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Abstract

Abstract

The cabbage whiteflpleyrodes proletellas a serious pest in cabbage. The importance
of this species increased in the last 30 years aitlenormous increase in the last ten years
(Loomans et al. 2002; van Alebeek 2008). The pdjmuriancrease might be a consequence of
the climate change and the increase in the aveemggerature in the last decades. Therefore
we investigated experiments to test the influerfadimate change on the cabbage whitefly. It
has been assumed that the temperature will incraasat 2 °C in Lower Saxony in the next
century and that extreme events like heat wavdsoadur more often (Hartmann et al. 2013).
Repeated heat waves were modeled in climate chambestudy the effect of this slowly
increasing hot temperature on the mortality ancetigpment orA. proletella The whiteflies
were exposed to the heat waves in all developmetages either in Petri dishes or on plants.
The experiments showed that the temperature andluhegtion of the heat waves had no
influence on the mortality or the developmentalcass. The only effect was a speeding up of
the development from egg to larvae.

An increase in temperature can also effect thetplatrients and the secondary plant
compounds. To test the influence of repeated heats/on secondary compounds and to
investigate if a change in the population densitghihbe caused by them, the glucosinolates
in plants exposed to heat waves were analyzed h&€aewaves had no significant effect on
the amount and composition of glucosinolates, wiiégesucking of the whitefly increased the
amount of glucosinolates, especially sinigrin anopoitin threefold.

Next to the temperature also the precipitationmegwill change with an increase in
heavy rains in summer, but also more dry spellsifspring to autumn. To test the influence
of heavy rain a rain arena was constructed whergefltes were exposed to medium
(0.6 I/min*m2), heavy (2 I/min*m?2) and torrentigd {{min*m2) rain. Our experiments showed
that the rain had no negative effect on the laraad the adults were only negatively
influenced under torrential rain, whereas halfteé £gg clutches were destroyed by all rain
intensities. Also the egg-laying decreased, iffédmeales had faced a torrential rain shower.

To test the influence of droughts Brussels sprdahtp were either water-stressed
(water holding capacity > 80%) or drought-stres@sdter holding capacity <15%). Plants
growing under a normal water holding capacity (496% served as control. The plants grown
under drought-stress were significantly smaller parad to the other plants. Under drought

stress also the C/N-ratio decreased. Heavy droletht® a decrease in the egg-laying and the
il
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insects which developed under these circumstanese significantly smaller. The water-
stress had no significant effect on both plantswahieflies.

In the last part of the project the influence ofchwinters in comparison to cold winters
was examined to study the mortality and developnuénthe whiteflies. Furthermore the
synchronization between the cabbage whitefly amddtural enemy, the parasitddcarsia
tricolor should be studiecE. tricolor is a common parasitoid in Lower Saxony, which is
however not able to control the whitefly succedgfuh the field today. Therefore
greenhouses were built, half of them with heatiagicks, representing semi-field conditions.
In autumn Brussels sprout plants, which were ieféstvith Aleyrodes proletellain all
developmental stages and additional parasitoid® weought into the houses. Our results
showed that the adults survived best in the unddateses while none of the larvae survived.
In February the surviving adults laid eggs andgbpulation development was much faster in
the heated houses compared to the unheated ongzarhlsitoids survived the winter in the
greenhouses.

Due to the results of our experiments we assuntetiteacabbage whitefly will gain in

importance in the next years and might become btigeanajor pests in cabbage.

Keywords:climate changeAleyrodes proletellaheat waves, glucosinolates, drought,

simulated rain
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Die Kohlmottenschildlaus Aleyrodes proletella ist einer der brisantesten
Kohlschéadlinge. Die Bedeutung dieser Art hat in ttaten 30, ganz besonders aber in den
letzten zehn Jahren zugenommen (Loomans et al.;2082 Alebeek 2008). Dieses
Populationswachstum konnte eine Folge des Klimaelandund des Anstiegs der
Durchschnittstemperaturen in den letzten Jahrem. sAus diesem Grund haben wir
Experimente entwickelt, um den Einfluss des Klimadels auf die Kohlmottenschildlaus zu
untersuchen. Die Durchschnittstemperaturen wergéniis Niedersachsen bis zum Ende des
Jahrhunderts um 2 °C erh6hen und ExtremereigniseeHitzewellen werden sich haufen
(Hartmann et al. 2013). Um den Einfluss von extnememperaturen auf die Mortalitat sowie
die Entwicklung vonAleyrodes proletellazu testen, wurden wiederholte Hitzewellen in
Klimakammern modelliert. Die Kohlmottenschildlauseurden der Hitze in all ihren
Entwicklungsstadien, entweder in Petrischalen @dmr an Rosenkohlpflanzen, ausgesetzt.
Die Ergebnisse zeigen, dass weder die Hochsttemopenader Hitzewellen, noch die Dauer
des Hitzeereignisses einen Einfluss auf die Maéiabder den Entwicklungserfolg haben.
Einzig die Entwicklungszeit der Eier war positiveln@lusst.

Der Anstieg der Durchschnittstemperatur kann ebelsd\ahrstoffe in Pflanzen und
die sekundaren Pflanzeninhaltsstoffe beeinflusé#m. die Wirkung der Hitzewellen auf
sekundare Pflanzeninhaltsstoffe zu testen undustglten, ob diese einen Einfluss auf die
Populationsanderungen véieyrodes proletelldnaben, wurden Rosenkohlpflanzen der Hitze
ausgesetzt und die Glucosinolate in diesen gepiDie Hitzewellen hatten keinen
signifikanten Effekt auf die Menge und Zusammensegzder Glucosinolate, wohingegen die
Saugaktivitdt der Kohlmottenschildlause, besonddas Sinigrin und Progroitin, um das
Doppelte bis Dreifache erhéhte.

Neben der Temperatur wird sich auch das Niedergstdgime andern. Es ist eine
Zunahme von Starkregenereignissen im Sommer zurtemyaunterbrochen von langer
anhaltenden Trockenperioden. Um den Einfluss di&agkregens zu testen, konstruierten
wir eine Regenarena, in der die Kohlmottenschilsiamittlerem (0,6 I/min*m?2), starkem
(2 I/min*m?2) und sintflutartigem (6l/min*m2) Regeaausgesetzt waren. Die Ergebnisse zeigen,
dass der Regen keine negativen Auswirkungen autalieen vonA. proletella hatte und

lediglich der sintflutartige Regen die Adulten ntdgabeeinflusste, wohingegen circa die
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Halfte der Eigelege unter allen Regenintensitatstart wurden. Ebenso nahm die Eiablage
ab, nachdem die Weibchen einem sintflutartigem Reg®auer ausgesetzt waren.

Um den Einfluss von Trockenperioden zu testen, emiri@osenkohlpflanzen entweder
durch Trockenheit (Wasserkapazitit des Bodens <158dgr durch Uberflutung
(Wasserkapazitdt des Bodens >80%) gestresst. Bflana normal feuchten Bdden
(Wasserkapazitdt des Bodens 40-50-%) dienten alstrilie. Die Pflanzen, die unter
Trockenstress wuchsen, waren signifikant kleinet das C/N-Verhaltnis in den Blattern war
geringer als bei den Kontrollpflanzen. Derartig rista Trockenheit fuhrte zu einer
Verringerung der Eiablage und die Tiere, die siateudiesen Bedingungen entwickelten,
waren kleiner. Das Uberangebot an Wasser hattee k&gnifikanten Auswirkungen, weder
auf die Pflanzen, noch auf die Kohlmottenschildéus

Im letzten Teil des Projekts wurde die Auswirkurmgpymilden Wintern im Vergleich zu
kalten Wintern auf die Mortalitdt und die Entwickly vonA. proletellauntersucht. Dariber
hinaus sollte die Synchronisation zwischen der Kuittenschildlaus und ihres natirlichen
Gegenspielers, der Schlupfwesp@carsia tricolor getestet werdenE. tricolor ist eine
parasitische Wespe, die natirlicherweise in Niedrsen vorkommt, unter den heutigen
klimatischen Umstanden aber nicht in der Lageds,Kohlmottenschildlaus erfolgreich zu
kontrollieren. Fur die Winterversuche wurden Mimgehshauser konstruiert, in denen es
maoglich ist, die Insekten unter Semifreilandbedimgen zu untersuchen; die Halfte der
Hauser wurde dazu mit einer Heizung ausgestattatsemkohlpflanzen, die mit
Kohlimottenschildlausen in allen Entwicklungsstadieefallen waren, wurden in die
Gewéchshéauser gebracht. Zusatzlich wurden Mumiem 8ehlupfwespe in die
Gewachshéauser eingebracht. Die Ergebnisse zeigss,die adulten Kohlmottenschildlause
am besten in den ungeheizten Hausern Uberlebtdnngegen eine hohe Mortalitat bei den
Larven zu beobachten war. Im Februar legten digléibenden Tiere Eier, wobei sich die
Populationen in den geheizten Hausern deutlichdldhrentwickelten als in den ungeheizten.
Es fanden sich keine Parasitoide, weder in den igelme noch in den ungeheizten
Gewachshauser.

Aufgrund der Ergebnisse unserer Versuche nehmeramwirdass die Bedeutung der
Kohlmottenschildlaus in den nachsten Jahren westenehmen und sie zu einem der
signifikantesten Schadlinge im Kohlanbau werderdwir
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Schliisselworteklimawandel Aleyrodes proletellaHitzewellen, simulierter Regen,

Glucosinolate, Trockenheit

vii



Contents

Contents

1 General INtrOAUCTION .......uiiiiiiiiiiiee e et e e e e e e s s s eebbebeenees 5
2 Review: Impact of climate change on vegetable ps&icts - A case study for Lower
SAXONY, GOIMANY .....iiiiiiii e eeeett ot e e e e e et eaa e e e et e e eaa e e e eeestsaaaseaeeesrnnnaeaas 11
2.1 Magnitudes of climate change: on the global antbreg scale (Lower Saxony)... 11
2.2 Research areas iN KLIFF .........ooiiiiii ettt 12
2.3 Impact of climate change on production systemgeimeral and in Lower Saxony 12
2.4 Impact of climate change on pest insects and |plEECLION ............vviiiiiiiiieneennn. 14

2.5 Important field vegetable crops, pest species aedigtions for Lower Saxony .... 16

2.5.1  CaAbbage .. .ccoo oo e ——————— 16
2.5.2  ASPATAQUS ....oiiiiiieiiii ettt eer e e e 26
2.5.3  SAIAA ... ———————————— 28
2.5.4  CAITOUS .ottt ettt e et e et e e e et e rnn e aaeeraas 32
JZR TR T © o1 To] o ST O PP PPPPTPPPPPRP 34
2.5.6  NAtUral BNEMIES ....cciiiiiie i et rreeee e 38

2.6 Adaptation strategies in plant protection/ Are ddapn strategies necessary and
hOW CaN they [00K K@ ... s 39

2.7 Is the available information sufficient to make gications for pest outbreaks in

future a propose adaptation strategies? (Nee@&&arch) ............ccccceeeeeiiiiiiiieiiveeees 41
3 Influence of repeated short-time heat wavedlayrodes proletella........................... 42
TNt R Y o 1 1 = To! P 42
3.2 INTTOAUCTION ..ceiiiiiiiiiiee ettt e e e e e e e e e e e e e e e e e e e e e as 44
3.2.1 The cabbage whitefly (Aleyrodes proletellam- Aleyrodidae, Order
(0] 04[] o] (] = ) TR 46
3.2.2  The parasitoifincarsia tricolor Fam. Aphelinidae, Order Hymenoptera ....... 46
3.3 Material and MEthOUS ..........uuuuiiiiiiiiiiiiieeee e e 48
3.3.1 Frequency of heat waves in LOWEr SaXO0NY ... uummeeernnniiieeeeeeeeeeeeeeeneeenenenn. 48
3.3.2  EXPEIIMENT ..ottt ettt e e e e e e e e e e e e e e e e eeetetbbnnnnneenrnrnes 49
3.3.3  Statistical @nalYSIS ......ooiiiiiiie e 51
B4 RESUILS .. et ————————————————— 52



Contents

3.4.1 Mortality of adults in the Petri dishes with singleat shocks (Experiment

N o T TSP 52
3.4.2 Mortality of adults in Petri dishes with repeateshhwaves (Experiment
o 01 Iy SRR 56
3.4.3 Mortality of adults on plants with repeated heaves(Experiment No. 2.2).. 58
3.5 DUSCUSSION ... oo ettt ettt e e e e e e e e e e e e e e e e e e e e e aaaaaeeeees 62
I I o ]  [ox 11153 o] 1RO 65
4 Influence of repeated heat waves on glucosinolatd® leaves ..............cccccvvvvennnnnn 6.6
N o111 T PO PP 66
A 1 11 (0T (¥ {ox (o o TSR UURPPP 67

4.2.1 The cabbage whiteflyAleyrodes proletellaFam. Aleyrodidae, Order

[ (0] 04[] 0] (=] = ) 67

4.2.2  GlUCOSINOIALES ....euviiiiiiiiiiiiiiiie e 68
4.3  Material and MethodS .......cooooiiiiiii e 69
4.3.1  EXPEIIMENT ..ottt ettt s s e e e e e e e e e e e e e eeeeeeeesbnnnnneessnrnes 69
4.3.2  Statistical @NalYSIS ......cciiiiiiiie e 71
A4 RESUILS .ooeiiiieeee et b e e ettt e e e e e e aeas 72
A5 DISCUSSION .. .ciiiiiiiiiiiiieee ettt mmmmmm e e e e e e e e et e e ettt ettt bbb e e e e e e e e eaaaaaaeaeaaeaaaaeeeeees 77
4.6 CONCIUSION ... st ettt ettt e s s eeee e e s e e e e e e e e e e eaees 81
5 Influence of heavy rain on the development of thiebage whiteflyAleyrodes proletella
......... 82

SR R 013 = T PP 82
02 | 11 £0 o U Tod 1 o] o TP 83

5.2.1 The cabbage whiteflyAleyrodes proletellaFam. Aleyrodidae, Order

[ (o] 04[] 0] (] = ) 84

5.3  Material and MEtNOUS ........uuuuuiiiiiiee e eeneaeeeeeanaes 84
5.3. 1 EXPEIMENT ..ottt e+ttt eta et a e e e e e e e e e e e e aaaaaaeaaeaaes 84
5.3.2  Statistical @nalYSIS ........uuieiiiiie i 86
5.4 RESUILS ...ttt ceemee ettt e e e e e e e e e e e e e 86
5.4.1  SIMUIALEA FAIN ...eveeiiiiiiiiiiiii i et e e e 87
5.4.2  REAITAIN coiiiiiiiiiiiei e ettt a e e aa e e e e e e e aaes 92
5.5 DISCUSSION ....uiiiiiiieee i eeeee ettt mmmmmm s e e e e e e e e e e e e et eee et eatbba e e e e e e eaaaaaaeeeeeeaeaaaeeeees 95
551  SIMUIALEA FAIN ...eveiiiiiiiiiiiiie e et 95



Contents

5.5.2  REAITAIN ...utiiiiiiiiiiiiiiiiii ittt e e e 97
S I o [od [ 1] o] o [T 98
6 Influence of drought on the developmentdéyrodes proletella.............ccooevvveeennnnnnn. 99
G A Y o 1 - Vo TP PPPPUPPPPPPR 99
6.2 INTTOAUCTION ..coiiiiiiiiiie ettt e e e e e e e e e e e e e e e e e as 100
6.2.1 The cabbage whiteflyAleyrodes proletellaFam. Aleyrodidae, Order
(0] 0[] o] (] = ) PP PPTR 101
6.3 Material and MethOUS ............uuiiiiiiiiiiiiiiieiieee e 102
IR Tt R T o =T 110 1 T=T o) 102
6.3.2  C/IN-BNAIYSES ... 103
6.3.3  Statistical @nalYSIS ........uuuuuiiiiii e 103
6.4 RESUILS ...ttt e e e e 103
6.4.1 Impact of drought stress on plants..........ccccevvviviiiiiiiciiice e, 103
6.4.2 Impact of drought StreSS 0N INSECLS .......ucemmmmmiiiiiee e 107
6.4.3  COMTEIALIONS ...t ettt r e e e e e e e e e e e e e e e eeeee e e renneeeeene 110
6.5 DISCUSSION ...ttt e e s ettt et e e et e e e e e eeeeesb bbb b e e e e e e eees 117
6.5.1  COMTEIALIONS ...ttt ettt ettt e e e e e e e e e e e e e s s e s eeee e e e e as 121
L I o [od 1] o] o [ 122
7 Impact of cold winters compared to mild winterstba development and synchrony of
the cabbage whitefljleyrodes proletelland the parasitoiincarsia tricolor......... 123
A T Y o1 = Vo PP T TR PPPPPPPPPPRPTTRP 123
72 | 111 (0T ¥ Tox 1 o] o T 124

7.2.1 The cabbage whiteflyAleyrodes proletellaFam. Aleyrodidae, Order

([0 4[] 0] (=] = ) U 125

7.2.2 The parasitoi€Encarsia tricolor Fam. Aphelinidae, Order Hymenoptera ..... 126
7.3 Material and MEthOUS ........uuiiiiii s 126
AR T0 R = o 1= 10 1 T=T o | PSRRI 126
7.3.2  Statistical @NalYSIS .......uuuuuuiiiiieie e 127
T4 RESUILS ...ttt e e e e e e e e e e e e e 128
7.4.1  WINter 2010/2011......cciiiiiiee et ettt e e e e et e e e e snnnee s 128
7.4.2 WINtEr 2011/2002....... ittt e e e 131

7.4.3 Development of the whiteflies in the field ...............co o, 136
7.5 DISCUSSION ...ttt e e ettt ettt et e e e e e eneeesb bbb beneeeeeees 137



7.5.1 Overwintering under semi-field CONAItIONS... o eeveeeeeeriiiiiiiiiiiiie e, 137
7.5.2 Overwintering in the field

...................................................................... 139
ST o T [ox 1] o] o [ 140
8 FINAI DISCUSSION ..ciiiiiiiiiiiiiii ittt et e e e e e e e e e e e e e s s e e e e e e e e e e e e e as 142
S B = (=T =] o [of L TP PPPPPPPPRPRP R 145
IO Yo [0 =7 o o (U] o o PP 178
10.1 Zusammenfassungen der einzelnen Kapitel ...coceeeevvviiiiiiiiiiniieeeeeiiis 781
10.1.1 Zusammenfassung: Einfluss wiederholter kurzzeitifjezewellen auf
Aleyrodes proletella.............ouuvuueiiiiiiiiie e 178
10.1.2 Zusammenfassung: Einfluss von wiederholter kurigegitHitzewellen auf die
GIUCOSINUIALE ... ettt e e e e e e e e e e e eeeeeeeees 179
10.1.3 Zusammenfassung: Einfluss von Starkregen auf didriattenschildlaus
Aleyrodes proletella.............ouuvuuuiiiiiiiiie e 179
10.1.4 Zusammenfassung: Einfluss von TrockenheitAafrodes proletella........ 180

10.1.5 Zusammenfassung: Einfluss von kalten Wintern imgléch zu milden

Wintern auf die Entwicklung und Synchronisation Behimottenschildlaus

Aleyrodes proletellaind des Parasitoiddincarsia tricolor..............cc......... 181
10.2 Additional graphs

.......................................................................................... 182
10.2.1 Influence of drought on the developmen®déyrodes proletella................. 182
10.3 LISt Of taDIES ... 186
O I3 A o) o U] = U USUPRR 186
11 Acknowledgement / DankSaguUNQ...........cooieeiiiiiiiiiiiiiiiiiiiieae e eeeeeeeeeeeees 190
12 CUITICUIUM VITBE ... .ciiiiieeiiiieetie ettt e s e e e e e e e e e s e e e e eeeaeeaeeeeeeesnnnees 191



General Introduction

1 General Introduction

The worldwide climate has changed in the last ggntlue to human impact and it is
likely that these changes will continue in the ngxars. Global scenarios predict an increase
in average temperature of about 2-4 °C (0.3- 4)8at@ a change in the precipitation regime
(Hartmann et al. 2013). But these changes will \mtyveen different continents and regions.
It has been forecast that the precipitation inSbbel zone for example will decrease, while it
is going to increase in polar regions, and thattienges in temperature will be more relevant
in the higher latitudes than in the equatorial eagiHartmann et al. 2013). It is also likely that
the temperature changes will occur mainly in thiel extremes leading to warmer winters and
warmer nights (Hartmann et al. 2013). Also more thvelaextremes like heavy storms, heat
waves or extreme rain intermediated by longer gells, are to be expected (Hartmann et al.
2013).

Due to these variations in change it is importanprtedict the regional or even local
climate changes. For Lower Saxony a temperatureease of 2 °C till the year 2100 is
expected. Lower precipitation in the middle of Lov&axony concerning the region around
Hanover, and little increase in precipitation ie tdorthern and Southern region are expected
due to the fact that the temperature has increiasts region 2-3 °C in the last 50 years and
the precipitation has decreased in this region @dahdt & Hoélscher 2010). Overall we
expect more extreme events as forecast worldwithesd changes will have an important
influence on our life and especially on agriculidoeestry and water management.

To explore the expected changes and mainly thaeianfle they will have on the
ecosystems the KLIFF-Network was incorporatetiheé’ aim of the research co-operation
KLIFF, is to increase the knowledge base of thesegnences of climate change at regional
and local scales, in order to develop sustainaldapation strategie{Beese 2012). The
network is organized in five divisions with diffeteworking groups concerning, agriculture
and horticulture, forestry and water managemené Whrking group (Pflanzenproduktion -
crop production) within which this thesis was prefed, focuses on the influence of the
climate change on selected species in some of ts important horticultural crops in Lower
Saxony. Agriculture and horticulture are promineabnomic sectors in Lower Saxony and it
is of utmost relevance to study how key pest sgewi behave under a changing &level,

warmer temperatures and a changed precipitatiomeeg
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Worldwide, the CQ@levels will rise with consequences for all creasurincluding
insects. Via the plants, the increased, @@l have direct and indirect effects on inse@slé
et al. 2002; Pritchard et al. 2007). Plants geherahct positive to increased @Qt offers
added protection against ozone and increasesamesest against pests and viruses while also
stimulating growth due to increased photosynth@sigrer 2003). It also leads to a higher
wax layer on leaves and more carbon-based secoptianycompounds (Bezemer et al. 1999;
Pritchard et al. 2007; Hillstrom & Lindroth 2008pn the other hand it is leading to a
decreased amount of nitrogen in the leaves (Ho#bral. 2003). In the experiment of
Vuorinen (2004) generalists were able to find then{s regardless of Cfevel, while
specialists were not able to detect the plantsusldgated C@concentrations

Other indirect effects of elevated g{@vels may be a higher surface temperature of
leaves (Fuhrer 2003; Dermody et al. 2008), whicghhincrease growth rate of leaf settling
populations. It also leads to a changing C/N-ratiche leaves due to the faster growth
(Williams et al. 2000; Fuhrer 2003) resulting irglmer herbivory (Pritchard et al. 2007;
Guerenstein & Hildebrand 2008; Thomson & Hoffma®1@), whereas various species react
differently to the changed circumstances. Somedsptgaproduce better under increasec,CO
some worse and many aphids do not react to a chartge CQ-concentration and (Coviella
& Trumble 1999; Hughes & Bazzaz 2001; Stacey & dwed 2002; Newman 2005; Pritchard
et al. 2007). The reasons for that may be (a) gitert parameters which are more important
for the insects, (b) the change in the nitrogerasugte is more important than the total
amount of nitrogen or (c) a changed sucking behaviimsed on a different location on the
plant (Hughes & Bazzaz 2001).

But the CQ may also have direct effects. Awmack et al. (198énd thatAulacorthum
solani grown under elevated GQproduce less or no alarm pheromones, thereforengak
them more vulnerable to predators. Many insectsthisecarbon dioxide to find their egg
laying spaces, because plants assimilate @@nly during the night and G&oncentration
near the leaf surface is about 80 ppm higher coatb&n the surrounding concentration
(Guerenstein & Hildebrand 2008). A change in thecemtration will have direct effects on
them (DeLucia 2008). But the increase in the,€@ncentration in all experiments was very
fast, in nature the increase will be slower, givithg insects time to adapt to the new
circumstances (Whittaker 2001).

Besides carbon dioxide the amount of ozone and &ifation will increase as well
(Hartmann et al. 2013). There are different findinggarding the effect of {n the plant

6
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compounds. Fuhrer (2003) found that an increasediatof Q increases nitrogen, sugar and
starch in the leaves, while Holton et al. (2003uldoshow that nitrogen and phenolic
glucosides are decreasing and starch and tannensnareasing. The ozone has mainly
indirect effects on insects, as it for example tad to an increase of VOCs (Yuan et al.
2009). As to the C® concentration insects react species-dependeranoimcrease in ©
(Holton et al. 2003). The survival rate of a cailtap (Malacosoma disstrigincreased under
elevated @levels, while the fitness of its parasitoid wasrdased (Holton et al. 2003) or
even no reaction was detectable (Dermody et alBR00

The UV radiation will increase (Fuhrer 2003), kuwill have mainly indirect influences
on insects. Plants protect themselves against UK an increasing level of jasmonic acid in
the leaves (Foggo et al. 2007). Studies could shmtv enhanced UV radiation induces
resistance to herbivores in plants. Enhanced U¥dgl$ to an increase in flavonoids, reducing
herbivory (Lavola et al. 1998; Rousseaux et al42200n plants grown under enhanced UV-B
radiation not only the herbivory, but also the gtlowate of herbivores is decreased and their
mortality increased (McCloud & Berenbaum 1999; Zawet al. 2001; Warren et al. 2002).
Increased UV radiation not only influences herbegyrit also affects the third trophic level
for example parasitoids because plants send the seymals under enhanced UV radiation as
under herbivore attack. Therefore parasitoids prgtEnts grown under enhanced UV (Foggo
et al. 2007). Nevertheless it seems that aphidsadniieflies are more abundant under plants
grown under elevated UV (Kuhlmann & Muller 2009).

Increasing temperatures will have several effeatsweather events like warmer
winters, warmer nights, early snow melting leadiodess days with snow cover and longer
growing periods, more heat extremes and more dails t@mperatures at the upper
developmental level (Juroszek & Tiedemann 2012).ckhange in the average annual
temperature can result in a changed geographisalidition (increased risk of pest invasion,
range expansion), changed seasonal phenologyefearnergence in spring) or changed
population development (decreased winter mortalfgster development) (Juroszek &
Tiedemann 2012). The warmer temperatures will lsmbivalent effects on insects. Warmer
temperatures can promote insects in leading tosterfalevelopment, decrease the winter
mortality and may boost insects with low frost sémince (Netherer & Schopf 2010). It can
also lead to an earlier arrival of the pest in rsgprmaking it possible to build up bigger
populations and reach the host in an earlier, maheerable stage (Juroszek & Tiedemann

2012). But it can be disadvantageous for speciasrtbed the cold for their diapause or to

7
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increase their frost resistance (Netherer & Sclz@{df0). Heat extremes and temperatures near
the upper thermal tolerance can also raise insedaility. Higher temperatures in spring and
winter can also lead to an asynchronisation ofspast their natural enemies (Cannon 1998;
Parmesan 2006; Hance et al. 2007). Most pest spametemperature-triggered, so that they
occur earlier after a mild winter. The breakingdipause of most parasitoids in contrast is
triggered by the photoperiod (Tobin et al. 2008h @éarlier emergence of the pest hence
cannot be controlled by the natural enemy. Suclncsgnism between prey and parasitoid
can already be observed with a decrease in parasitn caterpillars in a more variable
climate (Stireman et al. 2005). But there is algd@nce that high temperatures in spring can
break the diapause independent of photoperiod angpttie problem of asynchronism (Tobin
et al. 2008).

The temperature also indirectly affects herbivode to changed secondary plant
compounds. Glucosinolates are a major group indBtaseae which are important in the
plants' defence system. The glucosinolates canu&lfin the cell vacuole separated from the
enzyme myrosinase. In the event of herbivory andadge of the plant tissue, the myrosinase
can hydrolyze the glucosinolates to volatiles. &##int groups of herbivorous insects react
differently to glucosinolates. Generalists are Hepleby the substances, whereas specialists
are attracted and able to metabolise the toxictanbss.

The changes in the precipitation regime (more raiwinter, more precipitation in
winter with rain instead of snow, less rain in suenpymore heavy rains in summer, more
frequent droughts) and their effects on insect ikierbs are not well understood. Rain has
mainly negative effects on insects resulting inighér mortality due to direct impacts and
lower developmental rate due to (a) higher moxtabt eggs and larvae and (b) less
favourable conditions like cooler temperatures. &8sb a lack of humidity can influence the
insects directly as they might lack humidity essgrior egg laying, or indirectly, by fostering
the plants with an adequate water ability or imghem with droughts (Bale et al. 2002,
Harvell et al. 2002). The plant stress hypotheseslipts that plants suffering drought stress
are more vulnerable to herbivore attack and thabibhery and drought will have synergetic
negative effects (English-Loeb et al. 1997; Grineaal. 2013). This hypothesis is supported
by the fact that in tropical forest under extranedy dry conditions after El Nifio events, mass
outbreaks of several lepidopteran pest are obse(Ved Bael et al. 2004). Especially
generalist herbivores benefit from the droughtssty®ecause drought stress reduces the plants

defence (Gutbrodt et al. 2011). The plant vigordtigsis in contrast predicts that insects will
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prefer fast-growing vigorous plants. In an expenimeith soybeans, Grinnan et al. (2013)
could show that drought decreased herbivory, wisichports the plant vigor hypothesis.
Nevertheless it is likely that drought will have imlg negative effects on plants, either
through reduced growing or increased herbivory.

In an "old field community climate and atmospheranipulation experiment” Engel et
al. (2009) could show that the impact of the changenperature eclipsed the effects of the
elevated CQ Hence the influence of G@s not included in this study.

The first part of this thesis will evaluate whiclesp species in the most important
vegetable crops might become important under agthgrclimate. We also evaluated how
the species which are already important in vegetainbps may behave under changed
climatic conditions. This will be done by assemladyd comparison of developmental
thresholds of the different herbivore species farditure to compile a compendium of the
most important insect species in horticulture invieo Saxony.

The effects of climate change may become alreasiplei as they appear to lead to a
changed plant community and the appearance of pewies. One of those species with
gaining importance is the cabbage whitefligyrodes proletellaln the 70s this species was
found only seldom in private gardens (Loomans et2@D2), but in the last ten years its
distribution and population size increased rap{gdgn Alebeek 2008). Nowadays it is one of
the most important pest species in cabbage in @eatrope. It is likely that the population
increase is a consequence of a changing climatdhendltered surroundings with a higher
amount of oil rape providing optimal overwinterihgbitats for the whitefly (Richter 2010).
Encarsia tricoloron the other hand is a parasitoid that naturatyucs in Lower Saxony and
that is specialised in whiteflies lik&leyrodes proletellaThe species is common to Lower
Saxony, yet is not able to fully control the whiggbopulation here in the field. Schultz et al.
(2010) could show that they can be used succegsialiier agricultural foil, indicating that
they have the potential to become an important fbozalkeagainst the cabbage whitefly under
certain conditions.

