing the satisiy development of the plant and hence

the herbivore and parasitoid fitness, causing eatieseffect.

The genetic characteristics of the host plant &edoptimal management of a rearing plant
are factors determining the size and the reprodeictite of the host (Pric al., 1980; Ellis

et al.,, 1996). The size of the herbivore is importantause large herbivores result in
parasitoids that live longer (Hardyal., 1992; Silveet al., 2011). It is due to the fact that the
parasitoid larvae have a higher availability ofrrartts (Jervis, 1998). The effect of the host
size on theD. rapae andE. tricolor longevity has been demonstrated by Ketrdl., (2012)
and Williams, (1995), respectively. Rearing plamigh a high number of hosts and
parasitoids that live a long time contribute toambing a high production of mummies (Kant,
2012). The quantity of mummies per plant is a rafactor determining the number of
needed banker plants. A high number of mummieplaent reduces the required number of
banker transplants per hectare (Frank, 2010). #lainbigh quality should also have a high
tolerance to the target herbivore and low incideot@on-target organisms. These factors
allow obtaining plants that live longer, the leava® not quickly wilted, the stems are
straight, the number of herbivores and number ofnmies per plant is high, the frequency

of renovation as well as work and costs linked wlitbse activities are low (Frank, 2010).

The effect of host plants, plant architecture aadecsize were evaluated to get rearing
systems of high quality. Host plants (cultivar ggey have an important role on the life
history parameters of the herbivore and parasfitndss (Freuleet al., 2003; Bayharet al.,
2007; Frank, 2010; Augustin, 2012; Jandrieial., 2014) because pests generate different
degrees of selection pressure on plants and asuli of this, cultivar groups or varieties of
the same species have various levels of resistancerbivores. In this sense, to get rearing

plants with a high production of pest antagonisiss, is relevant the use of host plants with a
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high tolerance to the herbivore and low resistamcantibiosis and antixenosis to the target
herbivore as well as a low incidence to non-tamgianisms. Non-target organisms are a
source of contamination that compete for photoatsies with the target herbivores and
reduce the quality of the rearing plant (Frastlal.,2010). Tolerance is the capacity of the
plant of remaining vigorous with a high populatiohthe pest (Strauss and Agrawal, 1999;
Juenger and Lennartsson, 2000). Antibiosis is ddfias different mechanisms of the plant,
interfering negatively in the biology and developimef the pest and antixenosis refers to
properties of plants, avoiding the infestationred pest (Teetes, 2007).

The plant architecture is an aspect influencing ghgsiology of the plant as well as the
tolerance towards abiotic and biotic stress andlifegpan of the rearing plants. The plant
architecture can be modified by pruning. The prgnireatment of this work focused on
cutting old leaves, roots and leaves higher thasri5Due to the lack of knowledge in this
topic, the pruned treatment was chosen based imgmary experiments. Old leaves pruning
avoids the growing populations Myzus persicae (personal observation). Plants with root
pruning require less water, the transpiration &sl|éReich, 1997) and hence the relative
humidity is low. Low relative humidity avoided th@esence of powdery mildew (Agrios,
1997). Pruning of larger leaves (higher than 15 pmyents the overlapping of leaves. The
overlapping of leaves is another factor that shdaddavoided in rearing systems because

favours high relative humidity and the developmarfungi (Personal observation).

The last studied factor was the cage size whidientes the quantity of light. The quantity
of light is important because plants as cabbagenbanally develop outdoors when they
grow in cages, the little quantity of light can gooe elongation and weakness (Ballaré,
1994; Lamberst al., 2008).

The indicators to measure the quality of the targating systems in this chapter were size of
the herbivore, longevity of the parasitoid, numlbbérmummies per plant as indicator of
virulence, contamination of the non-target organmmwdery mildew as well as adaptation
after the transplanting when rearing plants arel use banker plants (Hardy al., 1992;
Williams, 1995; Frank, 2010; Kangt al., 2012). Additionally, the plant physiological
variables, relative humidity and quantity of ligint some experiments were measured to

explain the results of the mentioned variables.

The objective of the third chapter was to evaluae effect of different flowering plant
species on the performance of the target parasitéidr this purpose, the following topics

were studied: the access to the nectar of selefbbeekring plants by parasitoids; the



Chapter 1. General introduction 5

attractiveness of different food resources to parias in laboratory experiments; the effect
of various food resources on the longevity of thegét parasitoids in climate chamber
experiments, the influence of flowering plants ba parasitoid fecundity under greenhouse
conditions and the effect of flowering plants om therformance of the target parasitoids
under field conditions in terms of the number of mmuies, percentage of parasitoid
emergence, percentage of female parasitoid, peagentof male parasitoid and

hyperparasitoid percentage from other species.

Flowering plants produce volatiles, attracting mally occurring parasitoids and minimising
migration of release parasitoids (Orre Gordanal., 2003; Bianchi and Wackers, 2008;
Pineda and Marcos Garcia, 2008). Moreover, thematpkepresent an important source of
food to parasitoids. Food is important for feedinggting, oviposition, searching behaviours
and metabolism of parasitoids (Leaterdial., 1995; Rivero and Casas, 1999; Begsiral .,
2006; Jervist al., 2008; Varennest al., 2015).

Parasitoids are omnivorous hence they can consiora fesources as well as the food
provided by the host (Thompson, 1999; Fiedler armchdis, 2007; Jervigt al., 2008;
Wackerset al., 2008). Nectar is a solution composed principaflgucrose, glucose, fructose
and water (Chalcofét al., 2006), playing a significant role in the surliead fecundity of
many parasitoids. Pollen is a source of proteint, it all parasitoids have mouthpart
specialisations to consume this food (Jervis, 19B8kides, vegetative features of selected
plants may improve the fitness of biological cohttgents (Landigt al., 2000; Rebelt al.,
2006), given that they reduce the adverse effeexteme conditions in terms of humidity

and/or temperature and provide favourable micraaticnconditions for the parasitoids.

As studies on flowering plants have reported pesibenefits of this technique as well as
negative and neutral too, a critical selectionl@fvering plants was conducted in this chapter
because, i) crop pests could also exploit floraloteces (Begunet al., 2006), ii) the
accessibility to floral resources by parasitoida b& limited (Patet al., 1997), iii) every
flowering plant species can offer different kindsbenefits; for example, iD. tasmanica,
alyssum had a better effect on the longevity, ludkiivheat had a better effect on fecundity,
iv) the comparative effect of a determined flowgrplant species can be different in every
natural enemy species; for example, buckwheat haeteer effect than alyssum on the
longevity of Aphidius ervi (Araj et al., 2006) andGonatocerous spp. (Irvinet al., 2007) but

in a study of Irvinet al, 2006 with Dolichogeneidea tasmanica was shown that alyssum-fed

parasitoids lived longer than those fed on buckwhed v) organisms of the fourth trophic



Chapter 1. General introduction 6

level can benefit from flowering plants, minimizisgynificantly the efficiency of parasitoids

on the management of the target pests (&raj., 2009).

The flowering plants alyssufh.obularia maritima), buckwheatfFagopyrum sculentum) and
faba bean(Vicia faba) in this study were chosebased on their reported benefits for
programs of conservation biological control, ingchglthe availability of the seeds in the
market, they are neither invasive nor offer besdfr cabbage pests, buckwheat begins the
blooming before than alyssum (personal observatitms$ alyssum has longer blooming
period which guarantees availability of floral rasmes throughout all growing season, (Hogg
et al., 2011), buckwheat has high relation sucrose/leXdattalaet al., 2006), alyssum and
buckwheat flowers are neither deep nor tubular Wwhagoid the attraction of butterflies
(Barretet al., 1996), they have a short time passage from gpteitblooming compared with
other plant species (only six-eight weeks), they lkarown to be attractive and improve the
fithess of several pest antagonists (Begairal., 2006; Irvinet al., 2006; Irvinet al., 2007;
Webb, 2010, Hogegt al., 2011, Jamongt al., 2013) and they have other uses (Alyssum and
buckwheat are used for management of weeds acgotdiRlattet al, 1999 and nectar for
bees as well as faba beans buckwheat and faba &eafood for people or animals).

The objectives in the fourth chapter were to evaluahether banker plants can give an
opportune control and whether flowering plants saprove the efficiency of banker plant
produced under controlled conditions. Banker pigmt system integrated by a plant and pest
individuals with its respective natural enemy spsc¢hat the farmer uses in the field in order
to introduce and/or to spread antagonists thatlkatteop pests (Frank, 2010; Huaetgal .,
2012). On the majority of the cases banker plantg imtroduce the parasitoids and improve
the management of the pest during the season ppici@ but in some cases can also to help
to parasitoids to overcome the seasons (Frank,)2010

These systems combine aspects of augmentation arsgrwational biological control and
can be used for improving the efficiency of botledators (Ramakers and Voet, 1996) and
parasitoids (Jacobson and Craft, 1998; GoolsbyGnodperlik, 1999; Van Drieschet al.,
2008). Released parasitoids with banker transplantise field is more efficient and cheap
than multiple releases by hand with paper bags avdsc (Stacey, 1977; Goolsby and
Ciomperlik, 1999; Contet al., 2000; Pickettt al., 2004; Frank, 2010). It is due to the fact
that mummies released by hand could be killed dutime manipulation of these in
harvesting (Bigler, 1993) and/or transport (Ferregndnd Nentwig, 1997) and parasitoids
that born from the plant have a better adaptatian those from releasing by hand (Goolsby



Chapter 1. General introduction 7

and Ciomperlik, 1999; Pickedt al., 2004). Additionally, mummies from banker plaare
protected from wind, high temperature or otherdextn the underside of the leaf. Banker
plants could have attractiveness to naturally aoogiparasitoids because in some cases the
plant elicits allelochemicals when the pests atthekr tissues (De Moraes al., 1998). For
instance D. rapae is able to recognize volatiles that produce plaviten they are attacked
by pests (Reedt al., 1995; Bradburne and Mithen, 2000; Hopkasl., 2009) and similar
results were observed A ervi (Wickremasinghe and van Emden, 1992; Guereeal.,
1993; Duet al., 1998).

Banker plant produced in rearing systems underabodnditions were utilised because with
the appropriate technique, these have a betteityjtlahn those produced in open rearing
systems (Goolsby and Ciomperlik, 1999) for thedwihg reasons: i) production of banker
plants in open rearing systems are affected byichiabiotic and management stress. For
example, production of parasitoid banker plantsospossible in places with high incidence
of hyperparasitoids; ii) during the production @iner plants in open rearing systems, these
plants need time for growing, the establishmentefhost and then for the reproduction of
the parasitoid. Therefore, if the environmentaldibans favour the development of the pest,
the increasing the pest populations during thigtoould be very high and then very difficult
to manage even with agrochemicals (Stacey, 197@tg@bal., 2004; Picketét al., 2004).

The banker plants of this study were produced wwibh-alternative host because, despite
Pikeet al., (1999) reported 60 hosts (herbivore speciespfamapae recognized worldwide,

in preliminary experiments of this study, it waselved that these wasps did not lay eggs on
Aphis fabae, Stobion avenae, Macrosi phum euphorbiae andRophal osiphum maidis and only

lay eggs on cabbage aphids IBebrassicae, andMyzus persicae, confirming the results of
Freuleret al., (2003), who found that this parasitoid only leggs in cabbage aphids in
Central Europe. It can be explained taking intooaot that the host range Df rapae and
other parasitoids can depend on the geographiaeégBaekt al., 2004; Antolinet al., 2006
and Le Relacet al., 2011). It means that, the genetic variability dlow of genes may
influence the performance of parasitoids to utitie® herbivores species (Balatal., 2003).
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1.1. Objectives
1.1.1. Main objective

The main objective of this study was to improve effeciency ofD. rapae andE. tricolor by
use of techniques to obtain rearing systems of lgghlity, and habitat management

techniques, i.e. flowering plants and banker plants

1.1.2. Specific objectives

1) To evaluate the effect of different host plantdt{ear groups), plant architectures and
cage sizes on the quality bf rapae andE. tricolor rearing plants (Chapter 2).

2) To study the effect of different food resourceslom fitness and field performance of
the parasitoid®. rapae andE. tricolor (Chapter 3)

3) To observe if banker transplants can reduce thespots or initial points of pest
infestation (Chapter 4).

4) To examine whether flowering plants can improve éffeciency ofD. rapae andE.
tricolor banker transplants for the managemenBobrassicae and A. proletella,

respectively (Chapter 4)

1.2. Hypotheses
The following hypotheses were evaluated in thislgtu

1) The host plant and the management have an effiettte quality of the rearing systems
(Chapter 2).

2) Nectar provided by flowering plants improves thdss and performance of the
parasitoidD. rapae andE. tricolor (Chapter 3).

3) Banker plants can achieve an opportune controhefhiot spots of the target pests
(Chapter 4).

4) Flowering plants can improve the efficiency of banglants (Chapter 4).
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2. Improving quality of Diaeretiella rapaeand Encarsia tricolor
rearing systems

Abstract

Improved quality of rearing systems can enhanceetheiency of pest antagonists released
by hand or by banker plants. The parasitdiaeretiella rapae M’Intosh (Hymenoptera:
Aphidiidae) andEncarsia tricolor Forster (Hymenoptera: Aphelinidae) are presentrops
under open field conditions but their efficiencyimsufficient to maintain pests below the
economic injury level. To improve the quality okthearing systems of both parasitoids, the
effect of three host plants: Broccoli var. MaratHhéh Brussels sprouts var. Hilds Ideal and
Cauliflower var. Freemont; two architectures of giant, namely with and without pruning;
as well as two sizes of cages, at 0.2lamd 0.023 rhwere evaluated. Indicators of quality or
measured variables were the size of the herbivoumber of mummies, longevity of
parasitoids, and incidence of powdery mildew amatingr variables. With respect to the host
plant experiments, broccoli treatment had the lesformance in almost all measured
variables. FoD. rapae experiment, broccoli treatment had 182 mummiegpfzert more than
cauliflower, and 88 forE. tricolor experiment. Additionally, for both parasitoids, the
incidence of powdery mildew was less in brocc@atment compared to the other treatments.
Regarding the plant architecture experiments, miguitieatment had better performance than
control. ForD. rapae experiment, pruning treatment had 106 mummiespfgert more than
control, plants had no powdery mildew and parag#tdived 2.57 days longer. F&r tricolor
experiment, pruning treatment had 114 mummies [t pnore than the control, plants had
no powdery mildew and parasitoids lived 12 daygéonin the experiments of cage size, the
large cage treatment had better performance thal stage in most of the measured
variables. FoD. rapae experiment, the large cage had 69 mummies pet pilare than the
control. ForE. tricolor experiment, the large cage had 121 mummies pat piare than the
control and parasitoids from this treatment lived days longer than the control. In
conclusion, the use of pruned broccoli plants rgdacages substantially improved the quality

of both rearing systems.

Key words: Rearing system qualityDiaeretiella rapae; Encarsia tricolor; Brevicoryne
brassicae; Aleyrodes proletella
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2.1. Introduction

The poor quality of rearing systems can negatiedigct the efficiency of pest antagonist for

the management of pests in crops as well as irargsgrograms, despite the possible high
potential of these organisms (Van Lenteren, 199B3]1 2003; Frank, 2010). The rearing

systems have particular importance because theyised to rear pest’s antagonists under
artificial conditions as mass produce for releadiyghand for augmentation programs or

provide banker transplants for conservation biaalcontrol (Van Lenteren, 2003; Pickett

al., 2004). Nevertheless, the study about strategiesptimising the rearing systems has

received little attention and should be a primaatter of concern in biological control.

In this study, the parasitoid-pest systemsDiperetiella rapae - Brevicoryne brassicae
(cabbage aphid) and ifncarsia tricolor - Aleyrodes proletella (cabbage whitefly) were
chosen. The cabbage aphid and whitefly are two rtapbpests for many cultivar groups of
the Brassica genus. The parasitoid®. rapae and E. tricolor are the respective natural
enemies of these pests.

At preliminary experiments of this research, thewre no differences on the longevity of
parasitoids fed with food of high or low qualityanasitoids lived a few days as well as plants
from rearing systems had a high incidence of powaeitdew, low number of herbivores,
low number of mummies, small size of mummies, m ¢ticle of the herbivores grew fungi
and hence these plants could not be used as bplakes. Hence, in this chapter, techniques
for improving the quality of rearing systems wenleated to produce parasitoids, and

banker transplants of high quality.

When natural enemies are reared for a long tine fithess of them is reduced because of
endogamy (Hoekstra, 2003) and conditions of higfsing (Lewiset al., 2003). Endogamy
refers to mating among individuals of a small groap a species, having negative
consequences in the fitness of organisms. Withertdp the conditions of high nursing such
as optimal microclimate conditions and high avaligbof food, host, and mate, the insects
reduce the searching capacity and ability to adaptoduce and survive in agroecosystems.
The solution of this problem is to reintroduce np@pulations from field to the system of
rearing (Nunney, 2003). Nonetheless, the qualitya aéaring system is also determined by
other management aspects (Freateal., 2003; Frank, 2010; Jandriogt al., 2014) such as
the host plant (variety, subspecies, cultivar granpng others), plant architecture and cage

size. In this chapter, the hypothesis was: the Iptett and the management of rearing
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systems is a factor influencing the quality of gient and hence the herbivore and parasitoid

fitness, causing a cascade effect.

The genetic characteristics and the optimal sthterearing plant are factors determining the
size and the reproductive rate of the host (Rei@., 1980; Elliset al., 1996). The size of the
herbivore is important because large herbivoregltras parasitoids that live longer (Harey
al., 1992; Silvaet al., 2011). It is due to the fact that the parasitaicvae have a higher
availability of nutrients (Jervis, 1998). The effexf the host size on thB. rapae and E.
tricolor longevity has been demonstrated by Kantal., (2012), and Williams, (1995),
respectively. The reproductive rate of the hosprgportional to the produced number of
mummies per plant. Rearing plants with a high nundfehosts and parasitoids that live a
long time contribute to obtaining a high product@nmummies. The quantity of mummies
per plant is a relevant factor determining the nembf required banker plants. A high
number of mummies per plant reduces the needed euaflbanker transplants per hectare
(Frank, 2010). Additionally, plants with a high echnce to the target herbivore and a low
incidence of non-target organisms are importantofacin the quality control of the rearing
plant. These factors allow obtaining plants withddife, the leaves are not quickly wilted,
stems are straight, the number of herbivores amdbeu of mummies per plant is high, the
frequency of renovation as well as work and castel with these activities are low (Frank,
2010).

