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List of abbreviations

a = intercept

ANOVA = analysis of variance

ANCOVA = analysis of co-variance

b = slope

BYDV = barley yellow dwarf virus

cl = confidence interval

cv = coefficient of variation

D = distance

d = level of precision

dd = degree day

df = degree of freedom

DNA = deoxyribonucleic acid

DIV = D-VAC to visual catch ratio

D-VAC = Dietrick-Vacuum insect net

DWD = Deutscher Wetter Dienst (German Weather iSeyv

FN = false negative

FP = false positive

GIS = geographic information system

G/N = gene diversity / genotypic diversity

GS = growth stage

HPLC = Hochleistungsflissigkeitschromatographie
(engl.: high performance liquid chromatography

IPM = integrated pest management

IPP = Institut fur Pflanzenkrankheiten und Pflamsaghutz

Isern. = Isernhagen (location of a case study)

ISIP = Information System Integrated Plant Probect

K = number of distinct populations

Lin DA = linear discriminant analysis

Log RA = logistic regression analysis

LRT = likelihood ration test

m = mean

MRGR = mean relative growth rate
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N, n = sample size (basic and sub populations)
nLS = northern Lower Saxony

PCR = polymerase chain reaction

Po = prior probability

Ppf = prior probability for field data

Pps = prior probability for suction trap data

Ppo = posterior probability

ps = preliminary survey

PV = plant sampling to visual catch ratio

R5.10, R5.50 =loci isolated froRhopalosiphum padi

R = coefficient of correlation

R2 = coefficient of determination

'm = intrinsic rate of natural increase

ROC = receiver operating characteristic curves

RP = Rheinland Palatinate

S16b, S17b  =loci, isolated fro8itobion miscanthi

S, & = standard deviation, squared standard deviation
SA = Saxony Anhalt

sBR = southern Brandenburg

SD, SE = standard deviation, standard error

sLS = southern Lower Saxony

SPRP = sample size with percentage relative poecis
SPS = sample size according to preliminary survey
SR = sample size according to regression

ST-93 = Strube-type 93-11-21

T = tally threshold

TGW = thousand grain weight

TN = true negative

TP = true positive

VOC = volatile organic compounds

wb = winter barley

ww = winter wheat

z = discriminant function

Z, = standard normal deviate



Summary Xiv

Summary

Cereal aphids occasionally cause economically agleyield losses in winter cereals,
particularly when optimal abiotic and biotic factofor the pest are present. The lack of
precise knowledge about the migration (immigratioh}he aphids to the plants is a critical
bottleneck for early-season simulation of cerealiiédpopulation development (i.e. till the end
of flowering). There are considerable gaps in kmwmge about autumn and spring
immigration and the early population developmeat #gnsues. The central aim of the present
three-year project was therefore to analyse andactexise the migration and early
population development of cereal aphids and tothiseinformation to construct models of
relevance to aphid control practice.

Cereal aphids were collected daily from aerial klan (using suction and yellow water
traps) and evaluated weekly in cereal crops (wimibeat and winter barley) at different
locations in Germany during the 2003/2004 to 2006& growing seasons. Moreover,
historical datasets from field evaluations, sucticaps, and yellow water traps were also
assessed. Detailed meteorological data for eacthy stacation were obtained from the
German Weather Service (DWD) and from the InfororatiSystem Integrated Plant
Protection (ISIP) service.

Comparison and validation of the SIMLAUS, LAUS, aG&TLAUSO1 models showed
low (LAUS) to high (GETLAUSO1) predictive accuracds determined by comparison with
field data. SIMLAUS predicted accurately the tydehdernation ofS. avenaeandR. padj
but failed to correctly forecast the population dyncs in autumn. Systematic errors,
differences in reliability between case studies] #re possibility of model extensions were
discussed in terms of improving simulation modelsdecision support systems in integrated
pest management.

Forecasting models for cereal aphid outbreaks @radations) in winter wheat were
developed using different statistical techniquesoider to set-up rules for early decision
making for insecticide treatments at ear emergehieis. should meet the demands of farmers
much better then the current late threshold leieé four different models are dependant on
either temperature-derived predictor variables rfsadbel “winter conditions”) or suction trap-
derived predictor variables (submodel “real migmat), showing high levels of accuracy with
different validation methods.

Six migration models based on meteorological pataregfocussing on the light hours

of a given day) were likewise developed using aniapecific or species-specific features to
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characterise days with or without cereal aphidgbain suction traps in autumn (September
22" to November %) and spring (May %tto June 8). The number of cereal aphids caught in
suction traps increased with increasing temperatgiebal radiation, and duration of
sunshine, and decreased as precipitation, relatimeidity, and wind speed increased. The
models achieved diverse levels of (low) accurakgytmay be helpful for assessing the start
and amount of aphid immigration into cereal cropdich is most important for field
monitoring.

The contribution (density dependence) of availablinter hosts on the shift
(immigration) and the early population developmehhost-alternating cereal aphid species
in cereal crops was assessed in small-scale (ieefield) and large-scale (at landscape level)
field trials. Significant higher counts dR. padi and M. dirhodumin cereal crops were
observed in landscapes with higher numbers of wiltests. Concerning small-scale
experiments, cereal fields adjacent to a large déemdith several winter hosts were directly
influenced by distance between winter and summestsha the case of the former, but not the
latter species. After tracking aphid movementshat field scale (using four microsatellite
markers), no spatial genotypic structure was fdendvingedR. padi

The effects of eight current winter wheat cultivarscereal aphid immigration and early
population development were evaluated in termsntibesis, aphid settlement behaviour,
and the infestation yield loss relation. Whereas ¢hltivar Hybnos | significantly reduced
numbers of offspring of cagdd. dirhodumandS. avenaeat seedling stages (growth stage
13, in laboratory), no significant differences iphad development were observed among
cultivars during later crop growth stages (GS 388 65/69). None of the cultivars proved
to be superior to the others, neither in termsatflament behaviour (immigration) nor in
terms of yield (i.e. crop vyield, hectolitre weigtdrotein content). Moreover, no striking
indications for different aphid susceptibilitiesubd be found in the set of cultivars tested.

Our assessment of the efficiency of different teghes for cereal aphid surveying in
autumn and early spring showed that the highestbeuwsnof aphid instars per m? were
detected by plant sampling (i.e. collecting wholangs from fields for evaluation in the
laboratory). Visual counts (i.én situ) were most effective for producing a rough andckui
estimate of the overall population density (i.e. feanagement strategies). The mobile D-
VAC suction sampler turned out to be the leastcgiffe technique and was found to be
unsuitable for the collection of cereal aphids uuannal crops. We also compared minimum
sample size estimates obtained by different cadiiculanethods (Feng & Nowierski, 1992;

Greenwood & Robinson, 2006) using numerical, vist@ints at several levels of precision
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(i.e. 50%, 30%, 20%, and 5% precision). The residimonstrate the importance of sample
size and sampling technique for cereal aphid ssrpeyformed in winter wheat and in winter

barley in autumn and early spring.

Keywords:

Population dynamics, population models, migrationdeis, winter-to-summer host ratio,
distance regulation, microsatellite genotyping, sitgndependence, sample size, sampling
techniques

Resumé

Les pucerons de blé provoquent occasionnellemenpeees de rendement de grain de
blé d’hiver, particulierement quand les facteur@dpes et biotiques sont optimaux pour le
développement des ravageurs. La déterminationgaréla la migration (immigration) s’avere
critigue pour une simulation saisonniere précoceddueloppement des populations des
pucerons de blé (avant la fin de la fleuraison l@edthiver). Cependant, il y a d'importantes
lacunes en matiere de migration aussi bien aut@mqaé printaniere, ainsi que pour le
développement des populations suivantes. Sur eineipal objectif de ce projet de trois ans
était d’analyser et de déterminer la migrationeetiéveloppement des populations, de méme
gue la construction des modéles correspondantsuaneerelevance pratique.

Les pucerons de blé étaient journellement colledtéplancton aérien (en utilisant des
piéges a succion et des piéges jaunes a eau) leégvaebdomadairement dans les champs
des céréales (le blé d’hiver et I'orge d’hiver) datifférents sites en Allemagne pendant les
saisons agricoles de 2003/2004 a 2005/2006. Eer,das donnés historiques des évaluations
visuelles au champ, des évaluations des piegesaosuet des pieges jaunes a eau étaient
exploitées. Pour chaque site d’étude, les paramétmétéorologiques détaillés étaient
disponibles a travers le Service Météorologiqueerithnd (DWD) et le service du Systéme
Informatique pour la Protection Intégrée des Plass>).

Les comparaisons et validations des modeles SIMLALUSJS, et GETLAUSO1 ont
montré une preécision pronostique faible (pour ledéde LAUS) ou forte (pour le modele
GETLAUSO1) par rapport aux données du champ. Le aeo@&IMLAUS a fourni une
prédiction précise du mode d’hibernation & avenaeet de R. padi pendant que la

dynamique des populations d’automne n’avait pagtpel prédite par ce model. Les erreurs
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systématiques, les differences en fiabilité enws Etudes des cas, et la possibilité
d’élargissement des modéles ont été discutées endwne amélioration des modeéles de
simulation pour des systemes de décision en lntégiée contre les ravageurs.

Des modéles prédictifs de I'envahissement interese champs le blé d’hiver par les
pucerons (gradation) sont développés avec desitpmmstatistiques différentes en vue de
mettre au point des régles pour la prise de déwsjrécoce en terme d’application des
insecticides a I'épiaison. Ces modéles répondesuxnaux attentes pratiques des paysans
plus que ne le permet le concept actuel des valdeirseuil. Les quatre modeles différents
sont dépendants soit des variables prédictivevékside la température (modeéle inférieur
« condition d’hiver ») soit du pieges a succion @iéle inférieur « migration réelle »). Ces
modeles présentent un niveau de précision éleveedrs méthodes de validation différentes.

De méme, six modéles de migration basés sur demmpties meétéorologiques (en
considérant la durée d’éclairage d'un jour donroé), été développés, spécifique soit par
nombre ou par espéce, pour caractériser des jgacsau sans pucerons de blé capturés dans
les piége de succion en automne (de 22/09 en ObllBu printemps (de 01/05 en 09/06).
Avec I'élévation des températures, avec le rayoramgrglobal et les durées d’insolation plus
en plus longues, le nombre des pucerons de bléctédl dans les pieges de succion a
augmentait, pendant que leur nombre diminuait aleegmentation des précipitations,
d’humidité relative ou de la vitesse du vent. Lafgrnance des modeles a montré des
différents niveaux (bas) de précision. Ces modskesient particulierement utiles pour
I'estimation du début d’infestation et du nombres geicerons immigrés dans les champs de
céréales; ce qui est trés important pour la sa@iviehamp.

La contribution (dépendant de la densité) des hatésver disponibles pour le
changement (immigration) et le développement préabe population de pucerons de blé
(especes alternants les hétes) a été examinédtareaeréaliere a petite échelle (au niveau
du champ) ou a grand échelle (au niveau du paysAgejomptage, le nombre dR padiet
M. dirhodum en cultures céréales était significativement pélsvé dans les paysages
comportant plusieurs hétes d’hiver. Pour ce quiceome les essais a petite échelle, les
champs céréales proches d’'une grande haie avempkishdtes d’hiver ont montré une
influence directe de la distance entre les hotever et d’été pour la premiere I'espece, mais
pas pour la derniére. En suivant les mouvementgchdlle champétre, aucune structure
génotypique spatiale était trouvée pour despadi ailé (en utilisant quatre markers

microsatellites).
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Les influences de huit cultivars de blé d’hiver papport a I'immigration et au
développement précoce des populations ont été éemlen terme d’antibiose, du
comportement de colonisation et des relations éesrpertes de rendement et les infestations.
Le cultivar Hybnos | a provoqué une réduction digative du nombre de descendants de
M. dirhodumet deS. avenaeencagés sur les jeunes plants (phase de déveleppd®, au
laboratoire). En outre, aucune différence signifi@an’a été observée dans le développement
des pucerons sur les plantes en stade de déveleppemiancé (phase de développement
30/32 et 65/69) pour les différents cultivars exadsi De méme, aucune supériorité d’'un
cultivar n’a été observée, ni dans le comportendentolonisation (immigration), ni dans les
réductions des pertes de rendement (rendemenpidealéchamps, des poids de hectolitre, du
teneur de protéine). Dans I'ensemble, aucune diffégg n'a pu étre démonstrée pour la
susceptibilité aux pucerons des différents culs\de blé qui ont fait I'objet de I'étude.

L’étude de l'efficacité de diverses techniques diecte des pucerons de blé en automne
et au début printemps a révélé un nombre signifieatent élevé des aspects de pucerons par
mz2 en utilisant un échantillonnage de plantes emtient collectées au champ et évaluées au
laboratoire. Le comptage visudh (situ) s’est révélé la méthode la plus efficace, si une
estimation approximative et rapide de la densit@aulation était nécessaire. Par contre, le
piege mobile de succion (D-VAC) s’est révélé le msoefficace et était inutilisable pour la
collecte des pucerons de blé sur les plantes éehliven automne. Pour I'évaluation des
pucerons de blé, les échantillons minima sont coésppar rapport aux différentes méthodes
(Feng & Nowierski, 1992; Greenwood & Robinson, 20@#h utilisant des comptages
numériques et visuels avec différents niveaux deigion (i.e. 50%, 30%, 20%, et 5%
niveaux de précision). Les résultats ont indiquéportance de la taille des échantillons et de
la technique de comptage des pucerons de blé &g @¥hiver et I'orge d’hiver en automne

et au début printemps.