In the past, mainly effects of cold and increasadperatures, still ranging within the
optimum of the insects temperature thresholds, wsiedied while extremely high
temperatures were merely studied as singular hgehte lasting for a short time.
Additionally, effects of altered rain patterns astidied rarely, although precipitation is
crucial for plant and insects development. Thersfave performed experiments with the

cabbage whitefly as a model organism to answefdlf@ving questions.
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How does a selected study specigdeyrodes proletellp react to very high
temperatures and repeated heat waves?

How does the glucosinolates in the plant reacepeated heat waves?

How does the same species react to heavy rain?

How does it Aleyrodes proletellpreacted to drought stress of the plants?

How do the selected species and its natural en&mgafsia tricolo) react to a mild

winter compared to a cold winter?
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2 Review: Impact of climate change on vegetable peisisects—

A case study for Lower Saxony, Germany

2.1 Magnitudes of climate change: on the global antbred scale (Lower

Saxony)

Due to human impact the global climate has alreddynged drastically. Air CQevels
increased rapidly (from 280 pm at the beginningtted century to 390.5 ppm nowadays)
during the last century, with consequences for tgatpre and precipitation averages (Gleick
1987). During that time global average temperatocesased by 0.74 °C and the distribution
of precipitation changed dramatically (Hartmanrale2013). Until the end of this century, a
further CQ increase by factors 2-3 (540-970 ppm) is to beeetq and will result in a
temperature increase of another 2-4 °C (0.3-4.8(H2&ytmann et al. 2013). In general, the
continuation of today’s climate changes, i.e. warmeters and nights as well as further
changes in precipitation regime are very likelyirfal will move to higher latitudes and
although frequencies of storms might drop, thetensity will increase. Generally, different
world climate scenarios predict that all kinds afreme weather events will become more
frequent in the future, while regions in higheitlades are affected the most (Hartmann et al.
2013).

On a regional scale, climate change effects witlvslin correlation to those expected
globally. Yet, due to their nature, they can présemore difficult to predict, as for example
with quickly evolving cloud patterns (Juroszek &diemann 2012). The reason behind is that
most prognostic models are developed for a gloteleson a grid of 10 x 10 km, without any
intention to predict local weather events. Therefibris likely, that regional weather effects
will display high variability and low predictabijit(Juroszek & Tiedemann 2012).

For Northern Germany, i.e. Lower Saxony, the regjioscenarios predict milder
winters, warmer summers as recorded in the summear \Wwaves of 2003 and 2010, which
reached temperatures up to more than 40 °C in Gsrf38 °C in Lower Saxony) (DWD). A
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shift of precipitation from the summer to the wimkalf-year, increased GQevels, and more
frequent extreme weather events, like droughtsndbrstorms, heavy rain etc. will

complement this.

2.2 Research areas in KLIFF

As a consequence of a changing climate and thedfkkowledge about the reaction of
natural recourses in smaller regions like Lower ddgx the KLIFF-Network
(KLImaFolgenForschung in Niedersachsen, Climateaichjand adaptation research in Lower
Saxony) was founded and funded by the NiedersatessMinisterium fir Wissenschaft und
Kultur (Ministry for Science and Culture of Lowera®ny). It is the aim of the KLIFF-
Network to study the influence of the expected alienchange on a regional scale. Therefore,
several research groups have formed, studying mhgact of a changing climate on
agriculture, divided in plant- and animal produntidorestry and water management inland
and the coast respectively. In the working groupnipproduction” most sub-groups deal with
cereal crops and their pests or diseases. The &imuro subgroup (Klimaanderungen:
Auswirkungen auf Schadinsekten und Nutzlinge imil&nelgemisebau - Climate Change:
Impact on pest and natural enemies on horticultgré) identify pests which might become
more important in the future and study how theydwehunder a changing climate to help

growers to develop adaptation strategies to thHesats.

2.3 Impact of climate change on production systemgeimeral and in Lower

Saxony

Climate change will have direct impact (crop setett growing period; changed
temperature, precipitation regime and higher @®el; N availability on assimilation
efficacy of specific crops) and indirect effectegs, diseases) on most production systems
(Bale et al. 2002). Field crops will be more aféztthan crops under protected cultivation due

to the fact that in greenhouses temperatures artdrvgapply are regulated. Basically,
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growers will select crop species based on climadiditions, market demands and economic
value (Tuck et al. 2006). Under climate change tant it is likely that growers will pay
more attention to resistant varieties regardingight and pest and the selection of new crop
species which prefer warmer climates (Seo & Meradais2008; Olesen et al. 2011). The
relevance of protected cultivation might increaisees unforeseen weather extremes were not
to endanger growth. Additionally there will be arwverse trend insofar today’s greenhouse
crops will find agreeable conditions in the opeeldi of tomorrow. The most important
climate change impact will be expanded growing qusi and in consequence the
intensification of land use (Olesen & Bindi 2002he challenge for growers will be to
comply with the growing period earlier in the yetlaereby increasing the number of cropping
cycles. In consequence, supply of nutrients angémras to be adjusted and new crop rotation
regimes as well as plant protection strategies havbe adapted (Olsen & Bindi 2002).
Finally, policies will have a tremendous effecttbe production system, though only within
the range of crops that are suitable for speclfioatic conditions (Vasil 2003; Stone 2013).
For example, the market and subsidies for energyntplin combination with a loss of
subsidies for land set-aside made their extensiv@vation highly attractive (Tuck et al.
2006). Consequently, biodiversity (and conservatiwlogical control) in the agricultural
landscape is largely affected (Opdam & Wasch 20Bdjther incentives and shifts on the
crop markets due to political decisions are hargréalict.

In Lower Saxony it is likely that climate changdlwiffect the production systems in a
way as outlined above. At the moment the area uodkivation in Lower Saxony is about
2.6 million hectare, of which 35% are agriculturd0% are meadows and pastures, 16% are
energy plants like maize and rapeseed, and onBp hérticultural crops are grown. Among
the horticultural crops vegetable- (18,712 ha) dndt-growing (13,515 ha) are most
important. Fruit-growing is mainly focused on aplnd strawberries, while field vegetable
growing is devoted to asparagus (22%), green gal&b), cabbage (18%), onions (11%) and
carrots (9%) (Niedersachsisches Landesamt firsBkafi011). There is a trend of increasing
fruit and vegetable growing over the last 20 ydaig. 1).

In the future, the relevance of different crop gremight follow the trend recognised in
the last years, i.e. increasing horticultural gmyvareas. Trends towards other crop species
have not been recognised so far, but i.e. peaepeigots, and grapevines are already part of
the grower’s portfolio in Lower Saxony. A peek &her regions where the expected climatic

conditions for Lower Saxony are already a realiy, Brittany, France, underlines the further
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rise of field vegetable crops. Brittany today i@f the most important vegetable producers
in Europe and the largest one in France (http://wawest-in-bretagne.org). Vegetables are
grown on more than 80% of the agricultural areahwiauliflower, artichoke, shallot, and
broccoli as most widespread crops. Of their landearcultivation, they even yield more than
50% to cabbage (Institut national de la statistigides études économiques). This might be
an indication that vegetable growing will increasdstantially in Lower Saxony under future

climatic conditions.
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Fig. 1: Area under cultivation of the most importart horticultural crops in Lower Saxony (data from

Niedersachsischem Landesamt flur Statistik).

2.4 Impact of climate change on pest insects and jplatéction

Climate change will not only influence crops andpping systems, but also pest insects
and their natural enemies in many ways (Cannon ;1B8 et al. 2002). It is known that all
expected climate changes (& @mperature, precipitation, etc.) influence insetirectly and
indirectly. By increasing C@levels, insects are influenced to a minor extergctly as well

as even more indirectly via the altered nutritiogablity of the host plant (Awmack et al.
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1997). Among other abiotic factors, temperaturéhess most important one and influences
development times, reproduction and survival rgtgach et al. 1996; Bale et al. 2002;
Morsello et al. 2008). To a wide extent, the relaship between development and
temperature is linear, with faster developmentighdr temperatures, limited only by upper
and lower threshold temperatures (Grassberger &R2002; Kontodimas et al. 2004). The
number of developing generations per year will @ase and thereby on the evolutionary
timescale also the speed of adaptations (Alter@@t0). In the same way, temperature has a
huge impact on locomotion and related behaviowidies. The impact of rain on insects is
less understood, but most likely population groghrvival, reproduction) and locomotory
activities are impaired. Indirectly, pest inseatsl aatural enemies might be influenced by the
host plant nutritional quality and the host's locat processes (visual and olfactorial)
(Himanen et al. 2008).

Having in mind the predictions for Lower Saxong, imilder winters, warmer summers,
a shift in precipitation (from summer to winter)nda more frequent extreme weather
conditions, the impact of climate change on pesedts and their natural enemies can be
summarised briefly by three major effects: Thu¥,nGdd winter conditions enhance survival
rates, (b) warmer spring, summer and autumn camditiead to faster development and
therefore more generations per year and (c) extieeather events, like heat waves or heavy
rainfall, cause additional mortality and therefoeeluce pest numbers. The same pattern can
be expected for natural enemies, with the diffeeetiat they have different thresholds for
development which may lead to shifts towards namcByonous development with their hosts
(Dol et al. 2008).

But under the predicted climate changes, planteptmin strategies not only have to
cope with changing population dynamics of alreadgartant pest species. So far, minor pest
species might become key pest species in the fufubeir optimal developmental conditions
align with future climate conditions or as secoydagsts. Additionally new pest species will
arrive, either due to range expansion or as ineaspecies (Warren et al. 2002; Parmesan
2006). Such range expansions can already be olssdayethe mountain pine beetle
(Dendroctonus ponderospi North Columbia, a species which distributiotqpanded north-
and eastwards in the last decades due to a clwet@ing (Carroll et al. 2003). In Europe
such northward range expansions can be noticed,ek@mple for the winter moth
(Operophtera brumajain Fennoscandia (Jepsen et al. 2008). Also tmenuon butterflies

European PeacocKkn@chis i and the Small Tortoiseshelh@lais urticag might change
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their area of distribution. The species survivelfatter at temperatures of less than 10 °C in
winter. With climate warming they will likely migta northwards (Bale et al. 2002). A range
expansion also brings the hazard of new diseaseatrada Ogden et al. (2006) could observe
that the tickixodes scapulariss enlarging its range northwards and will continaedo this
boosting the risk of Lyme disease in these regidmsboth cases, the predicted climatic
conditions might be favourable not only for survibat also for mass development of a new
species to gain pest status.

In summary it is likely, that in the future the nibem of relevant pest species in
vegetable crops will increase mainly due to beliteng conditions and new crop species.
Therefore, adequate plant protection strategies labe adopted.

It is likely that the pest spectrum will change and changing climate as species, which
prefer warmer conditions will become more commompedes that used to annually
immigrate, may find temperatures to overwinter iower Saxony, while Mediterranean
species may migrate to regions further north (EBlal. 2002). For several pest species, data
about their basal developmental temperature and diegelopmental time are available, but
for most of them the upper developmental tempegaisimot known. Therefore this thesis
reflected in the first part the appropriate literat and gathers the available data about the
most important vegetable pests in Lower Saxony.

In the following paragraphs, pest species of cilyemportant vegetable crops (sorted
by vegetable species) are reviewed according tpitheéicted impact of the future climate on
population development and relevance as a pesitiéwal attention is given to the potential

of invasive species in relation to the vegetabtg @pecies.

2.5 Important field vegetable crops, pest species aedigtions for Lower

Saxony

2.5.1 Cabbage

Cabbage is the vegetable crop with most varietie rmost pest species in Lower
Saxony. More than 13 different varieties are grammr83301 ha (16,037 ha total in Germany).
The most important varieties in 2009 were whitebeae (235 ha, 232 635 dt), cauliflower
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and Kohlrabi (532 ha, 161600 dt). In general, ntben 30 pest species of 10 different taxa
(Nematoda; Arthropoda: Diptera, Hemiptera, Lepiéopt Coleoptera, Heteroptera,
Thysanoptera , Hymenoptera) are described for Ld®axony, yet it is likely that climate
change and globalization will increase this numdegn further. Nevertheless, only 6 are of

major importance for growers at the moment:

2511 The cabbage whiteflxleyrodes proletella(Fam. Aleyrodidae, Order
Homoptera)

is a polyphagous phloem sucker with a general prete for Brassicaceae and
Compositae. Since the 1970th the importanc@leyrodes proletellaas a cabbage pest has
increased continuously in Central Europe. Espagcdalling the last ten years, a rapid increase
was observed (van Alebeek 2008). On the one haerd:easons behind this can be attributed
to climatic changes (better development due targégature increase of 1 °C in the last 100
years and more high temperature events), on ther dtand to increased land use, i.e.
cultivation of winter rape as energy plant, andref@e more favourable habitats for
overwintering and mass outbreaks (Richter 2010¥agdhe cabbage whitefly is not a pest in
rape (Richter 2010). The cabbage whitefly has spreross Europe and is invasive in
Taiwan, Australia and Brazil (DeBarro & Carver 1997

Especially in warmer climates with low rainféll proletellais a serious cabbage pest
(Leite et al. 2005). Among vegetabl&sproletellashows distinct preferences and frequently
is a serious pest on curly kale (Richter 2010). taflyi feeding causes leaf yellowing and leaf
drop, but more important are a sooty mould (growamghoneydew excretions) and virus
transmission (i.e. BYNV, Broccoli necrotic yellowrws).

Adult A. proletella(Byrne & Bellows 1991) or L4 (Ilheagwam 1978) ovarigr on
cabbage and other brassicae crops (winter rapgglaas wild plants (Richter 2010). Females
undergo a reproductive diapause, but egg-layiraisis possible during mild winters (Adams
1985). The main egg-laying period lasts from Mageptember and lifetime fecundity ranges
from 40-400 eggs. MosthA. proletellais active in the morning and eggs are placed en th
lower side of the leaf in ring formation. Eggs tatpprox. after 12d and the emerging first
larval instars are mobile and select a suitabldifiegsite. The next three instars (L2-L4) are

sessile and covered by wax (Byrne & Bellows 1991).

17



Review: Impact of climate change on vegetable pssicts-A case study for Lower Saxony,
Germany

Development takes place in general above 8 °Cdbpending on the larval stage is
also possible at lower temperatures (Iheagwam 199gbimal developmental temperatures
range between 28-33 °C (Alonso et al. 2009). Iraljoégg to adult development takes
420 °DD (Alonso et al. 2009).

High temperatures and rain are known factors ta glown development (Leite et al
2006). Currently 4-5 generations can develop inn@ery within one year (Hill 1987). Mass
outbreaks are normally in late summer, when eggltdt development only takes three weeks
(Alonso 2009; Richter 2010).

Control of the cabbage whitefly is difficult, onetHower side of the leaves they are
hardly reached by insecticide residuals. At presé&htinsecticides are approved with 7
different active ingredients (rape oil, green soagnethoat, azadirachtin, thiacloprid,
deltamethrin, pyrethrin, lambda-cyhalothrin). Bubshof these pesticides are only available
for private gardening. For professional agricultarel horticulture only 7 other insecticides
are allowed, with 3 different active ingredientsinge imidacloprid, gamma-cyhalothrin,
lamda-cyhalothrin. It is likely that all neonicotioids are going to be banished by the EU
commission in the foreseeable future (Bundesamt fierbraucherschutz und
Lebensmittelsicherheit). The cabbage whitefly tacted by several different natural enemy
species. Among those, coccinellids (eCgjitostethus arcuatyHarmonia axyridi$, syrphids
(Episyrphus balteatysEupeodes corollaeMelanostona mellinuinand parasitic wasps like
Encarsia tricolor and Encarsia formosanot on cabbage plants) are of major importance
(Mound & Halsey 1978).

Since the cabbage whitefly is adapted to warmenatlkes and able to adapt quickly to
new environmental conditions, it is likely, that time future its pest status will not remain
limited to field vegetables but also encompasscagtiral crops like oilseed rape. Several
analyses in fields found that the amount of whigsflhas increased rapidly in the last years
(van Alebeek 2008; Richter 2010).

2512 The cabbage aphi8revicoryne brassicaédFam. Aphididae, Order
Homoptera)

is a polyphagous phloem sucker and is found on wedgbage crops, but also on other
Brassicaceae host plants. Originally from the Hilaregion, the cabbage aphid shows today
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an almost cosmopolitan distribution. Within the thern hemisphere and especially in
warmer regions, the species is a serious pest 1(€&pR004).

Infested plants show deformations and are not naoke Additionally,B. brassicads
a vector for more than 22 virus species includirapl@ower Mosaic Virus, while aphid
honeydew favours growth of sooty moulds (Palaciad.e€2002; Moreno et al. 2005).

The cabbage aphid does not alternate between laodgs pOverwintering takes place on
cultivated or wild Brassicaceae in the larval stage adult aphid (mild winter conditions,
anholocycle) as well as in the egg stage (hologydlee lower developmental threshold is
4 °C for the first instar and development from ég@dult takes 142.9 °DD from a first instar
to adult (Satar et al. 2005). Population develogmeontinues in April within the
overwintering habitat but colonisation of new cpdants takes place with the development of
winged adults in June. Winged aphids develop edflfellowing a mild winter (Alford et al.
2000). Optimal developmental temperatures rangedst 20-25 °C (Satar et al. 2005). The
number of generations ranges between 6-11 per Aearmmer peak occurs from mid-July to
mid-August, followed by a population crash. In aatua population build-up with a second
peak from mid-September to mid-December can beamtiThe cabbage aphid prefers warm
climates. With dry and hot climatic conditions, ptagion densities increase quickly. In
contrast, low temperature and rain negatively grflce population development (Leite et al.
2006).

Control of the cabbage aphid is predominantly daitb synthetic insecticides. So far,
resistance has not developed, although the numbepproved insecticides and active
ingredients declined over the last years. Today,inrd&cticides with 15 different active
ingredients (e.g. thiacloprid, dimethoat, lamdaatghin, thiamethoxam, imidacloprid) are
allowed (Bundesministerium fur Verbraucherschutzd uhebensmittelsicherheit). The
management strategy includes frequent crop walkefmitoring. Early control is important
sinceB. brassicaas difficult to control in autumn due to mass aetliks and colonisation of
new hosts in the case of crowding (Hughes 1963)urdh enemies include a range of
aphidophagous predators like ladybeetles (eCgccinella septempunctataHarmonia
axyridis), syrphids Episyrphus balteatysor green lacewingsChrysoperla carnea But most
important is the aphid parasitditlaeretiella rapae which is specialised oR. brassicagbut
also parasitizes other aphid species).

Since the cabbage aphid has also adapted to watimatic conditions, it is likely that

the relevance as cabbage pest increases in thre.fitue effect of mild rainy winters on aphid
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mortality is being discussed controversially. Oa tine hand warmer temperatures will allow
the aphids to develop faster and build up big pajputs early in the year, but on the other
hand rainy conditions could be disadvantageousyistp down development and causing

higher mortality.

25.1.3 The diamond back motRlutella xylostella (Fam. Plutellidae, Order
Lepidoptera)

is a polyphagous lepidopteran pest on cabbage, ragish and other Brassicaceae. The
origin is in the Mediterranean area but the distitn today is cosmopolitan. The species still
expands its range northwards. Since the year 2000nibth is also frequently found as far
north as Spitsbergen, where yearly immigrationshvgibutheast wind streams take place
(Coulson et al. 2002). Worldwide, the diamond bauith is an important vegetable pest,
especially in Europe, but also in South and Nonthefica and Asia (Kfir 1998; Shirai 2000).
Damage is mainly caused by loss of leaf surfacto womplete defoliation.

Overwintering takes place in the pupal stage, withsilky cocoon on plant debris. First
adult moths occur in May, to lay their eggs singthin small groups on the upper surface of
the leaf. The lower developmental threshold is &C7and the upper threshold at 39 °C.
Optimal developmental conditions are between 15 8AdC (Shirai 2000). In total,
development from egg to adult needs 268.2 °DD &4, larva 143.2, adult 74.0). Up to 4
generations can develop per year in the UK (Goéhaelt al. 2007). Due to the fact that the
average annual temperature in the UK is 9.7 °Cenihiis 8 °C in Germany, we assume that
Plutella xylostellacan complete 3-4 generations per year in Germapemting on the
conditions of the individual year. In the tropic®. lowland Malaysia, 15 generations can
develop per year (Capinara 2004). Under optimadtitmms the lifecycle is completed in 12-
15 days (Hill 1987). Severe damage occurs mainlyarm, dry summers, when this pest can
develop rapidly. Again in contrast, increased aduittality can be caused by rain (Guilloux
et al. 2003). Studies so far also indicate thateasing CQ levels have a negative impact on
the growth rate oPlutella xylostella(Reddy et al. 2004), while increasing ozone le\edsl
to higher feeding activity (Pinto et al. 2008).

The diamond back moth is resistant to several tiesdes and therefore difficult to
control. Currently no appropriate agents are apgdomm Germany. Natural enemies of the

diamond back moth are of minor relevance, althotlghparasitoid specigSotesia plutella
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and the egg parasitoidrichogramma pretiosumare dominant. Control wittBacillus
thurgeniensistoxin or P. xylostellagranulovirus (PlxyGV) (Subramanian et al. 2010) is
feasible. In the latter case, the optimum threstaldPIxyGV application is at 15 larvae per
ten plants (Subramanian et al. 2010).

Under prospective climatic conditions it is likdlyat the relevance of this species will

also increase in Lower Saxony.

2514 The Cabbage MotMamestra brassica¢dFam. Noctuidae, Order Lepidoptera)

is a polyphagous generalist lepidopteran pest fmmdeveral Brassicaceae species and
other crops, but it prefers cruciferous pest, eglgdale and cabbage (Cartea et al. 2010).
The insect is native in the Palaearctic, especidfiythern Scandinavia and Northern Russia
(Harvey & Gols 2011). It is known to be one of thajor pests in Europe and Asia (Finch &
Thompson 1992) and is the most important cabbageip&pain, leading to damages of 80%
in the area under cultivation (Cartea et al. 2000)s also an important pest species in
Germany (Forster & Hommes 1992) and the Netherlévas Alebeek 2008).

The larvae perforate the leaves and this affeets/#tiue of the cabbage rendering it not
marketable (Cartea et al. 2009). The second geoeyathich lives in August and September,
is the most damaging. They also feed on paprikdettute.

The Cabbage moth overwinters in the pupal stageshén soil and develops at
temperatures over 7 °C (Johansen 1997a). Aftereavjpostion period of four days, the
females start to lay eggs for around 6 days (Refaa. 2001). The egg-laying period takes
places only in the scotophase (Rojas et al. 20Pdak times are in May- June and August-
September and the females lay several eggs omther side of the leaves. The fifth instar is
sensitive to light and hides in the cabbage (Jaani®97 b)Mamestra brassicabas two
generations per year with a summer diapause (Gbtal.e2001). The eggs develop in
approximately 9 days (at 15.5 °C) to the first &mstar. The lower developmental threshold
is 5.4 °C and the upper threshold is not knowrtotal, development from egg to adult takes
660 °DD (egg 75, larvae 496, and pre-pupae 100)afdsen 1997b). But the developmental
time also depends on the cabbage cultivar the daava feeding on (Gols et al. 2008).

The control withBacillus thuringiensigoxin or Bt-plants has not been successful for
this species, because the toxin is merely disedbunto the alimentary canal and does not
reach the hemolymph (Kim et al. 2008). Another pmbkty of biological control is the
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releasing ofTrichogramma evanescemghich decreased the attack Mf brassicaeby 50%
(Krnjajic et al. 1997b). Further approaches to filgly the cabbage moth are the fungi
Paecilomyces fumosoroseasd Nomuraea rileyi These fungi are more effective under
temperatures of 25 °C instead of 20 °C agaMstbrassicae(Maniania & Fargues 1992).
Thus, an increase in temperature can lead to a sum@essful protection against the cabbage

moth and may reduce the impact of this speciesaruture.

2515 The Cabbage WhitRieris rapae (Fam. Pieridae, Order Lepidoptera)

is the most common butterfly species in Europe. gppexies is native to the Palaearctic
and is invasive in North America and Australia. &gdt is distributed worldwide (Scott
1986; Capinera 2000). It feeds on several cruaifenglants, but also on other herbs. It is a
pest species in many cabbage crops. It is oneeafnibst important pests in Germany (Forster
& Hommes 1992) and the most important invasive agblpest in North America (Capinera
2004). The larvae feed on the leaves and contaethatn with their droppings.

The species overwinters as pupae 1-3 m abovees@l bn plants and fences. The egg-
laying takes place in May and the female lays simglgs on the upper side of the leaf.

The lower development threshold is 10 °C and theeuplevelopmental threshold is not
known. The development from egg to adult takes °Td#2 (Gilbert & Raworth 2000). The
growths rates of the larvae are temperature-dem¢rashel reach their peak at temperatures of
35 °C. Above 35°C the growth rates are decliningtetnperatures over 40 °C the mortality is
very high. The optimal temperature for the lan&80.5 °C (Kingsolver 2000).

The reaction of the Small White to temperature geans ambivalent. The abundance
of Small Whites is known to be highest when theviomes and current growing session is
relatively cool and winter precipitation has beaghh(Woods et al. 2008). In the case of
global warming, it is predicted that mainly the d@xtremes, the nights and the winters will
warm. Under warmer nights the larvaeRiéris rapaedevelop faster (Whitney-Johnson et al.
2005). But in the same experiment Whitney-Johndal. €2005) found, that the pupal mass,
which is an indicator for fecundity, is decreaswi¢h increasing night temperatures. But this
effect was overcompensated by the shorter develogantgme.

For Cabbage Whites 15 different insecticides witlac®ive ingredients (thiacloprid,
beta-cyfluthrin, gamma-cyhalothrin, cypermethrie/tdmethrin, alpha-cypermethrin, lamba-
cypermethrin, tau-fluvalinat, esfenvelerat) areradited (Bundesamt fur Verbraucherschutz
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und Lebensmittelsicherheit). But also biocontrokimoels are effective in the reduction of the
Small White. In most cases the parasitoids areabl# to reduce the pest effectively (Parker
& Pinnell 1972; Lundgren et al. 2002). TreatmenithwBacillus thuringiensican reduce the
activity of the Small White significantly (Chen at. 2008). But in combination with the
parasitoidsCotesia rubecola(McDonald et al. 1990) offrichogramma evanescenghe

bacterium can reduce the caterpillars much moext¥kely (Krnjajic” et al. 1997a).

25.1.6 The Cabbage Root Fyelia radicum (Fam. Anthomyiidae, Order Diptera)

is the most important pest on cabbage. It is naiiv&urope and was introduced to
Northern America around 100 years ago (Turnock let1898). The insects feed on
cruciferous plants and cause high damage to cabirags. In Canada it is one of the main
pests in canola and can lead to losses of 20% % @&®riffiths 1991). The insects prefer
turnips and rutabagas (Dreves et al. 2006). Thead¢aof the species feed on the fine roots,
which can lead to wilting or dying especially ofw plants. It also opens the way for
pathogens (Hemachandra et al. 2007) such as bégcPhoma lingamy bacterial soft rot
(Erwinia carotovorg and root rot Fusarium and Rhizoctoinia ssp.)(Griffiths 1986;
McDonald & Sears 1992). As pupae in the soil, thecges hibernate from October until
middle of April. From the middle of April to Mayhe first flies are hatching more or less at
the same time (Johansen & Meadow 2006). Three aftgsthe flight peak they are starting
to lay eggs into the soil next to the stem or it floret of Brussels sprouts. There are three
generations a year with the flying peak in AprilyJlan July and in September. (Landesamt
fur Landwirtschaft Mecklenburg-Vorpommern). One tdencan lay up to 100 eggs. The eggs
hatch within 3-9 days and the larvae will thentstarfeed on the roots. After 2-3 weeks of
feeding the larvae pupate and after 1-2 weeks ¢inegeneration of flies hatch (Dreves et al.
2006).

The lower developmental threshold is 6 °C (ColieFinch 1985) and the insects need
580-600 °DD to complete their life cycle (Aguiaratt 2007; Dreves et al. 2006).

It is assumed, that with an average warming of 3r*@he UK, Delia radicumwould
emerge one month earlier (Collier et al. 1991)North America two different populations of
Delia radicumoccur, one which is early emerging and one laterging. In early summers
the early emerging can complete three generatindglee late emerging 2.5. The last of the
year suffers high mortality. In late summers ithis other way round, with the first population
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completing 2.5 generations followed by 2 laterykar (Hance et al. 2007). In face of climate
change we expect more early summers which would teaa dominance of the early
emerging population. With a temperature increasievefor ten degrees the species would be
able to complete four generations per year. Yetraye day temperatures over 25 °C inhibit
the egg laying and under dry soil conditions, tggsewould die. At temperatures of over
21 °C pupal development stops and starts again whkegetting cold (Collier & Finch 1985).
With climate change, also the conditions for conéfoD. radicumcould change. One
option of biological plant protection is the releasf the entomopathogenic nematode
Steinernema felitaés. felitae.is not very effective at the low temperaturespirggtime, but
can reduce the amount of cabbage maggots consigendten released in the summer (Chen
et al. 2003). The nematodes efficiency could tleeefncrease with rising temperatures and

shifts of the season.

2517 The Cabbage flea beettyllotreta cruciferae(Fam. Chrysomelidae, Order
Coleoptera)

is a species with increasing importance in the jestrs. The insects overwinter as
adults in the soil or in leaf litter (Vig 1998). &y become active in the spring when the daily
temperature exceeds 15 °C (Mihailova et al. 19824 migrate in May, when the soil
temperature exceeds 15 °C (Ulmer 2006), from wilttiderous plants and rape oil fields to
young cabbage crops (Toshova et al. 2009). Thelésnfey their eggs into the soil next to the
fine roots and the larvae feed on the roots. IreJtive young beetles which feed on the leaves
hatch but only cause little damage. The adults aégto their hibernation sites early in
autumn. In Europe, the beetles normally have omemggion per year (Vig 1998). In some
years there is a second period of egg-laying imrant which is mainly observed in Canada
and Massachusetts (Andersen et al. 2006).

The beetles damage the plants due to the adulitnfeen the leaves while the larvae
devour the roots. Especially young plants suffemfrhigh mortality by this two-pronged
assault. Yet, even the mere feeding of the adidtseacan lead to large damages and wilting
of the plants (Toshova et al. 2009). When planésbeyond the seedling stage they are less
vulnerable to the damage (Gavloski & Lamb 2000)pdeglly under dry conditions the
feeding of the beetles can be harmful to the plaRlsa beetles can also cause indirect

damage by transmitting the Turnip yellow mosaiasjrthe Radish mosaic virus and the
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fungus Alternaria brassicicola(Shelton & Hunter 1985; Dillard et al. 1998; Stebét al.
1998; Glits 2000).

The base developmental temperature for these s§iestaround 11 °C and they need
455 °DD to complete their life cycle (Kinoshita at 1979). The upper developmental
temperatures and the optimal temperatures arenvestigated. But it is known, that low
winter temperatures and high summer temperatures hanegative effect on the flea beetles
(Howard 1920; Toshova et al. 2009), while very wamna dry weather has a positive effect
(Hiiesaar et al. 2003). Due to fact that futurensg@s predict warmer summers and winters it

is likely that the importance of the flea beetlah gecrease.