The effect of host plants, plant architecture aagecsize were evaluated because the genetic
of the plant as well as the management have infleiégm the development of the plant, target
organisms and non-target organisms in the reasisgss (Bayhaset al., 2007; Frank, 2010;
Jandricicet al., 2014; Jahast al., 2014). Host plants (cultivar groups) have anartgmt role

in the life history parameters of the herbivore gadasitoid fithess (Freulest al., 2003;
Bayhanet al., 2007; Frank, 2010; Augustin, 2012; Jandrieical., 2014) because pests
generate different degrees of selection pressurglams and as a result of this, cultivar
groups or varieties of the same species have \atemels of resistance to herbivores. In this
sense, in order to get rearing plants of high pctdo of pest antagonists, this is relevant the
use of host plants with a high tolerance to théilvere and low resistance by antibiosis and
antixenosis to the target herbivore as well asnaifwidence to non-target organisms. Non-
target organisms are sources of contamination ¢batpete for photoassimilates with the
target herbivores and reduce the quality of themgalant (Franket al., 2010). Tolerance is
the capacity of the plant of remaining vigoroushwat high population of herbivores (Strauss

and Agrawal, 1999; Juenger and Lennartsson, 2080)ibiosis is defined as different
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mechanisms of the plant, interfering negativeltha biology and development of the pest
and antixenosis refers to properties of plants,idiwg the infestation of the pest (Teetes,
2007).

The plant architecture is an aspect influencingplaat physiology and hence the tolerance
towards abiotic and biotic stress as well as tfespan of the rearing plants. The plant
architecture can be modified by pruning. Due to ldek of information in this topic, this
treatment was chosen based on preliminary expetam&he pruning treatment of this work
focused on cutting old leaves, roots and leavelsenithan 15 cm. Old leaves pruning avoids
the growing populations d¥lyzus persicae (personal observation). Plants with root pruning
have a lower requirement of water and hence tmespieation is less (Reich, 1997) as well as
the relative humidity inside of the rearing cagegiding the presence of powdery mildew
(Agrios, 1997). Pruning of leaves higher than 15 airiength avoids the overlapping of
leaves. The overlapping of leaves is another fattatr should be considered because favours
the development of fungi (Personal observationg Ghage size was the last considered factor
which influences the quantity of light. The cabbageps grow outdoors and when they
develop in cages, the low quantity of light canduce elongation and weakness (Lamlsers
al., 2008).

The indicators to measure the quality of the targating systems were chosen based on the
related literature. These indicators were sizeheftierbivore, parasitoid survival, number of
mummies per plant as indicator of virulence, comtamtion of the non-target organism
powdery mildew and adaptation after the transptgnmivhen rearing plants are used as banker
plants (Hardyet al., 1992; Williams, 1995; Frank, 2010; Kaet al., 2012). Additionally,
variables of the physiology of the plant, relativemidity and quantity of light in some
experiments were measured to explain the resultsonfe measured variables. Hence, the
main objective of this chapter was to evaluateeddiht host plants (cultivar groups), plant

architectures and cage sizes.

2.2. Materials and Methods
2.2.1. Plants and insects

The host plants broccoli (variety Marathon F1, HiBkermany), brussels sprouts (Hilds Ideal,
Hild, Germany) and cauliflower (Hybrid Fremont, @emny) were chosen, taking into
account information reported in literature (Frewderl., 2003 and Bayhaat al., 2007) and
personal observations. Populations of herbivorespamnasitoids used in the experiments were

collected from brussels sprout plants from the @jafields to the institute and after reared
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under controlled conditions. To raise cabbage plasgeds were sown in plastic pots (12 cm
diameter) filled with black peat substrate (FruhstoErde, type Nullerde). The seedlings
were maintained in nursery for four to six weekasud3els sprouts infested with nymphs of all
instars ofB. brassicae and larvae of 8 and 4" instar ofA. proletella were used for rearing
D. rapae andE. tricolor, respectively. The rearing of the parasitoids wagentaken in mesh
cages measuring (20 x 20 x32) cm and the envirotaheonditions in the climate chambers
involved a temperature range of 20 - 25 °C, 40 % @&.H., and a photoperiod of L 16h: D
8h.

2.2.2. Effect of the host plant on the quality oftte target rearing systems

A completely randomised design with three treatsi@md seven replicates was used for the
experiments witlD. rapae andE. tricolor in order to study the effect of the host planttios
quality of the target rearing systems under grees&® conditions. The treatments were the
host plants: i) broccoli, ii) brussels sprouts, @ndauliflower. The experimental unit or plot
was a cage (0.37 x 0.25 x 0.25) m, wooden bottoamés of wire, and mesh on the sides.
Every cage had a two months old cabbage planteofebpective cultivar group depending on
the treatment. In thB. rapae experiment, first, every plant was infested witlpaximately
fifty adults of B. brassicae and after two weeks, ten female parasitoids weleased per cage.
ForE. tricolor experiment, first, every plant was infested witlpaximately fifty adults ofA.
proletella and after four weeks, ten female parasitoids weleased per cage. At the end of
the experiment, for every experimental unit, theglevity of 14 female parasitoids, the size of
10 herbivores and the production of mummies werasmed. The incidence of powdery
mildew was measured every week during the two nwofithe experiment by counting the
number of plants that had 25% of the leaves wighpitesence of the sickness. Longevity was
defined as the number of days for which an aduiagitoid lived. To measure the longevity,
an individual female parasitoid between 1-24 hoald, without deformities, without
experience, unmated and unfed was released in @ ®etri-dish which had two holes
covered with fine mesh netting for ventilation am holes for introducing the parasitoids
and food. A flower of buckwheat was provided pey da a source of food. To get wasps
between 1-24 hours old, mummies from the experiaigiants were collected at random in
gel capsules and marked with the name of the réspetteatment. The measurements of
wasp longevity were taken every 24 hours. The sizéerbivores was measured with a

Digital Microscope VHX-500F Keyence. The producti@i mummies was evaluated
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counting the number of mummies per plant. The higdis of these experiments was that the

host plant (cultivar groups) has effect on the dyatdicator of the target rearing systems.

2.2.3. Effect of broccoli plant architectures on tk quality of the target
rearing systems

Having observed that the cultivar group or hosnplaroccoli (variety Marathon F1, Hild,
Germany) was the most successful host planDfarapae andE. tricolor rearing in the last
experiments, the next aim was to evaluate the tedfieglant architectures in order to improve
the quality of the target rearing systems. A conghjerandomised design with two treatments
and seven replicates was conducted independemtgafdh parasitoid. The treatments were: i)
broccoli plants with root, old and large leaves §>dm) pruning and ii) broccoli plants
without pruning. The experimental unit or plot cistsd of a 2 months old broccoli plant
inside a cage. The pruning was done thirty and/ slatys after sowing. Two months after the
introduction of the parasitoids in the cages, thgables longevity of parasitoids, herbivore
size and production of mummies were measured. fbelance of powdery mildew was
measured every week. The management of every exgetal unit and the measurement of
the variables were conducted same as the lastimy@@s. Due to the lack of knowledge
about the effect of plant architecture on the qualf rearing systems, the pruning treatment
evaluated in this experiment was chosen based elmpmary trials with different types of
pruning, taking into account the factors, namelhigh tolerance to hydric stress; ii) the no
elongation of the plants inside cages because aledglants generally die very fast; iii) low
falling of leaves, preventing loss of herbivoreiuduals and mummies on formation. When
leaves fall, the mummies can be affected by thietewmiperature, water, and predators, among
others and second, the herbivore dies as well@a&dmobiont parasitoids, needing a living
herbivore to reach the mummy stage; iv) leaves Vsis of 15 cm of length, which have
strong and thick tissues and v) the no overlappihtgaves, avoiding the development of
powdery mildew and entomopathogenic fungi thatchttaerbivores or parasitoid hosts. The
pruning of old leaves was chosen in order to pretrendevelopment of populationsidiyzus
persicae. The pruning of leaves higher than 15 cm was alkrtsl due to the fact that larger
leaves are more susceptible to pathogens. Therooing was chosen because this permits to
obtain smaller plants, with short leaves, witholgngation and high tolerance to hydric
stress. Additionally, these plants have no oveilappf leaves and the falling of leaves is
low. So, the hypothesis was that plants with thenjorg allow obtaining high number of

mummies, high size of host and parasitoids thatltwmger.
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2.2.4. Effect of the pruning on some indicators othe vigour of broccoli

plants

A completely randomised design, with two treatmeantd three replicates, was utilised under
greenhouse conditions in order to justify, why pdafiom pruning treatment were stronger.

The treatments were: i) plants with root, old aad¢ leaves (>15 cm) pruning and ii) plants
without pruning (control). The pruning of the planwas done one and two months after the
sowing. Broccoli plants were sown in a 12 cm disn@lastic pots. The experimental unit

consisted of a pruned broccoli plant inside a ¢@g&7 x 0.25 x 0.25) m. The plants were not
exposed to the strain of the insects. The vigodhefplant was measured in terms of the fresh
matter of leaves, fresh matter of the stems, lenftthe main stem, number of leaves per
plant, length of the leaves per plant, size of ldedf petiole, percentage of dry matter and
relative humidity inside cages. The variables wereasured after two months of the last
pruning. The leaves and stems were placed insidergegs and introduced during 48 hours
in an oven to 75 °C to measure dry matter. Thezeathe percentage of dry matter was

estimated with the formula:

(

minutes during seven days using miniature datadggTiny Tag) and subsequently, the

drymatter/fresh matter]*loo)' The relative humidity was recorded every fifteen

average per day was calculated.
The hypothesis was root pruning allows obtaininglésized plants, without elongation, a
low percentage of fresh matter and shorter ledess Of 15 cm).

2.2.5. Effect of size of the cages on the quality the target rearing systems
Having observed that pruned broccoli plants is itable technique to redd. rapae andE.
tricolor parasitoids in the last experiments, the next g@a to determine whether the size of
the cage had a significant impact to optimise thality of the target rearing systems. A
completely randomised design with two treatmentd aaven replicates was conducted
independently with each parasitoid to evaluateeffect of the size of the cages on the quality
of the rearing systems under greenhouse conditidres treatments were: i) large cages (0.51
x 0.76 x 0.56) m and ii) small cages (0.37 x 0.28.25) m. The experimental unit or plot
consisted of a pruned broccoli plant for the smatie and 6 plants for the large cage. Two
months later, the variables herbivore size, pradnadf mummies, parasitoid longevity, and
adaptation of the rearing systems under field demh after transplanting and the intensity of

photosynthetic active radiation were measured. Tritensity of photosynthetic active
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radiation (400 nm-700 nm) was measured on the dadethe top of the plant inside of the
cages with a Licor lightmeter LI-250-A (Lincoln, Neaska USA). The adaptation of the
rearing plant after transplanting to outdoor cragdds was measured to ascertain whether
these materials can be used as banker plantsisfasabry adaptation in the field was defined
as plants surviving at least two weeks without ange of colour (green to red) and wilted
leaves after transplanting in the field. To meadhre variable, the plants from cages were
sowed in the field. The management of every expamtal unit or plot and the methodology
to measure the other variables was the same kke&¥gperiments. The hyphotesis was that the

cage size influences the quality indicators ofttrget rearing systems.

2.2.6. Statistical analysis

A Log Rank Test (Mantel-Cox) was used to compargigal curves. For the other variables,
a one-way ANOVA (General Linear Model) followed bByTukey's test was used. Kruskal-
Wallis test was used when the data showed no natis@ibution and the test of Tamhne-T2
when the data had no homogeneity of variances.léue of significance was p<0.05 for all

tests. All analyses were performed with SPSS 23.1BM
2.3. Results

2.3.1. Effect of the host plant on the quality oftte target rearing systems

For D. rapae experiment, the factor host plant had a significaeffect on all measured
parameters except for longevity (Fig. 2.1, 2.2,&h8 2.4). In Table 2.1, the means, standard
error and the differences between treatments oéxiperiments are shown. The largest mean
size of cabbage aphid adults was obtained fromcbtoand the lowest size from brussels
sprouts and cauliflower. The size of cabbage apllidlts from broccoli treatment was 1.8
times as larger as cauliflower treatment. The nunabenummies was highest on broccoli as
the host plant followed by brussels sprouts andiftauer. Broccoli treatment had 182
mummies per plant more than cauliflower. After tmonths, the powdery mildew incidences

were 57, 100 and 100% in broccoli, brussels sprantiscauliflower, respectively.
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Table 2.1.Mean and standard error of the measured variabld®e experiment titled effect
of different host plants on the quality DX rapae rearing plants. Different letters indicate

significant differences at 5% level.

Variable Herbivore or parasitoid Treatment Mean +
Standard error
Survival (days) D.rapae Broccoli 421+032a
X?=2.261,df=2, p=0.323 n=14 Brussels sproutc  3.92 £0.53 a
Log Rank (Mantel-Cox) Cauliflower 3.42+0.31a
Herbivore size Adults ofB. brassicae Broccoli 1.33+0.023 a
(mm) F=12.112df=2, p=0.005 n=7 Brussels sprouts 1.24 £0.016 b
Tukey's Test Cauliflower 1.23+£0.025b
Number of D.rapae Broccoli 252.14 £ 21.58 a
mummies/plant F=42.63,df=2, p<0.001 n=7 Brussels sprouts 124.71 +6.34 b
Tukey's Test Cauliflower 69.28 £10.60 c
S 10" ..JTreatment
2 -, Broccoli
s russels sprout
S 0.8 | Cauliflower
Qs l ...:
£ 0.6 R
< |
=
= i -
° 04 : |
B Mk o
] .
Z 027 N
t .
Z !
S 0.0, . . . . : ’ .
0 1 3 4 5 6 -
Time (days) p=032z

Fig. 2.1. Effect of different host plants on the survivall@frapae females. Different letters
indicate significant differences at 5% level actogdto the Log Rank (Mantel-Cox) Test

n=14.
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Fig. 2.2. Effect of different host plants on the size Bxfbrassicae adults Different letters

indicate significant differences at 5% level acaogdo Tukey’s Test n=7.

300 - a b c

250 -

Number of D. rapae
mummies/plant
O
(e

Broccoli Brussels sprouts Cauliflower
Treatments p<0.001

Fig. 2.3. Effect of different host plants on the number xf rapae mummies per plant.

Different letters indicate significant differencas5% level according to Tukey’'s Test n=7.
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Number of the week p<0.007

Fig. 2.4. Effect of different host plants on the incidendepowdery mildew in theéD. rapae
rearing. Different letters indicate significantfdifences at 5% level.

For E. tricolor experiment, the factor host plant had a significeffiect on all measured
parameters except survival (Fig. 2.5, 2.6, 2.7 28)l. In Table 2.2, the mean, standard error
and the differences between treatments of the awpats are shown. The largest value Bf 4
instar larva of cabbage whiteflies was found oncboti and brussels sprouts as host plants
while cauliflower showed the smallest size. Thebhare size from broccoli treatment was
larger by 12% compared to the cauliflower treatmémnthis study, the number of mummies
was highest on broccoli as the host plant follovlsd brussels sprouts and cauliflower.
Broccoli treatment had 88 mummies per plant moas tbauliflower. After two months, the
powdery mildew incidences were 57, 100, and 100%brioccoli, brussels sprouts and

cauliflower, respectively.



Chapter 2. Improving quality of the target rearing systems

20

Table 2.2.Mean and standard error of the measured variabldge experiment titled effect

of different host plants on the quality Bf tricolor rearing systems. Different letters indicate

significant differences at 5% level.

Variable Herbivore or parasitoid Treatment Mean +
Standard error
Survival (days) E. tricolor Broccoli 45+0.81la

X?=0.329,df=2, p=0.849 n=14
Log Rank (Mantel-Cox)

Brussels sprouts 5.1 + 0.68 a
Cauliflower 4.71+0.83 a

Herbivore size Larvae of 4 instar of Broccoli 1.02 £ 0.008 a
(mm) A. proletella Brussels sprouts 0.99 + 0.013 a
F=23.475df=2, p<0.001 n=7 Cauliflower 0.91+0.010 b
Tukey's Test
Number of E.tricolor Broccoli 120.42 +9.55 a
mummies/plant F=36.066df=2, p<0.001 n=7 Brussels sprouts 71.71 £+ 6.73 b
Tukey’s Test Cauliflower 32.14 +5.09 ¢
o~
< 1.0 _Treatment
S "2 Broccoli
S . russels sprout
Ky 0.8 | : Cauliflower
g ' .....
£0.67 A 3= 47
= i
g i c-o. -—
: 0.4 : |
Q '.OO.F '
£027 e
= | [
5 O'O 1 L] L] L] L] L] L] L]
0 1 2 3 4 5 6  p=0.849
Time (days)

Fig. 2.5.Effect of different host plants on the survivaliftricolor females. Different letters

indicate significant differences at 5% level ac@ogdto the Log Rank (Mantel-Cox) Test

n=14.



Chapter 2. Improving quality of the target rearing systems 21

[S—
1

(]

O

i
I

(=]
O
I

(=]

[o2e]

i
1

Size of A. proletellalarvae of
fourth instar (mm)

(=]
(o2e]

Broccoli Brussels sprouts Cauliflower
Treatments p<0.00:

Fig. 2.6. Effect of different host plants on the size Af proletella larvae of 4' instar.
Different letters indicate significant differencas5% level according to Tukey’'s Test n=7.

mummies/plant

Number of E. tricolor

Broccoli Brussels sprouts Cauliflower
Treatments p<0.00

Fig. 2.7. Effect of different host plants on the numberEoftricolor mummies per plant.

Different letters indicate significant differencais5% level according to Tukey’s Test n=7.
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Fig. 2.8.Effect of different host plants on the incidenég@owdery mildew in thé. tricolor
rearing. Different letters indicate significantfdifences at 5% level according to Tukey's
Test.