Des mots clés

Dynamique des populations, modeles de populatiamgétes de migration, ratio des hotes
d’hiver aux été, régulation de distance, structgémotypique spatiale par microsatellites,

dépendance de densité, taille des échantillonsnigees de collecte
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Zusammenfassung

Relevante Ertragsverluste durch Getreideblattlauwselen nur dann in Wintergetreide
hervorgerufen, wenn abiotische und biotische Faktam Optimum fir die Entwicklung der
Schadlinge vorliegen. Als ein kritischer Punkt flie Simulation der Populationsentwicklung
von Getreideblattlausen zu einem frihen Zeitpunktlér Saison (d.h. bis zum Ende der
Winterweizenblite) wird die prazise Determinierurdgr Migration (besonders der
Immigration) angesehen. Jedoch gibt es bemerketesWéssensliicken bzgl. der Herbst- und
Frahlingsimmigration und der sich anschlie3enddihdn Populationsentwicklung. Deshalb
ist die Analyse und Determinierung der Migratiordwer frihen Populationsentwicklung, fur
die praxisrelevante Modelle entwickelt werden sulldas zentrale Ziel dieser dreijahrigen
Studie.

Getreideblattlause wurden taglich im Luftplanktoittels Saug- bzw. Gelbschalen und
wochentlich in  Getreidefeldern (Winterweizen und nirgerste) an verschiedenen
Standorten in Deutschland in der Vegetationszeitsadwen 2003/2004 und 2005/2006
gesammelt. Darlber hinaus wurden historische Dateasvon Feldbonitierungen und aus
Saug- bzw. Gelbschalenfangen eruiert. FiUr jede HKoatlon aus Standort und Jahr
(entspricht einer Fallstudie) standen detaillierteeteorologische Parameter durch den
Deutschen Wetterdienst (DWD) und das Informatiostsy Integrierter Pflanzenschutz
(ISIP) zur Verfugung.

Der Vergleich und die Validierung der Modelle SIMUS, LAUS und GETLAUSO01
zeigte geringe (z.B. Modell LAUS) bis hohe (z.B. &l GETLAUSO01) Vorhersagegiiten im
Vergleich mit Felddaten. Das Modell SIMLAUS sagthis genau den Uberwinterungstyp
von S. avenaaund R. padivorher, jedoch versagte das Modell, die Populatignamik im
Herbst richtig zu simulieren. Systematische Fehlénterschiede in der Verlasslichkeit
zwischen verschiedenen Fallstudien und die Mogedhkon Modellerweiterungen wurden
diskutiert in Bezug auf die Verbesserung von Sitotemodellen  fur
entscheidungsunterstiitzende Systeme im Integri®ftanzenschutz.

Vorhersagemodelle fir Getreideblattlausgradatiofteh. hohe Populationsniveaus) im
Winterweizen wurden entwickelt unter Verwendung veerschiedenen statistischen
Methoden mit dem Ziel, zeitige Entscheidungsred#in eine Insektizidbehandlung zum
Ahreschieben aufzustellen, welche wesentlich besserdie Bedirfnisse der Landwirte
angepasst sind als das aktuelle Bekdmpfungsscimkefieept zum Ende der
Winterweizenblite. Die vier unterschiedlichen Mdeel die entweder mit

temperaturabhangigen (Untermodell ,Winterbedinguipeoder von Saugfallenfangen
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(Untermodell ,Tatsachliche Migration*) abgeleitet@mnadiktoren berechnet werden, zeigen
hohe Vorhersageguten in verschiedenen Validieruegsmden.

In &ahnlicher Weise wurden sechs Migrationsmodellatwiekelt, die auf
meteorologischen Parametern (bezogen auf die laitbtz eines gegebenen Tages) basierend
entweder anzahlspezifisch oder artenspezifisch @mbst (22.09. bis 01.11.) bzw. im Frihling
(01.05. bis 09.06.) die Tage mit und ohne Flugaiien der Getreideblattlause (in
Saugfallen gefangen) charakterisieren. Mit zuneltteehufttemperatur, Globalstrahlung und
Sonnenscheindauer stieg die Anzahl der Getreidéhlae in Saugfallenfangen, wohingegen
geringere Mengen gefunden wurden, wenn Niederschialgtive Luftfeuchtigkeit und
Windgeschwindigkeit zunahmen. Das Modellbetriebsaten zeigte unterschiedliche
(geringe) Genauigkeiten, so dass die Verwendungriokess fur den Start und den Umfang
der Blattlausimmigration in Getreidekulturen geeigrist, welche wiederum besondere
Bedeutung im Feldmonitoring haben.

Der Beitrag (Dichteabhangigkeit), den vorhandenentéfwirte auf die Verlagerung
(Immigration) und die frihe Populationsentwicklungder  wirtswechselnden
Getreideblattlausarten in Getreidekulturen habeurdes in kleinraumigen (innerhalb eines
Feldes) und groRRraumigen (auf Landschaftsebenajvéisluchen abgeschatzt. Signifikant
hohere Anzahlen vorR. padi und M. dirhodum wurden in Getreidefeldern in solchen
Landschaften beobachtet, in denen auch viele Whirter vorhanden waren. Bezogen auf die
kleinrdaumigen Versuche zeigten Getreidefelder, ae eine breite Hecke mit mehreren
Winterwirten angrenzten, einen direkten Einfluss #&mtfernung zwischen Winter- und
Sommerwirten fur die erstgenannte, jedoch nicht di@ letztgenannte Aphidenart. Beim
Verfolgen der Bewegungen im Feldmalistab konntgéiitigelteR. padikeine genotypische
Struktur unter Verwendung von vier Mikrosatelliteamikern gefunden werden.

Der Einfluss von acht Winterweizensorten auf die migration und frihe
Populationsentwicklung von Getreideaphiden wurdesibhtlich der Antibiosiswirkung, des
Besiedelungsverhaltens und der Befalls-ErtragsseRelation untersucht. Wahrend die
Sorte Hybnos | die Anzahl des Nachwuchs von aufijgietd M. dirhodumund S. avenaem
Samlingswachstum (Wachstumsstadium 13, im Labaghifékant reduzierte, konnten in
spateren Pflanzenentwicklungsstadien (Wachstumsestad30/32 und 65/69) keine
signifikanten Unterschiede zwischen den Sortenrerkaverden. Daruber hinaus zeigte sich
keine Uberlegenheit einer Sorte, weder bzgl. deseBelungsverhaltens (Immigration) noch
bzgl. reduzierter Ertrage (Kornertrdge, Hektolievichte, Proteingehalte). Keine
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bemerkenswerten Anhaltspunkte fur unterschiedlidplidenanfélligkeit konnte unter den
getesteten Sorten gefunden werden.

Bei der Abschéatzung der Effizienz von unterschadin Erfassungstechniken fur
Getreideblattlause im Herbst und zeitigem Fruhpigte sich, dass die signifikant hdchsten
Anzahlen von Aphidenerscheinungsformen pro m2 nenh dPflanzenproben (d.h. dem
Sammeln von ganzen Pflanzen im Feld fir die Bamitig im Labor) gefunden wurden.
Visuelle Zahlungenif situ) stellten sich als besonders effektiv heraus, wana ungeféahre
und besonders schnelle Schatzung der allgemeinpuld®nsdichte gebraucht wurde (z.B.
fur Managementstrategien). Der mobile D-VAC Saugagp hingegen war am wenigsten
effektiv und somit ungeeignet, um Getreideblatgus herbstlichen Kulturen zu sammeln.
Bezuglich der Bonitierungen von Getreideaphiden dear minimale Stichprobengrof3en
verglichen, die mit unterschiedlichen Methoden @&h Nowierski, 1992; Greenwood &
Robinson, 2006) unter Verwendung von numerischisaiellen Zéahlungen bei verschiedenen
Prazisionsguten (50%, 30%, 20% und 5% Prazisiaerknet wurden. Die Ergebnisse zeigen
die besondere Bedeutung der Stichprobengréf3e undetd@endeten Erfassungstechnik fur
die Beobachtung von Getreideaphiden in Winterweizgrd Wintergerstenfeldern im Herbst

und im zeitigen Fruhjahr.

Schlusselworter

Populationsdynamiken, Populationsmodelle, Migraioadelle, Winter- zu Summerwirt
Relation, Entfernungsregulation, Mikrosatelliten n@fpisierung, Dichteabhangigkeit,

Stichprobe, Sammeltechniken
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“Aphids have fascinated and
frustrated man

for a very long time”

A. F. G. Dixon, 1998
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Global Introduction

Importance of cereal aphids

Today, cereal aphids represent the most importastspof winter cereals causing
substantial yield losses. On the one hand, cepadis transmit as vectors harmful viral plant
diseases, with patho-types of the Barley Yellow Bwarus (BYDV) being most relevant in
winter barley but also in winter wheat. On the oth&nd, cereal aphids directly cause damage
as phloem feeders including the excretion of caydddte rich faeces solutions (so-called
honey-dew). The sucking activity with removal ofsiasilates is of particular economic
importance in winter wheat during the growth sta@&S) of grain development.

The increasing damage potential during the lasgez0s in northern and western Europe
was related to the continuously increased agricalllmanagement of grains. Yields in winter
cereals increased on average more then 40% aragprex. 160% above the worldwide level
with an average of 6.600 kg per ha today (Europsgicultural statistics, 2008). With the
first gradation in 1968, cereal aphids came intm$fand constitute up to the present the most
relevant wheat pests in central Europe. In thigexdnthe term “gradation” referred to cereal
aphid outbreaks (i.e. exceptional high populatievels) in winter wheat after flowering as
defined according to Ohnesorge (1991).

Important factors, supporting cereal aphid develepim have been identified: The
development of late ripening and high yielding imalts, enhanced nitrogen fertilisation,
increased proportion of cereals in the crop rotatdense crop stands on extended areas, the
intensive control of competing fungal diseases &l s a decreasing impact of natural
enemies due to the side effect of insecticideshaiutat changes. Convenient host plants of
high nutritional quality for cereal aphids, whichHoa intensive reproduction and multiple
generation cycles, are widely available (Haskeno®iing, 1995; Richter, 2000). Therefore,
cereal aphids can build-up large populations, aubralingly, they bring about yield losses,
which can exceed 60% in winter barley and 20% intevi wheat (Rabbinge & Vereijken,
1979; Wratten & George, 1985; Niehoff & Stablei@98).

Regarding abundance (in crops) and damage potengiiobion avenae F.,
Metopolophium dirhoduriwvalk., andRhopalosiphum padi. are the most important species
in central Europe. Direct damage and the respongleld losses caused I8/ avenagwhich
prefers to feed on the ears, amount about douldeldks, which results from an even

infestation of the leaves, e.g. My dirhodum(Niehoff & Stablein, 1998)R. padj however, is



Global Introduction 24

most dominant migrating species, especially sigaift as virus vector for early BYDV-
infection of emerging winter cereals in autumn.sTBpecies can normally be found on the
lower leaves and attains high population levelpeemlly when infestation starts early and
the weather is moderately cold and humid (Wiktelil892; Ekbom et al., 1992).

Risks for cereal yields can be roughly divided iphid vector activities for virus
transmission and damage associated with nutrietatkapWhereas the epidemiology of the
virus diseases is mainly a function of aphid seakaativity pattern (infection time and
secondary distribution) and here, even single suckivents can led to severly damage of the
whole plants, the sucking damage with nutrient kgptes strongyl density realted. Cereals
tolerate or might even be stimulated from few apimdividuals per tiller by enabling a
disproportionate increase of photosynthetic agti(NVetzel, 2004). However, at higher
population densities the loss of assimilates cabeobvercompensated. Though yield losses
rise with increasing pest density, the yield loss gphid, which may range between 0 and 0.4
mg Yyield loss per aphid day, decreases (Niehofft&tin, 1998). The high variability of
feeding induced yield losses in relation to apimfi&station levels results from the different
sensitivity of the host plant between the flower{@&5 69) and early drought stage of winter
wheat (GS 83). Hence, the amount of yield lossess dwt only dependent on aphid peak
densities but also on time and duration of inféestabf cereal aphid species (Rappaport,
1998).

The population dynamics of cereal aphids dependa namber of factors, both abiotic
(e.g. temperature, precipitation) and biotic (ergraspecific density effects, host plant
guality, interspecific competition by predators, pgrasitoids, but also by fungi or virus
colonizing the same host plant). Therefore, cemgathid gradations with economically
relevant yield losses only occur in seasons wifeeislly impact of single important key

factors or of combinations of several minor regatafactors.

Threshold level concepts and their problems

Integrated control strategies for cereal aphidsnaaénly based on threshold levels and
forecast models. Classical integrated pest manage(#M) should be based on the concept
of economic thresholds, which have been defineddoeal aphids. However, in most seasons
this critical thresholds are reached during theiogerof exponential growth of aphid
populations and even short delays in applicatiopedticides can result in strong overrun of

that limits. To avoid risks for farmers, controtésholds were specified from series of field
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studies, distinctly lower than the “real” econortticeshold (Holz & Wetzel, 1989; Basedow
et al., 1994; Holz et al., 1994; Rappaport & Fre#f01). The philosophy behind such control
thresholds is that if cereal aphid populations edca control threshold level, the probability
is high that the economic threshold level will ached soon after. Moreover, in classical
terms of IPM thresholds based on economical evialmishould consider not only the pest
induced yield losses, but flexible calculate thkatren expected between vyield losses and
expenses for control. That implies to considerttiating prices for the produce on one hand
and for variable and fixed costs for the managemosenthe other hand. Actually, however,
practical management is far away from such somlaitedd post management strategies, and
plant protection services recommend control desssiaccording to simple and fixed control
threshold levels. A fixed threshold level of moharn three aphids per ear and flag leaf is
most widespread recommended by plant protectiorvices (Basedow etal.,, 1994;
Rappaport, 1998; F. Burghause, B. Freier, E. Jrérissel, P. Matthes, pers. comm.).

The dilemma of improved and much more sensitivediold levels, which have been
developed by different scientific studies, is tHeiw acceptance in practice. The main reason
for this is the increasing labour input. Importatéps towards more flexible thresholds would
be to consider species-specific threshold levéieesthe damage potential of the main aphid
species is quite different and furthermore, thess®sient of the important regulating potential
of natural enemies is most relevant (Rappaport &dfr 2001). However, such improved
models will only be implemented, if the effort fire farmers to raise input values will be
paid-off. Furthermore, the broad acceptance amggtacale implementation in practice of the
recent threshold level concept (Basedow et al.418appaport & Freier, 2001) is hindered
by the effective seasonal date of its applicatRnevious concepts only become effective after
flowering of winter wheat (GS 69).