New pest species:

25.1.8 The Cabbage semi-loop&richoplusia nj (Fam. Noctuidae, Order
Lepidoptera)

is a lepidopteran pest, which in Europe is mainbtributed in the South, migrating
from subtropical regions. The species regularlychea several regions in Germany, but it
cannot survive the winter. The Cabbage Looper pesad globally except reaching Australia
(Forster & Wohlfahrt 1971). In North America andtire Southern regions of Europe it is one
of the most important pest species (Capinera 20043. a multivoltine generalist species
(McCloud & Berenbaum 1999).

It overwinters in Southern regions as larvae angaps in spring in a white cocoon.
The adults of the first generation hatch in May auhe, while the adults of the second
generation fly from July till September (ForsteM@hlfahrt 1971).

The base developmental temperature lies aroundC10roba et al. 1973) and the
species needs around 350 °DD to complete its deredat (Butler et al. 1975).

With a warming of the climate it would become pbésifor this species to overwinter
in northern European areas such as Germany anc hefest plants in earlier stages then
today. This would increase its damage potential @mehge its status to an important pest

species in the future.
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2.5.2 Asparagus

Asparagus is the crop with the highest area undiivation dedicated to it in Lower
Saxony (3948 ha in Lower Saxony and 19,634 ha inm@sy). Since asparagus is cultivated
in monoculture on the same field and for severary®n end, it is likely that especially pests
related in their biology close to that crop wilcrease with time. There are three important
pest species in asparagus (invasive species alenooin), two coleopteran species and one

dipteran species:

2521 The Asparagus FlRlatyparea poeciloptera(Fam. Tephritidae, Order Diptera)

is next to the asparagus beetles the most impopsit species in asparagus (Criger
1991). It causes damage in all European countfisslfer et al. 1989). It is distributed in the
whole of Europe except in the Mediterranean (M&a4).

The species overwinters as pupae in the soil oragidiragus plants and in spring the
young adults start to hatch. The hatching candpdb several months (Eckstein 1934). Some
days after hatching, the females lay eggs intcadparagus stems. The main flying period is
from May to June (Otto 2002). One female can layaup0 eggs (Dingler 1934). The larvae
feed on the plant tissue causing damage with théirig holes. After one month they pupate
in the dying asparagus stems (Otto 2002) and sienigest of the year, around ten months, as
pupae (Merz 1994). Their flight activity lasts frowpril until July or August (Otto 2002). The
species is strictly univoltine (Otto 2002).

The asparagus fly is known to damage mainly youlagtmgs (Cruger 1991; Otto
2002). Below temperatures of 15 °C the adults ar@ cold rigor (Koch 2011). There are no
data about the lower and upper developmental teatyper available. The eggs develop after
3-10 days to larvae and the larvae need 17-35 wagievelop to pupae (Nijvelt 1957). Field
studies show that the larvae develop in three tio Weeeks with three ecdyses (Koch 2011). It
is assumed that asparagus flies show a highemflgativity under temperatures over 25 °C
(Dingler 1934).

In the last years, the importance of the asparfiguacreased due to the covering of
fields with foils and earlier harvesting. The inesed temperature under the foils leads to a
faster development and earlier harvesting of tlpa@gus. Thereby, the harvesting time of

the asparagus matches the peak of flight activithhe asparagus fly. The importance of the
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asparagus fly will increase the more growers stelniarvest asparagus early in the year and as

warmer springs will promote the developmenPtdtyparea poeciloptera

2522 The Spotted Asparagus Beefleéoceris duodecimpunctatéFam.

Crysomelidae, Order Coleoptera)

is closely related to the Common Asparagus Bebtlebears a lower damage potential.
He is native to the Palaearctic region and wasduiced to North America at the beginning
of the last century (LeSage et al. 2008). It is seeond most important pest species on
asparagus. The species is monophagous on aspaf@guk et al. 2004). The beetles
hibernate as adults in the soil or under fallevésa The Spotted Asparagus Beetle occurs at
the same time as the Common Asparagus Beetle, ihitaigviposition starts one month later
than its latter cousin (Fink 1913). The eggs nedd T2 days to develop to larvae (LaSage
2008). The larvae then crawl to the berries ofabearagus plants and bore into it (Capinera
2001). After three to four weeks and four larvagss the larvae pupate in the soil (LaSage
2008). Pupation lasts 12-20 days (Fink 1913). Tlheegtwo generations per year with a peak
in July and September (Armand 1949). There may bedata about the temperature
dependence of this species available, yet it apdéaly that they are similar to the Common
Asparagus Beetle (See 2.5.2.3.).

But the damage of the Spotted Asparagus beetle ¢ontrast to the Asparagus Beetle
mainly important for plants which are already wesa by cold stress (LaSage 2008). The
relevance of this species will decrease, sincagisemperatures will reduce cold-stress and

thereby the vulnerability of plants.

25.23 The Asparaqus Beetferioceris asparagi(Fam. Crysomelidae, Order

Coleoptera)

is a specialist on asparagus and native to thee®alac having originated in the
Mediterranean (Fara 2007; LeSage et al. 2008).bBetles are a common pest in Europe and
North America, feeding exclusively on asparaguse @tiults overwinter hidden under stones,
sticks, litter or decomposing asparagus stems @#aldarris 1932). In April or May they
start with the egg-laying and place the eggs utlteiplants’ leaves or stem. After three to
eight days the larvae emerge and feed on the #liag 10 to 14 days until reaching full
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growth (Watts 1912; Capinera 2001). The first gatien appears in June. The individuals of
the second generation that appears in July thentgaliapause until the next spring. There
are two to three generations of beetles per ya#n,flying peaks in June, early July and early
August (Campbell et al. 1989). The damage is cabgdte feeding of larvae and adults alike
(Watts 1912).

The base developmental temperature is 8 °C andghper developmental temperature
is 34 °C (Taylor & Harcourt 1978). The optimal teengture is 32 °C for the first and the
second larval instars and 30 °C for the third andth instars (Taylor & Harcourt 1978).

Due to the fact that the optimal development tempees of the Asparagus Beetle are

very high, it seems probable that the impact «f species increase in the future.

2.5.3 Salad

Salad is the second most important horticulturapan Lower Saxony with an area
under production of 3732 ha. The most importantivans are iceberg lettuce (4700 ha in
Germany), corn salad and mini romana (334 ha) (Méscarift Magazine fur den

Gartenbauprofi 2009). Salad is host to around 20 g@ecies, mainly aphids.

2531 The Lettuce AphidNasonovia ribis-nigri (Fam. Aphididae, Order Hemiptera)

is the most important aphid pest in lettuce (S&esper et al. 2011). It is native to
temperate zones of Europe (Nebreda et al. 2004)dsigained worldwide distribution at this
point (Fagan et al. 2010). The aphids are holocydtheir primary hosts being currants, but
use a wide range of plants, including lettuce, esosdary hosts (Collier et al. 1999). In
temperate regions they are anholocyclic (Lacasal.e2003) and use the secondary hosts
during the whole year (Blackman & Eastop 1984).

The feeding of the aphids lead to leaf distortiod aecondary head rots (Fletcher et al.
2009), and they are an important transmitter oesswiruses such as Necrotiv Yellow Virus
(NYV) or the Lettuce Mosaic Virus (LMV) (Vasicek at. 2002). Normally, they hide in the
lettuce head (Parker et al. 2002). The adult aptngswinter on currant plants and migrate in
spring to the lettuce plants. The females depabsitaffspring next to the terminals of young
leaves and they colonise the wrapping leafs inlektece head (Palumbo 2000). The lower

developmental threshold is 3.6 °C for apterous @gphind 4.1 °C for alate aphids, while the
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developmental time is 125-129 °DD and 143-144 °[@Bpectively (Diaz et al. 2007). The
upper temperature threshold is 35.9 °C for apteesuk 33.6 °C for alate aphids (Diaz et al.
2007). The optimal temperature for population depeient is between 20 and 24 °C (Diaz &
Fereres 2005). The temperature has also an impattatt on the ratio between alate and
apterous insects. At temperatures of 20-28 °C thegrtion of alate is around 40-57%. At
temperatures below 16 °C nearly all of the adules apterous (Diaz & Fereres 2005). The
temperature seems to be the only parameter thiatendes the proportion of alates (Liu
2004a). Up to the year 2007 the control of the @phlvas without any problems, yet, in the
last years a new resistant biotype (rb-type) hasrged (Meyhdofer & Poehling 2013).

Due to the fact, that the Lettuce Aphid faces ahhugprtality under air temperatures
above 30 °C (Diaz et al. 2007) and no nymphs aoelymed under air temperatures above
28 °C (Diaz & Fereres 2005), it is likely that timaportance of this aphid species will

decrease in the future.

253.2 The Potato AphidMacrosiphum euphorbia¢Fam. Aphididae, Order
Hemiptera)

is native to North America but has been introduteeé&urope and Asia (Blackman &
Eastop 1984). The females hibernate on lettucer@erjouses or on weeds (Rothamstead
Research). In May and June they migrate to the pisstts. In Europe they are mainly
anholocyclic and they reproduce parthenogeneticadly that they can build up big
populations in a very short time (Blackman & Easi®84). In North America a sexual phase
on Rosa specoccurs. The species is highly polyphagous, bay threfer plants from the
family Solanaceae.

The insects can spread several viruses, such dstthee mosaic virus, the potato leaf
roll virus (PLRV) or beet yellows virus (BYV). Thiease developmental threshold is lower
than 5 °C (Barlow 1962), and 144.9 °DD are needecbinplete the development (De Conti
et al. 2011). The optimal developmental temperatisrearound 20 °C and the upper
developmental threshold ranges between 25-30 °@aBd.962).

Since the upper developmental threshold is religtiosv with 25 °C it is likely that the

importance of this species will decrease in future.
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2.5.3.3 The Foxglove AphidAulacorthum solani(Fam. Aphididae, Order Homoptera)

is a cosmopolitan species which is native to EurMsesicek et al. 2002; Blackman &
Eastop 1984). Its primary hosts are common foxgl{eitalis purpureg and common
perennial hawkweedHjeracium spp.) (Wave et al. 1965). The anholocyclic trilmésthe
species live the whole year on secondary hostschwhiclude several herbaceous plants
(Jandricic et al. 2010). The salivary secretiontto§ aphid is toxic to several plants and
produces decolouration and deformation of the Ieale high concentration it can lead to
complete defoliation (Sanchez et al. 2007). Ondbthis, the species is an important vector
of viruses (Stoltz et al. 1997).

The basal development threshold is 3.7 °C and th@em developmental threshold
35 °C. 141 °DD are needed to complete the developfnem egg to adult of the aphid. The
optimal temperature for development is at around@8Jandricic et al. 2010).

The impact of this aphid increased in recent yédaadricic et al. 2010) and it is likely

that its importance will increase in the next years

2534 The Green Peach AphMyzus persicaglFam. Aphididae, Order Homoptera)

is one of the most common aphids in Lower Saxorhye $pecies is believed to be
native to Europe, yet today features worldwiderdiation. The aphid is highly polyphagous
to their secondary hosts, but very specializedhenprimary host. The species overwinters in
eggs onPrunus persicdrees and the adults emerge in spring to migratéo secondary
host plants. In the summer months, the speciesdape asexually, which means that females
give birth to nymphs and can build up big populagioln autumn, when the temperatures are
dropping, sexual morphs are formed and eggs atelathe trees again (Blackman & Eastop
1984). In warmer regions they can also be anholmc¢Blackman 1972). High population of
aphids lead to wilting and curling of the leaveke¥ are very efficient in transmitting viruses
(Blackman & Eastop 1984), and are known to transmaite than 100 types.

The base developmental temperature is lower tha@ @Barlow 1962) and it takes
130 °DD to complete development (Whalon & Smilowi&79). The optimal temperature for
development is 25 °C (Barlow 1962), while the updewelopmental threshold is 34.2 °C
(Davis et al. 2006).

30



Review: Impact of climate change on vegetable pssicts-A case study for Lower Saxony,
Germany

It is likely that this species will continue to lome of the most important aphids in
Lower Saxony, because it is highly polyphagous waiitl be able to adapt to other crop

species easily.

25.35 The Lettuce Root Aphi@emphigus bursariugFam. Pemphigidae, Order
Homoptera)

is a gall forming aphid on poplar®dpulus nigra (Miller et al. 2005). The species
features worldwide distribution (Pike et al. 2007he aphids overwinter as eggs, which are
laid on the bark of a poplar. Out of every egg mdke is hatching which is building up a
population in the galls (Miller et al. 2005). Arau60 aphids are living in one leave gall,
which are open most of the time (Pike et al. 200 he alate offspring abandons the galls
from May to September, with peak emergence in Juhg-and colonise the roots of several
plants, e.g. salad (Collier et al. 1994). On seaondhosts they reproduce with
parthenogenesis (Miller et al. 2005). In autumrmther winged generation is produced which
returns to the poplars and gives birth to the sarag (Braendle & Foster 2004). But
anholocyclic tribes which overwinter on the hostteoare also known (Phillips et al. 1999).
The Lettuce Root aphid is one of the few sociali@dgpith soldiers defending the galls. The
soldiers are nymphs which are not morphologicatisfised and are moderately aggressive
(Pike et al. 2007).

The base developmental threshold is at 4 °C. Thedageed on the roots of the lettuce
plants and weaken them by their sucking. At the eraRemphigus bursarius a minor pest
and damages the plants only in cases of drougtgss{Collier et al. 1994).

Although droughts will occur more often in fututee importance of this species will

not increase, because farmers will irrigate thkin{s to avoid crop loss due to droughts.
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2.5.4 Carrots

Carrots are the second most common horticultuig ean Germany (10,504 ha) after

asparagus and also one of the most important ireL&axony (1733 ha).

25.4.1 The Carrot Rust FIsila rosae (Fam. Psilidae, Order Diptera)

is the most important carrot pest in Northern Eer@¢Pirksmeyer et al. 2005). It is
native to Europe but has been introduced to therfa® The insects are mainly living on
Apiaceae and damaging carrots and celery. The tsm$gloernate as pupae in the soil or as
larvae in plant material (Collier et al. 1994). Tadults fly in April and May and the females
lay their eggs into the soil next to the rootshait time. The first larval stage feeds on the fine
roots, where after the second and third larvalestiafiict damage by boring into the carrot
itself. Four to seven weeks after hatching theyapeipAt temperatures above 22-25 °C the
pupae fall into diapause to avoid drying-out. Tomdr developmental threshold is between 2-
4 °C and the development requires around 1140 °Bbcll & Collier 1996). Up into the
1980s, only two generations of carrot flies devetbpm Germany, but since the 1990s, nearly
every year a third generation is completed. Thersggeneration is the most dangerous one.
Feeding on young plants, it makes them wilt andspeiOn older plants the larvae harm the
carrot body and the feeding destroys it, make rmanketable. In dry areas, fewer flies are
found (Schoneveld & Ester 1994) and at soil tempeea above 26 °C, high egg mortality is
observed (Burn 1984). Thus, the relevance of tmeotaust fly is likely to decrease in the

future.

25.4.2 The Turnip MothAgrotis segetumFam. Noctuidae, Order Lepidoptera)

is one of the most important pests in carrots int2¢ Europe (Dirksmeyer et al. 2005).
It is distributed worldwide in temperate as welliasubtropic regions (Svensson et al. 1997).
The larvae of this species overwinter 3-7 cm belosvsoil surface. In April, they ascend to 1-
3 cm below the surface to pupate (Ogaard & Esli®ag). The adults of this first generation
fly from May to July and the females lay their eggsleaves in small groups. The larvae feed
on several plants including crops like potatoetadsand carrots and on coniferous plants.

The larvae pupate in the soil and the second geoeria flying from August till September.
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From the beginning of the century to the 70s thpupation of the turnip moth did rise
steadily, yet in the last years it decreased (EghfeMogens 2005), perhaps due to the wet
June in the last years.

The basal developmental temperature is around 1(B66gers & Weismann 1971) and
depending on the diet around 520 °DD are needecbmaplete the development (Goérnitz
1951). They are a serious pest to several cropsamdead to high damages of up to 30% in
carrots (Zethner 1980). It has been assumed thatshmmers would advance the
development of the species (Esbjerg & Mogens 200%)yeasing its importance under

climate change conditions.

2543 The Carrot Psyllidrrioza apicalis (Fam. Triozidae, Order Hemiptera)

is an important pest species on carrot plants. Phiglid species is distributed over the
whole of Europe, yet more damaging in Northern @whtral Europe (Munyaneza et al.
2010). The species hibernate as adults on commuorcespr on other coniferous plants
(Kristoffersen & Anderbrant 2007). In May, the elgging on the carrot leaves starts. The
eggs are laid on the edges of the leaves one byMesdin et al. 1996). Within around 10
days the little yellow larvae develop (Valterovaatt 1997). The nymphs need around six
weeks to develop to adults, which then migrate dkerduration of two to three days after
exclusion back to their hibernation sites (Valtex@t al. 1997). There is only one generation
of carrot psyllids per year (Laska & Rogl 2008).eTépecies is specialised on carrot plants
and depends on them for reproduction (Kristoffei&einderbrant 2007).

The larvae and especially the adults damage thetspldue to their phloem sucking
(Nissinen et al. 2007) and the excretion of thaliva, which leads to a rippling of the foliage
and the transmission of viruses (Munyaneza et(dl0p

We assume that the meaning of this species wilthahge in future.
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2.5.5 Onions

Onions are grown on approximately 2000 ha in Lo®akony (9691 ha in Germany)

and face three important pest species.

2551 The Onion Maggobelia antiqua (Fam. Anthomyiidae, Order Diptera)

is native to Europe, but today the species is etsomon in North America and Japan
(Otto 2002), and it is the most important oniontpesEurope (Dirksmeyer et al. 2005). The
species is a pest on all bulbous plants due téettaing of the larvae. Damaged by the larvae,
bacteria and fungi can infest the plants (Evertd.et985). The species overwinter with pupae
in the soil. The pupae are diapausing until middday (Otto 2002) and then start to finish
their development. After a feeding period on flomwgrplants, the females lay their eggs in
groups of 5-20 eggs next to the bulbs (Otto 2008k larvae feed on the roots leading to
wilting and dying of the plants. They pupate nexttte bulbs in the soil (Carruthers 1979). If
summer temperatures are above 24 °C the pupae arsummer diapause, regardless of the
photoperiod (Ishikawa et al. 2000). The optimal penature to complete diapause is 16 °C
(Ishikawa et al. 2000).

The lower developmental threshold is 4 °C and @D ‘are needed to complete the
life-cycle (Lui & McEwan 1982). For the developmaitthe eggs around 60 °DD are needed
and for the larvae around 260 °DD. In Europe onéoto generations per year have been
observed (Otto 2002), with one generation in NonfRygg 1960) and up to four generations
in Austria and Turkey (Keyder & Atak 1972).

Nomura & Ishikawa (2001) found that non-diapausipgpae cannot survive
temperatures above 35 °C for more than 6 dayselfhieat lasts shortly, only some hours,
they can recover. To prevent young onion plantsffeeding, seeds are incrustated (Otto
2002). Heat waves, which are harmful to the pupidleoacur more often in the next decades
(Hartmann et al. 2013). Therefore it is likely thhe importance of this species will lose

importance in the future.
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255.2 The Leek MothAcrolepiopsis assectelldFam. Yponomeutidae, Order
Lepidoptera)

is native to Europe and Asia and is distributedaasast as Japan. The butterflies are
being introduced to other parts of the world foample Canada right now (Handfield 1997).
The insects feed on cultivated Allium plants, esgbcon leek and onions (Mason et al.
2011). The feeding of the larvae weakens the plantsdue to feeding holes the plants are
not marketable (Mason et al. 2011). They overwiateadults under leaf debris and emerge in
April when the temperature is above 9.5 °C (Garlafn@2). In May, the females lay their
eggs in the leaves’ axils. The larvae feed on thenyg leaves, undergo five larval stages and
then pupate in cocoons on the plant surface drarsoil. In Europe two to four (in Italy even
six) generations of the leek moth can be obserezd/@ar (Asman 2001). Mainly in hot and
dry summers, they can cause big damages on onigs.cfhe base developmental threshold
is 7 °C and full development requires around 44B°Ohe developmental time differs
regarding to region (450 °DD in France and 630 °DDSweden) (Mason et al. 2011). It
appears likely, that the developmental time in Low®axony will be between the data of
France and Sweden, with an average of around 5RO This species poses a problem for
Integrated Pest Management. Due to their hiddenitifthe onion leaves, they are hard to
reach for pesticides as well as for natural enentre&urope, the leek moth leads to minor
damage compared to the other two pest spetiaspé tabacj Delia antiqug. But due to the
fact that it causes major damage under dry anadmditions, this species can become more

important in the future.

2.5.5.3 The Onion Thripshrips tabaci (Fam. Thripidae, Order Thysanoptera)

is an important pest species in onion crops. Thamespolyphagous sucking insects and
distributed worldwide. Their origin is believed be in the eastern Mediterranean (Mound
1997). Damage is inflicted on several cultivatenpsr, especially on onions and cabbage. Due
to the sucking on the host plants’ cell tissue, glants cannot photosynthesize adequately.
Thrips can also transmit viruses like TSWV (Morge#t al. 2008) or the much more
dangerous lIris yellow spot virus (IYSV).

The adults of the species hibernate in the sahion fields or next to them (Larentzaki
et al. 2007). They start to become active from Makpril until October/November, with an

activity peak in June-July (Bergant et al. 2005he@emale can lay up to 260 eggs (Murai
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2000). Thrips sp can reproduce sexually and asexually. Mated fesnéy eggs which
develop to males and females while unmated fenmalegsggs that develop to females (van
Rijn et al. 1995). Due to this, one female alone loaild up big populations (Diaz-Montano et
al. 2011).

The lower developmental threshold is 6 °C and ffexi®s needs 260 °DD to complete
their life cycle (Stacey & Fellows 2002; Bergantet2006). Other authors investigate a basal
threshold of 10 °C and a developmental time of Z3R (Murai 2000). The optimal
temperature for development lies at around 25 °@Qréi12000). Temperatures above 30 °C
can cause high egg mortality (Murai & Toda 2002).

Under a changing climat@&hrips tabacicould become more important. Hotter summers
are already followed by a bigger populationTotabaciand warmer winters would lead to an
early emerging of the species in spring (Bergaral.e2005). Heavy rain (daily above 1.8 cm
or more (Liu 2004b)) can inhibit the developmenttofps (Leite et al. 2006) and it can wash
the insects off the plants (North & Shelton 1988)t the positive effects of the temperature
will predominate the effects of the rain.

Tab. 1: Cardinal values of important field vegetabé pest species.

Crop Pest Order | Lower Upper Develop- | References
species develop- develop- | ment
mental mental time
threshold | threshold | (degree
) C) days)
Aleyrodes Alonso et
Cabbage oroletella Hom. 6.88/ 10.4 >33 420 al. 2009
Brevicoryne " Satar et al.
brassicae Hom. 4 ' 142.9 2005
Plutella Liu et al.
xylostella Lep. 7.4 39 268.2 2002
Mamestra Johansen e
brassicae Lep. ! 660 al. 1997 b
Gilbert &
Pieris rapae | Lep. 10 ? 184 Raworth
2000
Aguiar et
DeI_|a Dipt. 6.1 5 580-600 | al. 2007;
radicum Dreves et
al. 2006
Phyllotreta 5 Kinoshita et
spp. 11 ' 455 al. 1979
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Toba et al.
T.rlchoplusna Lep. 10.9 o 342 7 1973,
ni Butler et al.
1975
Platyparea .
Asparagus noeciloptera Dipt. ? ? ?
Crioceri
duodecimpun| Col. ? ? ?
ctata
Crioceris Taylor &
asparagi Col. 8 34 317 Harcourt
1978
Nasonovia 129/143- | Diaz et al.
Salad ribis-nigri Hom. 3.6/4 35.9/33.6 144 2007
Macrosiphon Barlow
euphorbiae Hom. 5 >30 144.9 1962
Aulacorthum Jandricic et
solani Hom. 3.7 35 141 al. 2010
Barlow
Myzus 1962,
) Hom. 5 34.2 130 Whalon &
persicae N
Smilowitz
1979
Pemphigus Collier et
bursarius Hom. 44 ? ? al. 1994
Finch &
Carrot Psila rosae | Dipt. 2-4 ? 1140 Collier
1996
Gornitz
Agrotis 1951;
Lep. 11 ? 520 Bongers &
segetum .
Weismann
1971
Trl_oza_ Hem. ? ? ?
apicalis
Lui &
Onion Delia antiqua| Dipt. 4.4 ? 643 McEwan
1982
Acrolepiopsis Mason et
assectella Lep. ! ? 445 al. 2010
Thrips tabaci | Thys. 10 ? 232 Murai 200
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2.5.6 Natural enemies

2.5.6.1 Ladybeetles (Fam. Coccinellidae, Order Coleoptera)

are distributed worldwide. Most species of the lzebtles feed on aphids and mealy
bugs. The number of consumed aphids varies. Theadaof aHarmonia axyridiscan
consume around 300 per day (Hukusima & Kamei 19%8greas the adults éfippodamia
convergensconsumes 25-170 aphids per day (Dreistadt & Flig®6). Most of these
beneficial species are distributed throughout thietrepic and tropic regions, while in the
temperate regions only few lady beetle speciesoamed (Klausnitzer & Klausnitzer 1997).

The species overwinter as adults in big groups faach the end of April to the
beginning of May, the females start to lay (up Q@) eggs (Stathas et al. 2001). After five to
eight days, the larvae hatch and then need an8théo 60 days and four instars to pupate
(Obrycki & Tauber 1981). Normally two generatiome éormed in Lower Saxony per year.

For most of the species in the region, the baseldpmental temperature is around
10 °C and 250 °DD are needed to complete the dpwetat (Honek & Kocourek 1988; Xia
et al. 1999). It has been observed, that coccidsellire more successful in hot summers

(Skirvin et al. 1997) so that it is likely that thefficiency will increase in the future.

2.5.6.2 Hoverflies (Fam. Syrphidae, Order Diptera)

are a family with 6000 species from which 1800 farend in the Palaearctic. They are
important natural enemies to herbivores since dmeak can devour up to 100 aphids a day.
The overwintering is species-specific. Some specieswinter as larvae while others like
Episyrphus balteatuslo so as adult females. For winter survival, thecgsE. balteatus
shows two strategies: Some females overwinter apalise while adults also immigrate in
spring from warmer regions to Lower Saxony (Hondeim & Poehling 2007). The females
lay their eggs next to the food resource for theehiag larvae. After 8-14 days the larvae
pupate and after a further 8-10 days they deva@ulults.

One of the most important natural enemies of thgpl8g family in Lower Saxony is
Episyrphus balteatuHondelmann & Poehling 2007). This species is ifisted in Europe,
Asia and Australia (Hondelmann & Poehling 2007).eThase temperature for the
development of this species is around 4 °C (Dixd03) and 260 °DD are needed to complete
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the development (Hart et al. 1997). Syrphid larvae;ontrast to cocconellids, are not very
resistant to drought and depend on moist enviromsnim development. Therefore, today’s
abundance of syrphids might wane in the futuregesnwarmer summers with more drought

periods are to be expected (Hartmann et al. 2013).

2.5.6.3 Parasitoids (Fam. Chalcidoidea, Order Hymenoptera)

designate several species. Some parasitize sévastd while others are specialised on
a single host species. In Europe, around 2000 epetithis superfamily are to be found. Of
these parasitic wasps, two groups with differenrapigation strategies are known:
Ectoparasitoids, lay their eggs next to their hostsle endoparasitoids lay their eggs into the
host itself. Most endoparasitoids are koinoboimsich means that their host develops further
after parasitation and thereby allows it to reacHistinct size to guarantee enough host
biomass for the parasitoid. Many of the ectopavadst are idiobionts which normally
paralyze their hosts and stop the hosts’ developr{@@uicke 1997), often the size of the
victims is much bigger than the parasitoid. Mosttted commercially used parasitoids are
endoparasitoids. They overwinter inside the munedifhost and in late spring the adults
hatch. The females are laying their eggs into blethosts and the larvae develop and pupate
there. Normally, they kill their host before pupati The basal developmental temperatures
and the developmental time are depending on thaespé.gEncarsia formosd?2.7 °C and
189 °DD orDiaeretiella rapae3.56 °C and 292 °DD). The developmental time alspends
on the size of the hosts, with a faster developrrelarger hosts (Rice & Allen 2009) and the

host species (Sengonca et al. 2001).

2.6 Adaptation strategies in plant protection/ Are ddapn strategies

necessary and how can they look like?

It is necessary for agricultural and horticultupgbduction systems to adjust to the
expected climate change. This can be achieved by:
= forecast models which not only focus on first appeaes of pests
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a better understanding of source-sink relationsimpthe field, the ratio of natural
areas and cultivated land

= advanced decision support models

= further selection of resistant crops/varieties

= advanced crop rotation schemes

= forceful use of integrated plant protection straeg

= areliable integration of conservation biologicahtrol strategies

= automated monitoring tools

= on farm land-use management

= development of new advanced strategies

= reliable but sustainable intervention

Climate change will proceed slowly and developmeinhew insecticides will keep
pace. Yet, in the case of an "explosion" of pesicEs, the intensity of the application of
pesticides might become important. To avoid resc#a of pest species, damage of the
environment and residues of insecticides in fobd,use of insecticides should be minimized
while alternative strategies will have to be inided and improved. Molecular and
biotechnological developments may be available ltsec some of the gaps in the future.
Experiments are being made with the release of nraects, as for examplEpisimus
unguiculus which are sterilised with gamma radiation to tmeplace fertile individuals in
nature and thereby reduce the population (Moeal.2009).

It is expected that winters will warm, which wilffectively prolong the vegetation
periods, but since also insects can arrive earlgenyear, the plants may be harmed in a much
more vulnerable stadium, if plants are seeded atsime time as today. The prolonged
vegetation period will change the cultivation cyeled provide longer food availability for
pests. This will allow them to produce more generat and build up bigger populations.
Therefore, it is necessary to control the planttyan the year, to then use plant protection
and if necessary to prepone sowing to avoid heggatgolant vulnerability. Due to the higher
probability of summer droughts more irrigation meded (D6ll 2002; Olesen & Bindi 2002).
To avoid water stress is to avoid raised vulneitatib pests. Hence it is important to develop
new water-saving irrigation systems and to try teeld plants which can handle the new
climate (Karpenstein-Machan & von Buttlar 2012)isltalso necessary to breed plants which

grow better under warmer temperatures and whictheadle a changed pest spectrum.
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For the plant protection it is necessary to tryfital new ways of integrated pest
management. Pests may become resistant againsigessdue to the short generation time
and their increased rate of mutations and the tfaadt by the application of pesticides, the
resistant individuals of the population survive. this context, the increasing interest of
consumers to acquire foodstuffs produced withostipiees has to be taken into account. It is
therefore necessary to combine natural enemies eattventional strategies, for example
releasingEncarsia tricolor under foil tubes to defeat the cabbage whiteflgh(z et al.
2010). Another important factor might become thenpotion of natural enemies via flower

strips or landscape items such as hedges (Ludwigghofer 2012).