2.3.2. Effect of broccoli plant architecture on thequality of the target

rearing systems

For D. rapae experiment, the pruning treatment showed betteueglin all measured
variables compared to control (Fig. 2.9, 2.10, 2ah@l 2.12). The mean, standard error and
the differences between treatments are shown ineTaB. Females db. rapae lived 2.5
days longer on pruned plants. Pruning also incredse herbivore size by 12.9% and the
number of mummies by 47.69%. Moreover, two montfier areleasing the parasitoids,
pruned plants were still strong while the 50% af tontrol plants were already dead due to
the high severity of powdery mildew.

Table 2.3.Mean and standard error of the measured variabld®e experiment titled effect

of plant architecture in thi2. rapae performance in the field.

Variable Herbivore or parasitoid Treatment Mean +
Standard error

Survival D. rapae Pruning 7+0.852 a

(days) X?=5.4,df=1, p=0.02 n=14 Control  4.43+0.429b
Log Rank (Mantel-Cox)

Herbivore size Adults of B. brassicae Pruning 1.4+0.022 a

(mm) F=44.9534df=1, p<0.001 n=7 Control 1.24+0.011 b
Tukey's Test

Number of D.rapae Pruning 330+19.95a

mummies/plant F=16.096df=1, P=0.002 n=7 Control 223.43+17.53Db
Tukey’s Test
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Fig. 2.9. Effect of different plant architectures on thewsual of D. rapae. Different letters
indicate significant differences at 5% level acoogdto the Log Rank (Mantel-Cox) Test
(n=14).
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Fig. 2.10.Effect of different plant architectures on thelhieore size ofB. brassicae adults

Different letters indicate significant differencats5% level according to Tukey’s Test (n=7).
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Fig. 2.11. Effect of different plant architectures on the toenof D. rapae mummies per
plant. Different letters indicate significant difemces at 5% level according to Tukey’s Test
(n=7).
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Fig. 2.12.Effect of different plant architectures on theid®nce of powdery mildew IE.

tricolor rearing plants. Different letters indicate sigraint differences at 5% level according
to Tukey’s Test.

For E. tricolor experiment, the pruning treatment showed bettéduegain all measured
variables compared to the control (Fig. 2.13, 2245 and 2.16). The mean, standard error
and the differences between treatments are showiabie 2.4. Females @&. tricolor from
pruning treatment lived 12 days longer than in ¢batrol. Pruning treatment increased the

herbivore size by 8.8%, and had 114 mummies pent pheore than control. Moreover, two
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months after releasing the parasitoids, prunedplaare still strong while the 25% of control

plants were already dead due to the high sevefipowdery mildew. In fig. 2.17, 2.18, 2.19

and 2.20, plants without and with pruning frddn rapae and E. tricolor experiments are

shown.

Table 2.4.Mean and standard error of the measured variabldge experiment titled effect

of plant architecture in thie. tricolor performance in the field.

Variable Herbivore or parasitoid Treatment Mean *
Standard error
Survival E. tricolor Pruning 17.93 £0.862 a
(days) X?=14.11,df=1, p<0.001 n=14  Control =~ 5.93+0.82b
Log Rank (Mantel-Cox)
Herbivore  Larvae of 4 instar ofA. proletella Pruning 0.98+0.013 a
size (mm)  F=22.4,df=1, p<0.001 n=7 Control 0.9+0.011b
Tukey's Test
Number of E.tricolor Pruning 243.57 £9.55 a
mummies  F=122.54gf=1, P<0.001 n=7 Control 129.43+3.878 b
Tukey’s Test
§ 1.0 . Treatment
S : ..« Control
= 0.8 - °% =~ Pruning
ti :
=}
Q 06 -
% :..
2 04+
o .
=
= 0.24 :
.Z oooo:
z b a
Z 0.0 . ' ' ' '
0 5 10 15 20
p<0.00:

Time (Days)

Fig. 2.13. Effect of different plant architectures on the vsual of E.

tricolor females.

Different letters indicate significant difference$ 5% level according to the Log Rank
(Mantel-Cox) Test (n=14).
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Fig. 2.14.Effect of different plant architectures on theestf A. proletella larvae of fourth
instar. MeantSE are presenté&ifferent letters indicate significant differencas 5% level

according to Tukey’s Test (n=7).
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Fig. 2.15. Effect of different plant architectures on the n@mbof mummies ofE.
tricolor/plant. Mean+SE are presented.Different letterscaté significant differences at 5%

level according to Tukey’s Test (n=7).
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Fig. 2.16.Effect of different plant architectures on theidence of powdery mildew ii.
tricolor rearing plants. Different letters indicate sigraint differences at 5% level according
to Tukey's Test (n=7).

Fig. 2.17.Four-months-old rearing plants Bf rapae without pruning.
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Fig. 2.19.Four-months-old rearing plants Bftricolor without pruning.
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Fig. 2.20.Four-months-old rearing plants Bftricolor with pruning.

2.3.3. Effect of the pruning on some indicators othe vigour of broccoli

plants

The indicators of plant vigour, the fresh mattertlué stems (Fig. 2.22), length of the main
stem (Fig. 2.23), length of the leaf (Fig. 2.25g aelative humidity inside the cages (Fig.
2.28) differed statistically among treatments. Rsdor fresh matter of the leaves (Fig. 2.21),
number of leaves per plant (Fig. 2.24), the leraftthe leaf petiole (Fig. 2.26) and percentage
of dry matter (Fig. 2.27) in the pruned plant treaht were statistically equal to those obtain
in the control. Mean and standard error of the meakvariables are shown in table 2.5.

Pruning plants were smaller but stronger compaoeithé control. It was supported with the

variables used as indicators of the plant’s vig&uiuned plants had a low fresh matter of the
stems, shorter length of the main stem and shaetegth of the leaves. Pruned plants had
44.26% less fresh matter of the stems, the lenfjtheomain stem was 39.56% shorter, the
length of the leaf was smaller by 21% and the insdatumidity inside of the cages was less
by 18.6% compared to the control (Fig. 2.28).
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Table 2.5.Mean and standard error of the measured variabldse experiment titled effect of different plaaichitectures on some variables of
plant physiology. Different letters indicate sigo&nt differences at 5% level.

Variable Statistical difference of the Treatment Mean +
variables Standard
error
Fresh matter of the leaves (Q) F=6.1,df=1, p=0.069 n=3 Pruning 14.07+£0.95a
Tukey's Test Control 19.50+1.97 a
Fresh matter of the stems (g) F=8.152df=1, p=0.046 n=3 Pruning 10.03+0.44 Db
Tukey's Test Control  14.47+149a
Length of the main stem (cm) F=7.811,df=1 p=0.049 n=3  Pruning 14.33+£1.33b
Tukey’s Test Control 20.00+x1.52a
Number of leaves per plant X=1.6 ,df=1, p=0.197 n=3  Pruning 9.66 £0.33 a
Tukey's Test Control  10.33+0.33a
Length of the leaf (cm) F=10.631df=1, p=0.031 n=3 Pruning 8.20£0.17 b
Tukey’s Test Control 10.06 £0.54 a
Length of the leaf petiole (cm) F=0.007df=1, p=0.939 n=3 Pruning 440+0.11a
Tukey's Test Control  4.43+0.39 a
Percentage of dry matter per plant (%) F=4.637df=1, p=0.098 n=3 Pruning 18.77 +0.01 a
Tukey’'s Test

Control 15.01 +0.00 a
Relative humidity inside the cages F=9.027 df=1, P=0.04 n=3  Pruning 42.84+257b
Data took during eight days every fifty minutes Tukey’s Test Control 50.81 +0.62 a
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Fig. 2.21.Effect of different architectures on the fresh taabf the leaves of broccoli plants

(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate

significant differences at 5% level according tkéy's Test (n=3).
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Fig. 2.22. Effect of different architectures on the fresh tmabf stems of broccoli plants

(variety Marathon F1, Hild, Germany). MeantSE arespnted. Different letters indicate

significant differences at 5% level according tkéwy's Test (n=3).
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Fig. 2.23.Effect of different architectures on the lengthtled main stem of broccoli plants

(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate
significant differences at 5% level according tkéy's Test (n=3).
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Fig. 2.24.Effect of different architectures on the numbeleaives per plant of broccoli plants
(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate

significant differences at 5% level according tkéwy's Test (n=3).
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Fig. 2.25. Effect of different architectures on the lengthtloé leaf (cm) of broccoli plants
(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate

significant differences at 5% level according tkéy's Test (n=3).
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Fig. 2.26.Effect of different architectures on the lengthtloé leaf petiole of broccoli plants
(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate

significant differences at 5% level according tkéwy's Test (n=3).
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Fig. 2.27.Effect of different architectures on the percentaf dry matter of broccoli plants
(variety Marathon F1, Hild, Germany). Mean+SE arespnted. Different letters indicate

significant differences at 5% level according tkéy's Test (n=3).
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Fig. 2.28. Effect of different architectures on the relativemidity inside of the cages of
broccoli plants (variety Marathon F1, Hild, Germanilean+SE are presented. Different

letters indicate significant differences at 5% leaezording to Tukey’'s Test n=3.
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2.3.4. Effect of cage size on the quality of therget rearing systems

For D. rapae experiment, the treatments showed significantedéfices in all measured
parameters except survival, and adaptation afsrsplanting (Fig. 2.29, 2.30, 2.3T)he
mean, standard error and the differences betweatnents are showed in table 2.6. Large
cages increased the herbivore size by 6.2% andrdatment had 69.72 mummies per plant

more than the control.

Table 2.6.Mean and standard error of the measured variablései experiment titled effect
of different cage sizes on the quality Df rapae rearing plants. Different letters indicate

significant differences at 5% level.

Variable Herbivore or parasitoid Treatment Mean +
Standard error
Survival D. rapae Large cage 7.21 + 0.406 a
(days) X?=0.013 df=1, p=0.91 n=14 Small cage 6.93+0.848 a
Log Rank (Mantel-Cox)
Size of Adults of B. brassicae Large cage 1.41 £0.014 a
herbivore F=11.36,df=1, p=0.006 n=7 Small cage 1.31+0.026 b
(mm) Tukey's Test
Number of D.rapae Large cage 417.29 £8.95 a
mummies/plant F=16.62df=1, p=0.002 n=7 Small cage 347.57 +14.54 b
Tukey’s Test
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Fig. 2.29.Effect of different cage sizes on the survivaDofrapae females. Different letters
indicate significant differeces at 5% level accogdito the Log Rank (Mantel-Cox) Test
(n=14).
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Fig. 2.30.Effect of different cage sizes on the herbivome 2f B. brassicae. Mean+SE are
presented. Different letters indicate significaiifedences at 5% level according to Tukey’s

Test (n=7).
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Fig. 2.31.Effect of different cage sizes on the numbebDofapae mummies. Mean+SE are
presented. Different letters indicate significaiifedences at 5% level according to Tukey’'s

Test (n=7).

ForE. tricolor experimentthe factor cage size showed significant differenoeall measured
parameters except in adaptation after transplaiiity 2.32, 2.33, 2.34 and 2.3%he mean,
standard error and the differences between treasnaega showed in table 2.7. TRetricolor

females lived eight days longer in the large cagatient than those in small cages. Larvae
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of 4" instar ofA. proletella reared on large cages were 9.09% larger than ihose small

cages. Rearing plants in the large cage had 121mmesnper plant more than those in the
control. Both treatments revealed plants with fatiery adaptation in the field when rearing
plants were transplanting in the field as bankantd. Additionally, inside large cages, the
intensity of photosynthetic active radiatipmol nmi* s* (400 nm-700 nm) was 22.89% higher,
as compared to that inside small cages. Insidee laages, the mean of the intensity of

photosynthetic active radiation was 45.62 + 2.60 iaside small cages was 37.12 + 2.57.

Table 2.7.Mean and standard error of the measured variabldge experiment titled effect
of different cage sizes on the qualitytftricolor rearing systems. Different letters indicate

significant differences at 5% level.

Variable Herbivore or parasitoid Treatment Mean £
Standard error
Survival E. tricolor Large cage 23.57 £2.50 a
(days) X?=6.5,df=12, p=0.011 n=14 Small cage 16.07 £0.948 b
Log Rank (Mantel-Cox)
Size of Larvae of fouf instar of Largecage 1.08+0.017 a
herbivore A. proletella Smallcage 0.99+0.011b
(mm) F=20.0129df=1, p<0.001 n=7
Tukey's Test
Number of E.tricolor Large cage 386.86 +20.48 a
mummies F=29.8125df=1, p<0.001 n=7 Small cage 265.57 £+8.53b
Tukey’s Test
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Fig. 2.32.Effect of different cage sizes on the survivakofricolor females. Different letters

indicate significant differences at 5% level acaogdo Log Rank (Mantel-Cox) Test (n=14).
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Fig. 2.33. Effect of different cage sizes on the size/ofproletella larvae of 4 instar

Mean+SE are presented. Different letters indicatmifsicant differences at 5% level
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Fig. 2.35. Effect of different cage sizes on the intensitypbibtosynthetic active radiation
umol m? s* (400 nm-700 nm). Mean+SE are presented. Diffeletters indicate significant

differences at 5% level according to Tukey's Tas8].

2.4. Discussion

The techniques of mass production of pest antatgopiays a significant role in programs of
biological control because the management of rgasystems mediates a relevant effect on
the fitness of pest antagonists and hence inflietice efficiency of these organisms to
control pest in the crop fields (Van Lenteren, 199993, 2003; Frank, 2010). Hence, the
purpose of this chapter was to explore differemiragches to providing a set of techniques in
order to improve the quality of the rearing plarfitke evaluated approaches were host plant,
plant architecture and cage size. In this reseatsh,variables evaluated as indicators of
quality were chosen based on literature (Van Lemte2003; Frank, 2010). They were
herbivore size, parasitoid longevity, number of nmies, incidence of powdery mildew and

adaptation of the rearing plants after transplanitmthe field.

Host plants have been reported to possess an effebie development of the target and non-
target organisms (Freuleral., 2003; Bayharmt al., 2007; Frank, 2010; Augustin, 2012). It is
consistent with this study because the host planttiyar group) had an effect on the

herbivore size, and incidence of powdery mildewvel as parasitoid fitness.

The herbivores size is a relevant indicator of fudlecause this variable is positively related
to the longevity of the adult parasitoids (Kahtl., 2012, and Williams, 1995). The relation
between host plant and herbivore is justified dughe host plant resistance by antibiosis

(Ellis et al., 1996, Frank, 2010). Resistance by antibiosiersefo mechanisms of the plant
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that affect the development of the herbivores imsgesuch as reproductive rate, survival, size
among others. In our case, broccoli had the lesgstamce by antibiosis to the target
herbivores (i.e. cabbage aphid and cabbage wieigfli

The number of mummies per plant is other relevadicator of the quality of rearing plants
used as banker plant for transplanting, givendhaigh quantity of mummies per plant reduce
the number of banker plants used per ha/cyclearfighd, frequency of renovation, as well as
work and costs linked with these activities (Frad®10). In this study, the factor host plant
influenced the number of mummies and this was als®rved in the findings of Freuler

al., (2003), who found that savoy cabba(fgrassica oleracea L. convar. capitata var.
sabauda L.) had a higher production &f. rapae mummies than turnifBrassica rapa L. var.
rapifera subvar.Majalis). Jandricicet al., (2014) also find an effect of different host glan
crops on the production @fphidius colemani parasitoids. This author observed that on barley

and wheat the production Af colemani wasps was higher than this on oats or rye.

The number of mummies depends on the longevityaohgtoids —parasitoids that live more
time lay more eggs- and also in the number of kerbs. In this study, the high number of
mummies did not depend on the longevity, given timtthis variable, there were no
significant differences among treatments. The fhat the host plant influenced the number
of mummies can be explained because of this variablpositively correlated with the
number of herbivores as it was mentioned by k&@0Q). Indeed, in this study, plants with a
high number of mummies also had a high number dbiheres (personal observation) and
satisfactory development of the pest reflectechandize of the herbivores. According to the
literature, the host plant has a strong effecthrendevelopment of herbivore population levels
(Amjad and Peters, 1992; Yue and Liu, 2000; Fr&®10). These differences have been
justified as host plant resistance by antibiosigjxanosis, as well as tolerance levels to
populations of the pest (Elligt al., 1996) due to the biochemical composition and
morphological structure of the host plant. Planithwa high tolerance and low resistance by
antibiosis or antixenosis to the target herbive@d| to the obtaining of a high production of
herbivores and hence their antagonists during éended period (Frank, 2010; Pickettal.,
2004).

The incidence of the non-target organism is a fatttat disrupts the lifetime of the rearing
plants and hence it merits a careful study (Fraok0). In this research, the host plant had an
influence on the incidence of powdery mildew, amcboli treatment had the lowest
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incidence of this sickness. After two months, tl#®% of brussels sprouts and cauliflower

plants died while only the 60% of the broccoli gtadied due to powdery mildew.

Considering the architecture of the plant, thisigtwas the first to examine the influence of
this factor on rearing systems quality. Pruned fpteeatment improved the indicators of the
vigorous of the plant and hence the size of thditere, the longevity of parasitoids, the
number of mummies and the lifespan of the planésc@mpared to the control (without
pruning). Plants with pruning were smaller and rggier. The vigour of the plant is important
because plants can live a long time due to thetfettthey can tolerate better: i) biotic stress
by target herbivores which may affect the plantithe@enerating early senescence of leaves
and death of the plant and ii) abiotic stress bgdwirain and extreme temperature which
could break the banker plants and dislodge the memuof the leaves (Frank, 2010). These
findings are corroborated with the reported by Bend1996) and Reich, (1997), who
observed that the proper root and leaves pruniad te vigorous plants, leaves with strong

tissues and thus a high tolerance to abiotic aotickstress.

According to Priceet al., (1980), in vigorous plants, the development loé tpest is
appropriate maybe due to the suitable nutritiomedtent of the plant. In this study, pruned

plants had higher size of the herbivore.

In this research, two months after releasing thaitmids, pruned plants were still strong
while the control plants were already dead, indicathat pruning elongates the lifespan of
the plants. Pruned plants were resistant to powagidew, given that the architecture of the
plant could have an effect on the transpiratiothefplant and hence on the relative humidity
within the cages. Indeed, the relative humiditydescages from pruning treatment was lower
than in the control by 18.6%.

The results of cage size experiments showed that &l the herbivores, the number f
rapae mummies, the number & tricolor mummies and thE. tricolor longevity was higher
inside large rather than small cages. This is ptsgjiven that the quality of light is a factor
linked to vigorous plants and the strength of tkenphas an important direct effect on the
herbivore development and indirect effect on theagaid fitness. When the quality of the
light was measured, the plants inside large cagds22.89% more light compared to small

cages, meaning that this variable could have atedin the quality of the rearing systems.