For economic reasons, the practical use of inddeicagainst aphids in winter wheat is
often combined with the use of fungicides, as dtedafinal treatment or ear treatments,
following the ear emergence (GS 55). These treasnagainst aphids are mostly of
prophylactic character, since at that time in nmeesisons aphid densities are low and the
threshold level concepts mentioned above are npisidl for decisions that early. The
reasons of final treatments are mainly fungal itafiken of wheat (e.g. powdery mildew
Blumeria graminisSpeer ex DeCandolle, Septoria leaf blo8#ptoria triticiRob. ex Desm.,
and Fusarium head bligkusarium graminearunschwabe), which may cause fast decay of
leafs. Especially the flag leaf is most relevansasrce organ of assimilates for the time of

ear filling (and subsequently for yield), legitinmag application of fungicides. The second-
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rank added insecticides and the resulting combapgadications implement action targeted at
economic working.

Prophylactic treatments, however, are undesirabla fin economical as well as from an
ecological point of view. First of all, aphid infason does not reach the economic threshold
level in all locations and all years (Basedow etH)94). Multiple case studies (i.e. research
activities in a given location and year) in Magdejau Borde during the last years (1970-
2007) showed that gradations of cereal aphids mewwheat occurred approx. every third to
fourth year. Subsequently, an insecticide treatnaea® simply waste of money in remaining
73% of case studies (Freier et al., 2002). Secorttily use of insecticides against cereal
aphids can cause adverse effects on natural reguléDixon, 1998). Most active agents
actually used are of limited selectivity regardithg broad and diverse spectrum of natural
enemies. Side effects by acute toxicity are unag& and can strongly influence the build-
up of effective antagonist populations. This effeamh be amplified by too early deprivation of
aphids as necessary prey or host, notably for aslwsil predators or parasitoids.
Unfortunately, aphids often recover faster aftesetticide treatments, due to their high
reproduction and immigration rates, leading to aipprtional prey-predator or host-parasite
relationships with disturbed balance and synchatine between aphids and their
competitors. In spite of all, about 30% of the wie@a in all Germany has been prophylactic
treated in the past (European agricultural stas2008). Locally, however, the intensity of
insurance spraying can be much higher (> 50%),Usecaery typical differences in the aphid
infestation of wheat may regionally arise, whichretated to the climate, the intensity of the
culture treatment (and yield expectations), and &she structure of the rural area.

The whole problem of early insecticide applicaticas be considerably improved, if the
potential economic damage of aphids can be assessaul earlier time point, when in the
majority of cases regular fungicide treatments &t35 are applied. Hence, there is a strong
interest by field advisers and farmers to have lable early decision support to use

insecticides in winter wheat much more targeted.

Population models

Since the beginning of the eighties, several sittadlamodels have been developed to
calculate and forecast the population developmetiteomost important cereal aphid species,
and in some cases they can also be used to estaktéosses. The models partly considered

many different factors, which influence the popigiat development of aphids, such as
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weather (e.g. temperature), appearance of antdgorasd nitrogen supply. Simulation
models do exist fo6. avenaeM. dirhodum andR. padi(Friesland, 1986; Kleinhenz, 1994,
Ma, 2000; Gosselke et al., 2001) and detailed stiar runs reproduced the dynamics of
field situations correctly in summer populationg.(ia posteriori; Gosselke et al., 2001; Freier
et al., 2002). However, models describing the pajourh dynamics in great detail in autumn
or in spring and early summer (i.e. before GS 68)lacking. In some cases, high variations
between the population dynamic simulated by vagodeis and the real field situation were
observed. A major drawback is doubtless that modksnot consider in detail the
immigration of cereal aphids into the crops, whislght be of particular importance for the
early population development in autumn or aftertentime. Validated models for predicting
the spring migration (e.g. immigration) of cerephis are not available at the moment, but
are already being developed for e.g. aphids indsélatchell, 2007). A weak point in
modelling attempts for early population developrseg(it autumn and spring) in general, and
for the migration of aphids in particular, is a sdwalidation of the models. The confidence
in population models is a vital point in their apption, interpretation, and integration in
decision support systems. Due to limited finansigdport, most developed models were only
rough and short time verified and validated (Knuds& Schotzko, 1999; Ma, 2000).
Moreover, for the validation usually only a few asets from limited locations were available
(Friesland, 1986; Kleinhenz, 1994; Gosselke e2801). A more broad validation of existing
models could help to identify weak points or migsparameters to be considered. Models
could be improved and, including corrected subsimes, could be adjusted for more

sophisticated population models valid during theletseason.

Migration

A critical bottleneck for an early season simulatad aphid development seems to be the
precise determination and evaluation of the migratf aphids, especially of immigration
phases into cereal crops. Particularly, the tinohgphid arrival on new hosts can influence
plant health and yield. This could form a main pagger for the improvement of decision
support systems with respect to early warning systéHowever, there are considerable gaps
in knowledge for both, the spring and autumn sessamcerning the migration of aphids and
the relation of the migration time and intensitytb@ population build-up in the crop. At
present only contradictory and non-statisticallpyad statements are available, even though

considerable research activities have been cawiddin Europe. One main problem to
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illustrate the relation between migration eventd aopulation curves is definitely the high
temporal and spatial variability in the migratioreats, so that sound statements can only be
made on the basis of long term studies, and by aasgn of multiple datasets from several
years of investigation. The situation is aggravatgddiverse aphid morphs and life stages
(polymorphism, polyphenism) that redistribute thelwss differently in response to intrinsic
and extrinsic factors. Winged cereal aphids havg aronsiderable small window to fly (i.e.
one to five days), which opens shortly after tmalfimoult to adult stage and closes with the
beginning of autolysis of wing muscles. Furthermdiight initiation is primarily restricted to
daylight hours and to instances when atmosphemclitions favour take-off. Following the
both aspects, migratory events were perceived Ipyesmesearchers as minimal, and were
frequently understated concerning the ecologicakequences on profound economic impact
aphids have. Aphids move from its source to sinkegiby unintentionally (i.e. externally
forced) or by intentionally (i.e. intrinsic or ektsic forced) transport mechanisms. After take-
off, aphids usually ascend into the surface bountiarer, where they are frequently enabled
to considerably control their flight including desding and landing for host search. For such
flights, Wenks (1981) used the term “appetitivepdisal”’ (e.g. secondary, targeted dispersal
or “Befallsflug”), which is discriminated from “réamigration (so-called alighting flight or
“Distanzflug”) neither by the distances travelledr by the mode of transport, but by the
“motivating force” behind. For example, an aphidiay seeking a resource item during
dispersal, may encounter atmospheric conditiong. (wermals winds), where it is then
subjected to horizontal translocation, e.g. by lewel-jet streams. This aphid may move over
the same distance as a migratory aphid that wasapisrely flying towards an ultraviolet
light source after take-off. Subsequently, sucticap catches or field counts cannot be
doubtless referred to the one or other flying moset{Taylor, 1986; Loxdale et al., 1993;
Dixon, 1998). Loxdale et al. (1993) found that maigwn is the exception and that “flying
aphids” are most frequently conforming to the apipetdispersal. However, the importance
of long distance to short distance migration iiclift to assess. Extrinsic cues that stimulate
for dispersal might be of physical origin, of natuperturbations, host plant mediated or
according to crop management practices. But sonestiin may even occur without any
apparent external stimulus, just due to the insttategy to make the best use of a plant
resource (Hodgson, 1991). Leaving an undesired &odtseeking a new one includes per
definition the seeking for an overwintering primdmgst as well as seeking a secondary host
in early spring. This is corroborated by Macken&idixon (1991), claiming that winged

adults produced on a primary host generally dons&d to travel by migration (over long
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distances) to find suitable secondary host planes (lispersal is sufficient). Given the
evidence that migratory cereal aphids most oftdontpe crops, both modes of movement
(i.e. the dispersal and the migration) are equallyortant. According to the study’s topic, the
migration and early population development of cewgzhids are taking the central stage
during our investigations. Due to the fact that élxpression “migration” is most popular, we
use this term not in the restricted, originally w@agnsu stricth but including the appetitive
(secondary) dispersal. Moreover, we must conslurftying movements of aphids observed
during our studies would primarily refer to dispdrdecause migrationsensu stricte rarely
appeared before mid June in cereals (Loxdale €1203).

For the observation of the flying activity of apbhith general and especially of cereal
aphids, fixed suction traps were erected for the fime in 1965 in Europe (in Rothamsted,
England) and in 1983 in U.S.A. Today, correspondiangtion traps are used in 19 European
countries (Harrington et al., 2007). In the “Eur@3lassociation, the E.U. sponsored several
meetings on aphid monitoring. In 2000, the E.U.nmhgc Network EXAMINE (EXploitation
of Aphid Monitoring systems IN Europe) was set nporder to exchange data from several
case studies on an integrated database and tdtateciEurope-wide analyses (Harrington
et al., 2004; P. Verrier, pers. comm.).

It has been shown that during the spring and sunmigrration, forR. padi(and partial
for M. dirhodun), there is normally a strict time synchronisatimtween the development of
winged stages on winter hosts and the first flyasgvity in spring. The flying activity, which
can be recorded e.g. with the help of fixed suctraps, is significantly correlated with the
first colonisation of the cereal hosts (Veenkealet1998). A corresponding relation could not
be found forS. avenaga species not changing its host (i.e. all-seasogramineous plants).
Several studies 08. avenaén Germany tested single individuals under lalmsatonditions
for their life-cycle (Weber, 1985; Hoeller, 1990 has been proven that anholocyclic clones
were present in northern Germany, but usually #tleer cold winters are likely to eliminate
these clones during wintertime (Hoeller, 1990; W&iis & Dixon, 2007). It was postulated
that these clones might have immigrated from mildenate, as it was observed for entire
anholocyclic species lik&Rhopalosiphum maidigFitch) that were also found in northern
Germany, orS. avenadn Sweden or in China (Wiktelius, 1984; Dong et 4987). That
indicates the basically different hibernation anignation behaviour of. avenaeHowever,
to complicate the situation even more, nothingaly known about the local hibernation and
early spring dispersal behaviour of that speciessiimablyS. avenaenay evolve from very

scattered and small subpopulations of circumjacgr@mineous habitats, which may
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contribute than to large summer populations in &inivheat, e.g. in northern Germany
(Hoeller, 1990). Apart from density and distributiof sources, climatic conditions seem to
be the most important driving forces for cereal idppopulation development. Important
evidence has become available concerning the mii®f weather parameters on the spring
migration, because the start of spring migrationcefeal aphids was delayed but not
prevented with colder temperatures (Walters & Dixt®84), which, however, also depended
on the geographical latitude (Walters & Dewar, 198Genker et al. (1998) confirmed the
influence of the winter temperature on the starthef spring migration. The colonization of
cereals began at the end of March or beginning il After mild winters (e.g. less than 72
freezing days) with a large part of anholocyclidabernation (Veenker etal., 1998).
However, these studies were not aimed to improwsibe models for control of summer
populations in wheat, but stressed the most pradiieally spread of BYDV with early

immigration or internal crop movement of aphids.

Evaluation of cereal aphid populations

The studies carried out by MeyerZuBrickwedde & Riogh(1996) and Veenker (2000)
have so far not been able to identify any signifiazorrelation between the number of aphids
caught in the suction traps and their early coltme® density in cereals. This was also the
case for earlier studies carried out by Latteur i&d\s (1987). The missing dependencies are
at least also a problem of the often very low nurslmaught in spring in fields (Jarosik et al.,
2003). Low numbers and aggregated distributionepattause severe problems for finding
significant and reliable correlations. The selactiof sufficient numbers of samples for
random sampling strategies and the particular noetii@ollection are extremely crucial.

Previous comments concerning the migration and latipn development referred
primary to early immigration period in spring angbsequent early population development
in winter wheat after wintertime. However, the @op season of winter cereal starts in
September and October, and hence, immigration ettiérment of aphids during that period
can be a key factor for the determination of sirel alynamics of locale population
development. Moreover, intensive autumn infestatioeproduction, and spread may
legitimate control strategies even before wintartipularly regarding the complex of BYDV
problems. Up to now, however, neither in-depth isidf the autumn population dynamics,
nor scientifically based or founded control thrddeaexist. Reliable descriptions of autumn

and winter population dynamics and the developraadtimplementation of thresholds suffer
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mainly from methodological constrains concerningpiarticular sampling techniques and
intensity in the field. A critical comparison offfirent sampling techniques and appropriate
sample sizes is therefore a pending issue.