2.7 Is the available information sufficient to makeglictions for pest

outbreaks in future a propose adaptation stratedsed for research)

It is not known, how most of the pest species réaatxtremes like short-time heat
waves and heavy rain. In most experiments onlyrithieence of high temperatures, still in the
range of developmental thresholds or singular beahts where tested. But the influence of
slowly increasing repeated heat events hasn't bested so far. Also the research on the
impact of rain generally leaves a lot to be desiexpecially the influence of heavy rains.
Therefore, it is necessary, to study the influenicein on the mortality and the development
of selected pest species. Another predicted chentipe increase of droughts in summer and
autumn. It is not clear how pests and their nateramies will react under these conditions
and it is necessary to study this. Experiments weneducted to study the influence of
repeated heat waves, heavy rain, drought stressnalad winters on the mortality and

population development @fleyrodes proletella
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3 Influence of repeated short-time heat waves oAleyrodes

proletella

3.1 Abstract

The climate changes which have become appareheitast hundred years are likely to
continue into the new century. Worldwide temperesuwill increase as the precipitation
regime changes. Very likely, extreme events sucheasy rains and dry spells will increase
in occurrence and intensity. Temperature in padichas an enormous effect on insects: It
will boost development if meeting the species’ wmati requirements, but can also stunt
development and cause high mortality if criticahperatures are reached. Up to know mainly
regimes with sudden exposure to peak temperatumes heen tested, but under this heat
shocks, the temperature is increasing very fastitaischot clear, if the mortality is a result of
the detrimental effect of lethal heat or the fasthperature change and missing adaptation
time. Furthermore, only one heat event had bedadet nature however slow temperature
increases and decreases over daytime and multielessevents can be expected. Therefore,
the experiment features a model with slightly iasieg and decreasing temperatures and
additional high peak temperatures. Under theseitiond, the mortality and the development
of whiteflies, both in Petri dishes and on plamtere studied. Moreover, repeated heat cycles
simulated daily heat waves, which might occur irweo Saxony, to evaluate whether the
animals could adapt to the repeated heat. Ourtgsesith whiteflies in Petri dishes show that
they are extremely robust to one heat wave of ésdrours and 42 °C, but that with an
increasing number of heat cycles the mortalitynsreasing. Ninety percent of the adult
females died after three heat cycles with peak &atpres of 38 °C and warmer temperatures
and after four cycles all females were dead. Thiesnaere even more vulnerable to heat and
suffered a mortality of over 90% after just two legc Even after one heat cycle of 38 °C the
egg-laying decreased dramatically, while tempeestaf 30 and 34 °C had no negative effect
on egg-laying. When repeated on leaves, the resudte quite different. The heat waves,
even five cycles with peak temperatures of 38 “&] ho influence on the mortality of both
females and males. There was also no measurakdéiveegffect on egg-laying or the

mortality of eggs and the development of larvaee Tevelopmental time of eggs even
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decreased with increasing temperature. It can beleded, that the whitefly population will
not suffer from short time heat waves whereas w&mperatures will even accelerate

population development.
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3.2 Introduction

At the rate climate has changed in the last centitirig likely that the climate will
continue to evolve in the coming decades. Due tmdrimpact, C® levels have risen,
followed by an increase in temperature (Hartmanale2013). In Germany, temperatures
increased about 0.9 °C in the last hundred yeatsad been predicted that the temperature
will further rise in the next years, that precigita will change and that extreme weather
events such as heavy rains, droughts and heatdpewdl occur more frequently. This
temperature increase will likely manifest in coldather extremes, leading to warmer winters
and warmer nights, therefore decreasing temperditferences of day and night and finally
influence insects (Stamp & Osier 1997). Temperatune likely to rise around 2 °C (0.3-
4.8 °C) until the year 2100. And it has been asslntieat heat waves will occur more
frequent and with higher peak temperatures (Harmeral. 2013). As an example, 2003 had
a summer with extremely high temperatures of upt@ °C in Karlsruhe, Freiburg and other
German cities. In Lower Saxony, the temperaturexhed 38 °C in Hanover (German
Weather Service). Swiss scientists assume thhaeatrid of the century every second summer
will be as hot as the summer of 2003 (ProClim 2006 number of days with temperatures
over 30 °C will increase by 5-10 days in Northerer@any in the years 2021-2050 and by
10-15 days from 2071- 2100. In Southern Germany ti# even increase by 30-35 days per
year (Becker et al. 2012).

Therefore, the effects of high temperatures omtbetality and the development of the
cabbage whitefly as a model species was studiefbriner studies, mainly the effects of
constant temperatures or of singular high tempegatwere investigated, while the effect of
short-time high temperatures had only been testegiy few studies. In those experiments it
was not clear, if the mortality had been causethbyhigh peak temperature or by the sudden
temperature increase. Therefore climate data ofdro8axony were analysed studying the
occurrence of high temperatures in Lower Saxony expgkriments were investigated testing
the influence of repeated, slowly increasing, stiore heat waves on the development of
Aleyrodes proletella

The life cycle of most insects is regulated by tempure (Yurk & Powell 2009).

Normally insects respond to increased temperatwitts accelerated development, because
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their physiological processes are strictly tempegat regulated. Under increasing
temperatures the developmental time will decreaski@sects with short generation periods
such as whiteflies or aphids will be able to havarengenerations per season and build up
bigger populations (Williams et al. 2000; Tobinagt 2008). For example, Harrington et al.
(2007) assumed that aphids in the UK would be #&dblbave five more generations at an
average warming of 1 °C. Beside the direct infleermn mortality and development, an
increase in temperature can also have indirecttsfidue to changes in host plant physiology,
such as an altered C/N ratio could naturally infleeethe nutritional situation of herbivorous
insects. Aphids for example produce more apterdispring under high temperatures, is the
latter being more fecund and able to build up hgbpulations (Bale et al. 2002).
Furthermore, higher temperatures lead to an eatisgrersal of alate aphids, so that they can
reach host plants in a more vulnerable stage (htgton et al. 2007). As a consequence they
can build up earlier in the year colonies on themer hosts leading to bigger populations.
Some insects like the crickédryllus texensisreproduce better under high temperatures
(Adamo & Lovett 2011). While herbivores would ptofis indicated, so would beneficials.
The Lady beetleCoccinella septempunctates more successful controlling wheat aphids
(Sitobion avengeunder warm temperatures (Cannon 1998). Also theagitism rate of
Brevicoryne brassicad€Belder et al. 2007) and the parasitoid ratePidéres rapaeand
Mamestra brassicaeaterpillars byMicroplitis mediator Cotesia rubeculaand Diadegma
semiclausunms higher (Pfiffner et al. 2006).

Yet, very high temperatures can also have negaffeets on insects (Rosenzweig et al.
2001). At temperatures above 40 °C, the mortalitinsects will increase (Tobin et al. 2008)
and the egg stages especially will suffer from ghlr mortality (Murai 2000). Under those
extreme temperatures, the fecundity is reduced,(Nbaai 2000). An increase in the night
temperatures has also negative effects on seveatts. Stamp & Osier (1997) found the
developmental rate and biomass of the generalistgibar Spodoptera exiguto decrease at
elevated night temperatures.

Our model organismileyrodes proletellehas spread extensively in the last ten years
and has become one of the most important cabbagis pe Lower Saxony (van Alebeek
2008). The population increase seems to correléte thve temperature increase. Therefore,
this species’ reaction to temperature extremes$) sotlden heat shocks and slowly increasing
temperatures will be examined. The upper tempeaxdhueshold for this species is not known

and we wanted to evaluate the mortality and pomratlevelopment to evolve forecast
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models for the grower. For this reason the infleeat sudden heat events on the parasitoid
Encarsia tricolorwill be studied as welE. tricolor is a parasitic wasp which occurs naturally
in Central Europe and its population might alsaridkienced by the climate change. Up to
now the thermal development thresholds for thisciggeare not known. Apparently, the
parasitoid is not able to control the whitefliesLiower Saxony successfully over the whole
year. While it is most successful in September @uatbber, it might become relevant for

year-round integrated plant protection under a ghdrclimate.

3.2.1 The cabbage whiteflyAleyrodes proletella (Fam. Aleyrodidae, Order Homoptera

is a serious pest in cabbage and has spread esdbnsi the last 30-40 years. In the
1970ies the cabbage whitefly was merely observesome household gardens. Since this
time the population has increased and, especialtiie last ten years, has spread throughout
Europe (van Alebeek 2008). Reasons for this inereaight be global warming and also the
cultivation of rape oil which, as a habitat for owetering, might intensify the problem
(Richter 2010).

Especially in warmer climates with low rainféll proletellais a serious cabbage pest
(Leite et al. 2005). The lower developmental thoddhs 8 °C, but depending on the larval
stage, development is also possible under lowepdeatures. The development from egg to
adult requires 420 °DD and the optimal temperatfweshe development rank between 28-
33 °C. But very high temperatures can slow downdielopment and cause a high mortality
(Leite et al 2006). (See also chapter 2.5.1.1)

3.2.2 The parasitoid Encarsiatricolor (Fam. Aphelinidae, Order Hymenoptera)

Encarsia tricolor Foerster (1878) is an autoparasitoid that occurs1® different
whitefly species over Europe and Russia. Their lspsicies includéileyrodes proletella
(Butler 1936, Gomez-Menor, 1943)Jeurotrachelus jelineki(Laudonia & Viggiani 1984),
and Trialeurodes vaporariorun{Albajes et al. 1980; Arzone 1976). The femaleasarily
develop as endoparasitoids, the males as hypenjatasof several species (Williams 1995)
e.g. E. formosa(Arzone 1976, Huang et al. 2009) Br inaron (Williams 1989), including
their own. The longevity of the females is highwart the males’, due to the bigger body size

of the females (19.9 + 0.62 days for females andB 18 0.66 for males) and faster
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development of the males (Williams 1995). Imago&ntarsia tricoloringest water, honey
dew and body fluid of the hosts (Stiben 1949). Téwy consume hemolymph of a particular
host, by piercing it with the ovipositor withoutylag eggs. This host-feeding is increasing the
mortality of the host (Williams 1995). The femalksy about 7.3 (x0.27) eggs per day
summing up to a lifetime fecundity of 85.4 (+13.8&®gs per female (Williams 1995). The
number of eggs laid per day depends on the temperatvith a peak at 28 °C allowing a life
time fecundity of 123 eggs per female (Artiguesakt1992). At higher temperatures it
decreased considerably (Artigues et al. 1992). iyuegg-laying, the host is paralyzed by a
toxin which is inserted along with the egg (Stili®49). When acting as hyperparasitoids the
females can distinguish between hosts parasitizethéir own species and by a foreign
species and will prefer foreign species as hosthyperparasitism and the development of
males. (Williams 1989; Avilla et al. 1991). If thests are abundant the females will lay their
eggs on primary hosts and avoid hyperparasitism ¥auld lead to a female-biased
population (Avilla et al. 1991). The larvae overt@nin their hosts and hatch in late spring as
adults. The females are laying their eggs intcablgt hosts and the larvae develop in the host
larvae and pupate there, killing the host duringettgoment. The developmental temperature
range, as well as the developmental time are nawhknfor Encarsia tricolor. Other
parasitoids, like the close relaticarsia formosdave a basal developmental temperature
of 12.7 °C and a developmental time of 189 °DD, levBiaeretiella rapae,which exists in
the same region needs 3.56 °C and 292 °DD. Thelamwvental time also depends on the
host species (Sengonca et al. 2001), as well abesize of the hosts, since they develop
faster in larger specimen (Rice & Allen 200Bncarsia formosaa close relative t&ncarsia
tricolor, prefers the third and the fourth larval instahast (Fransen & Montfort 1987). Due
to this, we will assume thd&ncarsia tricoloralso prefers the later larval instars, although
males and females can develop in all larval ingféfdliams 1995). Older host have several
advantages: They reduce the danger of hyperparaséand serve as better source of forage
due to their bigger size. Even more important ésftt that the developmental time decreases
with later host larval instars. On larvae of thstfinstar the wasps need 22.3 days to complete
their development, while they need just 18 dayd 8arvae (Avilla & Copland 1987). The
females that emerge from L1-larvae and L3-larvaebagger than females hatching from L4-
larvae or pupae (Avilla & Copland 1987). The tengperes for development of females range
between 14-32 °C and between 16-28 °C for maledl§A& Copland 1988). Next to the host

size, the developmental time depends on temperafdreemperatures of 14 °C the insects
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need 51.1 days to complete their development an8 ddys at 28 °C (Avilla & Copland
1988). Males develop faster with a developing twhé&1.8 days at 28 °C (Avilla & Copland
1988). The lethal temperature for pupae is 34 °Qillgh & Copland 1988). The optimal
development temperature is 20-22 °C (Katz, unphbbt}.

3.3 Material and Methods

3.3.1 Frequency of heat waves in Lower Saxony

To evaluate how often heat waves occur in LoweroSgxand how long they last,
climate data from the DWD (German Weather Servigay analyzed and the results were
used to model the heat cycles in the climate chasnbe

Temperatures above 30 °C occurred about forty timése years from 1996- 2010 and
lasted up to twelve days. Temperatures above 3asted up to nine, temperatures above
34 °C up to five days and temperatures above 36p°® four days. But the events with high
temperatures above 36 °C lasting for several dagsroed only once in ten years (Data from
1996-2010Fig. 2)
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Fig. 2: Frequency of heat waves from 1996-2010 inower Saxony. Different weather stations in Lower

Saxony were analyzed for the occurrence of tempenates above 30 °C.

3.3.2 Experiment

The results from the weather stations created &lgrof heat waves that the actual
experiment on insects shall be modelled to. Thhs, éxperimental simulation will be
consistent with environmental conditions.

The cabbage whiteflies for the experiments werertdkom the rearing of the Institute
of Plant Disease and Plant Protection in Hanovenstifut fir Gartenbauliche
Produktionssystme Abt. Phytomedizin, friher Institélr Pflanzenkrankheiten und
Pflanzenschutz). The insects were reared on Brusggbuts at temperatures of 21 °C and
light conditions of 18/6 (light/darkness). The #&tamlture was maintained isolated for five
years, but approximately every six months individuaom the fields close to the institute

were introduced to avoid inbreeding effects.
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The Encarsia tricolorfor this experiment were taken from the rearinghef Institute of
Plant Disease and Plant Protection as well. Thasgards were reared on whiteflies on
Brussels sprout under temperatures of 24 °C arnd tignditions of 18/6 (light/ darkness).
The culture was held isolated since one year aadstart population was provided by Katz
Biotech AG.

The first experiments (Experiment No. 1) shall stgate the upper developmental
temperature and the influence of very high tempeest Therefore, five 3 days old,
synchronised whiteflies (males and females werars¢gd with a brush after visual checking
with a binocular microscope) on well-watered Brissprout leaves in Petri dishes were
exposed for either four, six or eight hours to ¢hdeferent temperatures (36, 39 and 42 °C).
12 replicates per treatment were run. Immediatigr she heat exposure the dead individuals
were counted and the survivors were observedYerdays to study delayed mortality and the
fecundity after the heat shock. All experimentsktptace in control environments of climate
cabinets (Votsch - BioLine Prifschrank, Modell VIBOD Vario).

In the second experiment (Experiment No. 2) spetdmperature profiles with a base
temperature of 20 °C were used. The temperatureased over a time period of 7.5 hours to
the peak temperature (30, 34, 38, 40, 42 °C). Tdek gemperature lasted for three hours.
After this time the temperature decreased 7.5 hioack to the base temperature. The increase
of the temperature started with the onset of tgbtlperiod. We used long-day conditions
(18L/6D) and a humidity of 60%. One run of this gmam was one heat cycleig. 3).

In the first part of this second experiment (Expemt No. 2.1) we exposed the adults,
separated as males (n =5) and females (n = 5)etlnvatered leaves in air conditioned Petri
dishes to the heat and checked the mortality imatelyi after the exposure. Then the egg-
laying per female was determined three days afteretxposure. The impact on the insects
was checked after one, two, three and four dayseat-cycles. Nine replicates per treatment
were used.

In the second part of this experiment (Experiment A2) five adults (divided by males
and females separated as in the first experimant)ip-cages on plants were exposed to the
heat (30, 34, 38 °C). After every cycle, the matyadnd rate of egg-laying were checked. In
this part of the experiment, also eggs and larvarewexposed to the heat and their mortality
and developmental time were measured. Ten diffgptarits with clip-cages were used as
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replicates. The impact on the insects was checkied ane, three and five days of heat-

cycles.
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Fig. 3: Example of daily temperature profile of theheat cycles. The temperature increased slowly ovar
time period for 7.5 hours, then a peak temperaturdasted for three hours and afterwards th

temperature decreased for 7.5 hours. These cycleew repeated one, three or five times.

3.3.3 Statistical analysis

The data was visually checked for normality of desis, creating histograms and box
plots, and if necessary transformed and pooledhi®rreplicates. The percentage data for the
mortality of the males, females and larvae undetvaen sine square root transformation, the
counting data for eggs square root transformagspectively.

Main emphasis of the experiment was put on theioglships between mortality and
temperature and number of heat cycles. To that #nedeffects of the heat cycles and the
temperature on the insects were tested with an ANOWe influence of sex was also tested
to see if there would be important differences. AMG that yielded significant results were

followed by a post-hoc-test (Tukey's Test). IMB SPI® was used for all statistical analyses.
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3.4 Results

3.4.1 Mortality of adults in the Petri dishes with singleheat shocks (Experiment No. 1)

The temperature had a highly significant effectttom direct mortality (E220= 174.28;
p <0.001,Fig. 4). and the delayed mortality after one $kp= 283.922; p < 0.001) and two
days (k220=54.30; p <0.001). With increasing temperatune tirect and the delayed
mortality increased. It also had a significant efffen the egg-laying gh20= 4.35; p = 0.017).
With increasing temperature the amount of eggsedsed. And it had a significant influence
on the development of the eggs {fo=3.79; p = 0.027Fig. 5).

The duration of applied heat had also a significefiéct. As expected the direct
(Fs220=42.91; p <0.001Fig. 4 and the delayed mortality after one day = 86.70;
p < 0.001) increased with increasing number of heats. Under all heat exposure times, the
delayed mortality after two dayssy(f20= 64.28; p < 0.001) was significantly high, yettims
regard, the different exposure times bore no dcpmt difference. The number of eggs
decreased with an increasing time of heat expoftyen= 13.95; p <0.001), while the
development changed marginal significantly with thember of heat hours {bo= 2.46;
p = 0.069;Fig. 5). With increasing exposure time the number of Inadidarvae decreased.
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Fig. 4: Mortality at different temperatures and exposure times, comparing male and female whiteflies

(Aleyrodes proletella) and the parasitoid Encarsia tricolor (A) mortality at 36 °C (B) mortality at

39 °C (C) mortality at 42 °C. n = 12 for each experiment and treatment. Differentcharacters

representing significanes ¢ < 0.05).

The sex had a marginal significant effect on théaykd mortality after one day

(F1220=2.91; p =0.089). Though there was also a bifgrédince on the direct mortality of
males and females but this difference was not fogmt (F 220=2.11; p = 0.15). Overall,

males were more vulnerable to heat and sufferagreehmortality Fig. 4).

The interaction between the factors temperature mmaiber of heat hours had a

significant effect on the direct {k»o= 26.810 p < 0.001) as well as on the delayed atityrt
(Fs.220=29.07; p <0.001; d720=9.27; p<0.001; one day delayed, two days @elay
respectively). Furthermore, it bore a marginal gigant effect on the development of the
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eggs (k220=2.08; p=0.069). Yet, this interaction had nopact on the egg-laying
(Fe,220= 1.06; p = 0.39).

The interaction between temperature and sex onother hand had no significant
effects, merely displaying a marginal significantpact on direct mortality ¢h20= 2.66;
p = 0.073) and delayed mortality after two days,ff= 2.63; p = 0.074).
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Fig. 5: Impact of exposure time on the hatching rat of cabbage whitefly Aleyrodes proletella) eggs.
Eggs were exposed to the different heat treatmenis climate chambers and successful hatchir

evaluated in the following five days. n = 12 for ezh experiment and treatment.
The interaction between number of heat hours ardad a significant effect on direct

mortality (Fs220= 4.48; p = 0.005). It had no significant effeataelayed mortality.

The combination of all three factors (temperatwggposure time and sex) had a

significant effect on direct mortality {fz.0= 2.38; p = 0.031). It had no significant effeots
delayed mortality and egg-laying.
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Tab. 2: Influence of temperature, exposure time andex on mortality and development.

Direct Mortality Mortality Egg laying Egg
mortality after 1 day | after 2 days development
Temperature | F2220= F2.220= F2.200= 54.30 | F2220= 4.35 | F2200= 3.79
174.28 283.92 p <0.001 p =0.017 p = 0.027
p <0.001 p <0.001
Exposure F3.200= 42.91| F3220= 86.70| F3200= 64.28| F3220= F3.200= 2.46
time p <0.001 p <0.001 p <0.001 13.95 p =0.069
p <0.001
Sex F1200= 2.11 | F1220= 2.91 | Fy200= 1.047

p=0.15 p=0.089 |p=0.307

Temperature* F6,220= 26.81 F1,220= 29.07 F]_,zzo: 9.27 F1,220= 1.06 F1,220= 2.08
exposure time | p < 0.001 p <0.001 p <0.001 p=0.39 p = 0.069

Temperature* | F2220= 2.66 | F2.200= 0.57 | F2,220= 2.63 | F2220= 8.95

sex p=0.073 p =0.57 p=0.074 p <0.001
Exposure F3200= 4.48 | F3220= 0.083| F3220= 0.743| F3220=
time* sex p = 0.005 p =0.97 p =0.53 13.95

p <0.001
Temperature* | F1220=2.38 | F1220= 0.695| F1,220= 0.55 | F1220=
exposure p =0.031 p =0.65 p=0.77 1.046
time* sex p =0.40

For the parasitic wasgncarsia tricolor nearly no mortality could be found at
temperatures of 36 °C and 39 °C. Only after eighiirk at 39 °C mortality of 20% was
registered. Opposite to this, at temperatures ofCGiPnortality of Encarsia tricolorwas at
100% Fig. 4). Temperature and exposure time had a highly fognit effect on the mortality
of the parasitoid (f120= 5000.67, p < 0.001;5k20= 14.71, p < 0.001; respectively). Also, the
combination of the factors temperature and expodumee had a significant effect
(Fe.120= 16.13 p < 0.001).
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3.4.2 Mortality of adults in Petri dishes with repeated heat waves (Experiment No. 2.1)

In this part of the experiment the Petri dishesengsed again, while now applying the
heat waves with different exposure times.

The temperature had a merely significant effecthendelayed mortality three days after
the heat exposure {g5=4.21; p = 0.05). With increasing temperaturertaldy increased as
well. It had no significant effect on neither direor delayed mortality after one or two days.
But these mortalities also increased with increpdemperature. However, it had a highly
significant effect on the egg-laying (ks = 4.69; p < 0.001). With an increasing temperature
the number of laid eggs decreasEi)( 6 (C)).

The number of heat cycles had a significant eftecthe delayed mortality not before
two days after heat exposure 5= 4.57; p = 0.041). It had no effect on direct tality or
other delayed mortalities. With an increasing nunmdfeneat cycles the mortality increased.
On the egg-laying it had only a marginal significaffect (R 35=2.21; p =0.075), as a
consequence of the longer time span the insectavathble to lay eggs. Below temperatures
stages of 30 °C and 34 °C the number of laid eggeased with increasing number of heat
cycles, but this was not significant. However, aflesingle heat cycle at 38 °C or higher
temperatures there was no egg-laying atrag).(6 (C)).

The sex of the animals had a significant effect direct mortality (k35=4.54;
p =0.042) and delayed mortality after four days s6= 6.13; p =0.02). The delayed
mortalities after two and three days were not ificed. The mortality of males was higher,
being more vulnerable to the he&id. 6 (B)). Four days after the heat exposure all males
were dead, whereas the females’ mortality was gus20% Fig. 6 (A)). The mortality of
females constantly increased at temperatures aB8VE. At the lower temperatures there
was nearly no mortality for the first three or foheat cycles (at 34 °C and 30 °C,
respectively). After this time, the mortality ineseed rapidly. The males already suffered a
mortality of 100% after two cycles of 38 °C or héghtemperatures. For the lower
temperatures (30, 34 °C) the mortality increasatstantly and reached a mortality of 100%
after four cycles.
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Fig. 6: Influence of different temperatures and diferent numbers of heat cycles in a climate chambem
the mortality of Aleyrodes proletella. (A) Influence on the mortality of females (B) infuence on the
mortality of males (C) influence on the egg-layingluring the heat exposure Error bars were left
out for better visual clearness. n = 9 for each expiment and treatment.

The ANOVA with the combination of the factors termgeire and heat cycle yielded no
significant results.

The combination of the factors temperature and sk a significant effect on the
delayed mortality after two (Rs=4.57; p=0.041) and after three days s;§= 9.47;
p = 0.005).

The combination of the number of heat cycles axdhsel no significant effect, as well
as the combination of all three factors.
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Tab. 3: Influence of temperature, number and sex othe mortality and egg laying.

Direct Mortality Mortality Mortality Egg laying
mortality after 2 days| after 3 days| after 4 days
Temperature | Fi36= Fi36= Fi36=4.21 | Fi36= F136=4.69
1.135 0.840 p =0.05 0.182 p < 0.001
p=0.30 p =0.37 p =0.67
Number of Fi36= Fi36=4.57 | F136= Fi36= F13s=2.21
heat cycles 2.018 p=0.041 | 0.066 0.007 p =0.075
p=0.17 p=0.80 p=0.93
Sex Fi36=4.54 | F136=0.84 | F136= Fi36=
p=0.042 |p=0.37 0.592 6.113
p =0.49 p =0.02
Temperature* | F136= Fi136= Fi36= Fi136= F136=0.742
heat cycle 1.135 0.093 0.263 0.007 p=0.70
p=0.30 p=0.76 p=0.61 p =0.99
Temperature* | Fy36= Fi36= Fi,36= Fi36=
Sex 1.135 4573 9.465 0.065
p=0.30 p=0.041 |p=0.005 |p=0.80
Heat cycle* F136= Fi36= F136= Fi36=
sex 0.505 0.093 0.066 0.007
p=0.48 p=0.76 p=0.80 p=0.93
Temperature* | F; 3= Fi36= Fi36= Fi36=
heat cycle* 1.135 2.333 0.263 0.007
sex p=0.30 p=0.14 p=0.61 p=0.93

3.4.3 Mortality of adults on plants with repeated heat wares (Experiment No. 2.2)

When testing the influence of heat waves on inseatglants, no influence of the
temperature on either the mortality of males = 0.34; p =0.72) or the mortality of
females (E27=0.29; p = 0.76) could be registered. The tentpezehad as well no effect on
the egg-laying during the heat wave and no impactife time fecundity. Furthermore, no

effect on the longevity of the females could besased.
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The number of the heat cycles had no influencéenemtortality of neither male&ig. 9
(A)) nor femalesKig. 9 (B)), but it had a significant effect on the numberegfis a female
laid during the heat period {k; = 6.66; p = 0.007; Fig (A)). It had no effect on the lifetime
fecundity of the femaled={g. 8 (B)) or on their longevity. The number of heat cycled ha
significant effect on the developmental time of #ygs (F33=8.17; p = 0.002Fig. 7 (A)),
yet all eggs survived the heat wave without impambof the development of the larvded

7(B)).
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Fig. 7: Impact of different temperatures and different number of heat cycles on eggs and larvae (A)gh
developmental time from egg to larvae ofleyrodes proletella and (B) the survival rate of the larvae
of Aleyrodes proletella. n = 9 for each experiment and treatment. Differencharacters representing
significanes ¢ < 0.05), graphs without characters show no significeces.
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Fig. 8: Impact of the different temperatures and nunber of heat cycles on egglaying and life-time
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female Aleyrodes proletella. The treatments were repeated 10 times. n = 9 feach experiment ani
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show no significances.
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Fig. 9: Mortality after different heat cycles with different peak temperatures onAleyrodes proletella (A)
males (B) females5 individuals were used per treatment and the tr@tments were repeated 1

times.n = 9 for each experiment and treatment. Differentharacters representing significaneso(<
0.05), graphs without characters show no significares.

The combination of the factors temperature and bgele had no effects at all. Also,
sex had no influence on mortality; (&= 1.47; p = 0.23).
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Tab. 4: Impact of temperature, number and sex on maality, egg development, lifetime fecundity and

longevity of Aleyrodes proletella.

Mortality | Mortality | Egg Egg Lifetime Longe-
of males | of laying develop- fecundity | vity
females ment
Temperature | F27= Fo07= Fo07= F233= 0.306| F27= Fo07=
0.34 0.29 1.858 p=0.74 1.008 0.707
p=072 |p=0.76 |p=0.19 p=0.38 |p=0.51
Number of F2.27= F2.27= F2.27= F233=8.17 | Fo27= F2.27=
heat cycles 0.009 0.857 6.66 p=0.002 |2.063 1.593
p=0.99 |p=0.44 |p=0.007 p=0.16 |p=0.23
Sex F154= Fi54= Not tested
1.47 1.47
p=0.23 |p=0.23
Temperature* | Fa27= Fa27= Fao7= Fa33=0.093| Fy27= Fa27=
heat cycle 0.303 0.465 1.88 p=0.98 1.051 0.974
p=0.87 |p=0.76 |p=0.16 p=0.41 p=0.45
Temperature* | F254= Fo54= Not tested
Sex 0.565 0.565
p=057 |p=0.57
Heat cycle* F254= F254= Not tested
sex 0.413 0.413
p=0.67 |p=0.67
Temperature* | F454= Fas4=
heat cycle* 0.028 0.028
sex p=0.99 |p=0.99
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3.5 Discussion

It is likely that temperatures above 30 °C on twarmre consecutive days will occur
much more often in the future (Hartmann et al. 30E¥en in the last fourteen years they
occurred several time$ig. 2). The analysis of temperatures in Lower Saxonyiccahow
that temperatures above 30 °C already occurredtdiveutimes annually for several days in
this region and due to the climate prognoses thguigncy of such warm days will increase.
Even days with temperatures above 40 °C could basuared twice in Germany in the last
decade (Karlsruhe, DWD).