In summary, the findings of this research cleadyndnstrate that for both parasitoids, the use
of pruned broccoli plants inside large cages cad I®® herbivores of large size, a low

incidence of powdery mildew, parasitoids with iragsed longevity, high mummy production,



Chapter 2. Improving quality of the target rearing systems 42

strong plants with satisfactory field adaptationl anhigh lifespan. This Chapter confirm that
the suitable management of rearing systems fonthgs production of pest antagonists can
have a substantial impact on the lifespan of barMants produced under controlled

conditions as well as on the fitness of pest antesg®.
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3. The role of flowering plants in improving the finess and performance of
Diaeretiella rapaeand Encarsia tricolor parasitoids

Abstract

In agroecosystems, the lack of food resourcedastar influencing the fitness and efficiency
of parasitoids. Given that parasitoids are omniueraf hosts are absent, they have to rely on
alternative food sources, i.e. nectar of flowerswver, the screening of these flowering
plant species that offer nectar under particulardd@eons of study is paramount before their
introduction into the crop field because studiegehshown that the effect of flowering plants
could be positive, neutral and/or negative in Iniégd Pest Management (IPM). The systems
of this study werdiaeretiella rapae - Brevicoryne brassicae (cabbage aphid) anencarsia
tricolor - Aleyrodes proletella (cabbage whitefly) The cabbage aphid and whitefly are
important pests of many cultivar groups of tBeassica genus. These pests are mainly
managed with agrochemicals that affect human healthare harmful to the environment. In
this context, the parasitoid3. rapae and E. tricolor are natural enemies of these pests,
respectively. Hence, the aims of this research weexplore the access of the parasitoids to
the nectar of the selected flowering plant speeies the effect of flowering plants on the
attraction, survival, fecundity and performancehs microhymenopteraridiaeretiella rapae
M’Intosh 1855 (Hymenoptera: Aphidiidae) dbdcarsia tricolor 1878F6rster (Hymenoptera:
Aphelinidae). The parasitoid performance was measur terms of the number of mummies,
the number of pest individuals, percentage of fempérasitoids, percentage of male
parasitoids, percentage of parasitoid emergencenhgperparasitoid percentage of non-target
species. Dual choice bio tests were designed tgawenthe attractiveness of different food
resources offered by a flowering plant or herbivptant complex. Overall, six choice
experiments were performed with each parasitoictispe whereby each experiment was
replicated 50 times. The six choice conducted ewpmits were alyssum vs. buckwheat,
alyssum vs. faba bean, buckwheat vs. faba bealiyvbeg-plant complex HPC (plant infested
with the herbivore) vs. alyssum, HPC vs. buckwlzeat HPC vs. faba bean. Subsequently, to
evaluate the effect of different food resourcestmn survival probability oD. rapae andE.
tricolor, a completely randomised design with seven treaisnand twenty replicates per
treatment was conducted. The treatments were dpmiater, honey, non-host honeydew,
host-honeydew, nectar of buckwheat and nectar gésaim. Thereafter, a randomised
complete design with two treatments (flowering pgaand control) and seven replicates was

carried out to estimate the effect of floweringrgaon the fecundity of the target parasitoids.
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The flowering plants were buckwheat and alyssumalBi, a randomised complete design
was done with two treatments - i.e. with and withf\owering plants - and six repetitions.
The results of food attractiveness experiments wehbmth adult parasitoids had access to the
floral nectar of alyssunand buckwheat, but not to the faba beans; ii) alysdad higher
attractiveness fob. rapae compared to all other flowering plants; iii) iretexperiments with
the parasitoidD. rapae, it was observed that the flowering plants nevad rhigher
attractiveness that the host plant complex (HP@J,\9 the parasitoi€. tricolor showed the
same response for HPC and flowering plants. Theaté chamber experiments showed that
the fitness of both parasitoid species was subathnincreased given that: i) the. rapae
longevity on sources of high quality (honey andtagowas 4.37 times as long as on sources
without sugar (control and water) and 8.91 timasHotricolor; ii) the D. rapae longevity
was 2.07 times on buckwheat treatment as long adyssum and 1.53 times f&t tricolor;

iii) the longevity ofD. rapae was 3.89 times longer in the treatment of buckwleapared

to host honeydew and 1.19 times longer Botricolor and iv) ForD. rapae, the treatment
with flowering plants (mix of alyssurand buckwheat) had 29.14 mummies per plant more
than the control and there were no differencegfaricolor. Finally, in the field experiments,

it was observed that the flowering plants treatnied 47D. rapae mummies per plant more
than the control and 15 fdt. tricolor. In conclusion, the selected flowering plants can t
attract parasitoids and play a major role in ogding the fitness of the target parasitoids but

these techniques are not enough for a satisfaotanagement of the target pests.

Keywords: Diaeretiella rapae; Encarsia tricolor; Brevicoryne brassicae; Aleyrodes
proletella; Flowering plants; Survival; Fecundity; Parasitisergentage
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3.1. Introduction

A lack of food sources in agroecosystems and the dapacity to find the host by the
parasitoid are factors constraining the fitness @ffidiency of parasitoids. Food is necessary
for searching behaviours and metabolism (Leateshia., 1995; Rivero and Casas, 1999;
Begumet al., 2006; Jervigt al., 2008, Varenned al., 2015). Parasitoids are omnivorous and
hence they can live longer with an absence or arlomber of hosts if there are alternative
food resources as nectar (Thompson, 1999; Jerals, 2008; Wackerst al., 2008).
Agroecosystems are usually monocultures with feantsl that offer food to pest antagonists
(Altieri, 1999). A technique to provide alternatif@od is the use of flowering plants (Landis
et al., 2000 and Jonssost al., 2008), providing nectar and/or pollen to pestagonists
(Zamora-Carrilloet al., 2011). Nectar plays a significant role in thdeefiveness of
parasitoids. Siekmanet al., (2001) observed that nectar reduces the pratyabfl starvation
and increases the longevity of the parasit©alesia rubecula through providing essential
nutrients. Pollen is a major source of protein fioe formation of eggs. However, some
parasitoid species cannot take pollen because llgg not mouthpart specialisations to
consume this food (Jervis, 1998).

In this research, the systems of study wBieeretiella rapae - Brevicoryne brassicae
(cabbage aphid) artehcarsia tricolor - Aleyrodes proletella (cabbage whitefly)The cabbage
aphid and whitefly are important pests of manyicaitgroups of thérassica genus. These
pests are mainly managed with agrochemicals thatdzsanage human health if residues
remain on the produce and can be harmful to the@nwment. The parasitoid3. rapae and

E. tricolor are solitary, koinobiont endoparasitoids Bf brassicae and A. proletella,
respectively (Williams, 1995 and Kant, 2012) anelitluse could help to reduce or avoid the
use of chemicals.

These parasitoids are present in the cabbage teldshe efficiency of these parasitoids is
insufficient to maintain the pest populations irvdis below economic thresholds. The
parasitoidD. rapae feeds on honeydew and nectar (Kant, 2012)Ertdcolor on honeydew,
hemolymph and nectar (Augustin, 2012). Therefoleywdring plants can offer nectar as
alternative food for improving the parasitoid swaliduring host searching and/or enhancing
the fecundity. Fitness in this study refers to swalvand fecundity. In addition, flowering
plants may produce volatiles that attract paragst¢Bianchi and Wackers, 2008; Fujinusta
al., 2010; Kopteet al., 2012; Orre Gordost al., 2013). Additionally, the vegetative features
of these plants may offer a kind of shelter for plaeasitoids (Landist al., 2000; Rebekt al.,
2006) reducing the adverse effect of extreme carditof humidity and/or temperature. The
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screening of flowering plant species is paramowfibie their introduction into the crop field
(Araj et al., 2006). Studies have shown that the effect afdiong plants could be positive as
well as neutral or negative. It is due to the fdat, first, floral resources have also been
pointed out as food for crop pests (Begetral., 2006). For example, Baggen and Gurr (1998)
found that many pests of the order Lepidoptera taefloral nectar. Second, some flowering
plant species have a better effect than otherd@fithess of parasitoids (Hogg et al., 2011).
Third, parasitoid accessibility to nectar is novays possible due to the relation between
structure sizes of flowers and insects (lea#l., 1997). Fourth, every plant can offer different
kinds of benefits. For example, Dolichogenidea tasmanica, alyssum had a better effect on
the longevity, but buckwheat had a better effectemundity. Fifth, the effect of a determined
flowering plant species can be different in evemtunal enemy species. For example,
buckwheat had a better effect than alyssum ondhgelvity of Aphidius ervi (Araj et al.,
2006) andGonatocerous spp. (Irvinet al., 2007). But in a study of Irvin et,gP006) withD.
tasmanica was observed that alyssum had a better effectefotigevity of this parasitoid, as
compared to buckwheat. Sixth, some flowering plaras benefit the fourth trophic level,
reducing significantly the effect of parasitoids the management of the target pests (&raj
al., 2009).

Hence, the aims of this research were: i) to explive access to the nectar of selected
flowering plants by parasitoids, ii) to study thigractiveness of different food resources to
parasitoids in laboratory experiments, iii) to exsé the effect of different food resources on
the longevity of the target parasitoids in climateamber experiments, iv) to measure the
influence of flowering plants on the parasitoiduedity under greenhouse conditions, and v)
to observe the effect of flowering plants on thenber of mummies, percentage of parasitoid
emergence, percentage of parasitoid females andsmiayperparasitoid percentage of non-
target species under field conditions.

The hypotheses of this chapter were that: i) thgetaparasitoids have access to the floral
resources, ii) the chosen flowering plants havé ligractiveness to the target parasitoids, iii)
flowering plant nectar can improve the longevityd dacundity of the target parasitoids, iv)
flowering plants have effect on the number of muesnpercentage of parasitoid emergence,
percentage of parasitoid females, percentage oéspaid males and hyperparasitoid

percentage of non-target species under field cromdit
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3.2. Materials and methods

3.2.1. Plants, herbivores and parasitoids

The insect®B. brassicae, D. rapae, A. proletella andE. tricolor were collected from brussels
sprouts grown in the fields of the Institute of Hawltural Production Systems (Hannover,
Germany) and mass reared under controlled conditibhe mass rearing of the insects was
undertaken in mesh cages of (51 x 76 x 56) cm tlamdhost plant was broccoli (Marathon F1,
Hild, Germany). The mesh cages were in climate demsat 20 - 25 °C, with relative
humidity between 40— 60 % and a photoperiod oB16:L:D. 1-24 hours old, without
experience, unmated and unfed parasitoids were fosagll experiments. To determine the
sex of individuals oD. rapae, it was observed the presence or absence of otgpasithe
last part of the abdomen. Far tricolor experiment, it was counted the number of segments
in the flagellum of antennas which have seven mdies and six in males. To get 1-24 hours
old parasitoid adults, mummies of both parasitgecges were kept in gelatine capsules until
hatching (Fig. 3.1). To raise broccoli plants, se&dere sowed in plastic pots (12 cm
diameter) filled with black peat substrate (FrungioErde, type Nullerde) and the pots were
maintained in the nursery for a period of 4-6 we@lse plants were fertilised once a week
with Wuxal Top N (Wilhelm Haug GmbH, Germany), dido fertilizer with macro and
micronutrients. To obtain flowering plants, seedsrevsown directly in 12 cm diameter

plastic pots.

Fig. 3.1.Parasitoids between 1-24 hours old in gel capsules

The flowering plants used in this study were:

i) Alyssum (Lobularia maritima) (brassicacea) (Beguet al., 2006; Irvinet al., 2006;
Irvin et al., 2007; Webb, 2010, Hogg al., 2011, Gontijcet al., 2013) variety snows
crystals (Fig. 3.2 a).



Chapter 3. Improving the parasitoid fitness and performance by flowering plants 48

i) Buckwheat(Fagopyrum esculentum) (polygonacea) (Koptat al., 1996; Stephenat
al., 1998; Tylianaki%t al., 2004; Begunet al., 2006; Irvinet al., 2006 and Irviret al.,
2007) variety Bamby (Fig. 3.2 b).

iii) Faba bear{Vicia faba) (fabaceae) (Dwt al., 1998 and Jamordt al., 2013) variety
hangdown griinkerning (Fig. 3.2 c).

These flowering plant species were chosased on the following benefits found in the
literature, the seeds are available in the matkely are neither invasive nor attract cabbage
pests, buckwheat begins the blooming before thgssam (personal observations), but
alyssum has longer blooming period, they promogelalvility of nectar for parasitoids during
all crop season (Hogg al., 2011), buckwheat has a high relation sucrosefmexVatalaet

al., 2006), alyssum and buckwheat flowers are neitte&p nor tubular which avoid the
attraction of butterflies, they have a short tinesgage from sowing to blooming compared
with other plant species (only six-eight weeksgytlare known to be attractive and improve
the fitness of several pest antagonists (Beguah, 2006; Irvinet al., 2006; Irvinet al., 2007,
Webb, 2010, Hoggt al., 2011, Jamongt al., 2013) and they have other uses (Alyssum and
buckwheat are used for management of weeds acgotdiRlattet al., 1999 and nectar for

bees, buckwheat is food for people or animals).

Fig. 3.2. Flowering plants a) alyssurLobularia maritima) variety snows crystals, b)
buckwheat(Fagopyrum sculentum) variety Bamby, and c) Faba be&vicia faba) variety

hangdown griinkerning.



Chapter 3. Improving the parasitoid fitness and performance by flowering plants 49

3.2.2. Attractiveness and access to the food rescas

Dual choice bio-tests were designed to comparadttnactiveness of different food resources.
The food resources of the bio-tests are explainebable 3.1 and the dual choice bio-test in
Table 3.2. The set-up for every experiment was @i lesh which had a hole of 1 cm
diameter in the centre to introduce the insectsthedwo options (Fig. 3.3). The size of Petri-
dishes forD. rapae was 14 cm and foE. tricolor was 6 cm. Thé. rapae parasitoids were
observed for a maximum of 30 minutes, wHietricolor parasitoids for 120 minutes. The
observational time and size of the cages were mi@ted, taking into consideration results of
preliminary experiments. The test arena was less . rapae because preliminary
experiments in 14 cm Petri dishes showed that beteal response of 200 individuals Bf
tricolor to resources within a 2 h period was very low yoh0% gave a response) and the
maximum time thaD. rapae andE. tricolor needed to choose an option were 5 and 120
minutes, respectively. The possible response eweats: i) option 1, ii) option 2 and iii) no
response. If the test did not give a responsea# kgpeated with another setup to achieve 50
observations per experiment. A preference for dnthe resources was classified when the
parasitoid visited the resource for a minimum of sBgonds. Direct access to nectar was
documented by pictures. The attractiveness wasetkfin this study as the capacity of a
flowering plant or the pest-infested cabbage leafi¢nerate visual and/or olfactory signals

that induce the movement of the target parasititi¢ respective plant tissue.

Table 3.1: Description of the different choices offered Doaeretiella rapae and Encarsia

tricolor parasitoids in the experiments concerning theai#eness of food resources.

Food source D. rapae (14 cm bio-test E. tricolor (6 cm bio-test arena)
arena)

Alyssum Lobularia 4 flowers 4 flowers

maritima 4 cm? leaf 1 cm? leaf

Buckwheat 4 flowers 4 flowers

Fagopyrum 4 cm? leaf 1 cmz? leaf

esculentum

Faba bearVicia faba 1 flower 1 flower
3 stipules with extra-flora 1 stipules with extra-floral
nectaries nectaries
4 cm? leaf 1 cm? leaf

Plant — Herbivore - Honeydew: 4 cm? of one le: Honeydew and herbivore:1 cm?2

Complex (PHC) with more than 40 aphids with at least 10 larvae of third or

removed before the start of tt fourth stage (pupa).
experiment.




Chapter 3. Improving the parasitoid fitness and performance by flowering plants 50

Table 3.2: Dual choice biotest conducted to compare the dciteness of different food
resources. All tests were carried out for each gitrid independently. HPC:Host-Plant

complex

Dual choice bio-test
Alyssum vs buckwheat
Alyssum vs faba bean
Buckwheat vs faba bean
HPC vs alyssum

HPC vs buckwheat

HPC vs faba bean

OO WNPE

Before beginning the experiments, five parasitovdse released to monitor their responses to
potential light gradients in the room. All resowsceere placed perpendicular to the light

gradient on opposite sides of the Petri dish.

Fig. 3.3.Set-up for the experiments about the attractiveoné$ood resources . rapae and
E. tricolor. Green squares: a piece of leaf, white squaresef® or hosts, blue circle: hole to

introduce parasitoids, A: option 1 and B: option 2.

3.2.3. Effect of food resources on the survival die target parasitoids

An experiment of seven treatments and twenty rafgg over time was used to evaluate the
effect of different food resources on the survpabability ofD. rapae and E. tricolor.
Treatments included:

(1) Control (no food)

(2) Water only

3) An undiluted honey solution fd&. tricolor and 50 % honey solution f@r. rapae

4) Non-host honeydew (produced Aphis fabae)

(5) Host honeydew (produced Bybrassicae or A. proletella)
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(6) Floral nectar from alyssum (provided as onéonescence with 2 or 3 flowers during
anthesis per day)
(7) Floral nectar from buckwheat (provided as onfiorescence with 2 or 3 flowers

during anthesis per day)

To compare survival curves, the longevity of theapdoids was measured. Longevity here
refers to the number of days for which the adultapioid lived. The longevity of both
parasitoid speciewas tested separately for males and females bysexgpthem to various
food resources. Based on preliminary experimeh&spest setup for every experimental unit
was a 9 cm Petri dish lid placed on a 14 cm pésh dd. The smaller lid had two holes of 2
cm covered with mesh for ventilation and two hotdsl cm diameter to introduce the
parasitoids or replace food resources (Fig. 3.d).tRe water treatment, a filled Eppendorf
tube containing a filter paper was used to proWmie resource. The same design was used for
the supply of 80% honey solution & rapae, while in the setup ofE. tricolor a droplet of
undiluted honey less than 1 mm in diameter wasepla€he inflorescences of buckwheat and
alyssum from 8-week-old potted plants were intr@tudirectly without cutting the plant
(Fig. 3.5). The presence of nectar in nectaries egafirmed visually in buckwheat directly
in flowers (small drops of nectar) and through todour of the pollen grains for alyssum.
When the pollen shows yellow colour, it is guaradtéhat nectar is present. To prevent
parasitoids from escaping or getting stuck in tippdéhdorf tubes, all holes were sealed with
plasticine. To provide honeydew, four large aplodsvhiteflies in a small piece of leaf were
replaced in the setup each day. The availabilitalbfesources was checked every day and
the survival of parasitoids was recorded daily. En@ironmental conditions in the climate
chambers involved a temperature range of 19.850% 1C, 65.1% + 11.62 R.H. and a
photoperiod of L 16h : D 8h.
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Fig. 3.4.Basic set-up to measure the longevity of the paids in the water, control, honey,

non-host honeydew and host honeydew treatment.