Landscape structure and population genetics

Besides parameters such as temperature directhnglraphid development and flight
activity, the diversity of the agro-ecosystem andtlse landscape structure came more and
more into focus recently. The three main aspedsudsed are the density and distribution (i)
of wind-breaking elements, (ii) of potential infabn sources such as winter hosts, and (iii)
of the spatial and temporal distribution of refuggssource habitats for natural enemies
responsible for important conservation of bio-cohtor aphid populations. Firstly, landscape
structures including hedges and small forests mpoitant in terms of migration. Alighting
aphids are attracted to shape size and colour stilgle host plants (i.e. the landing targets).
Increased numbers of aphids landing on the leewial& of wind-breaking barriers, such as
hedgerows, were perceived to result from behavicafteaction to these contrasts and the
enhanced physical control over flight direction,emtaphids approach to the surface (Isard &
Gage, 2001). Secondly, nothing is known about ihecdeffects of winter host availability
for host-alternating aphids towards the immigrateomd early population development in
cereals in Germany. Higher population peakskopadiin cereal crops have been reported
from locations with higher numbers of winter hostsiorthern Europe (Leather et al., 1989).
However, recent studies from the same locationsdiddetected clear distribution pattern to
the summer population peak (Bommarco etal., 200Re contribution of winter host
densities and distributions has been inadequateerurekamination concerning the
immigration and the early population developmergjther in large- nor in small-scale
experiments. Thirdly, concerning the populationelegment of cereal aphids, high diversity
of landscape structures (e.g. with expanded andhemtad field margins and hedgerows)
promoted the abundance and diversity of predatodsparasitoids, and led subsequently to
lower peak populations of cereal aphids. Obsergmifecant correlations between structural
diversity and reduced aphid performances werebated to changed predator-prey or host-
parasite densities (Roschewitz et al., 2005; Tstkaret al., 2005; Rossing et al., 2006). The
spacious capture and assessment of landscapeustsichight be therefore an important
factor influencing the immigration and early pogida development of cereal aphids.
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Host plant specialisation

As reported above, differences in host plant cqoleshape, crop density, and nutrition
qguality (including plant resistance factors) exeifferent directed landing and subsequent
settlement behaviour. Likewise, literature reviesften referred to varying population levels
of cereal aphids in different cultivars of winteh@at in spring and summer. Reports (based
on non-statistically proved observations) have bewde on different preferences during
“attack flight” (Befallsflug) and on the subsequelgtvelopment potential related to different
cultivars (Rappaport, 1998). Moreover differentdsds on antixenxosis and antibiosis showed
that cultivars can influence the performance ofidplii.e. the attractiveness, growth rates,
and development; Escobar et al., 1999; Hesler &@,h2005). However, such results were
mainly derived from laboratory examinations or frasmall-scale experiments, without
consideration of actually cultivars grown underunak conditions in the fields. The possible
influence of actual cultivars on the population ayncs of the cereal aphids has little been
studied up till now (Thieme & Heimbach, 1996), axtordingly, it has not been integrated
into the population models (Gosselke et al., 209#harly, several new winter wheat cultivars
are licensed on the market, but so far none of tvaassessed for resistance characteristics
towards most important cereal pests, Beavenaeand M. dirhodum (Havlickova, 2001,

Bundessortenamt, 2006).
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Objectives and chapter titles

The present study deals with migration and earjyufation development of aphids in winter
cereals and aims to improve decision making foedtiside treatments in order to reduce
prophylactic spraying in winter wheat. A three-ydiaid study was intended to clarify the
following aspects:

1. The validation of currently available population aets for cereal aphids and their
possible integration into decision support systems.

2. The evaluation of the possibility to forecast thradation of cereal aphids in winter
wheat at an early growth stage (i.e. before flomgpri

3. The evaluation of the possibility to forecast thegnmation (immigration) of cereal
aphids in autumn and spring.

4. The relative importance of proximity between wintand summer hosts on
colonisation and early population development oftfadternating aphids in winter
cereals.

5. The influence of different cultivars on the settwrh (immigration) and (early)
population development of cereal aphids in wintbeat.

6. The evaluation of collection methods in autumna#lyeals and the significance of the

random sample sizes.

Parts of the chapters are prepared or submittedefoewed journal publications under the

following titles:

Chapter 1 Kluken A.M., Hau B., Freier B., Kleinhenz B., Esiland H. & Poehling H.-M.
2008: Comparison and validation of population medé&r cereal aphidsEcological
Modelling (submitted).

Chapter 2 Kltiiken A.M., Hau B., Freier B. & Poehling H.-M0@8: Forecasting gradation of
cereal aphids (Hemiptera: Aphididae) in winter witeaear emergencg&cological Modelling
(submitted).

Chapter 3 Kliken A.M., Hau B. & Poehling H.-M. 2008: Foresteng migration of cereal
aphids (Hemiptera: Aphididae) in autumn and spriggplogical Modelling(prepared).
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Chapter 4 Kliken A.M., Simon J.-C., Hondelmann P., MieuketGilabert A., Warmke C.,
Poehling H.-M. & Hau B. 2008: The importance of yymity between winter and summer
hosts on immigration and population developmentast-alternating aphids in cereal fields.

Agricultural and Forest Entomologiprepared).

Chapter 5 Kliken A.M., Hau B. & Poehling H.-M. 2008: Attriceness and host suitability
of winter wheat cultivars for cereal aphids (Herarpt Aphididae)Journal of Plant Disease
and Protectionsubmitted).

Chapter 6 Kluken A.M., Hau B., Koepke |. & Poehling H.-M.0@8: Comparison of
techniques to survey populations of cereal aphttr(ptera: Aphididae) in winter cereals
during autumn and spring with special consideratbrsample sizeEuropean Journal of

Entomology(submitted).

The interested reader may await to the above-meadioreviewed papers or refer to further
publications of the author group (see curriculutaezisection). Subsections related to the
problem of migration and early population developtneere worked out by T. Bornwasser

(B.Sc. thesis, 2005; M.Sc. thesis, 2007), S. Her(BuSc. thesis, 2005), |I. Koepke (Diploma

thesis, 2006), C. Scholz (B.Sc. thesis, 2006), @hdVarmke (B.Sc. thesis, presumably:

2008).

It is important to notice that each chapter repressene independent part of the thesis. Hence,
the reader should not be confused, if meaningsgiven letter, number, or variable possibly

differ among the chapters.
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Chapter 1: Comparison and validation of populationmodels
for cereal aphids

A. Michael KLUKEN!*, Bernhard HAU, Bernd FREIER Benno KLEINHENZ, Hans
FRIESLAND" & Hans-Michael POEHLING

YInstitut fur Pflanzenkrankheiten und PflanzensehytPP), Leibniz Universitdt Hannover,
Herrenh&user Str. 2, 30419 Hannover, Deutschland.

2 |nstitut fur Integrierten Pflanzenschutz, BBA, B2%Kleinmachnow, Deutschland.

% Zentralstelle der Lander fir EDV-gestiitzte Entadinegshilfen und Programme im Pflanzenschutz,
Riudesheimer Strasse 60-68, 55545 Bad Kreuznachsd@dand.

* Deutscher Wetterdienst, Agrarmeteorologische Fansg und Beratung, Bundesallee 50, 38116
Braunschweig, Deutschland.

Abstract

Comparison and validation of population models &areal aphids are a rare but
necessary pre-requisite for their use and impromem@omparison and validation of the
models SIMLAUS, LAUS, and GETLAUSO1 were carried éar several years in different
German locations with considerable different agnmatic conditions. Therefore, evaluation
of cereal aphids and their antagonists was caaigdn winter wheat and winter barley fields
with density dependent sample sizes. In 96% of kitimn runs, the model SIMLAUS
predicted accurately the type of hibernationSofavenaeand R. padiin winter wheat and
winter barley fields. In eight of 52 case studies. (ocations and years), the model predicted
anholocyclic hibernation, though it was not detdcie the field. Model employments to
forecast the population dynamics of cereal aphmdsutumn are not appropriate, because
SIMLAUS failed to reliable predict either the poptibn level or changes of a given
population. The model LAUS predicted accuratelyp(eori) the population dynamics of
S. avenaén spring and early summer in 12 of 35 case stu@®és> 0.36, p < 0.05). Intercepts
and slopes differed significantly from zero and dne2.9% and 83% of case studies,
respectively. Improvements of results were obtaif@d89.9% of case studies after the
adjustment of starting values according to popofatievelopment (a posteriori). In 82% of
simulation runs with the scientific model GETLAUS@A posteriori), close relationships
between observed and predicted summer populatioandigs of all cereal aphids in winter
wheat were observed (R?>0.47, p <0.05). In 1s&cstudies, slopes differed significantly
from one b = 1), whereas no significant differences from zesre obtained for intercepts
(a=0). Systematic errors, differences in reliapilietween case studies, and the possibility
of model extensions are discussed in terms of impgosimulation models for decision

support systems in integrated pest management.
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Introduction

Population models for cereal aphids (Hemiptera: idiglae) are important tools for
several reasons: Firstly, they help to simulatepiygulation development of aphid species in
terms of decision making for plant protection measyRossing, 1991; Leclercg-LeQuillec
et al.,, 2000). The implementation of well-directesbnitoring systems, reliable prediction,
and biological or economically-justified controtaiegies against cereal aphids are the most
important targets (Kleinhenz & Jorg, 1998). Secgndhodels can help to understand the
complex dependencies and interactions betweenreliffetrophic levels, and enhance our
knowledge on the importance of key factors (e.gqstiwity analysis; Freier et al., 1996).
Similar to laboratory experiments (but sometimegnevjuicker or more economically),
models are capable to run experiments with diffebeotic and abiotic factors involved (e.g.
the cereal aphid species; Topping & Sunderland4;1Bgeier et al., 2002). Thirdly, benefits
lay in illustrative material and knowledge storabecause quickly generated diagrams and
reports of interactions and population developmesitew interested users the different
parameters and prognoses quite plainly (Bianchi @&MerWerf, 2003, 2004; Parry et al.,
2006).

Within the trophic system, winter cereals - ceggalids - aphid antagonists, several
simulation models have been developed over thedstdes (Freier & Wetzel, 1980; Carter,
1985; Pierre & Dedryver, 1985). Starting with simpkgression attempts in the eighties
(Rautapaa, 1976; Entwistle & Dixon, 1987), consatbé improvements in aphid system
modelling were achieved over the last few yearso(Zl& Carter, 1989; Rossing, 1991;
Hansen, 1999). For example, Gosselke et al. (2defined more than 13 submodels for
wheat-aphid-antagonist interactions for the simottaimodel GETLAUSO1. Other models are
being constructed to assess how changes in envenoainconditions affect cereal aphids
(particularly CQ concentrations; Wolf et al., 1996; Newman et2003), GIS based spatial
models try to explain the influence of landscapeicstires on spatial distribution (and
development) of cereal aphids (Bianchi & VanDerWefi03, 2004; Parry et al., 2006), and
migration models try to explain the effect of hafiernation of aphids on seasonal population
development (Lushai & Loxdale, 2004; Malloch ef @D06). Further modelling approaches
are focusing on the occurrence and relationshipdiféérent aphid clones (i.e. sexual vs.
asexual lineages), in order to forecast the spoédaarley yellow dwarf virus (BYDV) in
winter cereals (Papura et al., 2003; Llewellynlgt2z004). Whatever the aims, confidence in
the performance and reliability of models can bg@roned by validating them in different

regions and in different seasons, covering broadtspms of weather conditions.
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A close agreement between model results and eealudata within the validation
process could lead to confidence in the abilityraidels. An additional benefit is that the
concepts and assumptions underlying each modedcaeatifically analysed and scrutinised.
Tests of very detailed population models (includssyeral species and a certain time span)
have to fulfil three requirements. First of allt@laised for validation must be independent of
those used to develop the model (Passioura, 1@Bgrwise the process is logically circular.
Secondly, for most detailed population models itas sufficient to use only single point data,
such as final population peaks, for validationcsima detailed population model should also
simulate accurately the population dynamics (Poeteal., 1992). Finally, validation data
must have been monitored with sufficient frequemcyime during growth and development
e.g. of cereal aphids to be reliably.

Cereal aphid population models have been develdpedwidely varying climatic
conditions (Skirvin et al., 1997; Knudsen & Schatzk999; Newman, 2004) and different
objectives (Kleinhenz, 1994; Ma, 2000). This haktle completely different models, varying
in their description of various processes, inpgureements and sensitivities to environmental
conditions. Furthermore, the description of proessand the parameters in models are often
highly related to their conditions encountered digrdata generation, which could be rather
specific (i.e. seasonal and regional effects) astduniversally valid (Porter et al., 1992). Due
to limited financial support, most developed mode&kre only roughly and hastily verified
and validated (Knudsen & Schotzko, 1999; Ma, 2080Q)ythermore, only a few datasets from
few locations were used for the validation (Frieglal994; Kleinhenz, 1994; Gosselke et al.,
2001).

Comparisons and validations of three population eftbr cereal aphids, developed for
the conditions in Germany, were carried out overess years in different locations of
Germany with different agro-climatic conditions.elhim of the present study was to verify
and review the performance of the models SIMLAU%e{ikhenz, 1994), LAUS (Friesland,
1994) and GETLAUSO1 (Gosselke et al., 2001) in otdecompare the models and suggest
improvements with respect to the usefulness of fsofle decision support systems in

integrated pest management.
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Materials and methods

Field evaluation

Multiple sets of field data on aphid and antagodetsities were used for the validation
of models. Field evaluations were conducted in @ Ia large, insecticide-free “window” in
fields of winter wheat and winter barley in sevdaations of Germany. Our investigations
included weekly counts from October to December faoh March until the harvest of the
crops during the years 2004 to 2006. On each etratuday, the numbers of the three most
important cereal aphidsSitobion avenaeFabr., Metopolophium dirhodumwWalk., and
Rhopalosiphum padi. and their antagonists were evaluated visually (pant or tiller) or by
means of D-VAC suction sampler (per m2; Dinter, 39®. maidisL. is of minor importance
in Germany (Basedow et al., 1994) and usually googionly in late autumn. For evaluation,
reliable distinctions betweeR. padiand R. maidiscould not continuously be made in all
locations, and hence both species were countedhirgasR. padigroup. Sample size per
evaluation day varied according to aphid density e@mged from 700 to 35,000 plants (i.e. 4
to 150 m2 for D-VAC) in autumn and from 100 to &Qdlers in spring and summer. Counts
of different forms of aphids and antagonists (eggs, larvae, pupae, adults and their different
forms) per subsample (i.e. per plant, per tillerper D-VAC sample) were transformed into
area values according to the numbers of tillerplants per square meter. Additionally,
several sweep net catches (sub-sample of 100w taken in winter barley and winter
wheat throughout June to estimate the abundancastafonists during the phase of rapid
aphid population increase in winter wheat (e.ggiowth stage (GS) 51 to 71; Tottman &
Broad, 1987).

Tab. 1 gives a summary of datasets and the numifelscations available for the
comparison and validation procedure of the diffemerodels, whereas evaluations from a
given location and year (i.e. at harvest time ef ¢hop) represent one case study. The growth
stages of the crops were evaluated at each timedlmasthe mean of several tillers or plants.
The location of each field was chosen accordinglése proximity of next weather stations
(< 20 km). The meteorological data were providedigyGerman Weather Service (DWD) in
Excel tables and compatible files for each of tloglets. All agronomic practices were carried

out according to good agricultural practices inheatcthe study locations.
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Tab. 1: Numbers of datasets available to validaehemodel: one year at each location
represents one validation run per crop. Datasets tag&en in winter wheat fields, in case of
SIMLAUS additional datasets from winter barley figlwere used (sLS = southern Lower
Saxony, SA = Saxony-Anhalt, RP = Rhineland Pal&inalS = northern Lower Saxony,
SBR = southern Brandenburg).