In the first experiment (Experiment No. 1) aboveperatures of 36 °C no increase in
mortality could be found independent of the duratid exposure. But at temperatures above
39 °C and 42 °C the mortality increased rapidlg thfferent temperatures had a significant
effect on mortality. The increase in the mortaliisas to be expected, because higher
temperatures normally lead to a higher mortalite ¢tlu the denaturation of proteins such as
enzymes and membrane proteins in the insects bycrdneking of the polypeptide chain
(Nguyen et al. 1989; Campell 2000; Neven 2000)p@singly, even after eight hours at
42 °C some animals still survived, indicating thjecies to be robust to high temperatures. In
a similar experiment witBemisia tabacChen et al. (2011) found that survival was at 48%
temperatures of 41 °C. Most whitefly species amrithuted in lower latitudes up to the
equator and most of these species can cope withhigh temperatures (Byrne & Bellows
1991). Even the specidsialeurodes vaporariorunandBemisia tabacbiotype B which are
common in Lower Saxony in greenhouses can sure@ngeératures of up to 45 °C, although
the survival and the development are significamfuenced by these temperatures. Up to
40 °C the mortality of these two species is notumficed by the heat, but under higher
temperatures the mortality increases and at teryesaabove 45 °C all males die when
exposed to a one-hour heat-shock (Cui et al. 200B¢. insects have several adaptation
strategies to the heat. Under high temperature$-dheak-proteins are formed and the
metabolism changes. Salvucci et al. (1999) coulowskhat the whiteflyBemisia tabaci
accumulates polyhydric alcohol and sorbitol undengeratures of above 30 °C. Sorbitol is
enriched in the bodies of whiteflies serving asthmatection (Hendrix & Salvucci 1998).
They could also show that the insects incorporateensucrose in their bodies under high
temperatures compared to the control. The actiwabd enzymes changes under high

temperatures, too (Salvucci et al. 1999). It has &leen found, that heat tolerant whiteflies
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have several secondary endosymbionts; mainly tlisymbiontRickettsiaseems to be
responsible for an adaption to heat (Brumin e2@l1). Another adaption to heat seems to be
that even virgin females of. vaporariorumwhich normally produce male offspring can
produce females under high temperatures (Mittl€6).9

The mortality of the males was higher than the alibyt of the females. Adams (1985)
could show that male whiteflies are more vulneratolecold temperatures, because only
females can survive the winter. And Cui et al. @0found in their experiments that males
are also more vulnerable to high temperatures. tDubkis, we assume males generally to be
more vulnerable to extreme changes in temperaleading to a higher mortality. Moreover,
the females have to be more robust, because tleesesponsible for the egg-laying and the
offspring (Darwin 1871). Cui et al. (2008) couldoshthat females whiteflies dBemisia
tabaci biotype B are more resistant to heat due to diffdy expressed genes followed by a
higher expression of Expression Sequence Tagshvd@em to increase the heat-resistance.
Females of the leaf beetéhrysomela aeneicolliproduce more of the heat shock protein
HSP70 than males and thus are more robust to Raatk(& Dalhoff 2002). Secondary
endosymbionts cannot be responsible for the diftengortality rates of males and females,
because they occur in both sexes (van Opijnen &Brer 1999).

It could also be observed that the amount of egigsldy females during heat exposure
decreased with temperature and exposure time atdhth number of eggs that developed to
larvae decreased. The same is true for the whisgiciedBemisia tabac{Chen et al. 2011).
The decreased egg-laying could be caused by sifébe females or the conscious avoiding
of unfavourable conditions. The preference-perfaroeahypothesis predicts that the females
of offspring with limited mobilisation should chamghe best host plant for oviposition.
Wennstrom et al. (2010) could show that femaleshef phytophagous beet{@onioctena
linnaeanaprefer hosts that maximise offspring. The plantdanrheat treatment are not an
optimal host plant for the offspring and so femade®id egg-laying and wait for better
conditions. The females might also be in a lessdaable condition to lay eggs, because Lee
& Hou (1987) could show that the brown plant hoppilaparvata lugenstransfers less
secondary symbionts to its eggs under heat andhbegby the eggs were not viable.

The reduced egg development could be caused byddsion of the eggs. Ingrisch
(1986) could show that a lack of water supply ca&op sor prolonged the embryonic
development. The age of the eggs is also impoftanthe impact of the heat. In the early

developmental stage, including the disc stage, a Bleock causes high mortality rates of
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eggs. In later developmental stages the heat caeggrentation problems, which lead to
abnormalities that can prohibit hatching (Mee & riale 1986). During the embryonic
development, the vulnerability to heat is particlyldigh, since no heat shock proteins are
induced (Lindquist 1986). Zwick (2003) could shavatt the eggs of the stonef§inocras
cephalotesdo not develop under high temperatures, but tiey fire in a parapause and not
dead. We classified the eggs which did not hatchdeasd without waiting for further
development.

In the same experiment (Experiment No. 1) the nitrtaf the whitefly’s natural
enemyEncarsia tricolorwas studied and no mortality at temperatures al3®end 39 °C
were found. However, at temperatures above 4EfACarsia tricolorfaced a mortality of
100%. Due to this data it can be speculated, thé¢uan increase of the average temperature,
Encarsia tricolormight be able to control the population of the tetly in the field. Yet, the
parasitation success dEncarsia tricolor is depending on several factors beside the
temperature. This study did not incorporate thegtation rate under high temperatures, but
we can assume that an increase in temperature waesdively affect the population
development of the parasitoid. Recent experimeits whiteflies and the parasitoids under
foil show that the parasitoid is able to controk thwvhitefly population compared to
experiments in the wild (Schultz et al. 2010). Hfere it seems probable thBnhcarsia
tricolor is able to control the whiteflies under warmerditions even in the field.

The repeated heat experiments (Experiment No.shdyved that even at temperatures
of 30 and 34 °C the mortality of the females insezhrapidly after four heat cycles. At higher
temperatures mortality increased as soon as afterdays. The males showed to be even
more vulnerable to high temperatures. The high afitytdue to repeated heat waves is
surprising in face of the results of our previoxperiment (Experiment No. 1) where the
specimens survived very high temperatures. Eggupgiropped after one day at temperatures
of 38, 40 and 42 °C but the lower temperatures 8307C) had no significant effect on the
egg-laying.

In experiment No. 2.2 the same procedure was cdeduwith whiteflies on Brussels
sprout plants to test if there are differences betwthe experiments in the Petri dishes and in
nature. These experiments showed that the différeatt waves had no effect on the mortality
of both males and females. It seems to be nornaaltiie longevity of the females like in our
experiment, is not influenced by heat (Chen eR@l1). The different temperatures also had

no significant effect on the egg laying. Cui et &008) found similar results in his
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experiments. The number of eggs ovipositedbtabacior T. vaporariorumdid not differ in
the different treatments. The females of theseiepestopped egg-laying at 43 °C and 45 °C,
respectively. Development from eggs to larvae amel hatching success was also not
influenced. All eggs hatched and nearly all landmyeloped to the next larval stage. In
contrast to this, the developmental time of Aheroletellaeggs was indeed influenced by the
temperature. As expected, the eggs developed fastiar higher temperatures. Compared to
placing them in Petri dishes, the whiteflies boasiebetter rate of survival when on leaves
and under more natural circumstances. Althoughténgperatures next to the leaves were
nearly the same as the temperature in the clinoate rair humidity was approximately 20%
higher (Paz, unpublished). This different micro@ie on the leaves seems to protect the
animals and decreases the mortality. The higheriditymext to the leave decreases the
mortality of adults (Oida et al. 2009) and is knot@mpromote the hatching success for mites
(Ferrero et al. 2010).

3.6 Conclusions

Due to the fact that the animals can survive holperatures for a long time and that
they survive high temperatures for several consexutays, we assume that the cabbage
whitefly will become more relevant in the futureni§ phenomenon has been registered with
several species and, if found to be true for tHebage whitefly, will lead to an even bigger
increase in the population density. Under extreraat levents, especially those whiteflies
which are protected by secondary endosymbionts suifl/ive. And based on the fact that
endosymbionts are transmitted from the female ¢ooffspring, it is likely that the proportion
of whiteflies which are well-adapted to high tergiares will increase. It is also likely that
proletella will adapted to higher average temperatures wittmime generations, but it is not
clear if it is able to handle extreme events likatwaves. Therefore, we propose that future
experiments should consider several consecutivergaans. It is likely that the whitefly
Aleyrodes proletellavill become the most important pest species irbagb. With increasing
temperature it might be possible that the employnoéthe parasitoidncarsia tricolorcan

become one major option to efficiently contédéyrodes proletellan the field.
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4 Influence of repeated heat waves on glucosinolatasthe leaves

4.1 Abstract

The increase in the temperature as a consequendenaite change, will have direct
and indirect effects on the insects. An importamdirect effect could be a change in
nutritional quality for instance the C/N ratio onet availability of important primary
nutritional plant compounds such as amino acidsroteins or changes in the composition of
plant secondary compounds often related to plafégnde against herbivores. One group of
important secondary plant compounds are the glnotaes, which are produced mainly by
Brassicaceae as a defence mechanism against hgrbiVe tested if these plant compounds
changed under repeated heat waves and may infludrecedevelopment of the insect
population in the short term. Therefore temperatorefiles with slightly increasing and
decreasing temperatures and a peak temperatuf@ (@338 °C) in controlled environments
(climate cabinets) were used to simulate heat wawt@sh might occur in future Lower
Saxony. These heat waves were repeated one oftiffies and secondary compounds were
analysed by GC-MS. Our results show that the tatabunt of glucosinolate is increasing
under high temperatures, but only the increasbefjtucosinolate 4-Methoxy-Glucobrassicin
was significant. The glucosinolates also increaseste intensively after one heat wave
compared to five heat waves. The most significfieceon the amount of glucosinolates had
the feeding of the peg#tleyrodes proletellaThe feeding activity caused threefold increase of

the total amount of glucosinolates.
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4.2 Introduction

Due to human impact the GQevel has risen, which was followed by an increiase
temperature in the last century. It has been prediithat the temperature will increase in the
next years (Hartmann et al. 2013).

Normally insects respond positively to increasedanperatures, with decreased
developmental time, higher reproduction (Adamo &é&ih 2011) and more generations per
year (Bergant et al. 2006; Tobin et al. 2008), bety high temperatures can also have
negative effects like an increased mortality andeareased fecundity (Skirvin et al. 1997).
High temperatures may also affect the insects éctly via the plant nutrients or secondary
plant compounds. An important group of plant commsuare the glucosinolates which are
released with herbivory and repel herbivores, wletbey can attract natural enemies of the
pests. Glucosinolates are a group of secondary econgs common in Brassicaceae which
repel generalist herbivores and attract speciallstsida & Mole 1991; Braven et al. 1996).
They are also associated with abiotic stress likat lor humidity (Khan et al. 2011a;
Ramakrishna & Ravishankar 2011). (See also chdpe?.)

In former studies mainly the effect of constant pematures or of singular high
temperatures was investigated and the effect oft-¢inoe high temperatures has only been
tested in few studies. That's why we tested thiei@mfce of repeated, slowly increasing, short-
time heat waves on the production of glucosinolateBrussels sprout plants to study if a
change in this secondary compounds may cause #mgeh in the mortality and development
of Aleyrodes proletella

4.2.1 The cabbage whiteflyAleyrodes proletella, (Fam. Aleyrodidae, Order Homoptera

is a serious pest in cabbage plants. The speciesnsnon in Lower Saxony and
especially in the last ten years a rapid rangemsipa has been observed (van Alebeek 2008).
The species is a polyphagous phloem sucker witbnargl preference for Brassicaceae. The
reasons behind the higher population developmeghinie the climate warming on the one
hand and the increased cultivation of rape oillendther (Richter 2010). Development takes

place in general above 8 °C, but depending on d&meal stage is also possible at lower
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temperatures. Optimal developmental temperatunegerdetween 28-33 °C. In total egg to
adult development takes 420 °DD. But very high terajures slow down the insects

development. (See also chapter 2.5.1.1)

4.2.2 Glucosinolates

Glucosinolates are plant secondary compounds artdopahe plant defence system
against bacteria, fungi and herbivores (Zhao etl@8P4). They are common mainly in
Brassica plants, but also in Rasedaceae and Cdppeasae (Fenwick et al. 1983b; Ludwig-
Mdiller et al. 1996). Glucosinolates are sulphur aidogen based compounds which are
cleaved by myrosinase into small toxic moleculesn@hen et al. 2008). According to their
side chain and precursor amino acid they are divinhe aliphatic, aromatic and indolic
glucosinolates (Fahey et al. 2001; Himanan et @082 The glucosinolates can be found in
the plant vacuole separated from the enzyme myaesinwhich exist in special myrosinase
cells. (Bones & Rossiter 1996). The myrosinase by oeleased after destruction of the
different cell compartments due to, for examples tthewing of herbivores (Vaughn &
Boydston 1997). Depending on the pH-value the prtsdof the reduction change. Under a
neutral pH-value volatile isothiocyanates are hiydred from aliphatic glucosinolates
(Lambrix et al. 2001). Indolglucosinolates are alspdrolyzed to nitrils and instable
isothiocyanates which degrade quickly to non-vtdatiompounds (Mithen 199Zig. 10).
The feeding of insects can also lead to a highatet of glucosinolates, especially indolic
ones (Bidart-Bouzat et al. 2005). Although glucosates play an important role in plant
defence, specialist and generalist herbivores regbterent to these plant compounds.
Generalist insects are in most cases repelled byatfent, whereas specialists are often
attracted by glucosinolates. For several specsalitr exampleBrevicoryne brassicae
Plutella xylostellaor Delia radicum(Braven et al. 1996) glucosinolates serve as outipas
stimuli or they use them as part of their own deé&esystem (Louda & Mole 1991).

It is likely that the contents of glucosinolatesllvdhange with climate change and
Reddy et al. (2004) showed that they decreasedramacrease of C{due to a change of
the defence from nitrogen-based to carbon-basezhdefcompounds (Bidart-Bouzat & Imeh-
Nathaniel 2008). Also a higher amount of I®ads to a decrease of glucosinolates (Gielen et
al. 2006). But there’s also evidence that they widrease under higher temperatures due to

the fact that the plants will be stressed by tingpieratures and abiotic stress is followed by an
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increase of glucosinolates (Bidart-Bouzat & Imehhdaiel 2008; Zhao et al. 1994). But to

our knowledge there are no studies to show how they react to repeated high

tem peratu res.
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Fig. 10: Degradation products of glucosinolates aét hydrolysis by myrosinase (Lambrix et al. 2001).

4.3 Material and Methods

4.3.1 Experiment

The cabbage whiteflies for the experiment wereridkam the rearing of the Institute of
Plant Disease and Plant Protection in Hanover. ilbects were reared on Brussels Sprout
under temperatures of 21 °C and light condition$8#6 (light/darkness).

All experiments took place in controlled environrtsef climate cabinets (Votsch -
BioLine Prufschrank, Modell VB 1100 Vario). Speciftemperature profiles with a base
temperature of 20 °C were used. The temperatureased over a time period of 7.5 hours to

the peak temperature (30, 34, 38 °C). The peakeaemyre lasted for three hours. After this
69



Influence of repeated heat waves on glucosinolatde leaves

time the temperature decreased 7.5 hours backetbabkal temperature. The increase of the
temperature started with the onset of light. Weduleng-day conditions (18L/6D) and a
humidity of 60%. One run of this program was onatheycle Fig. 11). Leaf samples were
taken after one and five cycles.

The plants were exposed either witileyrodes proletellaor without any insects in the
climate chamber and three samples per treatmeret taken. After the experiment one leaf of
the plants was cut, and immediately frozen withitignitrogen. Then the leaves were freeze-
dried and send to Prof. Dr. Monika Schreiner at tlegbniz-Institute of Vegetable and
Ornamental Crops to analyse the glucosinolatekendaves via the HPLC method reported
by Krumbein et al. (2005). Therefore 0.5 g of thaflmaterial was heated and incubated at
75 °C for 1 min, then 4 min extracted with a mietaf methanol and water (v/iv=7:3, T=70
°C) then 1 ml barium acetate was added and thaaxtentrifuged for 10 min at 4000 rpm.
This process was repeated three times with 3 nilefvater/methanol mixture (v/v=7:3, T =
70 °C). The supernatants were combined and mixdgda ml of the water/methanol mixture
(viv=17:3, T=70 °C). 5 ml of this extract waspdéipd to a 250 pul DEAE-Sephadex A-25 ion-
exchanger (acetic acid-activated, Sigma-Aldrich @iee GmbH, Taufkirchen, Germany),
rinsed with 10 ml of bi-distilled water before apiplg 250 ul of a purified aryl sulphatase
solution (Boehringer-Mannheim GmbH, Mannheim, Garg)aand leaving it for 12 h. Then
the desulpho-compounds were flushed with 5 ml ediiilled water. The analysis of the
glucosinolates was conducted using a Merck-HitaelRLC system (Merck-Hitachi,
Darmstadt, Germany) with a Spherisorb ODS2 coluBischoff, Leonberg, Germany, 5 um,
250 x 4 mm). A gradient of 0-20% acetonitrile intarawas used from 2 to 34 min, followed
by 20% acetonitrile in water until 40 min, and thEB0% acetonitrile for 10 until 50 min.
They conducted the determination at a flow of 118mm and a wavelength of 229 nm. To
calculate the glucosinolate concentration 2-propehycosinolate was used as a external
standard (Sigma-Aldrich Chemie GmbH, Taufkircheer@any) and the response factor of
each compound relative to 2-propenyl glucosinol@eropean Union 1990) was used.
According to previous work (Zimmermann et al. 200 ¢ glucosinolates were identified
from the protonated molecular ions [M + H]+ and tregment ions corresponding to [M + H
- glucose]+ by HPLC-ESI/MS2 using Agilent 1100 ssr{Agilent Technologies, Waldbronn,
Germany) in the positive ionisation mode (Schreetal. 2006).
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Fig. 11: Example of daily temperature profile of the heat cycles. The temperature increased slowly owe

time period for 7.5 hours, then a peak temperaturdasted for three hours and afterwards thi

temperature decreased for 7.5 hours. These cycleew repeated one, three or five times.

4.3.2 Statistical analysis

Data were visually checked for normality of residuareating histograms and box

plots and if necessary transformed and pooledhierreplicates. The percentage data for the

different glucosinolates were arc sine square traoisformed.

Main emphasize of the experiment was on the relahips between amount of

glucosinolates and temperature, number of heaesyahd presence of a pest species. We

tested the effects of the heat cycles and the teatyre on the glucosinolates with an

ANOVA. Also the influence of the pest species wasted to see if there were important
differences. Every ANOVA which yielded significargsults was followed by a post-hoc-test

(Tukey's Test). IMB SPSS 19 was used for all dteianalyses.
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4.4 Results

We studied the influence of different heat cyclestlwe glucosinolates in the leaves to
see if the heat reduces or increases them. Thegooshon glucosinolate in all samples was
glucobrassicin (2.08 + 0.31 umol/g TG; mean + stadcerror), followed by glucoraphanin
(2.05 £ 0.17 pmol/g TG; M = SE) and sinigrin (0.820.13 pumol/g TG; M = SE). Less
common was glucoiberin (0.63 + 0.09 umol/g TG; M SE) and progroitin (0.36 *
0.07 umol/g TG; M = SE). We found only small amaumtf glucobrassicanapin (0.19 +
0.015 umol/g TG; M £ SE), gluconapin (0.16 + 0.08ql/g TG; M = SE), 4-Methoxy-
glucobrassicin (0.06 + 0.004 umol/g TG; M = SE) ameéoglucobrassicin (0.03 %
0.004 umol/g TG; M % SEFig. 12). Total amount of glucosinolates differed in th&edent

treatments.
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Fig. 12: Average amount of the different glucosinaites in the Brussels sprout leaves independent of

treatment. n = 9 for each treatment.
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There was a big difference in the amount of gluralsites in plants with and without
the cabbage whiteflyAleyrodes proletella Plants infested with the cabbage whitefly
contained double or even three times higher amoohtgucosinolates than plants free of
whiteflies Fig. 13). Mainly the amount of progroitin and sinigrin reased considerably, but

not significantly.
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Fig. 13: Amount of different glucosinolates of plats with and without insects.(A) shows the amount of th
glucosinolates of plants withAleyrodes proletella (B) shows the amount of glucosinolates on plar

without whiteflies. n = 9 for each experiment andreatment.

The sucking ofAleyrodes proletellehad a highly significant effect (p < 0.001) on the
amount of all glucosinolate$ig. 14 (B)), besides neoglucobrassicim gr=1.24; p = 0.27;
Fig. 14 (A)). Plants without whiteflies did not react to higgmperatures with changes in the
amount of total glucosinolates or individual gluicaéates, not even to temperatures of 38 °C
for five days, but on plants witl\. proletella the amount on glucosinolates increased
(Fig. 14).
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14: Influence of the sucking of the whiteflyn the different treatments (A) amount of Neoglucobassicin
(B) total glucosinolate amount n = 9 for each experiment and treatment. Differen characters

representing significanes ¢ < 0.05), graphs without characters show no significeces.

High temperatures strengthen the inducing effecttled whitefly sucking. One
exposition with 30 °C was enough to increase theuarhof glucosinolated={g. 15. Higher
temperatures had no additional effect to the furtinerease effect. The glucosinolates
increased with increasing temperature comparetiéccontrol, but there was no significant
difference between the different heat cycles omperatures. The difference to the control was

also not significantKig. 15).
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Fig. 15: Total amount of glucosinolates in differehtreatments on plants with Aleyrodes proletella under

different temperatures and different numbers of he&cycles. n = 9 for each treatment.

To analyse the influence of the temperature anchtimeber of cycles the influence of
the whiteflies was excluded from our analysis biygsinsect” as a covariate. After this we
found no significant differences of the temperatomethe different glucosinolates. Altogether
the amount of glucosinolates increased under higkerperatures, but there was no
significant difference between the different tengperes Fig. 16 (B). We could just find a
marginal significant effect of the temperature de amount of 4-Methoxy-Glucobrassicin
(F341=2.79; p =0.058(Fig. 16 (A). The amount of this glucosinolate was significantly

higher under the higher temperatures comparecdetodhtrol.

75



Influence of repeated heat waves on glucosinolatde leaves

0,08 - a a a 3,5 -
— ~ 301
) ,
= 0,06 1 | I 2
o D 254 [ [
= =
2 (b) 2
= 2 201
o 0,04 - P
© © ]
g g 15 [
= £
[72] )
3 0,02 g 101
=) =)
(O] (O] 0,5 1

0,00 : : : : 0,0 : : - :

20 °C 30°C 34°C 38°C 20 °C 30 °C 34°C 38°C
Temperature
Temperature
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Methoxy-Glucobrassicin (B) Influence of the differemt temperatures on the anount of
glucobrassicin n = 9 for each experiment and treatment. Differen characters in brace:

representing significanes ¢ < 0.1), graphs without characters show no significares.

The number of different heat cycles had only a ifant effect on the amount of
glucoiberin (f41=6.30; p = 0.017Fig. 17 (A) and Glucoraphanin §&; = 4.46; p = 0.042;
Fig. 17 (B). We could also find a marginal significant effect the amount of 4-Methoxy-
Glucobrassicin (k4= 2.75; p =0.058). The other glucosinolates shtbwe significances
(Fig. 17 (C). But altogether the amount of glucosinolates Wwagher after one heat cycle
compared to five heat cycles. This indicates tha beat cycle is enough to increase the
amount of glucosinolates and support the effethefsucking of the insects. More heat cycles
had no additional effect.
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Fig. 17: Amount of total glucosinolates on the difrent heat cycle treatments on plants with.

proletella independent of temperature, comparing plants afteone heat cycle with plants after
five heat cycles. (A) amount of Glucoiberin (B) amant of Glucoraphenin (C) total amount ol
glucosinolates n = 9 for each experiment and treatment. Differencharacters representing
significanes ¢ < 0.05), charateres in braches represtenting signifanes ¢ < 0.1), graph:
without characters show no significances.

There was no significant effect on the interactidrtemperature and cycle and also no

interaction between temperature, cycle and insect.

45 Discussion

The total amount of glucosinolates in Brussels gpr@ontrol plants infested with
whiteflies, but without a treating in the climatbamber was 4.3 pmol/g TG, whereas the

highest amount of glucosinolates was found in tA€@ treatment after one cycle with
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whitefly infestation. The amount of glucosinolatess 10.8 umol/g TG. In the control
without insects the amount of glucosinolates randestween 1.2 umol/g TG and
2.5 umol/g TG. This data were compared to contehtggucosinolates found in other studies.
Kushad et al. (1999) found contents of 25 umol/g ar@ Tiedink et al. (1988) found even
34 umol/g TG in Brussels sprout plants without atsefestation. Sarikamis et al. (2009) and
Kushad et al. (1999) showed that beside the inflaeof the variety the climate and high
temperatures have an important effect on the amolugtucosinolates. Due to the fact that
their experiments as well as our experiments weraised under high temperatures,
temperature impacts cannot be an explanation frdifferences in the results. But other
climatic factors might influence the amount of giamolates. Furthermore the quality of the
soil and the fertilisation might have an impact the content of glucosinolates. Most
experiments were done under outdoor conditions sufiplementary fertilisation whereas our
experiments were done in the lab without fertilisat Josefsson (1970) found that the quality
of the soil has an important effect on the glucokites and that especially under loamy soill
more glucosinolates are produced. The fertilisat®@nother factor that can influence the
content of glucosinolates. Zhao et al. (1994) manbut that the fertilisation especially with
sulphur and nitrogen has an influence and Bohldn(&10) showed that the amount of
glucosinolates increased with increasing fertilgat In other studies (Herbst, unpublished)
conducted in Hanover in greenhouses with the santdRsuhstorfer Erd®) the amount of
glucosinolates in Brussels sprout was on averab@mol/g TG. In the study the contents of
glucosinolates were determined on plants withouteflies or other herbivores. The amount
in this experiment was even less than the amouauirstudy, but the differences were small
compared to the other studies. Due to this we sanme that the cause for the differences lay
on the one hand on the variety of the Brusselsusgod on the other hand on the different
soil.

The most common glucosinolate in the Brussels sputants in our experiment were
glucobrassicin (2.08 umol/g TG) and glucoaphani®gumol/g TG). In our study sinigrin
(0.82 umol/g TG ) was the third most glucosinolatethe plants. Normally sinigrin and
glucobrassicin are the most common glucosinolatd&russels sprouts followed by progroitin
and gluconapin (Heaney & Fenwick 1980; Kushad et18B9) with sinigrin contents of
8.9 umol/g TG and 3.2 umol/g TG glucobrassicin (Kadet al. 1999). Heaney and Fenwick
(1980) found that the amount of glucosinolatesffeising due to the planting site, but that the

percentages of the different glucosinolates artecgimilar. The amount and the composition
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of the glucosinolates depend on several factorsgR®97). Due to the fact that total amount
and the side chains are under genetic control lfkhstein et al. 2001) variety is the most
important one (Bohlendorf 2010). But also othetdez like climate, stress, plant age, date of

harvest and many more factors are important (LueMidjer et al. 1996; Ciska et al. 2000;).

With increasing temperature the amount of glucdates was increasing in our
experiment as well, but this increase was not Baggmt beside a marginal significant effect in
the amount of 4-Methoxy-Glucobrassicin. It has bemd that stress (cold, heat) increases
the amount of glucosinolates (Schreiner & Huyskiéas-2006). High temperatures can
increase the glucose- and amino acid synthesis,pthmeary stage of the glucosinolate
synthesis, leading to a higher content of glucdabes (Cartea et al. 2008). The amount of

glucosinolates was highest in the 30 °C treatment.

The increase of the number of heat cycles effectég the amount of glucoiberin and
glucoaphanin. The amount of glucosinolates was drigifter one cycle compared to five
cycles. We assume that the stress of the warmexgléo an increase in the glucosinolates,
but that the plants after five cycles are eithezuatomed to the heat or that the energy

expenditure is too high to hold it for such a Idimge.

The infestation with whiteflies increased the amtowoh glucosinolates up to the
threefold compared to the control. The concentnatib glucosinolates in the plant tissue is
increasing after feeding of a herbivore (Martin &ulMr 2007; Poelman et al. 2008).
Especially the accumulation of indolic glucosinektis increased by herbivore attack,
whereas the amounts of aliphatic and aromatic ginotates may decrease (Textor &
Gershenzon 2009). Mainly the feeding of specialiste followed by an increase in
glucosinolates, whereas feeding of the generaglistdaMyzus persicae€auses a decrease in
glucosinolates (Kim & Jander 2007). According topestations the concentration of
glucosinolates should increase only slightly afesrding of a specialist, Rohr et al. (2012)
could also show that feeding of the speciakséris brassicaelead to an increase in
glucosinolates. Glucosinolates are commonly usedhieyplant as a defence mechanism
against fungi, nematodes and insects (Rosa 1998.€effect of glucosinolates on insects
depends on the specialisation of the insect. Ndyngdneralist herbivores are repelled by

glucosinolates and specialist can handle themeyr @éine even attracted by them (Rojas 1999;
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Miles et al. 2005; Halkier & Gershenzon 2006; Lan2®07). Gols et al. (2008) for example
could show that the caterpillar Bfieres rapaewvas not influenced by an increasing level of
glucosinolates, while the larvae of the generdllamestra brassicasuffered high mortality
under high concentrations of glucosinolates. Higmoants of glucosinolates stimulate for
example the specialiRRieres rapae(Stoner 1990; Miuller et al. 2010) éfellula undalis
(Mewis et al. 2002) to oviposit and other speciaiiso use them to find oviposition places
(Agerbirk et al. 2009). Glucosinolates also promibie larval feeding oPieres rapaeand
Plutella xylostella(Muller et al. 2010). Specialised insects haveettgyed several strategies
to handle these compounds; the cabbage dptedicoryne brassicaéor example uses the
glucosinolates for its own defence (Bridges e2@D2) and is avoiding its toxicity by storage
of the myrosinase in crystalline micro bodies (Bed et al. 2002). The generalist aphid
Myzus persicadn contrast is also sucking on cabbage plants iarekcretes the toxic
components with its honeydew (Hopkins et al. 200% sawflyAthalia rosae a specialist
on turnip roots however, store glucosinolates m hlemolymph for several hours and then
excreted them into yet unidentified metabolites ([Blu& Wittstock 2005). Similar for all
herbivores feeding on plants rich in glucosinolasethe avoiding of the breakdown to toxic
isothiocyanates by e.g. rapid metabolising of ghimolates to harmless compounds or
avoiding cell disruption (Winde & Wittstock 201Xpther generalists like snails (Newton et
al. 2010) orThrips tabaci(Bukovinszky et al. 2010) are repelled by glucottes. Overall
herbivores seem to avoid plants with high concéoma of short side chain alkenyl
glucosinolates, whereas they prefer plants witmgdted side chains (Poelman et al. 2009).
Beside herbivory abiotic stress factors can chatigg composition and amount of
glucosinolates. Drought reduced the concentratioglucosinolate in the leaves of Broccoli
plants (Khan et al. 2010). Whereas it increasedatheunt of aliphatic glucosinolates in the
study of Mewis et al. (2012) and the total amoumglocosinolates in the study of Tariq et al.
(2013). Khan et al. (2011b) could show that the am@f glucosinolates is increasing under
water stress after the feeding of the generdligtus persicaewhereas the feeding of the
specialistBrevicoryne brassicaéeads to an increase independent of water-st@6s.is
another abiotic factor influencing the concentmatiof glucosinolates. Under GO
concentrations as expected in the future the tadunt of glucosinolates increased, while
the amount of indole glucosinolates decreased (8ubfoet al. 2007). Also UV-B is an
abiotic factor leading to an increase in glucosates in plant tissue (Schreiner et al. 2009).
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These plant compounds does not only influence #reivore but also higher trophic
levels like predators and parasitoids. The turrap/fly Athalia rosaeelicits a bleeding
behavior releasing hemolymph at predator contduot. femolymph contains sinalbin and the
larvae is protected by this release (Miiller & Bifadd 2003). In other studies Miiller et al.
(2001) could show that the glucosinolate releasethé "reflex bleeding” depends on the
glucosinolate composition of the host plant. Morsoparasitoids, which feed on herbivores
that do not sequester the glucosinolates but shema in their body, face a higher mortality
and worse growth rate (Gols & Harvey 2009).

In our study especially progroitin and sinigrincieased with the sucking of the
whitefly. Sinigrin and progroitin are the compoungsich are responsible for the bitter taste
of cabbage plants (Fenwick et al. 1983a; van Detal. 1998). Newton et al. (2010) showed
that an increasing amount of sinigrin is correlatetth an increasing population éleyrodes
proletella Whereas sinigrin had a negative effect on theeflfgs in the study of Ibanez et al.
(2012). But Kuhlmann & Miller (2009) could show thahiteflies are more influenced by
radiation or other abiotic factors than the pldmmical composition.