E tricolor | D.rapae

Fig. 3.5.Set-up of the flowering plant treatment on theglewity of the parasitoids.

3.2.4. Effect of the food resources on the realisddcundity of the target

parasitoids

A greenhouse experiment with two treatments andrsespetitions over time was conducted
in order to study the impact of flowering plants thie realised fecundity of each parasitoid
species. The experiments were carried out in thie@gpé&om September to November 2014.
The treatments were: i) flowering plants, and ontol. The experimental unit was a cage
experiments (46 x 25 x 25) cm with a broccoli iméesplant and one female parasitoid (Fig.
3.6.). ForD. rapae experiment, every plant had 100-120 adult aphrakfar E. tricolor 80-
100 whitefly larvae. Since in previous experimenadyssum had the best value for

attractiveness and buckwheat for longevity of poats, both were simultaneously offered in
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the flowering plant treatment. At the beginningtioé¢ experiment, each flowering plant had
between 10-20 flowers at anthesis. Based on theoteg life parameter of the parasitoids, the
experiments were terminated after 22 and 26 day® foapae andE. tricolor, respectively
and the number of mummies was counted. The enviotah conditions inside the
greenhouse involved a temperature range of 18.42% €C, 51.54 % + 3.66 R.H. and a
photoperiod of L 16h : D 8h.

N
o

1 parasitoid ——> ‘Q 2\ P
| AR

E. tricolor or D. rapae
Female parasitoid

1 plant of
alyssum
1 infested plant
1 plant of of broccoli __)ﬂ - )
buckwheat '

A. proletella or B. brassicae

Fig. 3.6.Set-up of the flowering plant treatment in the exment, effect of flowering plants
on the realised fecundity of the target parasitoidgs experiment was done independently
for each parasitoid.

3.2.5. Effect of flowering plants on the performane of the target parasitoids

under open field conditions

To evaluate the effect of flowering plants on tlefgrmance of parasitoids during the first
generation under open field conditions, a compjetehdomised design with two treatments
was conducted in the period from June to Septerabéd. The experiment was repeated
twice to get six replicates per treatment. The @rpental unit or plot was an area of 4 x 3 m
in size with twelve uninfested broccoli plants gdcalong the plot margins, three infested
plants with 100-12®. brassicae adults and three infested plants with 100 — A2proletella
larvae between 3rd and 4th instar (Fig. 3.7). Tiested plants were placed in the middle of
the plot on a 2 m circle. The centre of the cikgles either free from flowering plants (control
treatment) or contained two alyssum (50-70 flowensyl two buckwheat (10-20 flowers)

flowering plants (flowering plant treatment). Aetbeginning, twenty unmated, unfed female
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parasitoids of each species were released in theecd he distance between plots was 6 m
distance. Taking into account the period from tlegibning of the experiment until the
formation of mummies of second generation, the erpnts were terminated after 22 and 26
days forD. rapae andE. tricolor, respectively. The performance of parasitoids maasured

in terms of the number of aphids, whitefly larvaeamber ofD. rapae mummies, number of
E. tricolor mummies, emerged parasitoid adults, the numbeadsitoid females and males
and hyperparasitoid of non-target species. A randample of 100D. rapae and 50E.
tricolor mummies per experimental unit or plot were co#idcfor breeding in gelatine
capsules to count the emerged adults, the numbderoéle and male parasitoids and

hyperparasitoid of non-target species.

BN i B B
B B B e

BEE

A proletells A proletelia “'

0. rapae m E. tricalor
Eﬂ-‘i

B
E:‘._ Buckwheat Ahssum

B E B
A, proletelis B, brassicoe 8. brassicae

B B

Fig. 3.7. Set-up of the flowering plant treatment in theldiexperiment to observe the effect

EfiEfi

of flowering plants on the performance@frapae andE. tricolor experiments. The control

had the same set-up but without flowering plants.

3.2.6. Statistical analysis

The attractiveness of food sources to the pardsitaias compared with Fischer tests. The
Kaplan—Meier function was used to generate thelgeaf survival probability with the data
of longevity. Survival curves were compared witlh@ Rank Test (Mantel-Cox). For the
other variables, the Generalized Linear Model GLMswused if the data were normally
distributed, whereas the Kruskal-Wallis test wasdushen the data had no normality. The

treatment means were compared using a Tukey's (SD). When the data had no
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homogeneity of variances, Tamhane's T2 was useslléMel of significance was p<0.05 for

all tests. All analyses were carried with SPSSE.|

3.3. Results
3.3.1. Access to the floral resources and attracewmess of food resources

Direct observations indicated that adults of bo#napitoid species had access to both the
floral nectar of alyssum and buckwheat but noth® faba bean floral nectar (Fig. 3.8, 3.9,
3.10 and 3.11). The parasitoids also fed on nebtarthey did not consume pollen from the

studied flowering plants.

Fig. 3.9.Access oDiaeretiella rapae to the nectar of buckwheat flowers
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Fig. 3.11.Access oEncarsia tricolor to the nectar of buckwheat

Considering attractiveness of food resources, mbshe testedD. rapae and E. tricolor
parasitoids responded positively to the food sauresthin 30 and 120 minutes after
introduction into the arena, respectively. Withive texperimental period, the 25.37 %U[f
rapae and 44.44 % ofE. tricolor did not respond at all. Th®. rapae and E. triolor
parasitoids exhibiteatlear differences in their behavioural response.(Bi12 and 3.13)
Among the flowering plants, if alyssum was offeraccombination with buckwheat or faba
bean,D. rapae strongly preferred alyssum. Far tricolor, alyssum had higher attractiveness
than buckwheat, and there was not difference betwagssum and faba bean. Finally,
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buckwheat only had higher attractiveness, as coedpaith faba bean fdg. tricolor but not
for D. rapae. If one of the floral resources - i.e. alyssum¢chwheat or faba bean - was
offered in combination with the herbivore plant qbex, E. tricolor showed the same
preference for any of the resourcBy contrastD. rapae indicated a clear preference for its
herbivore plant complex if offered in combinationtiweither buckwheat or faba bean.
Though, in combination with alyssum, the herbivplant complex lost attractiveness or
rapae.
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A g p<0.001
B 0 p=0.040
c d p<0.003
D Q p<0.001
g J | p=1.000
F Q | p=0.225
¢ CJ ] p=1.030
H Q | p=0.689
I J | p<0.001
J Q | p<0.001
K J | p<0.001
L Q@ | p<0.003
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Fig. 3.12.Response of female and mé&lerapae in two-choice experiments. Bars indicate the fexgpy of parasitoids choosing between two food
resources. A-L refers to different experiments @=%urple: alyssum, strong blue: buckwheat, whidba bean and aquamarine: herbivore-plant

complex. Null hypothesis is rejected whenvalue < 0.05.
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F p=1.000

45 40 35 30 25 20 15 10 5 S 10 15 20 25 30 35 40

Number of choices

Fig. 3.13. Response of femalk. tricolor in two-choice experiments. Bars indicate the fesuy of parasitoids choosing between two food
resources. A-F refers to different experiments ()=Purple: alyssum, strong blue: buckwheat, whaba bean and aquamarine: herbivore-plant
complex. Null hypothesis is rejected whenvalue < 0.05.
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Flowering plants should require a low number ofoagmical practices. Although, it was not
the objective of this experiment, it is importanemtioning that faba bean had a high
incidence of pests, meaning that this species issaibable as flowering plant. This plant
species was attacked by gray mold (Fig. 3.14 aydeoy mildew (Fig. 3.14 b), rust (Fig. 3.14
c), and thrips (Fig. 3.14 d).

Fig. 3.14.Phytosanitary problems &ficia faba during its growing a) gray mold, b) powdery

mildew, c) rust, and d) thrips.

3.3.2. Effect of food resources on the survival die target parasitoids

The survival curves of the parasitoid wasps wegeiicantly different among treatments of
the experiments witD. rapae females X°=209.9,df=6, p<0.001) (Fig. 3.15]). rapae males
(X?=168.3,df=6, p<0.001) (Fig. 3.16)E. tricolor females X°=230.6,df=6, p<0.001) (Fig.
3.17), ancE. tricolor males ¥?=189.61,df=6, p<0.001) (Fig. 3.18). The differences between

the treatments are shown in Table 3.3.
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Table 3.3: Mean and standard error of the measured variabldse experiment titled effect
of different food resources on tie rapae andE. tricolor survival. Different letters indicate
significant differences according to Log Rank T@éantel-Cox).

Treatment D. rapae D. rapae E. tricolor E. tricolor
females males females males
Honey 7.4+£0.2Db 6.15+0.2b 7065%x11a 3185tla
Buckwheat 15.2+04a 85%0.15a 128+04b 11.65+0.3b
Alyssum 6.2+0.2cC 55+£03b 8.65x0.2d 7.25+0.3¢cC
Host 28+0.2e 205+0.1c 7.2+x02e 3.95+0.2d
Honeydew
Non-Host 235+0.2e 2+01c 8.8+0.7c 595+05¢c
Honeydew
Control 1.7 £0.1f 16+01d 345%+0.15g 3.05+0.15e
Water 3.8+0.2d 145+01d 4.35+0.3f 3.42 +£0.2 de

WhenD. rapae andE. tricolor parasitoids were fed on honey and nectar, theyl ltveand
20.12 days longer than those fed without sugarcesufcontrol or water), respectively. When
the effect of flowering plants on the survival @rasitoids was compared, it was observed
thatD. rapae andE. tricolor parasitoids lived 6 and 4.27 days longer on buclatvhempared

to alyssum, respectively. The parasitBidrapae showed no significant differences between
non-host honeydew and honeydew treatments, whiléricolor wasps fed on non-host
honeydew lived 1.8 days longer than those fed @t honeydew treatment. The higher effect
of nectar treatments over honeydew treatments wafErmed because this food increased the
survival of the target parasitoids 6.55 dayinrapae and 3.6 days irk. tricolor. All D.
rapae females and males died af &nd 9" day, respectively except in the treatment of
buckwheat. Th®. rapae parasitoids with the treatment of buckwheat hafkaebketween 9-17
days for females and 7-10 days for males (Fig. aid 3.16). All females and males &f
tricolor died at 18 and 9" day respectively except in the treatments of bingkat and honey.
TheE. tricolor parasitoids with the treatment of buckwheat showdite span between 9-16
days for females and 9-15 days for males (Fig. arid 3.18). The maximum longevity Df
rapae femalesD. rapae males, E. tricolor females andt. tricolor males in alyssum was 7, 7,
11 and 9 days respectively while in buckwheat lertgeamounted to 17, 10, 16 and 15 days

accordingly.
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Fig. 3.15.Effect of several food sources on the survivadDofapae females Different letters indicate significant differencascording to Log Rank

Test (Mantel-Cox) n=20.
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Fig. 3.16.Effect of several food sources on the survivaDofapae males Different letters indicate significant differencascording to Log Rank

Test (Mantel-Cox) n=20.
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Fig. 3.17.Effect of several food sources on the survivakofricolor females Different letters indicate significant differencascording to Log

Rank Test (Mantel-Cox) n=20.
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Fig. 3.18.Effect of several food sources on the survivataiicolor males Different letters indicate significant differencascording to Log Rank

Test (Mantel-Cox) n=20.
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3.3.3. Effect of the flowering plants on the realesd fecundity of the target

parasitoids

Access to the flowering plant nectar increasedréadised fecundity oD. rapae (F=63.71,
df=1, p<0.001) (Fig. 3.19). The percentage of mumnmethe treatment with the flowering
plants (alyssum + buckwheat) was approximatelyavas high as that in the control. Fr
rapae experiment, the percentage of mummies was 63.10.83% in the flowering plant
treatment and 34.57 + 8.87% in the control. Eotricolor experiment, no differences were
observed (F=0.444df=1, p=0.518) (Fig. 3.20). The percentage of mummias 68.28 *
10.50 in the flowering plant treatment and 64.4P1+15 in the control.
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Flowering plants Control
Treatments p<0.001

Fig. 3.19.Effect of flowering plants on the number Df rapae mummies/femaleMean+SE
are presented. Different letters indicate signiftcdifferences at 5% level according to
Tukey's Test (n=7).
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Fig. 3.20.Effect of flowering plants on the number Bf tricolor mummies MeantSE are
presented. Different letters indicate significaiffedences at 5% level according to Tukey's
Test (n=7).

3.3.4. Effect of flowering plants on the performane of the target parasitoids

under open field conditions

For D. rapae experiment, the number & brassicae individuals (F=69.257¢f=1, p<0.001)
(Fig. 3.21) and the percentage f rapae mummies (F=54.030df=1, p=<0.001) showed
significant differences between treatments (Fig23B.In the variables regarding the number
of D. rapae mummies (Fig. 3.23), percentage DOf rapae female parasitoids (Fig. 3.24),
percentage oD. rapae male parasitoids (Fig. 3.25), hyperparasitoid paage (Fig. 3.26)
and percentage of parasitoid emergence (Fig. 3m@73jgnificant differences were observed.
The number of aphids was three times lower in linedring plant treatment compared to the
control, and the parasitism percentage was twinedihigher in the treatment with flowering
plants compared to the control. The mean and stdretaor of every variable fdD. rapae

experiment are shown in Table 3.4.
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Table 3.4:Mean and standard error of the measured variablige experiment titled effect of flowering plamtstheD. rapae performance in the
field.

Variable Treatment Mean + Standard

error
. Flowering plants84 + 40.17 b
Number of B. brassicaandividuals/3 plants/plot Control 275 +39.05 a
. Flowering plants68 + 11.27 a
Percentage of mummies obD. rapae Control 32+ 412 b
. Flowering plants176 + 63.64 a
Number of mummies/3 plants/plot Control 129 + 21.37 a
. Flowering plants16 + 6.59 a
Number of females/50 mummies ob. rapae Control 17 +6.98 a
. Flowering plants10 + 2.88 a
Number of males/50 mummies oD. rapae Control 13+59a
Number of hyperparasitoids/50 mummies ofD. Flowering plants25 +7.94 a
rapae Control 21 +855a
Flowering plants31 + 13.19 a
Percentage oD. rapaefemales Control 33 +13.95 a
Flowering plants19 +5.76 a
Percentage oD. rapaemales Control o5 + 1041 a
Hyperparasitoid percentage from D. rapae Flowering plants50 +15.87 a
mummies Control 41+ 17.10 a

Flowering plants60 + 9.87 a

Percentage of parasitoid emergence Control 63 + 16.10 a
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Fig. 3.21.Effect of flowering plants on the number Bf brassicae individuals per plot (3
plants) under open field conditions with the pamdiD. rapae. Mean+SE are presented.

Different letters indicate significant differencais5% level according to Tukey’s Test.
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Fig. 3.22.Effect of flowering plants on the percentagédbofapae mummies under open field
conditions MeantSE are presented. Different letters indicageifscant differences at 5%

level according to Tukey’s Test.
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Fig. 3.23.Effect of flowering plants on the number Df rapae mummies per plot (3 plants)
under open field conditiondMeantSE are presented. Different letters indicadaifscant

differences at 5% level according to Tukey’s Test.
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Fig. 3.24.Effect of flowering plants on the percentageDofrapae females under open field
conditions MeantSE are presented. Different letters indicageifscant differences at 5%

level according to Tukey’s Test.
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Fig. 3.25. Effect of flowering plants on the percentageDofrapae males under open field
conditions MeantSE are presented. Different letters indicageifscant differences at 5%

level according to Tukey’'s Test.
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Fig. 3.26. Effect of flowering plants on the hyperparasit@drcentage fronD. rapae
mummies under open field conditionglean+SE are presented. Different letters indicate

significant differences at 5% level according tkéy's Test.
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Fig. 3.27.Effect of flowering plants on the percentage ofagéoid emergence @. rapae
under open field conditiondMeantSE are presented. Different letters indicad@mifscant

differences at 5% level according to Tukey’s Test.

For E. tricolor experimentthe treatment with flowering plants significantlycreased the
number ofA. proletella larvae (F=3286%5f=1 P<0.004) (Fig. 3. 28), percentageboftricolor
mummies (F=132.56df=1 P<0.001) (Fig. 3.29), and the numberEftricolor mummies
(F=660.086df=1, P=0.014) (Fig. 3.30). The flowering plant treatmbat 15 mummies per
plant more than the control. The percentage of mi@simn the flowering plant treatment was
1.46 times greater compared to the control. Théabkes percentage d&. tricolor females
(Fig. 3.31), percentage dE. tricolor males (Fig. 3.32), and percentage of parasitoid
emergence (Fig. 3.33) had no significant differeandéhe mean and standard error of every

variable forE. tricolor experiment are shown in Table 3.5.
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Table 3.5: Mean and standard error of the measured varialébe experiment titled effect of flowering plaintstheE. tricolor performance in
the field.