Total number Numbers of validation runs
Region Location Year of fieldsr)  SIMLAUS LAUS GETLAUSO01
sLS Isernhagen 2004-2006 6 6 2 3
sLS Jeinsen 2004-2005 4 4 1 2
sLS Hiddestorf West  2004-2006 6 6 3 3
sLS Hiddestorf East  2004-2005 2 0 0 2
1993-2002*
SA Magdeburg 2004-2006 16 6 11 3
SA Bernburg 2004-2006 6 6 2 3
RP Woérth 2004-2006 6 6 1 3
RP Wahlbach 2004-2006 6 6 1 3
nLS Bensersiel 2004-2006 6 6 2 3
nLS Carolinensiel 2004-2006 6 6 2 3
sBR Flaming 1993-2002* 10 0 10 0
> 74 52 35 28

*Asterisks indicate datasets collected by workingug of Freier (Freier et al., 2002).

Model SIMLAUS

The simulation model SIMLAUS was developed in ortierestimate the possibility of
anholocyclic hibernation of. avenageR. padi and R. maidisin winter barley and winter
wheat (Kleinhenz, 1994). The population dynamicshefaphids are forecasted from autumn
to early spring (including estimations of possiB¥DV outbreaks). Furthermore, decision
support for control of aphids and best timing obtpede application is made. The model
takes into account the temperature and precipitatichich are based on the current and
predicted values from the weather stations. Themsdels of SIMLAUS are based on
extended LESLIE-matrices, which describe the ageifip structure of populations in terms
of possible transition, reproduction and survi\aks. Since temperature was regarded as the
most important factor for the development, develepimrates of instars, probabilities of
reproduction and survival of the three cereal apgpiecies were described with temperature-
depended mathematical models. Based on laboraiqsrienents, basis temperature values
for each of the four larval instars served as bnitt model their development. Nutrition
uptake in dependency on temperature was includetetermine the age- and temperature-
specific survival probabilities. Based on field ebstions, mortality rates due to precipitation

were additionally determined and integrated indineulation models.
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The model SIMLAUS is available in the Internet (wwsip.de) and currently used by
federal plant protection services, where it attdi@ecertain regionally importance (e.g. in
Rhineland Palatinate, Hessian and Saxony) to fetab& possible survival of anholocyclic
cereal aphid populations during wintertime. Thegpam allows two modes of calculations
depending on different input variables. Firstlysetved data from field evaluations may be
entered as referred to evaluation time (so-calted’ specific”). Therefore, specifications of
observed cereal aphid densities at a certain mtatind time are needed. Secondly, standard
values based on experimental and historical dataset automatically calculated depending
on the location and the date of leaf emergence{®&510), necessarily specified for a given
crop in a certain region (so-called “region spetjfi However, the model aims are not
changed using either mode of calculation (see gbove

Model LAUS

The simulation model LAUS was developed by Friedl&t086) at the German Weather
Service (DWD) in Braunschweig. The basic aphid ea@bns stem from the working group
on cereal pests (Basedow et al. 1989), in whichdéneeloper participated. Therefore the
model is based on many case studies from divets paGermany. The model simulates and
predicts population development 8f avenaén winter wheat from April  to hard dough
stage (GS 87). Whereas the meteorological inpuiabi®s from daily updated datasets
(including regional forecasts) are automaticallyoived, the users' interface requires (only at
the first time in a given season) the input of tawa growth stage of winter wheat on April
1%, and (optionally) the calendar day of the firgtldi evaluation (as counts per tiller). The
module for phenology of winter wheat excludes altieffects and is computed as non-linear
function of several weather parameters. Standdruesaf temperature and relative humidity
of the closest weather station are empirically ¢sfanmed to model crop climate and
phenology. Both weather modules are important obriictors influencing the population
dynamics of S. avenaeand its antagonists. Birth-rates of aphids areegenad with
temperature- and age-dependent development fusctidlowing the boxcar-train procedure
(DeRoos et al., 1990). As representatives forrathgonists, the model takes into account the
population dynamics of the ladybeet@dccinella septempunctath., the parasitoids (i.e.
Aphidius spp.) and the development of entomopathogenic fumdections (e.g.Pandora
neoaphidisHumber) and calculates their killing potential &gysuming simplified averaged
mortality rates. Whereas meteorological and crapsitig parameters were perceived as most

important influencing variables for arthropods, parature, relative humidity, and
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precipitation were only incorporated in modellimgeiction rates of entomopathogenic fungi.
Immigration rates ofS. avenadrom offside (from field boundarieand other fields) into
“empty” winter wheat fields were calculated usinged-a-side function (with few categorical
values for immigration rates), which describes plogulation density outside of the winter
wheat.

The German Weather Service (DWD) in Braunschweig sharge of the model LAUS,
which has been revised several times and has ganeertain regionally importance as
decision support system in pest management. Additispecifications and changes of input
variables (see above) can be performed if cropnpeters differ from standard calibration,
e.g. assuming common fertilization levels for rir&l80 to 225 kg per ) crop densities
(600 tillers per M) and mean starting population densities (valugeasf 15 to 35 aphids in
surrounding habitats). Firstly, model runs werefqrened using the standard calibration (a
priori) and then in a second model run, theseistadalues were altered according to the

actual situation (including population developmenty given case study (a posteriori).
Model GETLAUSO01

The simulation model GETLAUSO1 is a scientific mbdieveloped to improve the
knowledge of abiotic and biotic interactions (Gdlsseet al., 2001). It is not designed for
aphid control decisions by the farmers or for pagiah forecasts, but to demonstrate and to
explain a posteriori:

1. the population dynamics of cereal aphids dependingeveral driving forces and
2. the tritrophic interactions between winter wheateal aphids and their antagonists under
field conditions.

The latest version of the model is the result afrey experience (starting about 25 years
ago) in simulating cereal aphid populations (basedformer models GTLAUS, PEST-
SIMAC, etc.), including several laboratory experiteeas well as detailed long-term field
observations in central Germany (Freier & Wetz&8Q, Rossberg et al., 1986; Freier &
Triltsch, 1996). The model is a discrete and deteigtic model structured in compartments,
which contain a variable number of age classes &y®eclass per time increment). Several
processes are internally calculated using a tirep sf two hours. Each submodel run is
initiated by entering a wide range of starting esluThe defined sequence of biological
processes in GETLAUSO1 is: migration, feeding, oépiction, development, and mortality.

Several improvements were made to enhance the medakitivity and power. Today, the
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model consists of 13 submodels and modules, simglantogenesis of the host plant as well
as developments of the three most important ceygaids §. avenaeM. dirhodum R. pad)
and their antagonists (aphid-specific predatorstybaetles, lacewings, and chrysopids;
polyphagous predators: carabids, staphylinids,espijdentomopathogenic fungi infestation,
parasitation rates). Each program run requiresningt of the duration of the simulation (start
and end), meteorological data (two-hour values) emidrmation on wheat development.
Additionally, initial values for all instars of aps and antagonists have to be specified.
Furthermore, the type of migration (“early”, “regdl, or “late” season migration for aphids
and antagonists) and information on pesticide apptn may also be included. Usually, the
model runs are started using the initial valuetheffield populations at the end of flowering
(GS 69).

The latest version of the GETLAUSO1 simulation mockn be downloaded from the
Internet (www.bba.bund.de: Protecting Plants /drated / GETLAUSO1). For details of the

modules and submodels see descriptions in thenktter in Gosselke et al. (2001).

Validation and statistical analysis

In our study, the field data were compared withadabm simulated aphid population
densities. Moreover, we varied input variables atadting conditions of simulation runs for
model improvement and extension.

The Pearson’s Chi-square test on differences (Wates correction for small samples
sizes; program StatXact) served for the validabbmodel SIMLAUS. Tests of equivalence
were performed in order to obtain equivalence thoks (upper and lower limits, using the
program R). Datasets from autumn (SIMLAUS), sprengd early summer (LAUS), and
summer (GETLAUS) were analysed using linear regmasanalyses between observed and
predicted data (prog reg, program SAS; SAS, 2088ording to Sachs (1999), the resulting
linear regression lines should have interceptssigtificantly different from zero and slopes
not significantly different from one. Significanedations (p < 0.05) of the intercept from 0
or the slope from 1 were detected using SAS incnésnéaplus-procedures) or calculations
according to Teng (1981).

The simulation model GETLAUSO1 was further validhtey comparing the shapes of
observed and predicted population curves accoririgosselke et al. (2001). Accordingly, a
model run is defined as “successful” if differendetween simulated and observed values
remained within in the range of acceptance linR&% deviation in terms of aphid infestation

expressed as aphid index in aphid days peasnwell as 50% deviation in terms of predator
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occurrence measured as a predator index in predatodays per /) Freier et al., 1997a;
Gosselke et al. 2001).

Analysis of variance (ANOVA, proc glm, program SASAS, 2008) was used to detect
significant differences between observed and ptedicdata for single evaluation dates in

order to analyse different simulation starts oels\of species.

Results

General results

In 2003/2004, no anholocyclic hibernation was obsérat all locations, except in one
winter barley field (location Waorth), where indiwudls ofS. avenaavere found very early in
the year (8.3 adults per’ron April 8"). In winter wheat fields of most locations, fiegthids
occurred later in that year (at the beginning afieJu but due to weather conditions and
absence of antagonists (e.g. exceptionally low rersmof Coccinellids and Syrphids)
S. avenaeoptimally developed leading to extremely high pagan values (up to 75,000
aphids per M) for most locations. In 2005 and 2006, no anhatticyhibernation was
detected in either location, and aphid populaticgeched only moderate peak levels (ca.
7,500 to 10,000 and 2,500 to 3,500 aphids pér mespectively). In those two years,
M. dirhodumwas the most abundant species.

Model SIMLAUS

In more than 96% of case studies, the model SIMLA&KSmated accurately the
hibernation type in winter wheat and winter barleg,, anholocyclic hibernation was reliably
predicted. No significant differences were detecteetween observed and predicted
hibernation types (Pearson’s Chi-square test) amdidence limits of equivalence were
smaller than 29% (Tab. 2). In 2003/2004 in thre€%®, in 2004/2005 in four (4.5%), and in
2005/2006 only in one field (1.3%) the predictidrhdernation types were wrong or did not
match to field observations (including region andpcspecific data, Tab. 2). In all these
cases, the model assumed anholocyclic hibernafid avenaeandR. padi/ maidis which

was not detectable in fields.
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Tab. 2: Validation results for the model SIMLAUSiumber of wrong classified locations, p-
values from Pearsogr-tests on differences (with Yates correction foraf samples sizes),
and limits of confidence intervals to test the &gleénce ¢ = 0.1) of observed and predicted
anholocyclic hibernation for each aphid speciesaweral region and crop specific datasets
(n = sample size).

No. of wrong Pearsorg2test  Confidence interval

Aphid
classified on difference on equivalence
Year species n locations (p-value) lower limit upper limit

2003/2004 S.avenae 18 1 (Wérth) 0.841 -0.26 0.15
Region specific R. padi 18 2 (Worth) 0.697 -0.29 0.07
R. maidis 18 0 1 0.00 0.00

2004/2005 S.avenae 18 2 (Worth) 0.697 -0.29 0.07
Region specific R. padi 18 0 1 0.00 0.00
R. maidis 18 0 1 0.00 0.00

2004/2005 S.avenae 17 1 (Wérth) 0.500 -0.09 0.21
Crop specific R. padi/maidis 17 1 (Wérth) 0.500 -0.09 0.21
2005/2006 S.avenae 16 0 1 0.00 0.00
Region specific R. padi 16 0 1 0.00 0.00
R. maidis 16 0 1 0.00 0.00

2005/2006 S.avenae 15 1 (Worth) 0.500 -0.11 0.24
Crop specific R. padi/maidis 15 0 1 0.00 0.00

12
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Fig. 1: Comparison between observed (field data) predicted (SIMLAUS simulation)
population dynamics db. avenaeandR. padiin a winter barley field in Hiddestorf West in
2004/2005 (representative of typical population elepment for several case studies, i.e.
locations and years).
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Weak simulations of autumn population dynamics Sfavenaeand R. padi were

typically obtained comparing observed and prediatath. This is shown in Fig. 1 for the

location Hiddestorf West in 2004/2005, a repredermgaase study within the data collection.

Inaccurate simulations were found in most locatwith regard to population dynamics (e.qg.

population increased, when a decrease was predgiotkgice versa, Fig. 1).

Tab. 3: Validation of the model SIMLAUS in winterheat (ww) and winter barley (wb)
fields: results of linear regression between obe@rand predicted population levels in
autumn specified for regions and years. Coefficieot determination (R2) followed by
asterisk (*) indicate significant results (p < 0.0&vhereas y-axis intercep&™and slope b”
followed by asterisk (*) indicate significant difences (p < 0.05) from 0 and 1, respectively
(n=samples size, SD = standard deviation, sLS theon Lower Saxony, SA = Saxony-
Anhalt, RP = Rhineland Palatinate).

S. avenae R. padi

Year Region Crop n R2 a+SD b +SD n R2 a+SD b +SD
2005 sLS wb 13 0.40*-0.10+1.04 1.12t0.40

sLS ww . : . . 16 0.74* 0.02+0.05 0.50t0.08*
2006 sLS wb 13 0.81* 0.51+0.31 1.14+0.16 . . .
2005 SA wbh . . . . 13 0.46* 0.11+0.05* 0.54+0.17*
2006 SA wb 12 0.48* 1.88+1.27 1.470.46 12 0.57* 0.96+0.28* 0.31+0.08*
2006 RP wb 15 0.29* 549 #1.50* 0.27 +0.11*

The coefficients of determination were significgnt< 0.05) in three and four of 11 case
studies forS. avena@ndR. padj respectively (Tab. 3). Coefficients of determioatranged
from R2=0.29 to R2=0.81 foB. avenaeand from R2=0.40 to R2=0.74 f&®. padi
Significant coefficients of determination providadiercepts and slopes were significantly
different from 0 and 1 in one case study $oravenaeand in two and three case studies for
R. padj respectively (Tab. 3).