4.6 Conclusion

Due to our results that the glucosinolates areglightly increasing under short periods
of high temperatures and the increase even lagida@mone heat cycle, we assume that more
frequent heat waves with even higher peak tempastwill have no indirect effect on the
population of the whitefly versus changes in theoam of glucosinolates. Furthermore the
whiteflies are not negatively affected by the hagmtents of glucosinolates, so that even an
increase in the glucosinolates won’'t have a negagifect on the population @&leyrodes

proletella
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5 Influence of heavy rain on the development of theabbage whitefly

Aleyrodes proletella

5.1 Abstract

Precipitation is next to temperature another imgrdrclimatic factor for insects. Like
all other climatic factors also the precipitaticegime has changed with the climate change
and will continue to change. It has been assunted,the precipitation will shift into winter
and that the summers in Lower Saxony will face nmuavy rain storms intermitted by dry
periods. Concrete studies to the influences of )ngain on insects are rare. To test the
influence of heavy rains oAleyrodes proletellave developed an arena, in which different
levels of heavy rain were tested. We used three larels, medium (0.6 I/min), heavy
(2 I/min) and torrential (6 I/min) rain and exposatlife stages of the whitefly to them. The
medium and heavy rain had no influence on the riyrtaf the whiteflies, just under the
torrential rain treatment the mortality of the aduhcreased about 50% due to washing off
effects from the leaves. The number of eggs laidrad torrential rain of 20 minutes also
decreased about 50% and the hatching success ef¢fsedeclined under all rain treatments.
In opposite to this the rain had no effect on thealopment of all larval and the pupal stage.

Repetitions with medium rain in the field had néeet onAleyrodes proletella
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5.2 Introduction

The precipitation regime will change in the futwéh more rain in the winter and
lesser rain in the summer. In winter the preciptatwill more often fall as rain instead of
snow and in the summer it will rain less, but mbeavy rain events intermediated with dry
periods are expected (Hartmann et al. 2013).

The German Weather Service defines heavy rain aseaipitation of 5mm in 5
minutes. The highest precipitation ever measure@@nmany was measured in Flssen on
25th of May, 1920 and was 126 mm in 8 minutes (ldAU®922). And in other countries
especially in the tropics precipitation can be ewggher. In Barot, Guadeloupe in 1970 a
precipitation of 38 mm in 1 minute or 401 mm in draur in Shangdi, China was measured
(WMO 1995).

High rain can cause high direct mortality to hedoous insects, in particular small, soft
bodied species or indirectly affect insects by eotémperatures (Bale et al 2002; Harrington
et al. 2007). Heavy rains can increase the mortaipecially of soil dwelling species (Fuhrer
2003), such aghrips tabacipupating in the soil (Bergant et al. 2005) or aphids moving
on the soil when switching host plants after avgfly dislodged (Leite et al. 2006;
Harrington et al. 2007). But in the tropics it cdule observed that the population of the
whitefly Bemisia tabaciincreased in the months with high rainfall (Dend®81) and
populations are higher in regions with higher ammasfall (Robertson 1985). This increase
in the population is likely due to the increasdrash leaves of the host plant and better plant
growth due to higher soil moisture (Legg 1994). idig precipitation in summer can lead to
denser vegetation which is followed by more pestc&s, due to the higher food availability
(Fuhrer 2003). But besides the direct and indieféeécts on the mortality, rain can also
influence other life history parameters. For exampldelayed begin of the flight activity of
aphids (Harrington et al. 2007) leading to an akymiwy between pest and host plant. Rain
can also slow down the development or prohibitsitshown for the diamond back moth
(Plutella xylostella (Guilloux et al. 2003). Morsello et al. (2008) falthat heavy rain can
kill the larvae ofThrips tabaciand prevent the development. Other species likecébbage
fly Delia radicum(Esbjerg & Mogens 2005) are not influenced by.rain
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We used the cabbage whitefly as a model organisouinexperiments, because the
populations of this species increased rapidly nl#st ten years and the species has become
one of the most important pest species in cabbadgewer Saxony. Besides temperatures
rain may have a crucial effect on the populatiowvettgpment and the influence of the
precipitation is necessary for prognosis modelse Ruthe fact that the whiteflies are most
common in dry regions (Leite et al. 2005) and tinat,studies, to our knowledge, about the
population development of the cabbage whitefly undeather conditions like heavy rain,
exist, we designed an experiment to test the dwmhiiaviour and the development of the pest

under heavy rain conditions.

5.2.1 The cabbage whiteflyAleyrodes proletella, (Fam. Aleyrodidae, Order Homoptera

is a common in pest of Brassicaceae in Europe.speeies is spreading heavily since
the last ten years (van Alebeek 2008) and is assumbecome one of the main pest species
in cabbage in the future. High temperatures and ame known factors that slow down
development (Leite et al 2006). Currently 4-5 gatiens can develop within one year in
Germany. Mass occurrence is normally in late sumwiesn egg to adult development only

takes three weeks. (See also chapter 2.5.1.1)

5.3 Material and Methods

5.3.1 Experiment

Before starting the experiments the occurrenceeaivia rain events in Germany and
especially in Lower Saxony were evaluated. Theeefobe rain data of the years 1996-2010 on
four randomly chosen weather stations were analyBled results of this analysis were used
to calculate the rain intensity in our rain arenause rain intensities that already occur in
Lower Saxony and may occur in the future.

The cabbage whiteflies for the experiment werendkam the rearing of the Institute of

Plant Disease and Plant Protection in Hanover. ifibects were reared on Brussels Sprout
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under temperatures of 20 °C and light conditiond &6 (light/darkness). The insects were
under artificial rearing for about five years ame tinitial specimen were obtained from the
JKI in Braunschweig. Every six month new insectsrfrthe wild were added to the rearing.

To test the influence of heavy rain, a rain arefth whower heads was constructed to
simulate different rain intensities. The size oé tkain droplets was measured using liquid
nitrogen. The size of the droplets fluctuated betw2-4 mm, which is similar to the droplet
size in nature. Then three different rain levelsr@dium (droplet size: 2-4 mm; amount of
rain: 0.6 I/min*m2), heavy (droplet size: 2-4 mmmaunt of rain: 2 I/min*m?) and
extraordinary heavy/torrential (droplet size: 2-thpmamount of rain: 6 I/min*m?2) rain were
used. Nine Brussels sprout plants with three-ddy-synchronised whiteflies in clip-cages
(five individuals per cage) were exposed under "@rdweads, the clip-cages were removed
and rain delivered for twenty minutes. During thisie the behaviour of whiteflies was
observed to study if they are staying on the plantf$ying away and after the twenty minutes
the cages were clipped over the remaining fliees€hwere counted and the missing assessed
as dead. Then we visually observed the flies ferftllowing five days in the greenhouse
chamber, in which the experiments were conductedstady the fecundity and delayed
mortality. The experiments were repeated with etggvae and pupae. For the experiments
with the eggs five 2-day-old females were put onsBels sprout plants and given two days
for egg-laying. After the removing of the femalég £ggs were counted. For the experiment
with the larvae and pupae, plants were infestetl feimale whiteflies and after two days of
egg-laying the females were removed and after éiveldpment of the eggs to larvae or pupae
the plants were used for the experiments.

In the second part of the experiment five adultsewadipped on ten different plants, but
these plants were exposed to rain in the field. &tposition took place in June and July 2011
under a rain density of 0.5 1/min*m2 and a dropete of 2-4 mm The experiments were
repeated with previously prepared plants with etggsae and pupae. While it was raining the
clip-cages were removed and after twenty minutggpetl again and the plants were brought

inside. Again direct actual mortality was deterndifine delayed mortality and the fecundity.
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5.3.2 Statistical analysis

Data was visually checked for normality of residu&ireating histograms and box plots
and if necessary transformed and pooled for thdicegps. The percentage data for the
mortality of the males, females and larvae wassare square root transformed. The counting
data for the eggs was square transformed.

Main emphasize of the experiment was on the relaligps between mortality and the
different rain intensities. We tested the effedighe rain intensities on the insects with an
ANOVA. Every ANOVA which yielded significant resaltwere followed by a post-hoc-test
(Tukey's Test). IMB SPSS 19 was used for all dteianalyses.

5.4 Results

The analyses of the rain data showed that rainteweith more than 5 I/h*m2 appeared
214 (£23) times, events with more than 10 I/h*m{4B5.6) times and events with more than
25 1/h*m2 3.5 (+0,6) times (demonstrating mediund &eavy rain, respectively in accordance
with the German Weather Servidgg. 18). The rain data on the weather stations were
checked hourly, making it impossible to know howddhe rain shower really lasted.
Furthermore it must be taken in account the heawyevents are often small-scaled and

therefore might not be detected by weather stations
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Fig. 18: Frequency of heavy rain events in Germangn four randomly chosen weather stations over the
years 1996-2010.

5.4.1 Simulated rain

The different rain intensities of the simulatechrbad a significant effect on the survival
of the adults. Under the normal and the heavy ttaénsurvival was about 80% compared to
100% in the control, which was no significant diffiece. But under the third rain level, the
torrential rain we found a mortality about 50%, @rhiwas significantly higher than the
mortalities of the other rain intensities = 6.260; p < 0.001Fig. 19). While it was raining
the adults were hiding under the leaves and wedodubbserve any flight activity. Due to
this we assume that all missing insects were waslfiethe leaves and hence were dead.
There was no delayed mortality due to the rain.idgkects that survived the rain shower lived

as long as the animals in the control.
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Fig. 19: Influence of different rain intensities onthe immediate survival of adultAleyrodes proletella

directly after the rain. The rain lasted for 20 minutes. n = 9 for each treatment. Different

characters representing significaneso(< 0.05).

Egg-laying during a 3-d period subsequent to raiposure was reduced slightly but

non-significantly for the treatment with torrentiain. (k3 30=1.511; p = 0.23Fig. 20). For

the other rain intensities no difference in the-&ying could be found.
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Fig. 20: Egg-laying ofAleyrodes proletella in three consecutive days after the females havaded a 20

minute rain shower. n = 9 for each treatment.

After the short-time rain the egg development desed to less than half of the control
data (R 30=4.664; p = 0.009Fig. 21), but there was no difference between the differaim
intensities. Several egg clutches were destroyetthdoyain, but there was no difference in the

amount of destroyed clutches.
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Fig. 21: The influence of different rain intensities on the development oAleyrodes proletella eggs. The eggs
faced a 20 minute rain shower and developed then der greenhouse conditions. n = 9 for each
treatment. Different characters representing signiicances ¢ < 0.05).

The different rain intensities didn’t influence tha#evelopment of the Ll-larvae
(Fs15=0.775; p = 0.53Fig. 22 (A) and it had also no influence on the developmérthe
L3-larvae (B 10=1.172; p = 0.39Fig. 22 (B).
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Fig. 22: The influence of different rain intensities on the development of the larvae (A) the L1-lan@ofA.
proletella and (B) the L3-larvae The larvae faced a 20 minute rain shower and delaped ther

under greenhouse conditions. n = 9 for each treatmé

The simulated rain shower had also no effect on dbeelopment of the pupae
(Fs10=3.128; p = 0.097Fig. 23). In the control and under the medium rain neaf9P% of
the pupae developed to adults. Under the heavy aath the torrential rain around 80%

developed to adults, but the difference was natiognt.
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Fig. 23: Development of the L4-larvae after a rairshower. The larvae faced a 20 minute rain shower an

developed then under greenhouse conditions. n = 8rfeach treatment.

5.4.2 Real rain

No differences in the mortality of the adults exggo real rain and the adults in the

control could be found ¢Ro=0.72; p = 0.41Fig. 24). In the experiment the mortality was a
little bit higher but this was not significant.
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Fig. 24: Survival of the adults after a twenty minde rain shower in the field with an intensity of

0.5 I/min*m?2 and a droplet size of 2-4 mm with fiveadults per plant and ten replications. n = 9 for
each treatment.

There was also no difference in the mortality of - or L3-larvae (Fi9= 0.415;

p =0.53; k10=0.44; p =0.52, respectively). The mortalitytire control as well as in the
treatment was around 85%ig. 25).
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Fig. 25: Mortality of the larvae after a twenty minute rain shower in the field with an intensity of
0.5 I/min*m?2 and a droplet size of 2-4 mm comparedo the control (A) L1-larvae (B) L3-larvae.

With ten replicates per treatment. n = 9 for eachreatment.
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The egg-laying was slightly influenced by the ré 0= 0.74; p = 0.4Fig 26 (B)).
Females which faced the rain laid fewer eggs tham females in the control. The
development of the eggs was not significantly ieflced by the rain (o= 0.14; p = 0.7Fig
26 (A)). Under rain a few less eggs developed.
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Fig. 26: Egg-laying and hatching aftere a rain shoer in the field (A) Egg-laying after the females hae
faced a rain shower with an intensity of 0.5 I/minm2 and a droplet size of 2-4nm (B) hatching
out of eggs which have faced a rain shower with antensity of 0.5l//min*m2 and a droplet size o

2-4 mm. n = 9 for each treatment.

The development of the pupae was not influencethéyain. In both the treatment and
the control the survival was around 95% {§= 0.29; p = 0.6Fig. 27).
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Fig. 27: Development of the L4-larvae in the fieldafter a twenty minute rain shower with an intensiy of
0.5 I/min*m2 and a droplet size of 2-4 mm with tedarvae per plant and ten replications. n = 9 for
each treatment.

5.5 Discussion

5.5.1 Simulated rain

In the simulated experiments nearly all adults dieder the torrential rain due to
washing off of the leaves. Under the other rairelealmost no mortality could be observed.
Studies orBemisia tabacshowed that rain seem to have nearly no influemcthis whitefly
species (Asiimwe et al. 2007). Although studiesrapical regions show that after heavy rain
showers or the raining season the populations thf Bemisia tabacand the spiralling
whitefly (Aleurodicus dispersisapidly decline due to washing off all stageshaf whiteflies
of the leaves (Banjo 2010), Golding (1936) assuthatthe decline of the population is due
to mechanically destruction of the whiteflies. Vifiies are normally found on the lower side
of the leaves and are thereby protected from témaler the torrential rain they were
dislocated and killed by the rain drops or washedya The movement of the plants due to

rain drops is important for the dislodging of sma#iects e.gSitobion avenaéoth due to
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active movement or washing off (Mann et al. 199%)e potato aphitacrosiphum
euphorbiaeshows an increased movement under rain eventsapetb find shelter
(Narayandas & Alyokhin 2006). In the experimentoh Berg et al. (2008) rain decreased
the population of an aphid species by 27% and abot of the aphids were dislodged. On
the soil they often became prey for ground-dwelfingdators (von Berg et al. 2008). Other
aphids like the Yellow Sugarcane AphBsifgha flava also suffers high mortality after rain
storms due to mechanical destruction by rain d¢bpskimen 1970). Not only pest but also
their parasitoids are influenced by rain showelg WaspAphidius rosaestops searching for
oviposition places and egg-laying under rain ev@ritsk & Volkl 1995). But moderate
rainfall might even provide conditions that promdevelopment or lead to higher movement
between or within habitats (Pellegrino et al. 20B3)t insects have adaption strategies to
avoid the danger of rain storms. Some insects $edra able to detect a coming rain storm
via the change in the atmospheric pressure anddriglb et al. (2013) could show that mating
behaviour of the cucurbit beetlBi@brotica speciosp the true armyworm mothPgeudaletia
unipunctg and the potato aphid/@crosiphum euphorbidelecreased under decreasing
atmospheric pressure, indicating that the insdwsge their behavior to avoid death or injury
due to unfavorable conditions. Other insects Iileeparasitoid3 richogramma evanescens
andTrichogramma pretiosuralso react with a decreased flight activity t@pid change in
atmospheric pressure (Fournier et al. 2005).lik&ly that several flying insects species are
able to detect changes in barometric pressure lzanage their behaviour accordingly.
Mosquitoes in contrast survive rains due to theiak bodies and their strong exoskeletons.
In contact with the mosquito the rain drop lossétla momentum and therefore its impact
on the mosquito (Dickerson et al. 2012). Therefeeeassume that the whitefly is adapted to
rain events and reacts with a decreased flightiacand searching of shelter. But torrential
rain leads to a mechanical destruction of the pland consequently also of the whiteflies.
The eggs development and the egg-laying were infle@, whereas only the influence
in the egg development was significant. Only hdlftlee eggs under all rain treatments
hatched compared to the control due to the dambithee ®gg clutches. The destruction of the
egg clutches was visible directly after the raiowér and the eggs were washed off of the
leaves. The egg-laying of the females which wengospd to the rain dropped to one third
under the torrential rain treatment compared toctiv@rol, but this result was not significant.
Is this reduced egg-laying due to the direct impdiche rain or is the impact of the high air

humidity which follows the rain? It is known forider mites that they lay more eggs under a
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dry climate than under high air humidity (Boudreal®@58). Also clover mite8ryobia
praetiosaare negatively affect by additional irrigation (Krar & Cranshaw 2009). The
decreased egg-laying might also be a consequenie @hange in the behaviour. It is likely
that the females spend some time after the raim dviging and cleaning (Fink & Volkl 1995).

In opposite to this the larvae, regardless of lastages, and the L4-larvae were not
influenced by the rain. The larvae and the L4-lare@e sessile and they are enclosed by a
wax layer. This wax layer is a very effective paiten for the larvae and even torrential rain
cannot harm them. In opposite of this Fishpool let(E995) reported that the population
decrease is a consequence of the reduced ovipositivity. This is in consensus with our

observation.

5.5.2 Realrain

In nature precipitation has several impacts ondtssesither direct or indirect. They can
change the conditions of the host plant via waiep$y/ or they can have effects on the natural
enemies (Beirne 1970). Directly they can impingeittsects and kill them or dislodge them.
In our experiment we only tested the direct effacthe whiteflies.

The real rain in nature had no significant influenen the insects at all. The rain
intensity (0.5 I/min*m2) was comparable to the mdi rain in our experiment
(0.6 I/min*m?2). Under simulated circumstances thasm intensity significantly reduced the
development of the eggs by washing the eggs othefleaves. We couldn't observe this
effect in the field. Comparable rain events coutdobserves around 124 times in Germany in
the last 14 years, representing one medium raiwehevery 1.5 month. Heavier rain events
were observed 15 times in the last 14 years, |gairone heavy rain per year and torrential
rains were observes only four times, representimg torrential rain event every four years.
Furthermore it must be considered that heavy raents often occur only for a very short
time period lasting for a few minutes and only seidfor twenty minutes as in our
experiment. Due to this we can assume that raien éeavy rain showers cannot reduce the
population of the whiteflies.

We can summarise that the rain has an effect oedgestage and on the adults, which
are no longer protected by the wax layer, but mathe other developmental stages.
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5.6 Conclusion

We assume that heavy rains will have no influenceh® population development of
the cabbage whitefly. Just torrential rains, whockurred in the last century only once, might
have a negative influence on the survival and dg@reknt ofAleyrodes proletellaBut these
heavy rains will also destroy the cabbage plantsthe loss for the farmers due to the rain

will be much higher than the loss due to the feg@ind pollution of the pest.
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6 Influence of drought on the development ofleyrodes proletella

6.1 Abstract

To test the influence of droughts on the cabbagiefiyn adult Aleyrodes proletella
were deployed on plants which are then stressdu tiiee different water levels (drought-
stress: <15% water holding capacity; normal: 40-3@&ter holding capacity; water-stressed:
>80% water holding capacity). A further arrangemieas the plants water-stressed before
deploying the insects. With increasing water letred plants' biomass above and below
ground increased significantly while the C/N-ratiecreased under the dry treatment. In the
first part of the experiment the water level hadsignificant influence on the egg-laying and
the development of the eggs and the larvae. Irséicend part of the experiment the number
of eggs laid und hence the number of larvae aneldping adults declined with decreasing
water levels and the animals exposed to the dagrtvent would be smaller in size. We could
find no correlation between the C/N-ratio and tlheenber of eggs, thus we assume that the
change in the plant nutrients is not the limitiagtbr for the insects. In the second part of the
experiment, we found a correlation between thetpae and the number of eggs laid. The
plant size seems to be an important factor forgbpulation development of the cabbage

whitefly.
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6.2 Introduction

The Intergovernmental Panel on Climate Change (harh et al. 2013) predicts that
extreme events like droughts will occur more oftenfuture. Not only in summer the
probabilities of droughts are increasing, but mainlspring and in autumn droughts are to be
expected. In the last years, especially in Aprdudyhts were visible. In April 2007 the rain
was only at 6% of the average monthly precipitatiomApril 2009 at 49%. In March 2011 the
precipitation did not exceed 19% of the monthlyrage and March 2014 was very dry as
well (30%). In 2011 also the autumn was very drgsile the manifestation in temperature
and precipitation regime, droughts can also beaingportant indirect impact on insects
(Pritchard et al. 2007). Droughts change the mufisién leaves and plant saps and thereby
change the insects’ hosts. Normally, droughts edecing the nitrogen level in plants and are
increasing the carbon level (Staley et al. 200har@ing concentrations of elements (carbon,
nitrogen, phosphorus) may affect herbivores, themdoften limited by the availability of
nitrogen and negatively affected by high contertsarbon, in regard to structural (e.g.
lignin) and chemical defence (Mattson 1980). Besidarbon and nitrogen although the leaf
chemicals (Schadler et al. 2007) are important.uDints weaken the plants, making them
more attractive for herbivores (Fuhrer 2003). Hedrgughts can also decrease the amount of
VOCs, that are produced by the plant to communiagite other plants, attract beneficials or
have antibacterial or antifungal effects (Laothavkitkul et al. 2009). Many insects react to
droughts favourably, but the different feeding dsiteact to drought differently: Gall builders
react negatively, while chewing insects do not tescall. Mining insects profit slightly,
whereas phloem feeding insects even flourish (Fu2083) due to a higher concentration of
amino acids in the phloem (Mengel 1991). As esfligcleeavy droughts lead to a higher
viscosity of the phloem (Mengel 1991), this extrecoadition negatively affects all feeding
guilds (Staley et al. 2006). A drought in springuldbhave a negative effect on herbivores,
mykophages, omnivores and predators (Frampton 20@0).

Droughts can also change the species communityh@rptey-predator-interaction.
Staley et al. (2006) could show that the parasmatiate onStephensia brunnichell@és
increased under drought conditions. Yet, also ghgosite can be found: Parasitoids under

tropic conditions react negatively to drought, iegdo a higher pest population (Hance et al.
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2007). Drought can also decrease the density offloémls (Rosenzweig et al. 2001), e. g.,
spiders and beetles (Thomson & Hoffmann 2010),eviaidly beetles are more common in dry
fields (Thomson & Hoffmann 2010). It does not omtyluence the various feeding guilds
differently, the habitat is also important. Thussacts which live in the soil or develop in the
soil, like the carrot flyPsila rosaesuffer more under drought (Burn 1984).

A surplus of water has negative effects on plastsvall, because it causes anaerobe
conditions in the root area (Brunhold et al. 199%4l)ing fine roots and inducing decreased
photosynthesis and growth. The concentration diaadioxide in the tissue increases, while
the levels of nutrients like nitrogen, phosphor aothssium decline (Brunhold et al. 1996).

The arguments for choosing the cabbage whiteflyaasmodel organism for our
experiments are twofold: The population of thiscsge has increased in the last decade and it
has become one of the most important pest speaiesabbage cultivation. With the
assumption, the relevance Afeyrodes proletellawill show even more in the future, it is
important to test the reaction of this species umlleught conditions to then compile robust
forecast models. Based on data which is availabletlber sucking insects, the whiteflies will
presumably react positively to drought. Existingagldowever, does not allow assumptions

on how they will react to extreme droughts or pdaimder water stress.

6.2.1 The cabbage whiteflyAleyrodes proletella, (Fam. Aleyrodidae, Order Homoptera

belongs to the family of Aleyrodidae, which aretdimited worldwide, with a focus in
the tropical regions. Especially in warmer climatath low rainfall A. proletellais a serious
cabbage pest (Leite et al. 2005). Cabbage whisefisve spread heavily in the last ten years
(van Alebeek 2008) and prefer warm temperatures tfair development. Optimal
developmental temperatures range between 28-3E%pecially in warm summers and

autumns mass occurrences are observed. (See ajstercd.5.1.1.)
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6.3 Material and Methods

6.3.1 Experiment

The cabbage whiteflies for the experiment werendkam the rearing of the Institute of
Plant Disease and Plant Protection in Hanover.iibects were reared on Brussels Sprout at
temperatures of 20 °C and light conditions of 1@##ht/darkness).

The Brussels sprouB(assica oleracedL.) var.gemmiferaDC. "Hilds ideaf*) plants
were grown two months in greenhouses at averagpetatures of 20 °C. After this time the
height of the plants and their leaf diameter wesasnired and the number of the leaves were
counted as a parameter for plant developmentaéstag to make plants more comparable.
Afterwards, adult whiteflies and adult cabbage dphwere deployed in clip-cages on
different leaves of the plants The plants wereilieetd weekly with Wuxal® (AGLIKON),
liquid fertiliser. The experiments were conducteda climate chamber with a constant
temperature of 21 °C (z 1 °C), a humidity of 50%l dong-day-conditions (LD 16/8).

To test the influence of drought- and water-stressthe development ohleyrodes
proletella, an experiment with three different water treatraeftthe soil were performed: in
which on one part the plants were stressed dueotmgtt (<15% water holding capacity) and
in the other due to flooding (>80% water holdingaeity). The third treatment served as a
control (40-50% water holding capacity). The watapacity was measured with the TDR-
Bodenfeuchtesensor Fieldscout TDR 100 Soil moistBpectrum Technologies Inc.). In the
first part of the experiment (Experiment No. 1)ptadult female whiteflies were clipped on
the plants and on the same day the water- or th&gtit-stressing started. The whiteflies were
given one week to lay eggs after which they wermowed and the eggs counted.
Additionally, eggs and the adults were counted ett@rd day to follow their development to
larvae and later on to adults. Larvae that develojpem the eggs were recorded in the
different developmental stages. For each watet,lev&et of ten replicates was used.

In the second part of the experiment (Experiment o the insects were clipped on
plants which were already two weeks water- and ghbgtressed. From there on, the
experiment proceeded like the aforementioned. &t énd of both experiments the plant
height and the above- and belowground biomass messured and the number of leaves was

counted. During the experiment the stomatal condtctwas measured using the leaf-
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porometer AP4 DELTA-T DEVICES-Cambridge-U.K. Terplieates per water level were

used as well.

6.3.2 C/N-analyses

To analyze the C/N-ratio in the leaves, two to ¢lemaves of every plant were dried and
ground to fine powder. The samples were analyzedhat Institute of Plant Nutrition
(Universitat Hannover) using a Micro-Dumas-Quatitreaanalysis of combustioemploying

the CNS-device vario EL Il Element Analyzer of tt@mpany Elementar 2003.

6.3.3 Statistical analysis

Data was visually checked for normality of residyakeating histograms and box plots
and was transformed and pooled for the replicdtegdessary. The percentage data for the
larval development and the C/N-ratio were arc sipgare root transformed and the counting
data for the leave number, the biomass and theweggssquare root transformed

Main emphasis of the experiment was on the relakipms between different water
levels, the plant parameters and the insect deredap The effects of the water levels and on
the insects were tested with an ANOVA. Every ANOWAich yielded significant results
was followed by a post-hoc-test (Tukey's Test). IBBSS 19 was used for all statistical
analyses.

The relationships of plant biomass, C/N-ratio andect life data were evaluated

determining Pearson’s correlation coefficient asneslues averaged per genotypes.

6.4 Results

6.4.1 Impact of drought stress on plants

The three different water treatments had a sigificeffect on the plant size
(F12=90.72; p <0.001). The results show that plantsving under drought stress (<15%
water holding capacity of the soil) were much seralhan plants under normal water

conditions (40-50% water holding capacity) or unseter stress (>80% water holding
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capacity). The plants under drought stress showegrowth at all and got even smaller due
to the missing water pressure in the sténg.(28) The water treatment had also a significant
effect on the number of leaves, gr= 4.29; p = 0.05). In the drought stressed treatmkess
leaves were found compared to the normal and veiitessed plants. But the experiment
(comparison between experiment No.1 and No.2) hagvan greater significant effect on the
leave number (1= 13.84; p = 0.014ig. 54 Addendum)

> 80%
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. < 15%
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Fig. 28: Influence of water levels on plant growttduring the experiment in the two different experiments
(Experiment No. 1: Plants were stressed after coldgation by insects; Experiment No. 2:
Colonisation took place after stressing of the plas). n = 10 for each experiment and treatment.
Different characters representing significances o < 0.05). Capitals representing comparison

between experiments, small letters within the expenent

The water treatment had a significant effect onlélaé length. In the first experiment
(Experiment No. 1) the leaves in the drought treathwere significantly smaller {5 =
2.85; p = 0.076), with a leaf length of 6.95 cm.£8cm (mean * standard error). The leafs in
the normal treatment and in the water-stress trewitimad nearly the same length (8.12 cm +
0.40 cm; 8.28 cm + 0.40 cm, respectively). In expent No. 2 the leaves were significantly
smaller (R 29=4.70; p = 0.018) in the drought stressed treatragnvell, with a leaf length of
7.06 cm = 0.26 cm (mean = standard error). Thedgav the normal treatment had a length
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of 8.3 cm £ 0.27 cm (mean * standard error) andehees in the water-stressed treatments a
length of 8.49 cm + 0.40 cm (mean + standard ertorpoth cases the growth in size was

calculated to avoid effects of different plantsesiat the beginning of the experiment.

The different water treatments had significantuafice on the above- (k= 25.89;
p <0.001) and below- fkg=99.84; p <0.001) ground biomass, both fresh dryd With
increasing water capacity the biomass increabegl @9; Fig. 55 Addendun). It was also
obvious, that those plants under the high watetiment were bigger and had more leaves

and the leaves seemed even greener than the leabesother treatments.
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Fig. 29: Influence of water capacity and experimenbn the biomass above and below ground (dry)
(experiment No. 1: Plants were stressed after col@ation by insects; experiment No. 2:
Colonisation took place after stressing of the plas). n = 10 for each experiment and treatment.
Different characters representing significances < 0.05). Capitals representing comparison

between experiments, small letters within the expanent.

The different water treatments had a significarieatfon the stomatal conductivity
(F220=16.44; p <0.001). With increasing water holdingpacity of the treatment the

stomatal conductivity in the leaves increasé&.(30)
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Fig. 30: Influence of water treatment on stomatal enductivity in the second experiment, representing
median, upper and lower quartile, upper and lower vhisker and aberrations. n = 10 for each

treatment. Different characters representing signifcances ¢ < 0.05).

Our analysis of the C/N-ratio showed that the expent had a significant effect on this
ratio (R s9=4.95; p=0.03). Therefore, the ratio for evesyperiment was analyzed
separately. In the first experiment the C/N-ratioreased with increasing water treatment
(F228= 16.86; p <0.001Fig. 31(A)). In the second experiment the water capacity ad
significant effect (k29=0.43; p = 0.66). The C/N-ratio was highest untther normal water
capacity and nearly the same under the water stteggatment. Just under the drought
stressed treatment the C/N-ratio decreakeyl 81(B)).
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Fig. 31: Influence of the different water treatmens in the C/N-ratio in the leaves (A) experiment N4.
insects were clipped on not yet stressed plants) Bxperiment No. 2 (insects were clipped on
already stressed plants). n = 10 for each experimerand treatment. Different characters

representing significancesd < 0.05). Graphs without characters show no signifigeces.