Mean + Standard

Variable Treatment
error
Flowering plants340 + 44.07 b
Number of A. proletellalarvae / 3 plants / plot Control 445 + 60.56 a
: . Flowering plants22 + 4.3 a
Percentage of. tricolor mummies Control 15+203b
. : Flowering plants96 + 13.77 a
Number of E. tricolor mummies / 3 plants / plot Control 81+769b
. . Flowering plants20 £ 0.41 a
Number of females/20 mummies oE. tricolor Control 20 + 052 a
. . Flowering plants0.17 £ 0.41 a
Number of males/20 mummies oE. tricolor Control 033+052a
Number of hyperparasitoids of non-target Flowering plantsO =0 a
species/20 mummies fronk. tricolor Control 0+x0a
: Flowering plants99 + 2.04 a
Percentage of. tricolor females Control 98 + 2.58 a
: Flowering plants1 + 0
Percentage of. tricolor males Control 240
. . Flowering plantsO + 0 a
Hyperparasitoid percentage of non-target species Control 0+0a

Flowering plants46 + 5.85 a

Percentage of parasitoid emergence &. tricolor Control 43 +6.98 a
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Fig. 3.28.Effect of flowering plants on the number &fproletella larvae per plot (3 plants)
under open field conditions with the parasitBidricolor. Mean+SE are presented. Different
letters indicates significant differences at 5%eleaccording to Tukey’s Test.
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Fig. 3.29.Effect of flowering plants on the percentageboftricolor mummies under open
field conditions Mean+SE are presented. Different letters indicajaificant differences at

5% level according to Tukey’s Test.
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Fig. 3.30.Effect of flowering plants on the numberftricolor mummies per plot (3 plants)
under open field conditiondMeantSE are presented. Different letters indicad@mifscant

differences at 5% level according to Tukey’s Test.
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Fig. 3.31.Effect of flowering plants on the percentagecofricolor females under open field
conditions Mean+SE are presented. Different letters indicageifscant differences at 5%
level according to Tukey’s Test.
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Fig. 3.32.Effect of flowering plants on the percentageEotricolor males under open field
conditions MeantSE are presented. Different letters indicageifscant differences at 5%
level according to Tukey’s Test.
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Fig. 3.33.Effect of flowering plants on the percentage afgséoid emergence &. tricolor
under open field conditiondMeantSE are presented. Different letters indicadaifscant

differences at 5% level according to Tukey’s Test.
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3.4. Discussion

Flowering plants play relevant roles in the fithegspest antagonists. These plants lead to
many positive effects such as improve the survieguce the mortality, enhance the potential
and realised fecundity of pest antagonists amohgrst Flowering plants produce volatiles
that attract crop beneficials and also offer nectdectar constitutes a rich source of
carbohydrates of high quality and water for cropdiieials (Leatemiaet al., 1995; Rivero
and Casas, 1999; Beguenal., 2006; Jervigt al., 2008; Varennest al., 2015). Therefore,
the purpose of this chapter was to evaluate thecetif selected flowering plant species on
different aspects related to the performance cddgsids.

Considering the access to the floral resources,réfaions between sizes and forms of
flowers parts with insect’s body parts (i.e. heawbuth) influence the foraging behaviour
because these relations define the access of #eetito the nectar resource in flowers
(Wackers, 2004). Flowers with short corolla pertaiinsects with short mouthparts have easy
access to floral resources (Gilbert, 1981) as et observed in this study. Flowering plants
where nectar is not accessible may have a detraheffiect on population levels of pest
antagonists because these plants attract thesgsngghout offering floral resources (Barth,
1991). In this study, parasitoids consumed theflnectar of alyssum and buckwheat as well
as the extra-floral nectar of faba bean, suggeshag these plant species could be used as

possible nectar sources.

Regarding the attractiveness experiments, therdiffeal effect of food resources on this
variable was observed. The attractiveness of fesdurces and the mechanisms to recognise
the food by organisms is the result of coevoluwacess mediated by selection process of
mutations. Organisms with favourable mutations haveigh probability to reproduce and
conserve these characteristics. Insects achiewgmgmn mechanisms when find benefits in
other organisms, and some plants coevolved cuatiraxct determined insects which have a
vital role as pest antagonists or pollinators. Betw organisms there are different types of
relationships such as antagonism, mutualism, amensalism among others (Solomairal .,
2002). Results of this study showed that: the sedeiowering plants have the potential to
produce cues that parasitoids @f rapae could easily recognisd). rapae parasitoid can
consume the nectar and this parasitoid do not taffegatively the flowering plant, showing
an ecological relation of comensalism. [Eotricolor, the attractiveness of these sources was
low however this parasitoid may also benefit froime tnectar of flowering plants,

demonstrating also an ecological relation of coraksi® It suggests that the farmer can sow



Chapter 3. Improving the parasitoid fitness and performance by flowering plants 78

these plants in high density to improve the pavaskititness and obtain adittional economical

benefits.

In this research, there was evidence of the highttsdctiveness of alyssum . rapae.
Similar results were reported by Hoggal., (2011), where alyssumignificantly attracted
more parasitoids compared with buckwheat. The [sigh#ractiveness of alyssum to adult
parasitic hymenoptereompared to other flowering plants has also beentioveed by other
authors (Fiedler and Landis, 2007 and Sivireslal., 2011).

Faba bearwas not used for the subsequent experiments dtieetdollowing reasons, this
species never had a higher attractiveness thanthiee flowering plants and the parasitoids
had no access to the floral nectar. Additionallysimy the preparation of materials for these
experiments, in a first attempt, faba bean plaat$ & high incidence and damage severity by
gray mold, powdery mildew, rust and thrips. Hertbese plants were sowed one time more
and different strategies of integrated pest managémere used to get plants free of pests,
meaning that this plant is not suitable as flowgrgplant because the high agronomical
management is no desirable on the use of flowgiagts.

Some plants are able to produce cues to attractfibeh insects. Brassica plants produce
herbivore-induced plant volatiles (Reetchl., 1995; Bradburne and Mithen, 2000; Hopkihs
al., 2009; Najar-Rodriguez, 2015), attractidgrapae parasitoids. These volatiles are called
synomons - hormones from which both the producdrraneiver benefit -. Other parasitoids
of Braconidae family such asphidius rhopalosiphi and Aphidius ervi andGlypta haesitator
have also been reported as being capable of remmgmese volatiles blends (Wickremasinghe
and van Emden, 1992; Guerrietial., 1993; Duet al., 1998; Daleret al., 2015). Therefore,

in this study, we wanted to know if these volatitesl more attractiveness than those from
flowering plants and we observed fOr rapae experiment that any flowering plant species

had a higher attractiveness that the herbivoretgamplex.

For E. tricolor, the non-competent searching behaviour was eviftlanthe following
reasons: The percentage of no-response was higharthat inD. rapae parasitoids,E.
tricolor spent a maximum of two hours choosing a food s@ne200) in a petri-dish of 7
cm of diameter whereds3. rapae did a chose in the first 5 minutes (n=200). Addiithy, for

E. tricolor was utilised smaller Petri-dishdban for D. rapae because in preliminary
experimentsE. tricolor spent more of 2 hours for choosing an option iMah Petri-dish
(n=200). InE. formosa - a very close species &f tricolor - it was described that the host

searching is randomised and when the parasitods fthe herbivore it remains in the area,
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demonstrating that the recognition of visual anfdatbry cues is low and this in tactile and
gustatory cues is high. Indeed, this parasitoich@penore time walking and touching the
surface in which walk with the antennas than flyangl when the parasitoid walk touch with
the antenas the surface of the ground (Hodllal., 1998). Taking into account the no
competent nectar searching by this parasitoidfltimeering plants should be sowed uniformly
in the farm and not in strips, to increase the pholity of encounter of the nectar while host
finding. Considering, the no competent searching tfee host, banker plants should be
introduced close to the hot spots -initial pointsndestation-, facilitating the host finding by
parasitoids. However, the uniform sowing floweripignts and the introduction of banker
plants close to the hot spots can be expensivecdidine policulture could be an idea because
the farmer might sell alyssum seeds for sowinglarckwheat seeds for flour and it guarantee
also the appropriate agronomical management oetp&mts which will be reflected in the

quality of the nectar.

Regarding survival experiments, it was observed ttie values of this variable significantly
differed among treatments. It confirms the impoctanf selecting food sources because the
different types and proportions of sugars in fobdse an effect on the parasitoid survival
(Wackers, 2001).

Honey was used as a positive control, confirmirgf tccess to a source of carbohydrates
improved the longevity of both parasitoids compaedhe control and the water treatment.
These results are demonstrated by other works hathey-fed parasitoids; for example,
Copidosoma koehleri (Baggen and Gurr, 1998fotesia rubecula (Siekmannet al., 2001),
Meteorus comunis (Costamagna and Landis, 200M)icroctonus hyperodae (Vattalaet al.,
2006), Gonatocerus ashmeadi (Irvin et al., 2007)andD. rapae (Jamontet al, 2013) among
others. Honey-fed wasps @&. tricolor lived longer compared with those fed on nectar,
because undiluted honey was used, which has arhigheentration of sugars, at around 80%
(Buba et al., 2013) than nectar between 10-40% (Barth, 199hp positive correlation
between the sugar levels with the longevity of piwads has been verified byackers
(2001)with Cotesia glomerata, Siekmanret al., 2001 withCotesia rubeula and Azzouzt al.,
(2004)with A. ervi.

Honey-fedE. tricolor females lived 70.65 days and males for 31.85 day8.82 + 0.17 °C,
which is high compared to a study by Williams (1998ho recorded an average of 16.9 days
for honey-fecE. tricolor females and 13.8 for males at 25 °C, but this audicbnot mention
the concentration of honey. The results of thislgtwere consisted with the findings of Vet

and Van Lenteren, (1981), who observed thaEdiormosa wasps with pure honey at 15.6 °C
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lived 99.3 days. This suggests that for mass rgaviicncarsia sp. pure honey could be used

without water at temperatures of 18 °C to achietegh level of survival of parasitoids.

Considering the flowering plant treatments, netgdr-parasitoids had higher results than
those in control or water treatments, suggestirg lowering plants could be sown in the
field to offer an alternative source of food duritig host finding or to improve the realized
fecundity of the target parasitoids. Furthermoheré were significant differences between
flowering plants. Buckwheat-fed parasitoids livednder than those fed on alyssum,
confirming the results of studies wilphidius ervi (Araj et al., 2006; Arajet al., 2008),
Gonotacerus ashmeadi (Irvin et al., 2007) andVlicroctonus hyperodae (Vattalaet al., 2006).
According to Vattalaet al, (2006), it is attributable to the sucrose: hexadm, being higher
in buckwhea(1.5) compared to alyssum (0.4).

With respect to honeydew treatments, Ebrrapae, no statistical differences were observed
between the host honeydew and th@n-host honeydew treatments. These results were
consistent with the results of Newtenal., (2009ab), who found that glucosinolates have no
effect on theD. rapae fithess For E. tricolor, the differences were very low (1.6 days for
females and 2 days for males), maybe, glucosir®latethe host honeydew have a small

effect on the parasitoid survival.

Regarding the suitability of the honeydew as foamlrse, despite, itwas observed
statistically significant differences iD. rapae respect to the control, the arithmetic
differences were low (only, 0.8 days for femalesl &4 days for males), reflecting that
honeydew is not a source with significant effecttbe survival of this parasitaidlrhese
results were similar to those obtained by Janebad., 2013. By contrast, honeydew-féd
tricolor parasitoids had a high difference than those ircthrol (4.55 days for females and
1.9 days for males)he differential effect of honeydew on the survigélD. rapae andE.

tricolor could be related to the nutritional requiremewtsich are less ii. tricolor.

Honeydew can have a higher, similar or lower effeah honey, nectar and/or common sugar
on the survival of parasitoids. However, on the angj of the cases the result is lower
(Wackerset al., 2008), being consistent with our findings. Bubleat and alyssumectar-fed

D. rapae lived longer than those fed on honeydew, whichassible because insects in the
suborders sternorrhyncha and auchenorryncha -apkids and whiteflies, respectively -
produce oligosaccharides as a defence mechanismstgarasitoids (Wackers, 2000). These
types of sugars include maltose, erlose and trehalbaving a low nutritional value and

rapidly crystallise in the parasitoid's gut. Lowncentrations of these sugars can significantly
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diminish the suitability of the total sugar sou®®ackers, 2001; Leet al., 2004). Studies
with the parasitoid<Cotesia marginiventris, Campoletis sonorensis, Microplitis rufiventris
have reported a higher positive effect of sucraosehe parasitoid survival compared with
honeydew (Fariat al., 2008).

Although it was not the objective of this studywias observed that parasitoids also could
survive for some days in the control and the watatment. This result suggests that these
insects have reserves of food consumed duringrntimeature stages, permitting the initial

searching for an appropriate habitat with food herbivores.

For D. rapae, flowering plants significantly increased the nwenlbbf mummies in both cage
and in the field experiment3he D. rapae parasitoids are pro-ovigenic, meaning that the
ovigenesis is during the immature state (Ketrdl., 2013, Wajnbergt al., 1994). Therefore,
they need sources of energy - i.e. sugars - foalbodism, mating, host location and egg
laying. These sources of energy could be nectaloahdneydew. The treatment of flowering

plants possibly had a better performance becawgariead a better quality than honeydew.

For E. tricolor, flowering plants had no effect on the number ofmmies in cages, although
differences were observed in the field experiméntmay be due to the fact that the
parasitoids were released in the infested plandstl@ parasitoid remains in the area when
find the host, because haemolymph satisfy all theitronal requirements. Haemolymph
provides sources of water, inorganic salts, amisaqoroteins, carbohydrates and lipids
(Nation, 2007; Jervist al., 2008), while nectar is the only source of waseigars and small

guantities of inorganic salts and aminoacids (Nionland Nepi, 2007; Staétlal., 2012).

Proteins of haemolymph are important Ertricolor because this parasitoid is synovigenic,
meaning that ovigenesis is during the adult st&gajriberget al., 1994 and William, 1995).
Therefore, the consumption of nectar in the presesfcthe host would be an unnecessary
waste of energy. Moreover, flowers do not providsudable source of protein because the
species of the family aphiidinae Bstricolor generally do not have mouthpart specialisations
to consume pollen (Jervis, 1998). In the fieldwioing plants had a positive effect on the
number of mummies. It can be explained by the flaat nectar was the first food that they
could consume before the host findiagd nectar can improve tie tricolor survival during

the host finding.

The female percentage is an important variablebfological control programs because a
higher number of females translates into a largember of oviposition events and

consequently a better control of the pest. In shigly, the percentage of females was high for
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both parasitoids and there was no effect of flomgeplant treatment. Possibly because other
aspects of the biology of these parasitoids hadranger influence than the nutritional
need/supply; for instance, unmatgdtricolor females produce females (thelytoky) and the
males are developed for hyperparasitism, meaniag ttie first generation of parasitoids
always will be females. Unmatdal rapae females produce males (arrhenotoky) and females
are produced after mating (Kaattal., 2013).

Nonetheless, there are studies observing that fesources increase the female sex-ratio, as
reported by Berndt and Wratten (2005) wibolichogenidea tasmanica. According to a
review of this author, flowering plants may have iafluence in terms of increasing the
number of mating events and hence modify the sé® keecause these plant species can

attract females and males to a common place.

For D. rapae, plots with flowering plants had on average 20% enbwyperparasitoids
compared to the control, despite no statisticallynificant differences, as it has been
demonstrated by Aragt al., (2009), who observed that flowering plants hamesffect on the
populations of the fourth trophic level (hyperpatads).

Finally, it can be concluded from the conductedesipents that by providing nectar from
flowering plants, the target parasitoids could iovar the fithess. However, this approach had
a better effect on the percentageDofrapae mummies (68 + 11.27) than fé&: tricolor (22 +
4.3). It can be explained by the differences in foodureaments in each parasitoid. FOr
rapae, nectar had a better quality than honeydew anéfaricolor, nectar is only important
in absence of the host because the host food (Hgmplo) has a better effect than nectar.
Hence, further research is necessary to elucidate flowering plants andD. rapae could
improve the integrated aphid management in ordaednce the use of agrochemicals. In
view of the suitability of flowering plants to impre the performance dE. tricolor to

manageA. proletella populations, the efficiency of this technique éswlow.

However, it is important for farmers evaluating wier this technique is suitable for their
particular cropping system. For instance, it isiezago implement the use of flowering
plants/banker plant system in organic crops or &itfatisfactory Integrated Pest Management
system because farmers use agrochemicals of lowitigxwhich could be compatible with
the parasitoids. The effect will be higher if thewlering plants are sowed in high densities
taking into account that they could have other uBes instance, buckwheatn be used as
human food, animal food or to increase the productif honey on beehives. It can also be
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used for weed management when it is used as mubeneas alyssuroan also be used for

decoration as well as feeding bees.
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4. Effect of habitat management techniques on thegpformance of
Diaeretiella rapaeand Encarsia tricolor

Abstract

The fast control of hot spots is a key indicatornteasure efficacy of strategies of pest
management. Therefore, the main goals were to kndwther Diaeretiella rapae and
Encarsia tricolor banker plants can control in the suitable timeBieicoryne brassicae and
Aleyrodes proletella hot spots, respectively, to determine whether éiomg plants could
improve the efficiency of banker plants, and toifyewhether parasitoids move to infested
plants from the banker plants in which they emeiide opportune control was defined as a
percentage of mummies higher than 70% related tétfirst five days after beginning of the
experiments. Flowering and banker plants are teclms of habitat management for
improving the performance of pest antagonists. Elovg plants produce volatiles that may
attract natural enemies of pests and offer altermdbod to parasitoids. The results showed
that the percentage of mummiesDn rapae and E. tricolor banker plant treatments were
55.5% and 39.9% respectively. The percentage of meswas estimated as the number of
mummies related to the oviposition events durirgfthe days of the experiment divided by
the initial number of herbivores. Rather, this wadsserved that flowering plants did not
improve the efficiency of banker plants and baniants reduce the pest individuals but they
were not enough to reach an efficient control. Tdle of banker and flowering plants was
discussed as techniques for optimising the manageaiehe target pests depending on the
appropriate use.

Keywords: Diaeretiella rapae; Encarsia tricolor; Brevycorine brassicae; Aleyrodes

proletella; Banker plants; Flowering plants
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4.1. Introduction

The quick control of hot spots by any pest managers&rategy is a key indicator of its
efficiency. The target pests of this study can elisp easily by the wind and increase its
populations very rapidly. By contrast, the estdishent of some pest antagonists in a place is
very difficult and they need constantly reintrodastdue to many biotic (Finke and Demo
2003; Freuleret al., 2003; Martinouet al., 2009; Horowitzet al., 2011), abiotic and
management factors that affect them as well arfsatelated with the biology of these
organisms (Martinowet al., 2009). Hence, if the parasitoid is not able ¢égulate pest
populations of the initial hot spots and the enwnental conditions favor the development of
the pest, the population level of the pest can grkmny fast and after any strategy of

management will be able to regulate the targespest

The target systems of this study wereDi)rapae - B. brassicae and ii) E. tricolor - A.
proletella. B. brassicae andA. proletella are pests of economic importance in many crops of
the Brassica genus known as cruciferous vegetablziseretiella rapae andEncarsia tricolor

are parasitoids of the mentioned pests (William@5]1%ant, 2012). These parasitoids survive
through all seasons and can reproduce in diverseoees constituting the Earth's,
demonstrating their high biological efficiency irms of survival (Carver and Stary, 1974;
Evans 2002; Hernandet al., 2003). However, the agronomic efficiency or g#rsm
percentage of the pests by these parasitoids isnmaigh to protect the crop fields. Hence, it

was evaluated flowering and banker plants to imprine efficiency of these parasitoids.