Weak matches between observed and predicted cgrbal populations were found in
pooled datasets from different case studies fromthem Lower Saxony and Rhineland
Palatinate f = 91, R2=10.19, p > 0.05). However, a significanefficient of determination
was found, when locations from southern Lower Sgxand Saxony Anhalt were pooled
(n=177, R2=0.40a=0.41+0.32, b=0.92+0.17, with a and b being not significantly
different from 0 and 1, respectively). Regarding simulation results of the different species
(pooled case studies and crops), the model pertbbater forS. avenaén = 148, R2 = 0.49,
a=1.32+0.22, b=0.52+£0.05) than for R. padi (n=125, R2=0.07,a=1.07+£0.22,

b =0.24+0.08), with all statistical parameters showing #gigant values (p < 0.05).

Comparing the model’s performances in differenpsrpooled case studies and species), the
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model predicted population levels better in wirliarley o = 164, R2 = 0.24a = 0.44+0.13,
b = 0.81+0.20) than in winter wheah (= 107, R2 = 0.23, p > 0.05).

Model LAUS

Since the model LAUS is designed to describe sqlelyulation dynamics db. avenage
case studies without sufficient numbers of thatcEsewere not included in the validation
process. Hence, the model was validated with fialidy of only 35 case studies using both, the
standard calibration of the corresponding caseystadpriori), and the adjusted calibration
based on the effective population developmenténctise study (a posteriori; Tab. 4).

hY

Tab. 4: Validation of the model LAUS was performed datasets defined as a priori
(standard values for model start) and a postefajustment of starting values according to
population development). Results of linear regm@ssietween observed and predicted values
are specified according to case studies (i.e. lmtaiand years). Coefficients of determination
(R?) followed by asterisk (*) indicate significanésults, whereas y-axis interce@’ “and
slope ‘b” followed by asterisk (*) indicate significant &&rences from 0 and one 1,
respectivelyf = samples size, SD = standard deviation, p < 0.05)

a priori a posteriori

Location Year n R2 a*SD b +SD R? a+SD b+SD
Isernhagen 2004 12 . : . 0.70* 639+327 1.10+0.22
Jeinsen 2004 13 . : : 0.85* 290+305 1.30+£0.16
2006 8 0.72* 74459 1.59+0.38 0.74* 1994146  4.20+0.95*
Flaming 1993 8 : . . 0.54* 182394 2.76£0.97
1994 7 0.64* 26+40 13.6%4.20* 0.87* 6 +6 4.22+0.68*
1997 9 0.44* 53459 0.41+0.16* 0.92* 418 0.22+0.02*
1998 9 . : : 0.78* 155+85 0.86+0.16
1999 9 0.77* -44+323 7.651.50* 0.81*  -27+63 1.72+0.29*

Magdeburg 1995 7 0.81* 1384306 0.47+0.09* 0.94* -42+103  0.31+0.03*

1996 8 0.61* 130+142 1.29+0.39
1997 8 0.77* 11435 0.28+0.06*
1998 8 . . . 0.46* 775+445 0.52+0.22
2001 8 0.65* 77+120 3.54+0.98* : : .

2004 13 0.60* 640+415 0.31+0.07* 0.90* 115+89 0.17+0.02*

Bernburg 2004 14 0.62* 1005799 0.59+0.13* 0.75* 238+260 0.26+0.04*
Wahlbach 2004 16 0.64* 22+15 0.06+0.01* 0.50* 160+118  0.35+0.09*
Bensersiel 2004 11 . . . 0.63* 124+72 0.32+0.08*
2005 17 0.36* 214+163 1.71+0.57 0.59* 143+126  2.12+0.44*

Carolinensiel 2004 11 0.83* 31+13* 0.02+0.00* 0.68* 201+85* 0.10+0.02*
2005 16 0.47* 82+105 3.90+1.07* 0.78* 24167 4.96+0.69*

Great variability between case studies was obseamddmajor differences were detected
between observed and predicted populationsSoévenaewith regard to the standard
calibration (Tab. 4). In 12 of 35 case studies, tuefficients of determination were

significant, with R2 > 36%. Case studies with higtheoefficients of determination were
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found at Carolinensiel (R2=0.83, p < 0.01 in 2084d at Magdeburg (R2=0.81, p<0.01 in
1995). The intercepts ranged frar= -44 toa = 1005 and were significantly different from
zero in one case study. The slopes ranged flom0.02 to b=13.61 and differed
significantly (p <0.05) from 1 in 83% of case stsl The slopes were significantly
(p < 0.05) below and above 1 in six and four cagdiss, respectively (Tab. 4).

Adjusting starting values to actual population lsvef a given case study (a posteriori),
the coefficients of determination increased in 89With 19 significant case studies showing
lowest scattering (R2 > 0.46, p < 0.05, Tab. 4kelvise, intercepts differed significantly from
zero in one case study, and values reached a sraifilge compared to the a priori validation
results (Tab. 4). Slopes differed significantlyrfraone 1 in 13 case studies, with eight and
five cases significantly below and above 1, respelst Moreover, the slopes rang mean
values closer to 1 than in the a priori validati@sults ranging fronb = 0.10 tob = 4.96
(Tab. 4).

Model GETLAUSO1

The model GETLAUSO1 was validated against fieldagdaxcluding data from years
1993 to 2002, which have been used in the modedtagstion (Freier et al., 2002).

Fig. 2 shows a significant relationship betweeneobsd and predicted values of all
cereal aphids in 2004 and 2005 (Fig. 2 excludeditieehighest values of 2004 and all of
2006 to avoid scaling bias). The coefficient ofedetination was higher in 2005 than in 2006
(R2=0.93 and R2 = 0.90, respectively) with constdopes ob = 0.93 (both not significantly
different from 1). However, in 2004, when enormaesak numbers of cereal aphids were
recorded in fields, the model tended to undereséinbe highest observed field values
(R2=10.75,b=0.53+0.03), with slopes being significantly differentofn 1. Regarding
intercepts, they only differed significantly from i@ 2004 &= 257+114), whereas no
significant differences were detected in 208% 81+53; Fig. 2) and 2006a(= 16+11).
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Fig. 2: Linear Regression between observed (fiedda)d and predicted (GETLAUSO1
simulation) cereal aphid density (sum of all spgeaig®) in winter wheat in 2004 (closed
circles and lower solid liney = 108, R2 = 0.75, p < 0.001) and in 2005 (opedes and long
upper solid linen =142, R2 = 0.93, p < 0.001). Bisecting line isrslimashed and dotted lines
symbolise the respective25% limits. The five highest values from 2004 waw¢ shown to
avoid scaling bias.

Case studies from northern Lower Saxony and fronm&dnd Palatinate showed greater
scattering with smaller coefficients of determinati which were not significant in five case
studies. Fig. 3 shows weak simulations in scale strape for Worth 2006, a typical case
study for simulation runs in northern Lower Saxa@mg Rhineland Palatinate. In case studies
from southern Lower Saxony and Saxony Anhalt, ¢oeffits of determination were always
significant (Tab. 5, Fig. 4). In none of the cadadi&s, the intercept was significantly
different from 0. Slopes were significantly diffatefrom 1 in 39% of case studies, with all

but one being significantly lower than 1 (Tab. 5).
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Fig. 3: Comparison between observed (field popaeiSE) and predicted (GETLAUSO1
simulation) population development in Woérth 2006 (apresentative of typical population
dynamics). Simulations were started on recommeniadée, June 0(arrow), with 50% and
100% of the initial population. The model is abtedalculate the population development
backward to beginning of infestation.

The validation analysis according to the methodluseGosselke et al. (2001) supports
the results described above, when case studies soenpared among each other (Tab. 6).
Good conformance was established in all simulatums in case studies from southern Lower
Saxony and Saxony Anhalt (with difference betwebseoved and simulated values of 4.4%
and 3.5%, respectively). The differences betweeseted and simulated values (aphid index
per m?) always remained clearly below the defineckptance limits 0£25% (Tab. 6). This
is in contrast to case studies from Rhineland el and northern Lower Saxony, where

30.0% and -85.9% mean differences were obtainegerively (Tab. 6).
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Tab. 5: Validation of model GETLAUSOL1 in winter wdidfields: results of linear regression
between observed and predicted values specifietbéations and years. All coefficients of
determination (R?) are significant at tbhhe= 5% level. No significant differences (p > 0.05)
from O were found for y-axis intercepta™ (n=samples size, R2=coefficient of
determinationa = interceptp = slope, SD = standard deviation).

Location Year n R? a+SDh b +SD
Isernhagen 2004 12 0.97 -49+129 0.95+0.05
2005 13 0.93 -25+171 0.88+0.07
2006 9 0.98 13+16 0.97+0.05
Jeinsen 2004 11 0.80 610+473 0.93+0.15
2005 11 0.89 174+425 1.02+0.11
Hiddestorf West 2004 11 0.60 235253 0.85+0.22
2005 8 0.99 -30+55 1.17+0.02*
2006 9 0.99 24420 0.97+0.02
Hiddestorf East 2004 11 0.58 7671 0.44+0.12*
2005 14 0.96 170+280 0.86+0.05*
Magdeburg 2004 12 0.95 183+211 0.43+0.03*
2005 15 0.80 256+170 0.99+0.13
2006 14 0.93 24 0.93+0.07
Bernburg 2004 13 0.89 540x472 0.59+0.06*
2005 15 0.81 72 +46 1.04+0.13
2006 10 0.99 -2+2 1.10+0.04*
Worth 2005 13 0.76 3+6 0.85+0.14
Wahlbach 2005 13 0.96 545 1.06+0.06
Bensersiel 2004 9 0.71 -25+165 0.72+0.16
2006 11 0.47 17+13 0.25+0.08*
Carolinensiel 2004 9 0.49 3371262 0.16+0.06*
2005 15 0.70 15+24 0.77+0.14
2006 11 0.47 25432 0.45+0.15*

* Asterisks indicate slopdsbeing significantly different from 1.

Early starting points for simulation tended to @stimate the population development in
the field (data not shown). Differences betweeneoled and predicted values were most
pronounced, when the model was started four weekiéee then recommended (Fig. 4).
Several significant differences between the sinmatstarting on May 17and on June 14
were detected for evaluation days in Isernhagen52(#s a representative of typical
population dynamics of several case studies). Wthensimulation start was shifted two

weeks earlier, the differences between observedpaedicted values were not significant
(Fig. 4).
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Fig. 4: Comparison between observed (field popoeiSE) and predicted (GETLAUSO1
simulation) population dynamics in Isernhagen 2Q@presentative as typical population
development for several case studies, i.e. locataomd years). Simulations were started at
three times (arrows): two weeks (Jund) land four weeks earlier (May %y than
recommended date (June™A4The model is able to calculate the populatiomettipment
backward to beginning of infestation. * Asteriskalicate significant differences between
observed and predicted populations when the simulagtarted four weeks earlier than
recommended.

No significant differences between observed andipred populations were found on the
species level (Fig. 5). Concerning the absolute bemn and relative amounts of instars of
S. avenagR. padj andM. dirhodumwere equivalent to the results above or to thoseied
in Tab. 5. This is in contrast to the numbers dhganists, which showed stronger variation
and significant differences between observed amdulsied values (data not shown).
Differences between field data and model resultsevagore pronounced using the validation
method of Gosselke et al. (2001) with mean diffeesrbetween 5% and 20% for cereal aphid
species and 35% and 74% for antagonists (datehootrs.
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Tab. 6: Validation of model GETLAUSO1 in winter wdtefields: results of comparisons (differences ip Bétween observed and predicted
population development of cereal aphids (aphidxnd@) in different case studies (i.e. locations and'gkea

2004 2005 2006
Location observed predicted difference observed dipied difference observed predicted difference
(aphid days*1000 i) (%) (aphid days*1000 1) (%) (aphid days*1000 1) (%)
Isernhagen 73.1 74.2 15 111.6 98.4 -13.4 7.3 7.7 4 4
Jeinsen 114.8 140.4 18.2 127.1 110.1 -15.4
Hiddestorf West 17.0 18.1 5.8 143.9 165.6 13.1 251 24.0 -4.4
Hiddestorf East 30.0 32.3 7.2 166.7 203.1 17.9
Magdeburg 8.4 6.9 -22.0 16.9 16.7 -1.3 0.5 0.5 11.0
Bernburg 25.7 34.1 24.6 9.3 9.8 5.7 2.0 21 8.7
Worth 7.4 21.9 66.3 2.0 1.7 -17.7 11 1.7 34.5
Wabhlbach 8.4 8.6 2.2 3.4 3.8 10.8 14 8.5 84.1
Bensersiel 32.3 19.6 -64.6 7.8 9.8 20.3 5.7 1.4 3.11
Carolinensiel 34.3 20.9 -64.1 7.3 4.7 -57.5 4.8 3.5 -36.2
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Fig. 5: Comparison between observed (field popoteiSE) and predicted (GETLAUSO1
simulation) population development according toeaeraphid species in Hiddestorf West
2005 (representative as typical population devekqnfor several case studies, i.e. locations
and years). Simulation started on recommended(datee 18, arrow). The model is able to
calculate the population development backward gprimeng of infestation.

Discussion

It is often difficult to explain the conclusionsdaeensitivities of different models on the
basis of differences in model structure, sourceect input data, as the models’ structure is
rather complex or unknown, and too many feedbaoksnaolved. Hence, the assessments of
model performances are largely based on comparisbnambers of cereal aphids between
field data and model results.