6.4.2 Impact of drought stress on insects

Independent of whether insects were already preserthe plant when drought stress
occurred (Experiment No. 1), or colonising plantgpexiencing already drought stress
(Experiment No. 2) the number of eggs laid per dayed between 0 and 56. While the
experiment had a highly significant effect on thygg-4aying of the females (kBy= 7.88;

p = 0.007), the different water treatments had (Feto = 1.89; p = 0.16). Experiment No. 1
revealed nearly no differences in egg-laying@g= 0.56; p = 0.58) since the plants were not
stressed until the insects were clipped. In ExpenimNo. 2, where the plants had been
stressed before the insects were clipped, the aggd decreased significantly with

decreasing water capacity,(f = 0.64; p = 0.006Fig. 32).
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32: Influence of experiment and water capacityon the egg-laying of two females over eight days
(experiment No. 1: Plants were stressed after col@ation by insects; experiment No. 2:
Colonization took place after stressing of the plas). n = 10 for each experiment and treatment.
Different characters representing significances o < 0.05). Capitals representing comparison

between experiments, small letters within the expanent.

As a consequence, the water treatment had no nftuen the number of larvae

(Fig. 33 (A) and adults (f25=0.72; p=0.50; F5=0.49; p=0.62, respectivelyig.
33 (B)) in experiment No. 1, but it had an effect in expent No. 2 (F2s=6.79; p = 0.004;

F228=5.57; p = 0.01, respectively).
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Fig. 33: Number of (A) larvae depending on water teatment and experiment (B) Number of adults, that
emerged of the eggs laid on the experimental plarfexperiment No. 1: Plants were stressed after
colonisation by insects; experiment No. 2: Colonis@an took place after stressing of the plants).
n=10 for each experiment and treatment. Differentcharacters representing significances
(2 <0.05). Capitals representing comparison between pariments, small letters within the

experiment.

The experiments had a significant influence on dbeelopment from eggs to larvae
(F1s8= 7.95; p = 0.007) but not from the larvae to &uilts (R sg=1.31; p = 0.26). In the
first experiment 79.28% + 4.46 (mean * standardrgmf the eggs developed to larvae (on
the >80% water capacity level: 74.62% * 10.79;lw 40-50% water capacity level: 77.93 =
7.47 and on the <15% water capacity level: 85.28%06%) and in experiment No. 2 93.71%
+ 1.85 (mean * standard error) of the eggs develdpdarvae (on the >80% water capacity
level: 94.83% £ 2.17; on the 40-50% water capalgtel: 95.29 + 2.36 and on the <15%
water capacity level: 91% = 4.63). The differenbesveen the treatments and their impact on
the development from larvae to adults were notigslb experiment No. 1 85.53% + 10.34
(mean + standard error; on the >80% water capdeiyl: 76.58% + 10.96; on the 40-50%
water capacity level: 83.9 + 4.45 and on the <15&ewcapacity level: 71.11% + 9.25) and
in the second experiment 76.28% + 3.5 (mean + stahdrror; on the >80% water capacity
level: 75.08% + 4.72; on the 40-50% water capal@tel: 84.94 + 3.17 and on the <15%
water capacity level: 68.8% + 8.45) of the larvaeeloped to adults. In both experiments the

water treatment had no significant effect on bathdevelopment of the larvae and the adults.
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In the end of experiment No. 2 the size of the e®iwas measured to evaluate if the
plants’ stress did influence their size. The resshow that the whiteflies were biggest under
the normal water treatment and smallest growingmglrought-stressed plants; (5= 6.28;

p = 0.009;Fig. 39).
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Fig. 34: Influence of water treatment on the sizefahe exuviae in experiment No. 2 (colonisation tdo
place after stressing of the plants, n= 8 per watdevel, showing median and quartile). n = 10 for

each treatment. Different characters representingignificances @ < 0.05).

6.4.3 Correlations

To study the important correlations the experimerdee separated and analysed each at
its own, but for better comparison they'll be dssrd together. In experiment No. 1 the plants
were water-stressed after the colonisation of tisedts took place. In experiment No. 2 the

plants were water-stressed before the colonis&biok place.

The different plant parameters were expected toifsigntly correlate with each other,
e.g., the aboveground biomass was correlated wehoelowground biomass in experiment
No. 1 and experiment No. 2 (r=0.772; p < 0.002,0:811; p < 0.001; respectivelyig. 35.

With an increase in the aboveground biomass thealggbund biomass also increased.
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Fig. 35: Correlation between above and below grounBliiomass in the (A) experiment No. 1 (plants were

stressed after colonisation) and (B) experiment N& (plants were stressed before colonisation

by insects took place). n = 10 for each experimeand treatment.

The C/N-ratio in the leaves was measured afteetiperiments: It did correlate with the
size of the plants (r=0.726; p <0.001) and theniber of leaves at the beginning of the
experiment (r = 0.518; p < 0.001). It also cormetawith the plant growth parameters, which
were measured at the end of the experiment as Walh. an increasing size of the plant at the
beginning of the experiment the C/N-ratio furthecreasedKig. 36 (A)). In experiment No.

2 in contrast to experiment No. 1, the C/N-raticcwat correlating with the plant parameters,
e.g., the aboveground biomass (r = 0.126; p = G:if1;36 (B).
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Fig. 36: Correlation between C/N-ratio and the abogground biomass (A) in the first experiment (plants
were stressed after colonisation by insects) and Y the second experiment (colonisation took

place after stressing of the plants). n = 10 for ea experiment and treatment.

In experiment No. 1 the number of eggs was coedlatith the number of larvae and
the number of adults (r=0.953; p <0.001; r=8@;8p <0.001; respectivelyFig. 56
Addendum). With an increasing number of eggs the numberdidlts increased. As in
experiment No. 1, the number of the eggs was @igel with the numbers of larvae
(r=0.982; p <0.001) and adults (r =0.91; pB0Q) in experiment No. 2. The number of
adults and larvae were correlated as well (r =1.93< 0.001). With an increasing number of

eggs, the number of adults increaseid.(58 Addendun).

But the number of eggs was not correlated with pitent growth parameter in
experiment No. 1Kig. 37(A)). The number of eggs and larvae in experiment 2Awas
correlated with plant parameters especially thembiss (r = 0.559; p =0.001; r =0.570;
p < 0.001, respectively). With an increasing amaoafndboveground biomass the number of

eggs increasedr{g. 37(B).
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Fig. 37: Number of eggs correlated with the freshizgoveground biomass (mg) (A) experiment No. 1 (plast
were stressed after colonisation by insects) experent No. 2 (colonisation took place after

stressing of the plants). n = 10 for each experimeand treatment.

In the first experiments the number of adults wags8y correlated with the plant size
at the start (r =-0.409; p = 0.02Big. 38 (A) and the end of the experiment (r = 0.-439;
p = 0.017;Fig. 58 Addendun). If the plants were bigger at the beginning @& #xperiment
as well as in the end, more adults developed.

The number of adults is supplementary to the medsplant parameter correlated with
the plant growth (r = 0.387; p = 0.035). With irmsed plant growth, the number of adults
increased as welF{g. 38 (B).
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Fig. 38: (A) Number of adults correlated with the pant size at the beginning of the experiment in

experiment No. 1 (plants were stressed after colaation by insects) (B) correlation between

number of adults and the plant growth during the exyeriment in experiment No. 2 (colonisation

took place after stressing of the plants). n = 1@f each experiment and treatment.

The number of eggs, larvae and adults was notlatetewith the C/N-ratio in both

parts of the experimentEi@. 39).
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Fig. 39: C/N-ratio correlated with the number of egs A) in the first experiment (plants were stressedfter
colonisation by insects) (B) in the second experimg(colonisation took place after stressing of the

plants). n = 10 for each treatment and experiment.

As expected the stomatal conductivity correlateth &l the plant parameters, e.g. the
aboveground biomass (r = 0.723; p < 0.0Biy. 40). With increasing stomatal conductivity
the above ground biomass increased.
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Fig. 40: Correlation between stomatal conductivityand above ground biomass in experiment No. 2

(colonisation took place after stressing of the ptas). n = 10 for each treatment.

Hence with increasing stomatal conductivity the bemof animals (eggs, larvae and
adults) increased (r=0.746; p<0.001; r=0.7684<0.001; r=0.746; p<0.001,
respectively;Fig. 41). Due to the fact that the stomatal conductivéycorrelated with the

plant growth parameters and the number of whiteflilee also, this correlation was expected.
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Fig. 41: Correlation between the number of eggs antthe stomatal conductivity in treatment No. 2

(colonisation took place after stressing of the plas). n = 10 for each treatment.

The size of the exuviae did correlate with the dmwment of the larvae (r = 0.454;

p = 0.044). With increasing larval development timize of the exuviae, increased as well
(Fig. 42).
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Fig. 42: Correlation between the size of the exuvéaand the larval development in treatment No. 2

(colonisation took place after stressing of the plds). n = 10 for each treatment.

6.5 Discussion

The water level had a significant effect on plardvgh. Plants under the wet and the
normal treatment were bigger, had more leaves dngheer above- and belowground biomass
compared to plants under the drought treatmentht®lander the wet treatment were slightly
bigger than those under normal treatment. The geetur of the leaves also seemed more
intense although this wasn't measured. Plants uhdeatry treatment didn’t grow at all or got
smaller due to water loss in the stem tissue anlg ealting and dying of the lower leaves
was observed.

Surprisingly, the results showed the plants to riklu best under high soil humidity,
while actually the opposite was to be expected wueotting of the roots and anaerobic
conditions (Brunold 1996). As a result of the an@er conditions, a poisoning by the
accumulation of specific metabolites and a pooakatof nutrients for both root and shoot
should have occurred (Liao & Lin 2001). Apparentthe experiment failed to create

anaerobic conditions, so that the plants were #@blgrow very well and use all the water
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without facing the problems of rot due to missingygen. To create anaerobic conditions, it
would have been necessary to use planting cylinagengch hold the water above the soill

surface. It is likely that the plants would haveeddiquickly under these conditions. We
expected a small size of the plants under dry ¢mmdi, since a lack of water generally leads
to wilting and dying (Veihmeyer & Hendrickson 1923tuhlfauth et al. 1987; Baher et al.

2002). Furthermore, the root weight of the plamtsagn under dry conditions was expected to
be higher, to counter the low amount of water. &dvsgtudies show, that plants store more
biomass belowground than aboveground in face oémlahitation (Masinde et al. 2005) or

reduce the aboveground biomass instead of rootdssrfzhang et al. 2008). Drought reduces
the net photosynthesis and the stomatal conductiwvitt hence the biomass (Naderikharaji et
al. 2008). But other studies like the one of Kagale(2004) also found no differences in the

ratio of shoot and root biomass of cauliflower aftater limitation.

The results showed that the C/N-ratio in the leafdke first experiment was lowest in
the dry treatment and nearly the same in the noamdlthe wet treatment, whereas the ratio
was highest in the wet treatment. In the seconerxent, the C/N-ratio in the leaves was
also lowest in the dry treatment but slightly higive the normal treatment than in the wet
one.

It was assumed that plants under water stress &dower C/N-ratio due to the less
growth. As a consequence of limited water in thie Hwe leaves close their stomata leading to
decreased carbon assimilation (Faria et al. 1988&I Stiitzel 2002). And as a consequence
of the water limitation, the plants are not abléake up sufficient amounts of nutrients from
the soil (Rouphael et al. 2012). Studies on pepfaeits showed no influence of limited water
supply on the C/N-ratio (Estirate et al. 1994).tRermore, Huluka et al. (1994) found no
different impacts of various irrigation systemstba C/N-ratio in cotton leaves.

Another source of differences could be an incraaseritrogen in the leaves of the
drought-stressed plants (Huberty & Denno 2004)le$tat al. (2007) found drought to
increase the amount of nitrogen in the leaves, edwit would decrease the amount of
carbon.

In general, drought stress makes plants more \altheito insect attacks, with sucking
insects reacting particularly positive (Fuhrer 200Bhe infestation on Summer squash
(Curcurbita pep® by Bemisia tabacand consequently the silvering of the leaves xamngple

occur mainly under drought stress (Paris et al3l9%festations oBemisia argentifoliion
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cotton have shown to be more intense on waters&tdeplants compared to well-watered
plants (Flint et al. 1995). Many insects preferudyot-stressed plants for oviposition like the
Beet Armyworm Spodoptera exiga(Showler & Moran 2003). But heavy droughts have
negative effects on all feeding guilds (Staley ket2806; Schoeneweis 1986; Mattson &
Haack 1987). Reasons for this phenomenon may beased nutrient and especially nitrogen
levels (Rhoades 1983; White 1984), decreased gifiehces (Rhoades 1983) and a generally
better environment for the pests (Bregon 1983).

Significant differences in the intensity of eggitay appear in the executed
experiments. In experiment No. 1, in which the atsevere clipped on not-stressed plants,
the amount of eggs was nearly the same in allnresats. In the second experiment, the egg-
laying decreased with decreasing water level. Adtbgr, the rate of egg-laying was higher in
the second experiment. The insects of experiment2Neere clipped two weeks later on the
plants compared to the insects in experiment N@uk to the fact that the water capacity in
the control level (40-50% water holding capacitydswthe same in both experiments, we
assumed the same amount of egg-laying in bothmtiesats. The higher amount of eggs and in
consequence the larvae and the adults in the expetiNo. 2 might be due to abiotic factors,
which we didn't take into account. In contrast tor cesults, Flint et al. (1995) found that
Bemisia tabacipreferred drought stressed plants. And Isaacd. gt1998) could find no
difference in the preference @emisia tabacion differently watered melonsC(cumis
melon.

The results of the first experiment show that thieent water supply of the plant has
no significant effect on the development of thesggd larvae to adults. Once the eggs are
laid they develop to adults. It has been provenTitaleurodes vaporariorunthat the eggs
are provided by water through the egg pedicel (Byehal. 1990). At the beginning of the
experiment, the plant tissue was able to provideugh water for the eggs. Also, in the
second experiment, the tissue water was enougthéoegg development. It is likely that a
certain amount of drought stress favours the celdimn of herbivores, but that after a long
drought, the amount of pest insects decrease (Mat®& Haack 1987). In farmland
experiments Frampton et al. (2000) found that dnbwulgcreased the number of herbivores.
Insect response to drought seems to be speciest least feeding-guild specific, whereas
leaf-miners for example react species-specificcomught (Staley et al. 2006).

In the second experiment the stress level due teri@ss was so high that the insects

suffered and reduced egg-laying. An explanationttier bad performance of herbivores on

119



Influence of drought on the development of Aley®g@eoletella

plants under water stress might be that the reslucf turgor and water content impede the
insect in exploiting the increased amount of nignodHuberty & Denno 2004). An elevated
viscosity of the plant sap would hinder them toetalp enough amino acids. The oviposition
rate of the sawflyDiprion pini, e.g., correlates with the water content in thedhieeof the
host tree (Pasquier-Barre et al. 2001). The iner@apest outbreaks on water-stressed plants
may also be an indirect effect. The dry and warmddemns promote the development of the
insects (Larsson 1989). The experiments’ resultspsu this thesis their setup did not
promote the insects’ environment, but stresseghldugts. In contrast to the results of Rhoades
(1983), who found plant defence to decrease una@gemnstress, or Laothawornkitkul et al.
(2009), who could show that VOCs, which are parthef plants defence system, are reduced
by droughts, several authors found opposite effants an increase in plant defensiveness.
Under stress conditions plants metabolise morenslzry compounds to repel insects (Baher
et al. 2002; Stuhlfauth et al. 1987; Tang et a@5l9nbar et al. 2001). The reduced egg-laying
raises the question if the female is so weakerned it is not able to lay any more eggs on the
stressed plants or that it suspends egg-layingderao find a better host. The preference-
performance hypothesis suggests that females ofophggous insects prefer oviposition
places which support the best feeding ground feir tbffspring (Gripenberg et al. 2010;
Videla et al. 2006). Skinner (1996) could show tBamisia argentifoliprefers well watered
plants for egg-laying. Females of the whitegmisia tabacilso prefer to oviposit on host
plants favourable for the larval development, suppg the preference-performance-
hypothesis (Jiao et al. 2012).

The results of the size of the exuviae supporttiiesis of Huberty & Denno (2004)
insofar the insects are not sufficiently able te asitrients under drought stress. It was found
that the exuviae were biggest under normal wakeatiment and smallest under the dry
treatment. Without finding significances, the dateows that the developmental rate from
eggs to larvae and from larvae to adult is smabesthe drought stressed plants. The host
plants do not provide sufficient nutrients or wdtarthe development of the larvae. It might
also be possible that a change in the secondarpmamis cause the poorer development.
Mao et al. (2004) could show that the larvae ofavpmtato weevilQylas formicariu¥ had a
significantly higher mortality under drought.

The nitrogen level is lowest under the dry treattheading to malnutrition of the larvae
and pupae. An increased drying of the soil leadsntammobilisation of soil nutrients, since

the pores are filled with air and exacerbate tla@dport of nutrients to the roots (Nye &
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Tinker 1977). Although the C/N-ratio had no inflaenon the number of eggs laid nor on the
hatching success, it could have a negative impacthe performance of the larvae. This
assumption is supported by the fact that the siz¢he exuviae correlates with larval
development. It was observed, that pupae undertmigtment hatched one day earlier
compared to the other treatments. In other studrespupae oBSpodoptera littoralishad a
higher body weight and were bigger in dry treatm@ffalter et al. 2012). In that study
however, the plants were not as heavily water-stéi@ss were our plants and mere moderate
stress might even enhance the performance of tHevbees (Scheirs & De Bruyn 2005).
Water-stress influences phytophagous insects depgendn their feeding preferences:
Chewing and leaf-mining insects perform worse aessed plants, whereas sucking and
boring insects profit from stress (Koricheva etl&l98). A moderate amount of drought stress
favours the development of the larvaeBoévicoryne brassicaen oil rape, but under heavy
stress the aphids became restless and rejectdiedivy drought-stressed plants (Miles et al.
1982). The plant stress hypothesis predicts thsécits perform better on stressed plants
(White 1974), whereas the plant vigour hypothesgsligts that insects prefer vigorous plants
(Price 1991). Several studies did show herbivorosscts to prefer stressed plants (De Bruyn
1995; Saikkonen et al. 1995; Tisdale & Wagner 199&) other studies (Cornelissen et al.
2008; McQuate & Connor 1990; Carr et al. 1998) msililts of this paper promote the plant
vigour hypothesis.

6.5.1 Correlations

Several similarities and some significant differesmigvere found in the two experiments.
In both the above-ground and below-ground biomass significantly positive correlated.
This was to be expected, yet it has often beenddliat plants under drought-stress develop a
higher root biomass to counteract the water defigit & Sttitzel 2004). In experiment No. 1,
the C/N-ratio in the leaves was positively correthatvith the plant size and the biomass,
whereas it did not correlate in experiment No. 2.

The number of eggs in both experiment did corredpoith the number of larvae and
adults. Since the eggs are the basis for the nuoflatults, this was also to be expected.
Nevertheless, it might have been possible that segge or larvae suffered high mortality

resulting in a lacking correlation.
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In the first experiment the number of eggs didcwtelate with plant biomass, while in
the second experiment it did. This difference i@ égg laying could be a consequence of the
drought. The plants in the second experiment wieessed two weeks before the insects were
clipped, leading to already visible drought effedtsexperiment No. 1 the number of adults
did positively correlate with the plant size befahe experiment and the leaf size. In the
second experiment the number of adults was pobite@related with the plant growth. In
both experiments no correlation between the nurabethiteflies, regardless of stage, and the
C/N-ratio was found. It is unusual that the numtieinsects is not correlated with the carbon
or nitrogen content in the leaves. In general, tpfaalatability increases with a decreasing
C/N-ratio (Mattson 1980; Hartley & Jones 1997). €atist as well as specialist herbivores
should react positively to increased nitrogen (€a@teal. 2006; Mattson 1980; Schadler et al.
2007). However, some studies found a negative lediva between number of herbivores and
nitrogen concentration in the leaves (Kay et a0720/alladares & Lawton 1991). A possible
explanation for such a negative correlation is graeation of the host quality by the
herbivore (Valladares & Lawton 1991). As a resal, initially high-quality, preferred host
may become an inferior one. For instance, Schéaatled. (2007) showed that due to their
function as nitrogen sink, the number of aphids plant was negatively correlated to the
nitrogen content of their host plant in a contrdligreenhouse study. Also, environmental
factors could explain the results. Thus, we sugtiestthe leaves with a high nitrogen ratio
have a low ratio of secondary compounds. This cenfalain the missing correlation between
the egg numbers and the C/N-ratio, due to thetfatt specialist are attracted by secondary
compounds and use them for host-plant location feoxd-plant identification (Chew 1979;
Feeny et al. 1983; Honda 1986; Pereyra & Bower$8)198

6.6 Conclusion

The results suggest the population of the whitéflgyrodes proletelldo decline under
long drought periods. But it is likely that the wdflies will adapt quickly conditions of
limited water supply. Experiments witBrosophila melanogastecould show, that larvae
which developed under drought stress, are morstaesito dry conditions they encounter as
adults (Aggarwal et al. 2013). Furthermore, vedetalare regularly irrigated to avoid yield

loss and therefore provide optimal conditions fbiitefly development.
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7 Impact of cold winters compared to mild winters onthe development
and synchrony of the cabbage whiteflyAleyrodes proletella and the

parasitoid Encarsia tricolor

7.1 Abstract

The predicted temperatures increases will regapectally the cold extremes, leading
to warmer nights and warmer winters. Those mildtaris may have an important effect on
the population development of the cabbage whitafid the synchrony between it and its
natural enemy the parasitoiehcarsia tricolor The development olleyrodes proletellas
mainly controlled by the temperature, while thepdmase of the wasp is controlled by the
photoperiod. An experiment with mini-greenhousess wasigned, representing conditions
close to agricultural realities to test the inflaerof mild winters compared to cold winters.
These greenhouses provided nearly natural condjtioat were closed to other species and
would allow to control the temperatures via a heatdevice. Results showed that the
whiteflies had a reproducing diapause in Decembadrimthe beginning of January. After this
diapause the egg-laying started earlier in theduegteenhouse compared to the unheated, but
surprisingly more adults survived in the cold haud&n in the heated. In both the heated and
the unheated houses we found no livifigearsia tricolor In the field none of the larvae or
the mummies on the lower leaves of Brussels sylamts survived and only adult females of

A. proletellawere found on the upper leaves at the end of theew
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7.2 Introduction

In Germany the temperature increased about 0.9r"CGheé last hundred vyears.
Temperature increase will be probably in the coltteames leading to warmer winters and
warmer nights (Rosenzweig et al. 2001) and to & shithe differences of day and night
temperatures. A temperature increase of 3 °C inewiis expected (Kromp-Kolb 2003). An
increase in the average winter temperature andcdy leeginning of spring is already visible
(Ahas et al. 2002).

A warmer winter can have several effects on inpegulations. It may lead to a higher
initial population due to lower mortality during mter and an earlier beginning of population
development in spring (Bale et al. 2002; Fuhrer®arrington et al. 2007). Another factor
influencing the population development might be g@remotion of asexual clones and
anholocyclic life cycles of aphids as reportedtfee green peach aphidlyzus persicaer the
grain aphidSitobion avenaeThey survive better under warmer conditions (Bzalal. 2002)
and are more fertile, building up bigger populasiaamder these conditions. The winter
temperature has also a direct effect on the phggadd aphids (Zhou et al. 1995). Warmer
winters are crucial for immigrating species allogvithem to colonise new areas early and
more intensively (Ward & Masters 2007) or they neagn be able to overwinter in regions
which have been too cold in the past (Cannon 19€8jhat they can reach host plants early
and in a more vulnerable stage.

The model species for the following experimentghis cabbage whiteflAleyrodes
proletella The population size of the whitefly increaseddbpin the last ten years and it has
advanced to be one of the most important pest epeci cabbage (van Albeek 2008). The
females of this species overwinter on oil rape tslanabbages stalks which remain on the
field or wild Brasscia plants (Richter 2010). Inrisg they started to lay eggs as soon as
temperatures are sufficient.

Encarsia tricoloris the main specialized natural enemy of the Mlgiteccurring in
temperate regions such as Lower Saxony. The paigsibverwinter as diapausing pupae; the
end of the diapause is triggered by the photopefibis species has the potential to become
important for the integrated plant protection agawhiteflies (Herz 2012).
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It is likely that pest and parasitoid react diffetg to a temperature increase in
wintertime causing an asynchrony between prey aadhagioid. Most parasitoids like
Encarsia tricolorsurvive the winter in a diapause stage, reducihgnetabolic functions. The
end of diapause is triggered by the photoperiod rasidby temperature (Tobin et al. 2008).
But warm winters and springs might lead to an eaminding of the diapause (Tobin et al.
2008). The whiteflies in contrast overwinter as &&s without a diapause and their activity
starts with increasing temperatures. If winter Imees milder, the activity of the whiteflies
will start earlier than the activity &. tricolor.

Such asynchronies can already be observed betwestrsjpecies and their host plants
(Thomson & Hoffmann 2010). Due to the warming i tlast century many spring plants
blossom one or two weeks early (Parmesan 2006),ifatiee hatching time of aphids is
heritable (Komazaki 1986; Mittler & Wipperfurth 188Komatsu & Akimoto 1995; Dixon
2003) this causes an asynchrony between herbivatéhast. Dixon (2003) could show that
aphids which hatch before or after bud-burst ase fé@ than aphids that hatch at bud-burst.
This phenomenon is leading to a high mortality loé taphids in spring (Dixon 2003).
Furthermore, asynchronies between prey and paichsit;m be observed, with a decreased
rate of parasitism on caterpillars in a more vdeaitimate (Stireman et al. 2005).

As the diapause oEncarsia tricolor is triggered by the photoperiod and not by
temperature, warmer winters would lead to an asymghbetween the whiteflies and their
parasitoid so that aphid populations would startgtow before parasitoids leave the
overwintering mummy stage. To evaluate if this he ttase, we developed a semi-field
experiment in a protected eco-system, yet closeataral conditions. In it both species and
their population development would be monitored amndimulated conditions of warm
winters with nearly no freezing and under normattes conditions with temperatures under

the freezing point.

7.2.1 The cabbage whiteflyAleyrodes proletella, (Fam. Aleyrodidae, Order Homoptera

is a common pest of Brassicaceae in Europe. Theriance of the species is increasing
since the 1970th and especially in the last yearsitecies has spread heavily (van Alebeek
2008). The species overwinters on oil rape plamtskale plants or on herbs like tetterwort

(Cheledonium majysas mated females or as pupae (Richter 2010).d[Seehapter 2.5.1.1)
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7.2.2 The parasitoid Encarsiatricolor, Fam. Aphelinidae, Order Hymenoptera

Encarsia tricoloris an autoparasitoid of whiteflies that occur iré@pe and Russia. The
mummies overwinter in their hosts and in late gprithe adults hatch. The basal
developmental temperatures and the developmentaldre not known foEncarsia tricolor.

Also the lower lethal temperature threshold is wvkn. (See also chapter 3.2.2.)

7.3 Material and Methods

7.3.1 Experiment

The cabbage whiteflies for the experiment wereridkam the rearing of the Institute of
Plant Disease and Plant Protection in Hanover.ii$ects were reared on Brussels Sprout at
temperatures of 20 °C and light conditions of 1##ht/darkness).

To test the influence of cold winters compared itdliwinters small greenhouses were
constructed which represent mini-ecosystems. TH&s@reenhouses were made of steel
frames with a surface area of 4 m2 (2x2 m) andighbh®f 2 m. The lower part was stringed
with UV-permeable gauze to allow air-ventilationdathe upper part and the roof were
stringed with UV-permeable foil. Half of the houseere equipped with a heating device. At
the beginning of September eight ten-week-old cgbhalants were placed in each of the
greenhouses and buried into the soil. Then 6 ferBalay-old whiteflies per plant were
clipped on the Brussels sprouts. The whitefliestlios experiment were reared outside three
months to allow the insects to adapt to field cbods. Each month the mortality and egg-
laying of the whiteflies was recorded. In threedamly chosen heated and three unheated
housesEncarsia tricolormummies on leaves were placed additionally. Thelevkvinter the
temperature was recorded using Tinytag Data logdée experiments run in winter
2010/2011 and 2011/2012.

In addition to this experiment, ten plants in theddf (experimental field of the Institute
for Plant Protection and Plant Disease, UniversityfHanover) withAleyrodeslarvae and
Encarsia tricolormummies were chosen and every month the numbeggs, larvae, pupae,

hatched adults and mummies were counted.
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7.3.2 Statistical analysis

Data were visually checked for normality of residuareating histograms and box
plots and if necessary transformed and pooledhereplicates. The percentage data for the
mortality of the adults and the development of ldreae and eggs were arc sine square root
transformed. To show the influence of the heatisgicks bar charts were created for the
experiments in winter 2010/2011 and scatter platsHe results of the winter 2011/2012. Due
to the fact that several problems occurred in tkgeeBments an accurate statistical analysis
was not implemented.

Main emphasis of the experiment was on the relakips between influence of the

heating and the different month on the mortalitg #me development of the whiteflies.

127



Impact of cold winters compared to mild winterstba development and synchrony of the
cabbage whitefly Aleyrodes proletella and the pgwakEncarsia tricolor

7.4 Results

7.4.1 Winter 2010/2011
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Fig. 43: Comparison of the heated and unheated grebouses in December 2010.

In the winter of 2010/2011 the temperatures rarfgmd -9 °C up to 5 °C. In the heated
greenhouses temperatures were 3-4 °C warmer oragevdhan in the unheated houses.
Nevertheless, in spite of heating temperature®asak -5 °C did occur there aldéid. 43).
The temperatures in November, January and Februamg comparable to the winter
2011/2012 Fig. 48. The lower developmental temperature #leyrodes proletellais
6.88 °C and the lethal temperature is unknown. [ohver developmental temperature and the
lethal temperature foEncarsia tricolor are unknown, either. The lower developmental
temperature foDiaeretiella rapae another parasitoid in temperate regions, is G.&arid the
lethal temperature is not investigated.
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7.4.1.1 The cabbage whitefly

After the first month (November), the counting aidt indicate significantly different
numbers of adults in the heated and unheated holisesyumber of adults was even slightly
higher in the unheated houses. In December andcadaouly a few living adults were found
in the unheated houses, but none in the heated (6iges44 (A)). All other specimen had
perished. The amount of eggs decreased rapidipgldanuary both in the heated and in the
unheated greenhouses. In November some femalisistieggs leading to an egg amount of
120% compared to the number of eggs at the begjnofithe experiment. In December the
number of eggs decreased in the unheated hous#s,itnhcreased in the heated houses. In

January only a few eggs were Ildfiq. 44 (B). These eggs could have not been additionally
laid, because all adults had died.
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Fig. 44: (A) Amount of living adults of Aleyrodes proletella (B) Amount of eggs laid byAleyrodes proletella

in the heated and unheated greenhouses in winter tife first year. n = 6 for each treatment.