Flowering plants can increase the potential (numbiereggs) and realised (number of
mummies) fecundity of parasitoids either directly groviding appropriate nutrients for the
production and/or maturation of eggs (Leaterdiaal., 1995; Rivero and Casas, 1999;
Tylianakiset al., 2004; Berndt and Wratten, 2005; Jemtigl., 2008; Varennest al., 2015)
or indirectly by attracting parasitoids by means wvailatiles to increase the richness,
abundance and survival of parasitoids (Lamtle., 2000; Tylianakist al., 2004; Berndt and
Wratten, 2005; Fiedler and Landis, 2007; Jeevid., 2008; Wackerst al., 2008; Zamorat
al., 2011).

Banker plants are systems integrated by a planhanulvores with their antagonists that the
farmer introduces in the field to release and/oestablish biological control agents for pest
suppression (Frank, 2010; Huaetgal., 2012). Banker plants in some cases also caacattr

natural occurring pest antagonists, given that splaet species can to produce volatiles that

attract these organisms when the pest attacksrtpe(Buet al., 1998; Orre Gordoset al.,
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2003). For exampld). rapae can recognise the presence of these volatiles fhentabbage
crop fields (Hopkinst al., 2009). Release of parasitoids with banker plasasier, more
efficient and cheap than multiple releases by haitld paper bags or plastic cards (Stacey,
1977; Goolsby and Ciomperlik, 1999; Cordteal., 2000; Frank, 2010). Herbivores of the
banker plants offer honeydew and or hemolymph fa®@ source; mummies in banker plants
are mostly located on the underside of the leafrevtieey are less susceptible to rain, wind,
high temperature and sprayed pesticides or otheoria As a result of this, emergence
percentage and the survival percentage of natnexhies of pest are higher in banker plants
than in releases by hand (Pickettal., 2004).

The exposition of the infested plants to the bamkants was five days becauseDinrapae is
reported that in the first five days after the egeeice the female parasitoid lay the highest
guantity of eggs (Qayyum, 2000) and Eortricolor in the day third and fourth the female lay
the highest quantity of eggs (Williams, 1995). Ratlin five days the growing of the pest can
be significantly high, taking into account firstatheveryB. brassicae female can lay around
1.6 eggs/day (Ulusoy and Olmez, 2006) Angroletella female can lay around 5.7 eggs/ day
and second that dispersion of these pests is byitiee(Musa, 2010)The infestation level of
the pest was determined, taking into account ti@tuse of pest antagonists could be efficient
in the management of pest when the populationkepest are not so high (Kuo-Sell, 1987;
Frank, 2010).

Pest infestation is not homogenous (Van HeldenpR@#&nce although banker plants can be
placed from the crop establishment, it is betteplaxe these plants at the beginning of hot
spots of pest infestation based on a careful mongoPlacing the banker plants near initial
points of pest infestation also reduces the seagchime of the parasitoid, permitting the
optimisation of the management of energy of thegarisms (Sirot and Bernstein, 1995) and
reducing costs considering the number of bankertplatilised per hectare. To simulate the

hot spots, in this study were infested broccolhdawith the target pests.

Banker plants can be produced in open rearing mgshrit according to Pickedt al., (2004)
and Goolsby and Ciomperlik (1999), it is more eéfit under controlled conditions because
pest antagonists are protected from abiotic (raimd, etc.), biotic (hyperparasitoids or
predators) (Collier and Steenwyk, 2004; Martirbal., 2009; Finke and Demo 2003; Freuler
et al., 2003) and management factors (chemicals). dlgs possible to check the quality of
the banker plant transplant before the introductrothe field and finally, the banker plant
transplants can be ready for the beginning of ttog season. By contrast, open rearing

systems require time for the establishment in ibkel,fand during this period the population
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level of the pest may develop very fast. Therefbesker plants produced in cages were used
considering the results presented in chapter hisfthesis about approaches to improve the
quality of banker transplants. These results sugdethat broccoli plants with a special
treatment of pruning and produced in large cagewarst convenient to obtaih rapae and

E. tricolor banker plant systems of high quality. These apgres allow obtaining hosts of
large size, parasitoids that live a long time, hglduction of mummies, plants without
powdery mildew and satisfactory adaptation aft@ngplanting.

Successful studies with banker plants have beeondected with alternative hosts (Pineda
and Marcos-Garcia, 2008; Xiab al., 2012) as well as with non-alternative hosts ¢&ya
1977; Freuleret al., 2003). Stacey (1977) evaluated the effect ofkbanplants on
Trialeurodes vaporariorum in a crop of tomatdolanum lycopersicum L. The banker plant
was produced with the same pest of the crop (n@mrative host) and this author observed a
high parasitism percentage and a low presenceaty saold —fungi that grow in honeydew of
whiteflies-. A simple introduction was requireddatime production of banker plants was easy
because the same vegetable and pest species @bthevere used. Therefore, for this study,
the non-alternative host system to produce the draplants was used. According to this
author this method was created by growers thatedattt produce their own rearing systems
of parasitoids because they did not find theséhenrharket. Moreover, non-alternative host
was chosen fobD. rapae banker plants because P#teal., (1999) reported 60 host (herbivore
species) foD. rapae recognized worldwide but on previous experimeritths study, this
parasitoid was not able to lay eggsAphis fabae, Stobion avenae, Macrosiphum euphorbiae
andRhophal osiphum maidis and only lay eggs on cabbage aphids Bkbrassicae andMyzus
persicae. These results are supported by Freeteal., (2003), who reported that in central
Europe,D. rapae lays eggs in cabbage aphids and only occasiomallythers species of
aphids. The range of host (herbivore species) i by D. rapae can differ according to
the geographic location. The genetic variabilityd afow of genes may influence the
performance of parasitoids to utilise the herbigo(Bakeret al., 2003) and hence the

subpopulations iD. rapae are determined by the herbivore use (Antetial., 2006).

Experiments with both parasitoids were conductel@pendently because some studies have
used banker plants with two or more pest antagomistthe same plant but the results were

not satisfactory (Bennison, 1992).

In this chapter, the main aims were: 1) to know thhbebanker plants can give an opportune
control at the beginning of the hot spots of thstp2) verify whether the flowering plants can

improve the efficiency of banker plants and 3) obsevhether parasitoids move to infested
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plants from the banker plants in which they emeddiaring food and host. The opportune

control was defined as a percentage of mummiesehitffan 70% in the first five days after

beginning of the experiments. The hypothesis wEravhen the banker plants are introduced
to the target system in the field is possible tbayeopportune control (reduce in a 70% the
herbivore population) in the hot spots of peststdéon, 2) flowering plants can improve the
efficiency of banker plants and 3) parasitoids teaterged in the banker plant move to
infested plants.

4.2. Materials and methods

4.2.1. Plants and insects
To produce banker plants, twelve-week-old brocptaints were infested with 20 herbivores.

Infested plants were exposed to five females duiuggdays, and after 10 and 20 days banker
plants were used in the experimentsDorapae andE. tricolor, respectively. Infested plants
also were used to simulate initial points of inddisin. Infested plants simulating hot spots or
initial points of infestation had 100 individual§ B. brassicae and 100 larvae of Binstar of

A. proletella for the experiments witD. rapae andE. tricolor respectively. Roots, old leaves
and leaves higher than 15 cm in length were pruneavoid contamination of non-target
pests, improve the vigour and duration of infesdaad banker plants taking into account the
outcomes of the chapter 2. To produce infestedbaméter plants, mesh cages measuring (51
X 56 x 76) cm and 12 cm diameter plastic pots weyed. Seeds of flowering plants, i.e.
alyssum variety snows crystdlsobularia maritima) Brassicaceae, buckwheat variety Bamby
(Fagopyrum esculentum) Polygonaceae were sown in plots of 12 cm diametémaaintained
for twelve weeks in the nursery to get between @@t@wers per plant. The flowering plants

were chosen considering the results from the ithapter.

4.2.2. Description of the experiment

A completely randomised design was conducted witkd treatments for both parasitoids.
The treatments were banker plants (Fig. 4.1), bamk#éowering plants (Fig. 4.2) and the
control (Fig. 4.3). The experiments fOr rapae andE. tricolor were conducted in May 2016
and July 2015, respectively. FDr rapae, the experiment had 3 replicates in the space and 3
repetitions in the time to get 9 data sets pertriteat. The plots or experimental units
measured (0.9 x 0.9 x 0.9) m (Fig. 4.4). Eotricolor, the experiment had 6 replicates and 3
repetitions to get 18 data sets per treatment.pltés measured (4 x 3) m and the distance
between plots was 6 m (Fig. 4.5). Every bankertphaad 50 mummies and flowering plants

contained between 20-30 flowers. Every day, thdityuaf banker, flowering and infested
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plants was checked to guarantee the optimal sththeo materials in the field. In both
experiments, the experimental units in all thettresats had two infested Broccoli plants.

For E. tricolor, the plants were cover with black mesh to avoid dgemiay birds or strong
winds and an electric fence was used to avoid danbggrabbits. Additionally, plots were
covered by a poly tunnel of 2 m hight to reduce niegative effect from wind and rain.
Pesticides were not applied during the experiméné D. rapae experiment took place in a
greenhouse due to logistic constraimsboth experiments, the infested plants were sggdo
parasitoids during five days because accordinguay@um, (2000) the 88% of oviposition
occurred in the first five days of adult life D rapae and the highest number of eggskn
tricolor were laid in the fourth and fifth days of aduleliin E. tricolor (Williams, 1995).
After that time, the number of pest individuals tfe herbivores was counted, and
experimental plants with herbivores were storeccages. The number of mummies was
counted 8 and 21 days after for herapae andE. tricolor experiments, respectively because
in these times it is possible to see the majoritynommies related to oviposition events
during the five days in which the herbivores wexpased to the parasitoids.

Infested Plant

Fig. 4.1.Set-up of the banker plant treatment
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Infested Plant

Bnker Plant

Infested Plant

Fig. 4.2.Set-up of banker + flowering plant treatment

Infested Plant

Infested Plant

Fig. 4.3.Control treatment.
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Fig. 4.4. Set-up of theD. rapae experiment. Completely Randomised Design withehre

replicates and three treatments T1: banker plai#&spanker+flowering plant treatment and
T3: control treatment.
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Fig. 4.5. Set-up of theE. tricolor experiment. Completely Randomised Design with six
replicates and three treatments T1: banker plai#&spanker+flowering plant treatment and
T3: control treatment. This experiment was repe#iesk times.
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4.2.3. Statistical analysis

To analyse the data, the Generalized Linear Mod#ll @/as used if the data were normally
distributed, whereas the Kruskal-Wallis test wasdugthen the data had no normality. The
treatment means were compared using a Tukey's (lSD). When the data had no
homogeneity of variances, Tamhane's T2 was useslleMel of significance was p<0.05 for
all tests. All analyses were carried with SPSSEN.1

4.3. Results

4.3.1. Improving the performance ofD. rapae by habitat management

techniques
For the experiment wittD. rapae, there were significant differences in the number of

mummies (F=103.195¢f=2, p<0.001) (Fig. 4.6) and number of aphids (X218, df=2,
p<0.001) (Fig. 4.7). According to the Tamhane-T&t, téor these variables, the difference
between banker plants treatment and banker + flagigrlants were no significant, but both
treatments differed from the control treatment. Tinenber of mummies was 55.5 + 3.91 in
the treatment of banker plants, 64 + 5.26 in barkibowering plants. The number of aphids
was 80 + 3.46 in the treatment of banker plants} &8.54 in banker + flowering plants and
146.4 £ 15.21 in the control. The banker plantttreat had a 45.35% fewer individuals of
the pest compared to the control.
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Fig. 4.6. The effect of habitat management techniques oth@pae number of mummies
per plot MeanzSE are presented. Different letters indicadeifscant differences at 5%
level according to theTamahne's Test n=18.
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Fig. 4.7. The effect of habitat management techniques omtimeber of cabbage aphids per
plot. Mean+SE are presented. Different lettersaatli significant differences at 5% level

according to the Tamahne's Test n=18.

4.3.2. Improving the performance ofE. tricolor by habitat management

techniques

The number of mummies is an indicator of the edficiy of parasitoids for the management
of pests. For the experimentBftricolor, there were significant differences in the number of
mummies (F=44.259%f=2, p=0.002) (Fig. 4.8). According to the TamhdiZetest, there
were differences between the control and the dileatments and there were no differences
between banker and banker + flowering plants. Eh&icolor banker plants contributed in
the reduction of the hot spots Af proletella infestation by 39.9%. The number®Bftricolor
mummies was 37.67 = 2.38 in the treatment of bamitants, 39.94 + 3.03 in banker +
flowering plants and 13.81 + 1.49 in the controlthAugh, it was not the objective of this
study, it is important to mention that banker anfésted plants attract other insects such as

Hoverflies, lady beetles, lacewings, wasps andespi(Fig. 4.9).
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Fig. 4.8.The effect of habitat management techniques omdingber oft. tricolor mummies
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Fig. 4.9. Other insects observed in tlie tricolor experiment: a) Hoverfly, b) Larvae of

hoverfly, c) Lady beetle, d) Larvae of lacewingsWasp and f) Spider
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4.4. Discussion

Aphidiidae and Aphelinidae parasitoids are the nvasiely used biological control agents
against aphids and whiteflies (Carver and Staryj4i®Bennison, 1992; Williams, 1995;
Blumel and Hausdorf, 1996; Sampaal., 2001; Evans, 2002). This study focusedDon
rapae andE. tricolor, the only parasitoids dB. brassicae and A. proletella cabbage pests,
respectively. These parasitoids have a wide hogferabut the highest preference is related to
cabbage aphids and whiteflies (Williams, 1995; Ka6t.2).

To improve the efficiency of these parasitoidsamts of opportune control of the hot spots,
this work focused on the use of banker and flowgentants because one of the most
important subjects in biological control conceraghe use of habitat management techniques
to generate an environment that favour the devebppnof pest antagonists in the

agroecosystems.

This work did emphasis in the opportune contraihef pest during the initial formation of hot
spots. Many studies have demonstrated that whempdke populations are low, fewer pest
antagonists are needed (Ridgeway and Vinson, 1&opov, 1987). Results from one
research of Simmorgt al., (1995) showed a satisfactory managemer. aébaci when the
parasitoid Eretmocerus spp was released in the early season of the cragditionally,
Hassanaliet al., (2008) mentioned that the efficiency of any teghe of integrate pest
management depend on identifying the hot spots ryppely and make a suitable
management when the population of the pest iswnlé&vels because when the population

level of the pests is in high level even with adp@micals is difficult a suitable management.

Considering the topic of banker plants, Picketttal., (2004) observed that banker plants
produced under control conditions -transplantanisfficient technique to spread parasitoids
into fields for the pest management. The first aesleers that used transplants produced under
controlled conditions for the regulation of pespplations were Stacey (1977) and Goolsby
and Ciomperlik, (1999). Stacey (1977), used hoskéaplants —plants with the same pest of
the crop and the pest antagonist- at the beginairntpe crop season to control glasshouse
whitefly on tomatoes and the outcomes showed thatimpact of theEncarsia formosa
banker transplants was satisfactory. Goolsby anaim@erlik (1999) utilised inoculated
seedlings transplants to spreading the parasiEigimocerus hayati against silverleaf
whitefly Bemisia argentifolii and they found that this was a reliable techniqued€livery of

this pest antagonist. In this study, banker plaotstributed to the reduction of the hot spots



Chapter 4. Improving the parasitoid performance by banker and flowering plants 96

but this technique was not enough. The reductiomBfdrassicae infestation was 55.5% and
for A. proletella was 39.9%

Regarding the subject of flowering plants, studiasconservational biological control have
shown evidence that flowering plants could play aaamount role to produce attractive
volatiles for parasitoids and offer food to natueakemies and hence sustain or increase the
abundance, richness and life history of pest amiago (Frank, 2010; Koptat al., 2012;
Wong, 2012). Farmers have long observed that agsystems with a high diversity of
flowering plants in the adjacent fields are relawgth high richness and abundance of pest
antagonists (Personal observation). In this chajpher efficiency of flowering plants was
investigated with respect to its suitability to irape the effect of banker plants to control the
target pests.

The outcomes showed that flowering plants did ngirove the efficiency of banker plants.
Perhaps, it is due to first the biology of the matenemy, and second to the distance between
the banker plants and the flowering plants. Pa@asiE. tricolor is synovigenic i.e. only
produces eggs in the adult stage. Therefore, thrasgoid need sources of protein for
production of eggs and carbohydrates as sourcesarf)y. These nutrients can be found in
the haemolymph of the host, including water, inaigasalts, amino acids, proteins,
carbohydrates and lipids (Nation, 2007; Jeetial., 2008). Consequently, the parasitoid does
not need alternative food sources because the bplddds was placed close to infested plants
with the pest and the haemolymph of the pest hderbeutritional content that nectar.
Haemolymph is a source of protein and carbohydratege nectar is only source of
carbohydrates. These results are in agreementtinoge obtained by Vet and Van Lenteren
(1981) and Hoddlest al., (1998), who observed that B formosa, the searching of the
herbivore is randomised, and when the parasitaidsfithe herbivore it remains close this
which provides haemolymph. F@. rapae, the high number of parasitoids in the banker
plants could mask the effect of flowering planthefiefore, to ensure the functionality of
flowering plants for the next studies, these plast®uld be placed in high density,
randomised in the crop far away from the bankentglain a randomised spatial arrangement
natural occurring parasitoids, parasitoids of bankants moved by the wind or parasitoids
that go out from banker plants due to high intec8pme competence will have nectar as

alternatives food during the host searching.