Our comparisons of aphid simulation models serwed purposes. The models were
assessed for their ability to simulate the popaokagrowth and development for case studies
not included in the calibration and developmentcpss. Secondly, and more importantly, it

was possible to identify parts (e.g. submodulessome models that produce systematic

errors and require improvements.
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Model SIMLAUS

Validation results of model SIMLAUS have shown thecuracy in the prediction of
successful hibernation of cereal aphids in wintéeat and winter barley fields (i.e. 96%
correct simulations, no significant differenceswss#n observed and predicted hibernation
types, and small equivalence limits, Tab. 2). Thedjgtion of hibernation rates is based on
relatively simple connections. This is a reason lagzh numbers of correct simulations.
However, quantitative simulation of population gtbyprocesses in spring and early summer
is much more complicated. This confirms the presstitdy. Successful anholocyclic
hibernation is most often related to increased weage and spread of barley yellow dwarf
virus (BYDV). Outbreaks of BYDV after mild wintefsave been reported and are considered
to cause important yield reductions in winter barénd winter wheat (Kendall & Chinn,
1990; Fabre, 2006). Most patho-types of BYDV aans$mitted byS. avenaeand R. padi.
According to our results, differences in model'sfpenances between both species were
small (Tab. 2) and the population densities aftantevtime of S. avenaeand R. padi or
R. maidiswere correctly predicted by SIMLAUS. Wrong simigat results were mainly
obtained from location Worth, basically situatecamagro-climatic zone with mildest winter
conditions (e.g. mean temperatures of 2.3°C fronteDwer to February 2005). In this
location, anholocyclic hibernation may be more frextly possible (Kleinhenz & Sengonca,
1993), which is supported by our results. Howewear,cannot exclude that aphids have been
overlooked during early field evaluation (e.g. irafdh and April), but due to the high sample
sizes this is not very likely. Systematically faiess in the model may explain a few wrong
estimates regarding the hibernation types. Certalich winter temperatures (threshold values)
may effect the population d8. avenaeand R. padidisproportionately high as reported by
Kleinhenz (1994). Interestingly, the model predictnholocyclic hibernation db. avenae
andR. padj which was not detectable in fields (except irs ldgan 4% of locations in 2004).
The complete lack of false-negative simulationsidisimed the danger that insecticide control
strategies are not considered in spring even thaegbkal aphids may have successfully
overwintered in fields. Conservative risk assesgmaith SIMLAUS may help to promote
the model's acceptance by plant protection servaces farmers. Subsequently, the model's
predictions can be very helpful to reduce the arh@fimegular stressing field controls after
winter for BYDV risk assessment (e.g. secondary BYdpread).

Even though the simple decision, whether or notoldyclic hibernation of cereal
aphids will occur, is an important output of thedabSIMLAUS, a correct simulation of the

course of aphid densities in autumn is desired,(Kdeinhenz, 1994; E. JOrg, pers. comm.).
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Especially in years with long periods of mild temgiares and best conditions for population
growth of cereal aphids, farmers demand decisi@pat in autumn as well. Unfortunately,
in the majority of case studies, the simulated petpan dynamics did not reflect the real
autumn field populations (Tab. 3). The consequemoayg especially concern cases, when
neither explicit holo- nor anholocyclic hibernat®owf cereal aphids were facilitated (i.e.
location Warth). Wrong simulations of autumnal plgpen trends (e.g. population in- or
decrease) as well as of the population levels nagse& wrong assumptions for subsequent
effects of winter conditions in a particular ca3ée discrepancies between observed and
predicted values of autumn populations may be dusnall sample size in the course of
model construction. Kleinhenz (1994) disposed ahby 20 plants for population evaluation
in nine case studies. The numbers of plants usddisrstudy were 700 to 35,000 plants per
evaluation date in 52 case studies. Furthermorssing consideration of migration (e.g.
immigration from time of crop emergence onwards)y raaplain the incorrect prediction of
autumn populations in part. It seems that while ganmg observed and predicted autumnal
population levels taking into account weather datacipitation has an outsized effect on the
population simulation. The model calculated strgogulation reductions after precipitation
of more than 4| per f(data not shown). These effects are questionaidenzed to be
reviewed. Further improvements may incorporate momedible autumnal growth rates
(including immigration), facilitate the user’s infaéce (e.g. explicitly illustrating fraction of
hibernation types), and include more detailed mi@tiion about the necessities of insecticide
applications. Interestingly, the main model resuwftsSIMLAUS, e.g. the possibility of
anholocyclic hibernation, were most often estimatedectly, although autumn populations
were simulated inaccurately. Strength of winterré¢hmainly the variables temperatures and
precipitation from December to February) seems xertestrong effects, which were not
related to a given autumn population level.

In conclusion, this model allows reliable prediasoof possible hibernation types (e.g.
holo- or anholocyclic) forS. avenae R. padj and R. maidis However, for further
applications, the model SIMLAUS, e.g. estimatiofigpopulation dynamics in autumn and

subsequent decision support for autumnal inseetigfplications, are not appropriate.

Model LAUS

The model LAUS predicted correctly the populatiomamics ofS. avenaan winter
wheat in about 30% of case studies, but showednemg variability in coefficients of

determination (Tab. 4). Slopes often differed digantly from one, whereas the intercepts
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were rarely significantly different from zero. Hoves, qualitative prediction of population
development in spring was more reliable by modeUlSAcompared to simulation of autumn
population development with model SIMLAUS. For pesintrol, high coefficients of
determination (R2> 70%) and slopes not signifiadifferent from one should be aspired
(Selhorst, 2000). Changing the starting conditidnys taking into account the observed
population level of5. avenada posteriori) improved the results of model LAU®is became
apparent in most case studies (e.g. increasedlefebefficient of determinations and higher
numbers of slopes not significantly different fraane, Tab. 4). Detailed specifications of
population forecasts and precise adjustment ofirsgaconditions may therefore enhance the
models correctness. In this context, if parametersoffside population ofS. avenagsee
model description) and the subsequent immigratibalatae into winter wheat fields were
adjusted, the most tight fitting of field-raiseddasimulated data could be achieved. The
calibration of this variable may be improved usingration models, suction trap data, or by
taking the hibernation type as result of model SRS into account.

Accurate predictions of population development weggher consistent in certain years
nor in certain locations. A major disadvantagehat the model only considers the dynamics
of S. avenaes most important cereal aphid species (in termgedi losses). However, in
2005 and 2006\1. dirhodumbecame the predominant species in all locationss&yuently,
no validation could be performed for the simulatiorodel LAUS in most locations.
Comparing all datasetS, avenaavas the dominant species in only 71% of case esudith
cereal aphid outbreaks. In remaining cases witbate@phid outbreak$/. dirhodum was the
dominant cereal aphid species and presumably regperfor yield losses (Basedow et al.,
1994). In several locations, higher number§ oavena@ppeared only very late in years with
earlier predominance dfl. dirhodum which left the plants when flag leaves driedsltvell
known that both species exert different influeneesyield depending on time and density of
infestation (Niehoff & Stéblein, 1998). Moreoveropulation models developed for
M. dirhodum(Zhou & Carter, 1989; Ma, 2000) strongly suggésit tsimulation ofS. avenae
populations alone may not be sufficient to explampredict yield effects of mixed aphid
populations. Moreover, antagonistic effects betwden species may influence the whole
population development of cereal aphids (Dixon,89%ubsequently, decision support by a
single species model for the control of cereal dphinay be misleading in most cases
(Tab. 4). Improvements of the model are necessargrbader acceptance in practice, e.g. by

including population development bf. dirhodum
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Model GETLAUSO1

In most case studies, narrow conformity was fouelvben observed and predicted data
(i.e. significant coefficients of determination,bl&). Intercepts were never and slopes only
in 39% of case studies significantly different fré@and 1, respectively. Thus, resulting lines
were close to bisection line and provide furthesgfs for accurate model results (Fig. 2).
However, simulation results were consistently wonselocations from northern Lower
Saxony and Rhineland Palatinate compared to lataiio southern Lower Saxony or Saxony
Anhalt. Despite high grade of accuracy and simyaduring all case studies, the model
GETLAUSO1 was not able to reproduce the populatemelopment in those regions. The
model was developed and improved by means of ladtbratory results and field data, taken
in regions of Saxony Anhalt and of Brandenburg igfret al., 1998; Gosselke et al., 2001).
The experience and evaluation from those regiong n@e led to regionally imprinting.
Moreover, climatic differences between regions rhaye contributed to our results, because
Brandenburg, southern Lower Saxony, and Saxony lahaaffected by continental climate,
whereas the other regions are more influenced bijtima climatic conditions. Constructing
a model based on meteorological data from contaterimatic conditions may not perform
reliably in maritime regions (Pierre & Dedryver,88). Landscape structures prevailing in the
different regions may have contributed to furthéfedences in the reliability of models. In
Rhineland Palatinate and in northern Lower Saxdapdscape is more variably and
multifunctionally structured including hedges, aocmpses (Backhaus, 2008; Kliken et al.,
unpublished data). Crop acreage of fields rarelseegs more than 10 to 15 ha. This is in
contrast to continental regions (e.g. Saxony Anhalhere field sizes frequently exceed 80
ha, and landscape is less divers with only a fearwintering sites being available (e.g. for
cereal aphids’ antagonists; Hahlen, 2004; Europesgricultural statistics, 2008).
Subsequently, this may lead to differences in agbd community. Some studies have shown
increased abundance of cereal aphid antagonistsglnty divers structured regions (Holland
et al., 2003; Thies et al., 2003, 2005). Fluctuegiof antagonists are less consistent and more
pronounced in those landscapes (Freier et al.,)2002 model seems to simulate the steady
population of antagonists (and subsequently ofatexghids) more accurately (e.g. in Saxony
Anhalt and southern Lower Saxony).

While comparing the factor "years", 2004 revealesl most interesting result. Extremely
high populations of cereal aphids were observed figlds, but were significantly
underestimated by the model (R? = 0.B5; 0.53+0.03). In 2004, the winter wheat showed

an uncommon long growth period with delayed magufdtvoured by weather conditions
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(P. Matthes, pers. comm.). Furthermore, few antsg®nn uncommon low densities were
recorded in the fields. The reasons for that renuaiclear. However, both events reflect the
absence of important naturally limiting factorsg(edecreasing nutritional host plant quality
and increasing abundance of natural enemies tendeof the growing season) for cereal
aphids and may have contributed to extreme popularowth. Even when simulation runs
were performed without consideration of any antagsr(not reflecting the field situation and
very unlike even with comparable low densities afunal enemies), the model calculations
did not reflect the high field populations obseryddta not shown). In 2004, the composition
of cereal aphid populations was dominatedShyavenaelt may be possible that the model
GETLAUSO1 does not reliably simulate the populatidynamics ofS. avenae For this
reason, we have additionally compared in detaildbserved and simulated populations of
each of the species using datasets from 2005 %kidnterestingly, the model simulated very
well the species population levels, without wrolggsifications in comparison with field data
for most case studies. Moreover, results of spexpesific linear regression analyses did not
show significant differences in observed and sitedaalues, and corresponded to the results
in Tab. 6. Certainly, a true species-specific saticgh may be most important, and is a
precondition for the improvement of the model bgarporating further abiotic and biotic
factors. A possible reason for the observed higbufation densities 0f. avenaenay be an
exceptionally immigration from surrounding habitdésg. winter barley fields and winter
rye). At the time of population increase in winteheat fields (mid to end of June),
population crash of cereal aphids was observedimewbarley fields, where relative high
population densities were observed (data not showhgrefore, including the factor
migration may enhance the models performance talabe a posteriori the high aphid
populations observed in fields. At least, it maylai in part the cereal aphid population
development in 2004. Nevertheless, 2004 remainedptionally in population development
(P. Matthes, pers. comm.).

The validation method of Gosselke et al. (2001 estigates, whether the general shape
of the curve of field and simulated data is corrextd the quantitative conformance is
reasonable. Comparing the two shapes solely (hgnessed in differences of aphid days per
m2 between observed and predicted aphid populgtiongy let to biased results (Tab. 6).
When differences are small, it does not necessardgn that shapes of curves are close to or
cover each other. This is possible due to paratheislation of population dynamics in time,
which lead then to significant differences betwdiehd and simulated data using further

validation methods. It is therefore recommendeduse the method of linear regression
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analyses, which compares directly single valueshsierved and predicted population levels
during the population development. Several sigaiftcdifferences were found when using
both methods in comparison (e.g. case study at Mdahlin 2004, or those at Bensersiel and
Carolinensiel from 2004 to 2006). A problem mayseayiif a few extremely high values
(outlier) influence the regression line dispropmmtitely (Sachs, 1999). This was not the case
in our model comparisons and validation procedsesause we have used high sample sizes
with weekly counts over long periods (e.g. high tens of evaluation days). Interestingly, in
several locations slopes differed significantlynfrone, although their values were near to one
(with relatively low standard errors, e.g. casalgtin Hiddestorf West in 2005). Sample size
seems to be most relevant (i.e. numbers of weekdyuation; Selhorst, 2000). The smaller
the sample size, the more frequently no signifiaifierences from one were found (Sachs,
1999; Tab. 5).

The end of flowering of winter wheat (GS 69) is teeommended date to start the model
GETLAUSO1. Within the validation process we altetied start of the model run. Extensions
of model's simulation period (e.g. bringing forwatfte start time of the model) tended to
result in higher population of cereal aphids (Hg.Two (June %) and four (May 1%) weeks
earlier starts of simulation runs resulted in digant differences between simulations (Fig.
5). Primary immigration (i.e. of host-alternatinghéds, included in the model as threshold
value) may have caused this effect, because immpartanigration periods for cereal aphids
have often been perceived between mid and end of (dhou et al., 1996). During this
period, first antagonists have frequently beendetg influencing the cereal aphid population
dynamics at an early stage in the growing seaseerfker & Ulber, 2004). It seems that as
early as four weeks before end of flowering (theoremended simulation start), factors
influencing the population dynamics are rather tmmplex to yield good fit between
observed and predicted data. Reasons may be thatithary immigration rarely ceases, and
that the start and amount of secondary spreadragedntly unknown as early as mid May.
Moreover, fundamental and reliable studies aboulty ggopulation development of cereal
aphids and their antagonists are rare. A major lprobresults from aphid dispersion
characteristics early in the season. In contraghéoend of winter wheat flowering, highly
aggregated distributions of cereal aphids (andhefrtantagonists) challenge high sample
sizes and very detailed observation at early stafyasnter wheat development (i.e. at GS 32-
39). Shifting the model start to an earlier dateveéd testing the models performances in
terms of usefulness for decision support in pestagament. Even though the results from

two weeks earlier simulation starts seemed to benming, a practical utilisation as decision
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support is very unlikely for several reasons. Kirdarge investment in very detailed field
evaluation (i.e. high numbers of tillers evaluafi@dcereal aphids, including their antagonists)
is required for the huge amount of starting vaeabtequired for the model run. Neither
farmers nor plant protection services may cope witis endeavour. Secondly, reliable
methods for quick estimation of antagonist dersitere lacking (Muhlenberg, 1993;
Southwood & Henderson, 2000). Thirdly, weather dasts must provide reliable
meteorological values (two hour values of tempeggtaf precipitation, etc.) for at least three

weeks, a period which is actually impossible.