The amount of larvae was very high in Novemberhi@a tinheated houses, indicating
that several eggs hatched successfully and dewkkoparvae. In December still a lot of eggs
hatched, but January no larvae were to be founchare: In the heated houses the hatching
success was high as well, but not as high as inheated once in November, whereas it was

higher in December. Both in heated and unheateenbaises no L1-larvae were found in
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January Fig. 45 (A). Nearly all L3-larvae survived in November in thaheated house,
whereas only 70% survived in the heated one. IneBéer no L3-larvae were found in the
unheated houses, but about 20% in the heated bné&anuary few L3-larvae were found in
both the unheated and the heated housgs 45 (B). The L3-larvae in the unheated houses

in January were newly developed larvae and notwagylarvae of the previous month.
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Fig. 45: (A) Amount of L1-larvae of Aleyrodes proletella (B) Amount of L3-larvae of Aleyrodes proletella in

the heated and unheated houses in winter of the it year. n = 6 for each treatment.

7.4.1.2 Parasitoids

In the first year ndencarsia tricolorcould be found after the winter.
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7.4.2 Winter 2011/2012
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Fig. 46: Temperatures in winter comparing heated ad unheated greenhouses. The red line illustrates ¢h
average temperature in the heated houses and theul! line the average temperature in the

unheated houses.

In the winter 2011/2012 the temperatures rangeah 00°C up to 10 °C in December
and January. At the beginning of February the teatpees dropped down to -17 °C. In the
heated houses the temperature was on average 3xgh€r compared to the unheated
greenhousegFig. 46, Fig. 47) Nevertheless in February temperatures down to°G10
occurred in the heated houses for two weeks duriglgt time with temperatures as cold as
-16 °C in the unheated houses.
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Fig. 47: Temperature difference between the heateshd the unheated greenhouses in December 2011.

7.4.2.1 The cabbage whitefly

The number of adults decreased over the wintery Boevived longer in the unheated
houses than in the heated ones. In November dlisagare still alive but after one month the
survival rate dropped to 58% in the heated housdst@ 80% in the unheated. In February
and March nearly no living adults remained in tleated houses, while in the unheated still
69% (13% respectively) survive#i@. 49).
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Fig. 48: Number of the adults ofAleyrodes proletella which survived in the second winter comparing the
heated and unheated greenhouses. The data were eotkd on different plants, i.e., a decrease

must not necessarily show mortality. n = 6 for eaclreatment.

The number of laid eggs increased with precedingths There were more eggs in the
heated greenhouses. In November in both heateduainelated houses no eggs were found
and it seemed as if the females were in an eggdagiapause. Then in December we found
five eggs per plant in the heated houses and 1g5 egthe unheated ones. In January we
could observe 3 eggs in the unheated and abougglieghe heated houses. In February the
number of eggs increased in the unheated hougeS &ygs per plant and in the heated it was
stable with 4 eggs per plant. In March the femalested to reproduce especially in the
unheated houses, where 14 eggs per plant coulolibd fig. 49.
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Fig. 49: Egg-laying ofAleyrodes proletella during the second winter comparing heated and untsted
greenhouses. The data were collected on differentgnts, i.e., a decrease must not necessarily

show mortality. n = 6 for each treatment.

No L1-larvae were found in November and in Decentdy one larva was found in
the heated house. In February the number of lamwemased significantly in the heated
houses, while in the unheated still no larvae wietend. In the unheated houses the first
larvae emerged in March, whereas the number irhéaed houses decreaséiy( 50). At
this point L3-larvae were found in the unheateddasuor the first time. We found 4.3 larvae
per plant in the heated houses and less than dhe unheated oneBig. 51). By the end of
March several Brussels sprouts plants in the hdatades blossomed.
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Fig. 50: Development from eggs to larvae dleyrodes proletella in the second winter comparing heated
and unheated greenhouses. The data were collected different plants, i.e., a decrease must not

necessarily show mortality. n = 6 for each treatmen
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Fig. 51: The development of L3-larvae oAleyrodes proletella in the second winter in heated and unheated
greenhouses. The data were collected on differentants, i.e., a decrease must not necessarily

show mortality.
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7.4.2.2 Parasitoids

In the second year riencarsia tricolorwere found in the greenhouses, either.

7.4.3 Development of the whiteflies in the field

At the first counting at the beginning of Decembearly no whitefly egg clutches on
the lower leaves of the plants and only few L1-d&rwvere found, but several pupae and
mummies withE. tricolor. Several whitefly adults on the lower leaves wegstered, yet it
was assumed that they had hatched recently andalidise the leaves as oviposition site,
although the upper leaves were populated by maualgsaco did adults with egg clutches but
nearly no larvae and pupae. In average we found-Bdrvae per leaf, 25 pupae per leaf, 28
mummies per leaf and 6 adults per leaf.

At the second counting in January half of the Isdvad died and on these leaves only
few living pupae and mummies could be registered. tRe other leaves also all of the
mummies and pupae had died and no egg clutche&-tartae were to be found. Still there
appeared adults, which seemed recently hatchethig\tounting there were 2 L3-larvae per
leaf, which is 10% of the number in the beginniagupae (37%) per leaf, 9 mummies (40%)
per leaf and 3 adults per leaf. No adult parasstsiére to be found in the field during the
observation period.

At the third counting in February all leaves hadted and all the mummies and pupae
on them had died. No living whiteflies were recatdén this month we only found living

females in the upper leaves of the other cabbagegthan the experimental plarfsg( 52).
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Fig. 52: (A) Number of eggs, L1-larvae and adultsfoAleyrodes proletella (B) Survival and development of
the whitefly larvae and theEncarsia tricolor mummies on cabbage leaves in the field in the sexb
winter To evaluate the amount of insects, plants we labeled and the living insects were counted

monthly. n = 10 for each treatment.

7.5 Discussion

7.5.1 Overwintering under semi-field conditions

The results indicate the whiteflies to have an kygig diapause in December and the
first weeks of January. In January even adults Wwiiere brought to the nursery, with long-
day conditions and temperatures of 20 °C, stoppgitid eggs. Only after three weeks in the
nursery, egg-laying started again. At the end dirirary the females started to lay eggs again,
but mainly in the heated houses. In other whitedpecies, e.g., the bayberry whitefly
Parabemisia myricaethe reproduction is also reduced in winter (Swiestkal. 1986). The
results in our experiments are in consensus witandgl (1986b) who found that the ovarian
development decreases between September and Decantbthat body fat increased during
this time. The critical photoperiod that will induchis egg-laying diapause is LD 15.5/8.5
hours (Adams 1985). Under this conditions 60% effdmales went into egg-laying diapause
(Ineagwam 1977). This reproductive diapause is paddent of temperature and can be
induced in face of temperatures of up to 15 orQ@lheagwam 1977). It is also important if

the whiteflies live under constant short-day-caods or if they live under developing short-
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day-conditions from long-day-conditions; The ficsise results in a weak inhibition of ovarian
development, while in the second scenario the prergence oogenesis is completely
inhibited (Adams 1985b). The peak photoperiodicsgesity is in the third larval instar
(Adams 1985b). The termination of the diapauseisantrast to its induction temperature-
dependent (Adams 1986).

In the heated greenhouses the developmental ratieeoiarvae was accelerated. The
number of L3-larvae was also higher in the heatmasbs. The adults survived better in the
unheated houses.

In contrast toAleyrodes proletellathe adults of the cotton whitefremisia tabacare
most prone to cold while the eggs are less vulher@®osco & Caciagli 1998). Yet, those
specimen are common in regions with less than$ ttays per winter, whereas our whiteflies
were taken from the field in Hanover and alreadgpaeld to cold temperatures. In other
regions like CaliforniaBemisia tabacioverwinters in an active stage (Mayberry & Perring
1992; Mallah et al. 2001). In an experiment wibmisia tabacbiotype B the mortality of
eggs, which were exposed 10 hours to -10 was 8@6#the mortality of nymphs and adults
was even higher (88.4 and 100%, respectively; Lial.e2007). AlthouglBemisia tabacis a
close relative to the cabbage whitefly, it is gptcal species and a comparison with other
species of the temperate region would be usefud. griain aphidSitobion avenaewhich is
common in Germany, has a cold torpor point of @5after a short period of cold hardening
(Powell & Bale 2006). Thus, 80% of the nymphs ar@%60f the adults can survive
temperatures below -8 °C (Powell & Bale 2004). Algls acclimated to cold can survive even
temperatures as low as -12 °C after cold harde(fayvell & Bale 2005). In the field the
aphids suffer mortality at temperatures below -4(Yilliams 1980). The lower lethal
temperatures (LLJy) for the Myzus persicagange from -12.7 to -13.9 °C (Hazell et al.
2010), with first-born nymphs surviving temperatugd -15.9 °C (Clough et al. 1990). The
host-alternating aphiBemphigus bursariugverwinters as asexual hiemalis in the soil and as
adult on poplars. The hiemalis have a k4 ®f -13.5 °C and can survive this temperature for
up to 18 days (Phillips et al. 2000). The superioggooint changes with the season, leading
to an LTsp of -6.9 °C in October and -12.2 °C in JanuaryBoevicoryne brassicaéSaeidi et
al. 2012). In autumn the amount of glycerol or oth&ohols like mannitol increases in
insects, effectively serving as an antifreeze af@amme 1964; Block et al. 199@)eyrodes

proletellais the most cold tolerant whitefly species. Inestbutdoor studies as well as in our
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study the populations of whiteflies thinned dramalty in winter and increased rapidly again
in spring (Gerling 1984, Richter 2010).

No parasitoids were recorded in both the heatedthedunheated houses in spring.
Normally the parasitic wasp overwinters as mummyhi& host on fallen leaves (Nucifora
1985), e.g., inEncarsia quaintance¢i E. pergandiella Eretmocerus haldemanand all
parasitoids ofTrialeurodes abutiloneaEncarsia formosaa close relative, needs frost-free
habitats to overwinter. Even temperatures of 1@0fC13 days reduce its hatching success by
about 45%; the hatching success of mummies exptms&dor 5 °C respectively declined
rapidly after three days (Lacey et al. 1999). Bineo studies could show that the adults can
survive temperatures of 5 °C for several days (Hali983). The parasitoidphidius ervj
which is used in Integrated Pest Management in @eyniKatz, unpublishedgnd Aphidius
rhopalosiphioverwinter as diapausing mummies and can surawg term exposures of 0
down to -10 °C (Langer & Hance 2000). The paragifgpohidius colemanéven has a super-
cooling point of -22 °C (Colinet et al. 2007). Ahet common parasitoid in Lower Saxony,
the waspDiaeretiella rapae suffers a mortality of 55% after 32 days with tergiures under
5 °C (Silvia et al. 2013).

The longer the exposure to cold, the more the wetetent (water mass/ dry mass)
increased in overwinteringhphidius colemanimummies, leading to a starving of the
mummies (Colinet et al. 2006 b). A short rise imperature can lead to a recovery of the
parasitoids (Colinet et al. 2006 a), but in thigpgrés experiments the low temperatures
continued for several days.

During the experiments it was not possible to rbkltemperatures above 0 °C, due to
very cold night temperatures. We assume that thetéonperatures in the houses were too
cold for Encarsia tricolorleading to a mortality of all individuals. In fal leaves they are

protected from very low temperatures.

7.5.2 Overwintering in the field

On the leaves we chose for our counting, mainlydarand pupae were registered. The
adults settled on the upper leaves for overwinggroecause they prefer fresh leave material.
Over the course of the winter most leaves diedthedarvae and pupae on them died as well,

due to a lack of nutrient availability. In the flelinder cold conditions the whiteflies seem the
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overwinter completely as mated females. Living flasavere found even after nights with
temperatures as low as -18 °C. The survival atetteedd temperatures may be due to a
protection of the whiteflies by the leaves, becahseliving insects on our field were hiding
in the core of the kale plants and the animalshenlower and less protected leaves were
dead. Furthermore is the amount of glycerol or o#ileohols like mannitol increased in
insects in winter, effectively serving as an artfze agent (Semme 1964; Block et al. 1990).
Males are more vulnerable to cold temperatures aang few of them survive the winter
(Adams 1985). One explanation for this observationld be the smaller body size of the
males. The Bergmann Rule postulates that biggenalsiare better protected under cold
circumstances due to the smaller surface in reiawothe volume (Meiri 2010). Regarding
other whitefly species, it has been found that lgdexvae and females overwinter (Swirski
et al. 1986). In the field, whiteflies overwintezgularly on cabbage plants, like Brussels
sprout or kale, which are harvested late and aitenil rape plants (Richter 2010).

In the field we found no surviving parasitoids ouar dest plants. In this winter the
temperatures had fallen down to -18 °C and the miesiran the lower leaves were not
protected from the cold. In the field the parasisooverwinter mainly on fallen leaves, which
provide frost-protected habitats. Due to the faet Encarsia tricolorandDiaeretiella rapae
live under the same climatic conditions we assuma¢ the lethal temperatures are similar in
both speciesDiaeretiella rapaesuffers a high mortality after 32 consecutive dayth
temperatures under 5 °C (Silvia et al. 2013) ansl likely thatEncarsiamummies also have
a high mortality at temperatures under 0 °C. Tisetteement in the field might occur from

individuals which overwintered on frost-free places

7.6 Conclusion

Since the whiteflies in heated greenhouses, ire gfithigher mortality, started earlier
with the egg-laying and their larvae would devebbpaster, we assume that the whiteflies
will be able to build up bigger populations and egapearlier in spring after mild winters. No
parasitoids survived the experiment, but we asstimaethis shows no general trend. If the
break of the diapause of the parasitaittarsia tricolordepends on the photoperiod, this will
lead to an asynchrony between prey and predator.
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We propose to repeat the experiments by bringingvihe infested plants into the
greenhouses and clip several adults in clip-cageatdeast five leaves. This would allow a
population development over the winter of free wefhigés with a choice for the adults
regarding the plant part, e.g., leaf level and tratled observation of the insects in the clip-
cages. The parasitoid should as well be availab#dl idevelopmental stages. Furthermore we
would propose to infest plants on an experimenigd fwith Aleyrodes proletellaand
Encarsia tricolorand to evaluate their numbers constantly.

Especially the heating device must be improved: pi2esadditional improvised
insulation with bubble wrap, the temperatures i@ fieated greenhouses fell below -10 °C.
Maybe, a stronger heating device with heat sengposite of the heating or even under floor
heating would be useful, although a under floortingadoes not reflect the cooling from the
air naturally. With such a device a drying of thants due to frozen soil would be avoided as
well, also this would not represent natural coodisi for the plant, but near natural conditions
for the insects. Furthermore, the plants in theegineuses must be effectively protected
against voles. This can be achieved by mesh cageg @pplying older plants which are not
palatable for the voles. Also mesh dug in undergieenhouses or sound devices might be
helpful.

For the overwintering in the field it would be ugleto take half of the plants with
whitefly larvae and mummies &hncarsia tricolorinto the lab and study the rate of hatching
under controlled conditions. Furthermore, it woblel useful to open some of the mummies
and study if they really contain larvae of the gédmd. In spring trapping plants in the field
could show resettlement with parasitoids.

We would also suggest to study the lower lethalperatures foAleyrodes proletella
andEncarsia tricolorunder controlled conditions in the lab to estinthgmortality in winter

under freezing conditions and to assess if mildatexs would favour asynchronisation.
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8 Final Discussion

An increase of the population of the cabbage wigitafeyrodes proletellan the last
decade and the results of our study, lead to teenagstion that this insects are very robust
against high temperatures and are promoted by @ease in the average temperature. Our
results show that the whiteflies are robust to ewery high temperatures of 42 °C and that
also repeated heat waves, which might occur irfutee in Germany and in Lower Saxony,
have no negative influence on the population dgns$iiey are if anything even positive for
A. proletelladue to reducing of the developmental time. Furtitee the adults and the larvae
are protected by the leaves due to evaporativengnol

The rain, another climatic factor, has also jusslightly negative effect on the
population development of the cabbage whitefly. Tiatality was mainly due to washing
off of the leaves and mechanical destruction ofade clutches. Torrential rain was the only
rain level, which had an important effect on thertady of the adult whiteflies and such
heavy rains are not likely to occur several timegear in Lower Saxony. Due to this the
whiteflies will be able to compensate the loss anrection with the rain, quickly. But
normally the whiteflies cease flying under bad weatconditions and hide under the leaves.
The larvae are also protected by the leaves anddikdayer.

Associated with the heavy rains in summer are nii@guent summer droughts. The
negative effects of the drought, reduced egg-lagimdj a poorer larval conditions, won't be so
distinct in the field, because the farmers wiligate their plants to avoid harvest loss due to
water shortage. The insects in out experiment h&di a chance to chose another plant for
the oviposition and we assume that they will ch@seore sufficient plant for oviposition in
the field. In addition to it summer droughts aréenfassociated with high temperatures and
we therefore assume that the increase in temperatillroutweigh the negative effects of the
drought.

The mild winters which are expected in the futuil &s well have ambivalent effects
on Aleyrodes proletellaOn the one hand our results indicate that adultssuffer a higher
mortality under warmer winters, on the other hamel ¢gg laying is starting earlier and the
larvae develop faster. Despite the losses of thdt au winter, we assume that the positive
effects of the earlier egg-laying and the fasterdbadevelopment will predominate.
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All in all we assume that the importance of thebzad®e whitefly as a pest species in
cabbage will further on increase and become evere miamatic for cabbage farmers than
today. There are only few effective pesticides magfawhiteflies available and the living on
the lower side on the leaves, complicates the egidn on the cabbage plants. Hence it is
important to evolve new ways of plant protectionl @levelop a sufficient model to forecast

the emergence of the whiteflidsiq. 53).
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Fig. 53: Model on a daily basis to forecast the papation development of Aleyrodes proletella under

changing climatic conditions.

A forecast model will help the farmers and the plamotection commissioners to
forecast the appearance of the whiteflies and takeithe instant on time on which pesticides
can be used most successful or natural enemielseceeieased.

It might also be important to breed cabbage vasetvhich are resistant to the feeding
of the whiteflies or which are not very palataldetiem. Short observations show that they
seem to prefer green kale and avoid purple vasigfigt is possible. Changed cultivation
methods may as well help to reduce the problemssdgis sprout planting for a harvest later
in the year reduces the infestation compared teaaly planting and harvesting till beginning

of November (Schultz et al. 2010). Moreover itngpbrtant to evolve pesticides which can
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perforate the wax layer and reach the larvae apaeuit is also important to engineer crop

protection sprayer, which can spray on the lowde sif the leaf to reach as many insect as
possible. Despite of this arrangements it will betpossible to get all insects and other ways
of plant protection like beneficials will be necass This postulation is supported by the fact
that the EU is discussing about a prohibition admeotinoids, one of the active ingredients

against whiteflies.

One possibility in the control oA. proletellais the parasitic wasgncarsia tricolor,
which naturally occur in Lower Saxony. An closeatele of E. tricolor, E. formosais
successfully used in greenhouses agdinsieurodes vaporariorumNowaday<E. tricolor is
not able to control whiteflies sufficiently enoughbut this might change under a warmer
climate. Our results indicate that the parasitsidlso robust against high temperatures. And
although the break of the diapause is controllethkyphotoperiod, some studies indicate that
the diapause can also be broken by high spring @estyres (Tobin et al. 2008). In an
experiment in Kassel, Germalcarsia tricolorwas successfully used in combination with
mesh. The use dncarsiareduced the infestation about 33% leading to atdyincrease of
23% (Schultz et al. 2010) or even an reduction2%4at an earlier release of the parasitoid
(Liebig 2010). In southern Germany the useEotarsia tricolorwas even more successful
leading to such an high decrease of whiteflies @ahstpraying with pesticides wasn't necessary
any more (Hilgensloh 2010). This experiments indidaat the control witlE. tricolor gains

in importance in the future.
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10 Addendum

10.1 Zusammenfassungen der einzelnen Kapitel

10.1.1 Zusammenfassung: Einfluss wiederholter kurzzeitigeHitzewellen aufAleyrodes

proletella

Die Klimaveranderungen, die im letzten Jahrhunderbeobachten waren, werden sich
auch in den folgenden hundert Jahren fortsetzenltw#ié werden die Temperaturen
ansteigen und das Niederschlagsregime wird sicéindern, aul3erdem wird es zu haufigeren
Extremereignissen wie Starkregen oder Hitzewell@mien. Besonders die Temperatur hat
einen bedeutenden Einfluss auf die Entwicklung irekten und kann diese férdern oder
verhindern, und sehr hohe Temperaturen kénnen rer erhdhten Sterblichkeit fihren. In
bisherigen Studien wurde haufig lediglich der Risfl einer bestimmten Hochsttemperatur
getestet, wobei die Temperaturen in sehr kurzer aetiegen und es nicht klar ist, ob die
Mortalitat von der Temperatur oder dem schnellemperaturanstieg abhangt. Darlber
hinaus wurde haufig nur ein Hitzeereignis getesdets diesem Grund haben wir, um den
Einfluss von hohen Temperaturen und Hitzewellertesten, ein Modell entwickelt, bei dem
die Temperaturen langsam ab- und ansteigen. Dazenswird eine Spitzentemperatur von
30 (34, 36, 38, 40, 42 °C) gehalten. Die Tiere wurdliesen Temperaturen entweder in
Petrischalen mit Blattern oder an lebenden Pflanaesgesetzt. Zusatzlich wurden diese
Hitzezyklen 1, 3 oder 5 mal wiederholt, um den kisd von Hitzewellen wie sie in
Niedersachsen auftreten konnten, zu testen und mntersuchen, ob sich die
Kohimottenschildlaus an diese Bedingungen anpatst starker unter ihnen leidet als unter
einem einzelnen Hitzeereignis. Unsere Ergebnisgeizedass die Kohlmottenschildlaus sehr
robust gegenuber Hitze ist und sogar Temperatuperd °C fir acht Stunden tberlebt. Mit
zunehmender Wiederholung der Hitzezyklen stieg gedauch die Mortalitat. Nach drei
Zyklen mit Temperaturen tber 38 °C lag die Morédliler Weibchen bei 90%. Mannchen
reagierten noch empfindlicher auf die Hitze, naaleizZyklen mit Temperaturen tGber 38 %
waren Uber 95% der Tiere tot. Die Eiablage sankiteemach einem Zyklus von 38 °C
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drastisch, Temperaturen von 30 und 34 °C hatteocje#einen Einfluss auf die Oviposition.

Bei einer Wiederholung der Versuche mit Tieren mlfenden Pflanzen stellten sich die
Ergebnisse jedoch anders da. Hitzewellen, unabbamgn Hohe der Temperatur und
Wiederholung der Zyklen, hatten keinen Einfluss dié Mortalitdt von Mannchen und

Weibchen. Es war ebenfalls kein Einfluss auf digbEge, die Entwicklung der Eier oder der
Larven feststellbar. Lediglich die Entwicklungszeér Eier verkirzte sich mit zunehmender
Temperatur. Hitzewellen haben somit keinen negati@fluss auf die Kohlmottenschildlaus

und, die hohen Temperaturen werden die Populatitwieklung dieser Art eher fordern.

10.1.2 Zusammenfassung: Einfluss von wiederholter kurzzeiger Hitzewellen auf die

Glucosinulate

Die Temperaturerh6hung als Folge des Klimawandeisl wirekte und indirekte
Wirkungen auf die Insekten haben. Ein wichtigeririekter Effekt wird die Anderung der
Pflanzennahrstoffe und der sekundaren Pflanzersdtaffe sein. Eine Gruppe dieser
Pflanzeninhaltsstoffe sind die Glucosinolate, die allem in Brassicaceaen vorkommen und
zur Abwehr gegen Herbivoren dienen. Wir untersuthtdd sich diese Pflanzeninhaltsstoffe
unter wiederholten Hitzewellen, die durch an- urzkteigende Temperaturen und einer
Spitzentemperatur von 30 (34, 38 °C), die fur @®inden gehalten wurde, simuliert wurden,
verandern und somit ein Grund fiir die Anderungen Blopulationsentwicklung der Insekten
sein konnte. Die Simulation dieser Hitzewelle, sieNiedersachen auftreten konnte, wurde
einmal und funfmal wiederholt. Unsere Ergebnissgeze dass die Menge der Glucosinolate
unter hohen Temperaturen zunahm, wobei jedoch ner Zdinahme von 4-Methoxy-
Glucobrassicin signifikant war. Die Menge der Glsioolate nahm auch starker nach einer
Hitzewelle im Vergleich zu funf Wellen zu. Den gtéfi Einfluss auf die Veranderung der
Glucosinolate hatte jedoch der Fral3 des Schadkiggrodes proletellaDieser fuhrte zu

einer Verdreifachung der Glucosinulatmenge.

10.1.3 Zusammenfassung: Einfluss von Starkregen auf die Kdmottenschildlaus

Aleyrodes proletella

Neben der Temperatur ist Niederschlag einer demtwgsten Klimafaktoren fir

Insekten. Die Klimaszenarion fur Niedersachsensajee Verschieben des Niederschlags in
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den Winter und haufigere Starkregenereignisse,riomehen von Trockenperioden, voraus.
Studien zu dem konkreten Einfluss von Starkregenda Entwicklung von Insekten sind
selten. Deshalb entwickelten wir eine Arena, um Herfluss von Starkregen aédeyrodes
proletella zu testen, in der die Insekten verschiedenen RegeEn ausgesetzt waren. Wir
untersuchten drei Regenlevel und setzten alle &tader Kohimottenschildlaus mittlerem
(0,6 I/min), starkem (2 I/min) und sintflutartigef@ I/min) Regen aus. Der mittlere und der
starke Regen hatten keinen Einfluss auf die Mdaétalder Insekten, nur unter dem
sinflutartigen Regen stieg die Mortalitat auf 508 da die Tiere von den Blattern gewaschen
wurden und starben. Die Anzahl der abgelegten ideh einem 20-minidtigen Regenschauer
sank unter dem sintflutartigen Regen um 50%. Ddnupéerfolg aus den Eier sank unter
allen Regenlevel um circa die Halfte, die Entwiclduder Larven und Puppen war jedoch
nicht vom Regen beeinflusst. Wiederholung mit nealeittelstarkem Regen hatte keinen

Einfluss aufAleyrodes proletella

10.1.4 Zusammenfassung: Einfluss von Trockenheit auf\leyrodes proletella

Die Gefahr von Trockenperioden, auch im Frihling im Herbst, wird zunehmen. Um
den Einfluss von Trockenheit auf die Kohlmottenktihus Aleyrodes proletellazu testen,
haben wir zuerst Insekten auf Pflanzen in Clip-Gam&fgebracht, die wir dann in drei Stufen
Wasserstress ausgesetzt haben. Im zweiten TelExjgriments haben wik. proletellaauf
Pflanzen gesetzt, die bereits gestresst warenziiehmendem Wasserkapazitat nahm die
ober- und unterirdische Biomasse der Pflanzen zlidas C/N-Verhaltnis nahm unter dem
Trockentreatment ab. Im ersten Teil des Experimérage die Wasserkapazitat keinen
signifikanten Einfluss auf die Eiablage, die Entdimg der Eier oder die Entwicklung der
Larven der Kohimottenschildlaus. Im zweiten Teikdexperiments nahm die Eiablage und,
als Folge davon, die Anzahl der sich entwickelntlarnven und Adulten mit abnehmender
Wasserverfligbarkeit ab. Die Tiere, die sich unendrockentreatment entwickelten waren
daruberhinaus kleiner. Wir fanden keine Korrelatmwischen dem C/N-Verhéltnis und der
Anzahl der abgelegten Eier, sodass wir davon aesgettonnen, dass dies nicht der
limitierende Faktor fur die Entwicklung war. Im ziken Teil des Versuchs fanden wir jedoch
eine signifikant positive Korrelation zwischen dPflanzengrof3e und der Anzahl der
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abgelegten Eier. Die PflanzengroRe scheint ein tigeh Faktor fur die
Populationsentwicklung der Kohimottenschildlaussein.

10.1.5 ZusammenfassungEinfluss von kalten Wintern im Vergleich zu milden Wintern
auf die Entwicklung und Synchronisation der KohlmotenschildlausAleyrodes proletella
und des ParasitoiderEncarsia tricolor

Die zukunftigen Temperaturerh6hungen werden sichallem auf die Kalteextreme
auswirken, was warmere Nachte und warmere WinteiFolge haben wird. Die warmeren
Winter werden einen wichtigen Einfluss auf die Hapansentwicklung der
KohimottenschildlausAleyrodes proletellaund die Synchronitat mit ihrem Parasitoiden
Encarsia tricolorhaben. Die Entwicklung der Kohlmottenschildlausdamauptsachlich von
der Temperatur gesteuert, wohingegen die DiapaasePdrasitoiden von der Photoperiode
abhangt. Wir entwickelten ein Experiment mit Ming#ar-Okosystem, das es ermdglicht, den
Einfluss von milden Wintern im Vergleich zu kaltewintern unter Halb-Freiland-
Bedingungen zu testen. Die Gewachshauser fur dpsrixent boten den Vorteil, dass in
ihnen nahezu freilandahnliche Bedingungen herrachdee Temperaturen in ihnen bis zu
einem gewissen Grad regulierbar waren und andeekten ausgeschlossen wurden. Unsere
Ergebnisse zeigen, dass die Kohlmottenschildlauws iproduktive Diapause von Dezember
bis Anfang Januar hat. Nach Beendigung dieser Degaegann die Eiablage in den
geheizten Gewachshausern friher als in den undehefZewachshausern und auch die
Larven entwickelten sich unter den warmen Bedingangchneller. Entgegen unserer
Erwartung Uberlebten jedoch mehr Adulte in den beggen H&ausern. Sowohl in den
ungeheizten als auch in den geheizten Gewachshmaksemten wir keine Larven der
SchlupfwespeEncarsia tricolor finden. Im Freiland Uberlebten keine der Larvererod
Mumien an den unteren Blattern. Nur die adulten btfeen der Kohlmottenschildlaus
Uberlebten an den oberen Blattern und im Herzeidelpflanzen.

181



Addendum

10.2 Additional graphs

10.2.1 Influence of drought on the development oAleyrodes proletella
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Fig. 54: Influence of the water level on the increse of the leaf number in the two different experimets
(Experiment No.l: plants were stressed after cologation by insects; experiment No. 2:
colonisation took place after stressing of the plas). Different characters representing

significances ¢ < 0.05). Capitals representing camparison between ariments, small letters

within the experiment.
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Fig. 55: Influence of water level and experiment otthe above and belowground biomass (treatment one:
plants were stressed after colonisation by insectdreatment 2: colonisation took place after
stressing of the plants). Different characters repesenting significances o < 0.05). Capitals

representing camparison between experiments, smaditters within the experiment
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10.2.1.1 First experiment
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Fig. 56: Number of eggs correlated with the numbenf adults of Aleyrodes proletella in the experiment

No. 1 (plants were stressed after colonisation bpsects).
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Fig. 57: Number of adults ofAleyrodes proletella correlated with the plant size at the end of thex@eriment

No. 1 (plants were stressed after colonisation bypsects).
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10.2.1.2 Second experiment
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Fig. 58: Correlation between the number of eggs anthe number of adults of Aleyrodes proletella in

experiment No. 2 (colonisation took place after sessing of the plants).
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