Mobility of parasitoids from the banker plant tdasted plants is an essential factor in the

evaluation of banker plants. Banker plant treatnirettis research had a better effect than the
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control, demonstrating that parasitoids of bankKantgs moved to infested plants. Perhaps,
after emergence of parasitoids, those do not renmaithe banker plant due to that the
interspecific competence is increased when the inasiber is reduced, and hence parasitoids

migrate looking for new hosts.

Additionally, for protection purposes, the plotsthe field experiment were inside plastic
tunnels. This is because some environmental camditlike wind or rain can dislodge the
mummies from the leaves (Wong, 2012; Wong and Fr20k2). The tunnels reduce the
negative effect of these environmental factors frerimit the movement of the parasitoids
outside of them. In commercial systems on cropsugen field conditions, these tunnels

could be smaller.

Banker plants can also attract other natural ereifideanget al., 2011). Despite, it was no
the aim of this study, it was also observed thaitabmanagement treatment (flowering and
banker plants) had 2.6 times the presence of glstr antagonists as much as the control.

These were hoverflies, lady beetles, lacewingspwasd spiders.

In conclusion, this technique can be used as a onam that contributes to the appropriate
integrated pest management of cabbage aphids aitefligs. Nevertheless, the efficiency of
these approaches depends on the appropriate masigéims relevant, use banker plants of
high quality, identify opportunely hot spots ortiai point of pest infestation to place the
banker plants close to the pest, to maintain th®aats in the optimal conditions, and
renovates these and if it is necessary. It is ssiggefor the next studies evaluate the effect of

flowering plant distances from banker plants.
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5. General discussion
Failures of biological control agents have beero@ased with factors, such as rearing
systems of low quality (van Lenteren 1991, 1993)3)0a lack of food for pest antagonists
(Landiset al., 2000), low capacity of parasitoids for recogmigherbivore or food, and low
efficiency of releasing methods (Collier and Vareeédiwyk, 2004). To contribute to the
solution of these gaps, this work focused on tduata techniques to improve the quality of
rearing systems as well as to study strategiesoitdt management to enhance the control of
the target pests in the field. The examined strasetp improve the quality of rearing systems
were host plant, plant architecture and cage size evaluated habitat management
techniques were flowering and banker plants. Flowgeplants produce volatiles, attracting
naturally occurring parasitoids, minimising migeatiof released parasitoids (Orre Gorabn
al., 2003; Bianchi and Wackers, 2008; Pineda and d4aarcia, 2008), and offering food to
parasitoids. Banker plant is a release techniques refficient that multiple releases by hand
with paper bags or cards produced in companiesotddical control (Stacey, 1977; Goolsby
and Ciomperlik, 1999; Cont al., 2000; Frank, 2010).

This research deals with the koinobiont, solitaepdoparasitoidDiaeretella rapae and
Encarsia tricolor. These insects are the only parasitoidBobrassicae and A. proletella,
respectively. They were chosen because they hakigha capacity to survive in diverse
ecozones constituting the Earth's, demonstratimg thigh plasticity in terms of survival
(Evans, 2002; Hernandez al., 2003). However, their agronomic efficiency omrgsatism
percentage in crops is not enough (Williams, 19Q6)t, 2012).

Regarding the first topic of this research aboudrirgy quality, normally studies about
biological control are carried out without considgraspects related to their rearing systems.
It is crucial to evaluate techniques to obtain ghhguality of rearing systems. The quality of
those systems should be regarded to reduce thdastherror of the experiments due to
intraspecific differences of pest antagonist speeaied optimise the performance of these in
researching programs. After getting rearing systeftagh quality, it is relevant to evaluate
techniques of habitat management i.e. flowering drashker plants, to improve the

performance of parasitoids in the field.

In Chapter 2, it was confirmed the hypothesis that host plant (cultivar groups) and the
management of rearing systems have an influencéhervigour of the rearing plant, the
fitness of the herbivores, and the performance h@f parasitoids. The most suitable
management technique was pruned broccoli plantarge cages compared to the other
options. With this technique, the plants were semadind with a higher percentage of dry
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matter, parasitoids lived longer, the herbivoree sias larger, the number of mummies was
higher, and the incidence of powdery mildew was lgsn in the control. Additionally, the
adaptation after transplanting was satisfactorynthe rearing plants were utilised as banker

plants.

The obtaining large pest individuals is a relevimpic because it influences the quantity of
haemolymph -the food of the larvae of the paradsoi The quantity of haemolymph has a
positive relation with the development of the pacad larvae and the potential longevity of
the adult parasitoids (Hardy al., 1992; Cloutiert al., 2000; Jervigt al., 2008), as this has
also been confirmed by Williams (1999) and Kanal., (2012) respectively foE. tricolor
andD. rapae. Although in other species, suchAsanteles carpatus or Microplitis demolitor,
has been observed that herbivore size has no effethe parasitoid fithess (Harveyal.,
2000). In this study, the host plant had an eféecthe herbivore size which is consistent with
other studies and justified due to the host plaststance by antibiosis (Ellet al., 1996,
Frank, 2010). Also, the architecture and cage sidleienced this variable because the
management of the rearing plants has effect orexpeession of the genetic potential of the
plants. Considering, the number of mummies pertpians other relevant indicator of the
quality of rearing plants, which are used as banXants, given that a high quantity of
mummies per plant reduce the number of banker plas¢d per ha/cycle of the crop field,
frequency of renovation, as well as work and cbsked with these activities (Frank, 2010).
In this study, the factor host plant and managenréhitenced the number of mummies and
this was observed also in the findings of othehaxg (Freulert al., 2003, Jandriciet al.,
2014).

The contamination in rearing systems by non-tapgsts reduced the life span of banker
plants (Frank, 2010). In our case, the non-targst pas powdery mildew that according to
the literature this fungus develops in conditiohkigh relative humidity. According to Reich,

1997, plants with root pruning need less quantitywater, and the transpiration is less.
Therefore, it was possible to deduce that theiveldtumidity inside of the cage would be less
compared to the control. In an additional experitngrnwas measured the relative humidity
inside of the experimental cages as a variablgifong a possible explanation for the absence
of powdery mildew in pruned plants, and effectiviie relative humidity was less (42.84 +
8.41 in pruned plants vs. 50.81 = 10.3 in the aintPruned plants had 15.68% less of
relative humidity as compared to the control. Tladugs of this study are supported by
Guzman-plazoleet al., (2003), who conducted an experiment in a crogoafato. They

observed that relative humidity levels of 50-70%raevéavourable for developing of the
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powdery mildew Ieveillula taurica).Two months after releasing the parasitoids, piune
plants were still strong while the control plantsrevalready dead, indicating that the pruning
technique elongates the lifespan of the plantsallbws deducing that the satisfactory

adaptation in the field was due to the fact thatnpd plants were stronger, and this was
confirmed with the experiment outcomes about effgictdifferent architectures on some

variables of the broccoli plant physiology. Prumants were smaller and they had a higher
percentage of dry matter than the control.

Taking into account the outcomes of this resegraiming was also used to produce vigorous
infested plants to simulate hot spots in the fialdur experiments because normally plants
sowed in pots are contaminated by powdery mildewtber non-target organisms, and they
are weaker than plants sowed in the real condit@ffscting the homogeneity of plots,
increasing intraspecific differences between p#oals, increasing the experimental error,
and affecting the quality of the results in general

Despite it was not measured, it is relevant to imenthat other observed advantages of the
pruning technique to produce banker plant are thattissues are thicker and besides the
broccoli plants never get the reproductive phygjmal stage. Broccoli plants that get the
reproductive physiological stage reduce the quadisy rearing plants. It is because the
photoassimilates produced in the leaves go torthts fand therefore the leaves are weakened
and they fall, which are the base for the develagtnoé herbivore and parasitoid populations

in rearing systems.

The results of cage size experiments showed that ¢fi the herbivores, the number f
rapae mummies, the number & tricolor mummies and thE. tricolor longevity was higher
inside large rather than small cages. This is ptsgjiven that the quality of light is a factor
linked to vigorous plants, and the strength of tent has an important effect on the
herbivore and parastoid fithess (Ballaré, 1994; harset al., 2008). It is in agreement with
the results of this study because plants insidgetacages had more light and a better
growing.

The Chapter 3 dealt with flowering plants topic doese recently in various reported cases this
approach has been notably effective to optimise pidormance of pest antagonists and
hence this technique merits a careful study. Is Wy, several factors were monitored to
determine which plants could be appropriatedorapae andE. tricolor, as explained below.
The flowering plant attractiveness and nectar agbiity are the first aspects to know
whether a flowering plant species is suitable dsrdtive food because the presence of

flowering plants in agroecosystems is not enougprtwide food for parasitoids. Wéckers,
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(2004), observed that the attractivenesse@gopodium podagraria, Origanum vulgare to the
parasitoids Cotesia glomerata, Heterospilus prosoidis and Pimpla turionellae was
satisfactory, and the parasitoids also could comstime nectar of these plants. While the
attractiveness oGalium mollugo and Leucanthemum vulgare to the mentioned parasitoids
was also high but the parasitoids had no acceg®etoectar of these plants. In this study, the
parasitoids had access to the nectar of alyssunbackivheat but no the floral nectar \éf
faba. Flowers of alyssum and buckwheat are small and ,opermitting the easy access of
these insects to the floral nectar. FlowersVoffaba are long and close hence they have
coevolved with bees which are efficient in the jpaition of this plant (Barth, 1991). In a no-
choice experiment of Jamoset al, 2013 was observed that extra-floral nectatVoffaba
stipules increases the longevity@frapae, but in our research, this species was discarded in
the next experiments because: it was observedrtlestulentum andL. maritima flowers had

a higher attractiveness thah fabae stipules and during the preparation of matefialaba
required a high agronomical management, which is desirable in the suitability of
flowering plant species. Moreover, according to lkwand Laird (2002), the production of
extra-floral nectar is not constant, and this ned#racts ants which protect aphids.
Considering the pollen as a source of food, thesecis did not consume this resource.
According to Jervis, (1998) the families of thesargsitoids have not mouthpart
specialisations to consume this food.

The measurement of the response times of parasitoiglants offering food allows having
guidelines about how should be the distributiorflefvering and banker plants in the field.
For D. rapae, it was evident the ability to recognise quicklgwering plants and the host-
plant complex representing the pest-infested cablpdgnts, as it has been documented on
other studies (Cole,1980; Hopkiesal., 2009). Most timesD. rapae showed a decision in
the first five minutes. By contrast, f&: tricolor parasitoids, the response times ranged from
thirty minutes to two hours, the Petri-dish werealler than that foD. rapae because in
preliminary experiments was observed that the tiofeesponse in petri-dishes of the size
used forD. rapae were more of 2 hour$t means thab. rapae is a foraging insect with high
ability to find resources whilg&. tricolor searchs the food resources randomly. According to
Wackers, (2004), larger parasitoids can recogndatiles of flowering plants because the
size allows them moving and locating nectar souncdhle field which is in agreement with
this study becaud®. rapae is larger thark. tricolor. ForE. formosa -a very close species of
E. tricolor-, the herbivore searching is randomised and when pdr@sitoid finds the

herbivore, it remains in the area. The recognitbnisual and olfactory cues is low and this
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in tactile and gustatory cues is high. This pacésispends more time walking and touching
the surface in which walk with the antennas thamnd¢ (Hoddle et al., 1998; personal
observations).

Therefore, the low capacity for recognising thed@md herbivore-plant complex may help
explain some reasons about why this parasitoichHaw percentage of mummies in the field
experiments compared . rapae. Taking into account the no competent nectar saagdy
this parasitoid, the flowering plants should be sdwniformly in the farm and not in strips,
to increase the probability of encounter of thetaewhile host finding. Considering, the no
competent searching for the host plant complexkéaplants should be introduced close to
the hot spots -initial points of infestation-, figating the host finding by parasitoids.
However, to sow uniformly in the farm and no ingrflowering plants and introduce banker
plants closed to the hot spots is expensive an@¢baomical viability would be low. It also
underscores that micro cosmos experiments can benportant tool to have guidelines
concerning the appropriate implementation of prowraof biological control in the field

because every parasitoid species can have diffieseandhe biology and behavior.

In this study, the results showed that alyssumlargkwheat had the same pattern in Hoth
rapae and E. tricolor because alyssum had a better attractiveness thekwbeat and
buckwheat had a higher effect on parasitoid lortgethian alyssum for both parasitoids. This
is consistent with the findings of Hoggal., (2011), who found that alyssum had the highest
attractiveness to other arthropods compared wittkwheat and Arajet al., 2006, who
observed that buckwheat-fégbhidius ervi parasitois lived longer than those fed on alyssum.
It is also according to many works, reporting ttieg high diversity of selected flowering
plants favours the richness and abundance of lmaleinsects (Barret and Harder, 1996;
Frank, 1999; Sjodiret al., 2008; Zamoraet al., 2011) due to the fact that every flowering
plant species may have the highest performancendegeof the evaluated benefit. Thus, this
confirms that selection of flowering plants shobklbased on different criteria because some

flowering plants had a better effect than othergedeing on the considered variable.

For D. rapae, flowering plant treatments improved significanthe percentage of mummies
in the climate chamber and in the field experimg@isapter 3). This can be explained taking
into consideration thdd. rapae can feed on nectar and honeydew. Nectar had er logtality
than honeydew as it could also be confirmed indhgevity experiments of the chapter 3.

For E. tricolor, flowering plants had no effect on percentage of mies when parasitoids
were released close to the host (experiment inscafjghe chapter 3 and experiment in field

of the chapter 4) and those had effect on thisabéeiwhen parasitoids were released far of
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the host (Field experiment of the chapter 3). Tduald be because in the field experiment,
parasitoids could consume nectar while the hogtirdn but in the other experiments, the
parasitoids were released close to the host whimhige haemolymph and hence they did not
need nectar. It is because haemolymph has bettityqthan nectar. This suggests that
flowering plants should be sowed far of banker fddn offer a source of energy to natural
occurring or released parasitoids during the hearching. Haemolymph is more suitable
than nectar because provides sources of proteirsagakrs (Jervist al., 2008) while nectar
only offers sugars and small quantities of amindseind proteins. The parasitddtricolor

is synovigenic, meaning that the ovigenesis isrdutine adult stage and hence protein sources
are indispensable (Wajnberg al., 1994; William, 1995). Therefore, the consumptiin
nectar in the presence of the herbivore would beuanecessary waste of energy and
secondly, flowers don’t provide a suitable sourterotein because in general the species of
the family aphiidinae ak. tricolor do not have mouthpart specialisations to consuatierp
(Jervis, 1998).

For D. rapae, flowering plants did not improve the efficiency ledinker plants and it was no
observed significant differences with the contidhybe,the high number of parasitoids in
the banker plants could mask the effect of flowgriplants. Therefore, to ensure the
functionality of flowering plants, these plants slibbe placed randomised in the crop far
way from the banker plants. In this form naturatwcing parasitoids or parasitoids of banker
plants moved by the wind during the host searchiiighave alternatives food while the host
finding. The percentage of mummies in the last erpent forD. rapae demonstrates that the
movement from banker plants to infested plantsvidesmt due to the overcrowding or high

intraspecific competence.

In this work was also seen that the percentage.ofpae mummies (26-86%) was higher
than inE. tricolor (13.5-30%) (Field Experiments on chapter 3). Pofi887), mentioned
that if the reproductive rate of the pest is higitvan that in the parasitoids, it could affect the
efficiency of the parasitoids. Therefore, the digf@ial reproductive rate between pests and
parasitoids could elucidate one reason about tttetiatD. rapae had higher efficiency than
E. tricolor. In fact, the reproductive rate &Y. rapae (49 mummies/female) (This study) is
higher than this oB. brassicae (1.8-19.26 offspring/female) (Ulusoy and Olmez, @0But in

E. tricolor (66 eggs/female) (This study) the reproductivee rigt lower than this or.
proletella (144 eggs/female) (Musa, 2010).

Consequently, the use of parasitoids is not endoghmaintain the pest below acceptable

levels. This could be possible because life systeswe mechanism of regulation to guarantee
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the survival of the offspring and to optimise thtndss of next generations. Aphidiinae
parasitoids use a number of host-derived cues, ssclshape, colour, odour, taste and
movements to assess host suitability (Macka&tal., 1996) and finally, accept herbivores for
oviposition. Hence the other herbivores of lessliyuaontinue reproducing (Henrgt al.,
2005). According to Henrgt al., 2005 the oviposition preferences is a factot #fgects the
efficiency of parasitoids.

In conclusion, the findings from the preceding ekpents have revealed the importance of
the management techniques for improving the qualityearing systems and enhancing the
performance of the target parasitoids in the fi€idined broccoli plants in large cages (0.51 x
0.76 x 0.56) m) had the best performance to gekdraplants of satisfactory quality. FDx.
rapae females, experiments showed that the additioreldfcted flowering plant species can
attract these parasitoids, optimise their survarad production of mummies. By contrast, for
E. tricolor, flowering plants sometimes had an effect on tleasared variables, but that was
very low. A possible explanation to this could batE. tricolor can supply all the nutritional
requirements with haemolymph and nectar is onlesgary in the absence of the host (results

of chapter 3).

Undoubtedly, the assessed habitat management geesnicontribute to improving the
performance of the parasitoids especially@orapae and they can moderate the population
level of the target pests but they are not ablentntain the pest in acceptable levels,
implying this is needed other techniques of integtgpest management, involving physical,
cultural, chemical, preventive techniques amongiothinderstanding about the appropriate
use of techniques to achieve the maximum poteatipkest antagonists in the integrated pest
management is one of the most relevant topics. élencther studies should emphasise the
possibility of studying as flowering and banker ni&a in combination with other could
minimise the doses and frequencies of chemicaliegmns. Buckwheat should be evaluated
in policulture with cabbage plants taking into aoabthat the fruit of this plant is food for
humans and parasitoids no affect this plant. Troslld/ allow having a high density of this
plant in cabbage and the intensive agronomical gemant to buckwheat would allow to
have nectar of high quality for the parasitoids #rm&concentration of volatiles in the air will
be high. This is also important to emphasise thatflowering and banker plants evaluated
were attractive to other pest antagonist speciageffilies and lady beetles) and therefore they

should be used in other crops with pests as wiggedlr aphids.
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