There is still investment needed for model supemisbecause the model GETLAUSO1
did not perform equally in different case studi®smmarising, the results from the present
study (i.e. different performances in different @glimatic locations; as shown above)
suggest that (predictive) simulation models shoudude both local (e.g. host plant
communities) and large-scale (e.g. landscape elesnapatial processes to describe the
system (Winder etal., 2005). Incorporation of GEsed (geo information systems)
specifications about typical, regional populatioevelopments of cereal aphids (i.e. case
studies from Woarth vs. from Bernburg) may lead nfoeguently to correct model predictions
at different locations (Gosselke et al., 2001; Bexls, 2008). At the same time, landscape
characteristics (e.g. percentage of arable landgd® etc.) may ameliorate the regional
antagonist modelling (as discussed above), andl yidtimately in credible cereal aphid
population levels in all cases (Thies et al., 20@3)5). Considering GIS-based operations,
information about regional soil structures may lesilg incorporated, too. We found
differences in ontogenesis between observed amticped host plant development (i.e. winter
wheat) in several locations within one region (ésgrnhagen vs. Hiddestorf; data not shown).
Sandy soils in Isernhagen differed from loamy saildHiddestorf, which may particularly
affect the water and nutrient contents of the pglafat different meteorological events).
Moreover, important influences on the developmémteneal aphids (e.g. wing induction) are
modelled according to the entrance of certain G$duhe ontogenesis of winter wheat e.g.
in model GETLAUSOL1. However, very detailed inforimatabout the state and conditions of
host plants are an essential prerequisite, becamsing several influencing variables (e.qg.
abiotic environment, maternal experiences and morbte host plant quality and its GS
affected the development of cereal aphids mostyréWatt, 1979; Zhou & Carter, 1992;

Tsai & Wang, 2001). Wrong predictions of winter \ahentogenesis (as well as yield) may
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lead most directly to wrong population estimatesereal aphids. Information about the soil
conditions in Germany are available (Meynen et 4962) and easily incorporated into
GETLAUSO1 using GIS (Liebig, 2001).

Conclusions

We have compared and validated three models f@atephids. Some aspects of the
performances of the models were satisfactory {@gi precision of anholocyclic hibernation
in model SIMLAUS), but there were also clear indliwas for necessary improvements (e.g.
autumn population development in model SIMLAUS)miist be stressed that the validation
of a model can never be absolute. In particulapaaging knowledge in biology of cereal
aphids and their interactions in and with changingironmental conditions should be utilized

to improve and extend cereal aphid population nsdel
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Abstract

Threshold levels for cereal aphid control at theé ehthe flowering stage of winter wheat
are hardly ever accepted in practice due to thel fiee labour-intensive field surveys to
compare population levels with threshold levels athge to economical production
constraints. Cereal aphid treatments are preferapplied together with the last fungicide
treatment at the beginning of ear emergence. Mddelsereal aphid outbreaks (i.e. gradation
models) have been developed using simple and raultgistic regression analyses as well as
linear discriminant analyses to support decisiolkinga on insecticide spraying at ear
emergence. In the present study, datasets from @elnts and suction traps were binary
classified as case studies (i.e. location-year) amd without cereal aphid gradation based
on the threshold level of more than three individyzer ear and flag leaf of winter wheat at
the end of flowering. Ninety-two predictor variablevere derived from meteorological data
and suction trap catch data characterising “wintarditions” and “real migration” and their
influences on subsequent gradation. In the “winterditions” submodel, “mean temperatures
in February based on daily maximum values”, “terapge sum > 0°C based on mean daily
values” (November 15 and May 1), and “numbers of days with minimum temperatures
< 0°C” (November 1% and May 1) were most significantly associated with gradatibar
the “real migration” submodel, the sums $favenaeand M. dirhodumbetween April 18
and June ¥ as well as 10 catch ofS. avenaavere the most significant predictor variables
associated with gradation. Model validation showegh levels of accuracy using different
methods (empirical, cross-classification, randomda and ROC analyses). In this paper, the
best sets of predictor variables, as determinetbpgtic regression and linear discriminant

analysis, are compared and the model constraiatdiscussed.
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Introduction

Cereal aphids (Hemiptera: Aphididae) are the mgtortant pests in winter wheat in
central Europe (Basedow et al., 1994) and they wegelarly treated in approx. 30% of
cultivated winter wheat area (Rossberg et al., 2@#opean agricultural statistics, 2008).
However, population dynamics of cereal aphids démencomplex factor combinations; this
leads occasionally to yield losses in years in Wiaptimal conditions for population growth
prevail (Freier et al., 2001). Since the Eightisispulation models have been developed in
order to forecast cereal aphid population dynararw their impact on yield losses (Freier &
Wetzel, 1980; Wetzel et al., 1980; Carter et a®82 Rossberg et al., 1986; Parry et al.,
2006). To consider the population dynamics of deaphid species entirely, earlier models
were enlarged and numerous influencing factors (eegeorological parameters, antagonists,
fertilisation, etc.) were incorporated (Rossber@let1986; Friesland, 1994; Freier et al.,
1996). Model validation studies comparing simulatiesults and field data have shown
satisfactory agreement in some cases and majoregestcies in others (Carter et al., 1989;
Kleinhenz, 1994; Gosselke et al., 2001). The pcatimplementation of most models failed
ultimately, because hit rates of models were ratbher. Furthermore, field advisers and
farmers could hardly accomplish detailed field eatibns due to the tremendous time and
effort needed to specify the input variables regplifor model runs (Kleinhenz & Jorg, 1998;
Gosselke et al., 2001). Models will be only accd@ad implemented in practice if they do
not require intensive field observations. Moreowée monitoring process must be easily
feasible, reliable, quick and cheap (Kleinhenz &gJ&998). Control measures suggested by
models should preferably fit in the crop-workindnedule of farmers.

Estimation of yield losses in relation to ceredbidgopulation levels at an early stage of
winter wheat development was first attempted bythea& Dixon (1981, 1984) and by
Entwistle & Dixon (1986, 1987). Several cereal @phanagement concepts using simple
threshold levels have since been frequently deeelopnd reviewed (Anderson, 1985;
Lindgvist, 1985; Barbagallo & Suss, 1986; Baseddwale 1989; Holz & Wetzel, 1989;
Bromand, 1990; Basedow et al., 1994; Holz et @94). Based on these fixed threshold
levels, further research led to more complex amxXilfle threshold level concepts that
consider the effects of antagonists and weather KWA1988; Holz & Wetzel, 1989;
Rappaport & Freier, 2001). With growing scientikisowledge, very detailed and specialised
concepts for insecticide decision support in inkgep pest management have been developed.

To date, plant protection services still recommignieigrated aphid control strategies based on
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simple, inflexible threshold levels at the end dbwlering (Basedow etal., 1994;
F. Burghause, E. Jorg, G. Lauenstein, P. Matth&ss. pcomm.). In spite of long-term
scientific knowledge about threshold level concegtd specialised models for cereal aphids,
acceptance of these strategies in practice is foweason for this lack of acceptance is the
relatively high workload required to determine thepulation level for the subsequent
comparison with the threshold level (Rappaport &i€ir, 2001). A further drawback of most
threshold levels for cereal aphids is the late tpomt for decision-making (i.e. at the end of
flowering GS 69). In order to be economical, wogkschedules should not require multiple
treatments and should ideally combine insecticideatinent with the final fungicide
treatment, which is usually applied at the middieend of ear emergence (GS 55/59). In
practice, there is an obvious tendency to “insugaspraying”, that is, the regular application
of insecticides at an earlier crop developmentayet(e.g. GS 55/59) without verifying the
presence of the pest beforehand (European agmalktatistics, 2008). This results in an
overuse of insecticides with numerous undesiredeguences, including increased costs and
reduced profit per hectare, an increased risk eistance development (as was recently
reported for oilseed rape or potato pests; Parkal.,e2006), and an increased pesticide load
on non-target organisms and in non-target areaschwis associated with well-known
ecological consequences as well as the incidencgeadndary pests and diseases (Dixon,
1998; Gurr et al., 2004).

The aim of our study was to develop advisory wagrsgstems for cereal aphid control
before the flowering stage of winter wheat (e.gG& 55). This was done by performing
simple (e.g. simple logistic regression) and midtipstatistical analyses (e.g. linear
discriminant analyses) on cereal aphid datasets field evaluations and suction trapping.

Logistic regression analyses can be used in epalegical or population research,
where the binary response usually is the presenedsence of a disease or a pest (Corkum
et al., 2006; Graf et al., 2007). Linear discrirmhanalyses, which are widely used to identify
variables contributing to the classification of d&xiy response variables, have also been used in
epidemiological and population research studieslg®sh& Hindorf, 1987; Lawrence &
Labus, 2003).
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Materials and Methods

Field data evaluation

Thirty datasets on population dynamics of cerealiggpwere collected in winter wheat
fields in Germany from 2004 to 2006 (Fig. 1). Fiedbaluations were conducted in two-ha,
insecticide-free “windows” at 10 locations rangifrgm maritime to continental climate.
Evaluations were performed on a weekly basis frottoler to December and from March
until the end of July (i.e. winter wheat harvesiereal aphids and their antagonists were
collected by means of D-VAC suction sampling (Veam& Ulber, 2004) or were counted
visually and enumerated as the number of indivislp&r plant or per tiller. Sampling points
were set up along transecting lines in order tachvepetitive sampling of the same plants.
The sample size per evaluation day varied accordirgphid density and ranged from approx.
700 to 35,000 plants (i.e. 4 to 150 m2 for D-VA@)autumn and from 100 to approx. 8,000
tillers in spring and summer. The numbers of agbds in the suction samples were
converted to numbers per tiller or per square meékeowth stages (GS) of winter wheat
(Tottman & Broad, 1987; Meyer, 2008) were evaluaa€dach time using 20 tillers or 10
plants.

Twenty additional datasets collected in winter wHedds near Flaming and Magdeburg
were available for analysis (Freier et al., 1996s¢2lke et al., 2001; Fig. 1). H. Friesland, U.
Heimbach and W. Rieckmann (pers. comm.) provideathean 39 datasets taken in winter
wheat fields near Braunschweig and Hannover (ize,BE.angreder, and Poppenburg; Fig. 1).
At those locations, the numbers of cereal aphithmssper tiller were visually counted from
the end of May until the end of July (from 1994@06); the numbers were then converted to
square meter values according to the numberslefstiin each field. Overall, 89 case studies
(i.e. locations and years) were available for asial{fig. 1). All agronomic practices at each

of the study locations were carried out accordmthe principles of good protection practice.

Suction trap samples

Datasets from fixed suction trap studies (Rothadistpe, MaCaulay et al., 1988)
performed in Germany were made available by the EHX¥E project (EXploitation of
Aphid Monitoring systems IN Europe; Examine, 2008;Verrier, pers. comm.). This study
includes the years from 1984 to 2006 and the lonatAschersleben, Gottingen, Hohenheim,
Rostock, Braunschweig, Elze, Langreder, and Poppgn{Fig. 1; Examine, 2008). Small
fixed suction traps (height 2.0 m) were used atldlsé four locations. Datasets from only 69
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case studies were suitable for our analysis becafuttee lack of suction trap for all years in
some cases. The numbers of different cereal apiedies (alatae) were specified in daily
catches from April to November in most of the cagelies. In 2004 to 2006, some suction
traps were checked only three times a week. Inetikases, number of cereal aphids caught
per day was calculated by dividing the total numivapped by the number of days in the
trapping period. The suction traps continuouslygteithe aphids in all case studies and failed

only briefly.
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T, = ‘_‘@F'-'h"'
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g

Carolinensiel*
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Hiddestorf /
. . . Magdeburg
Langre(.je'f . BS « Flaming
| Jeinsen /

» Bernburg
* Aschersleben
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Gottingen

» Wahlbach*

* Worth*

» Hohenheim*

Fig. 1. Map of Germany sketching the collectioresi{field evaluations and suction trap
catches) where case studies were performed (BSenBchweig; north arrow is specified).
*Asterisks indicate locations without typical cargntal climate (H. Friesland, pers. comm.)
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Meteorological parameters

Meteorological data (hourly temperature, wind spg®dcipitation, etc.) were obtained
from weather station networks of the German Wea8wwice (DWD) and the Information
System Integrated Plant Protection (ISIP) servi¢e distance between a field or suction trap

and the next weather station never exceeded 20 km.

Definition of variables

The same binary response variable was definedtpstic regression analysis (log RA)
and linear discriminant analysis (lin DA). Suppdrtey cereal aphid thresholds (Holz &
Wetzel, 1989; Holz, 1991; Basedow etal., 1994; jRaprt & Freier, 2001), available
datasets were regrouped as follows. If, in a giwase study, the population exceeded the
threshold of three cereal aphids per ear and #agdt the end of flowering of winter wheat
(GS 69) (Basedow et al., 1994), the dataset wasresf to as “case study with gradation”
(binary status 1); case studies below the threshace defined as “case studies without
gradation” (binary status 0). In this context, ‘d@éion” means a cereal aphid outbreak, i.e. a
heavy infestation, which causes yield losses (Odnges 1991).

Several predictor variables were defined to desctheir influence on the response
variable “gradation”. These influencing variablesres arranged in two subsequent groups
according to preliminary analyses. To describe terinconditions” (i.e. conditions from
November to May; first submodel), meteorological rgqpmaeters (e.g. temperature,
precipitation, snow, global radiation, etc.) aneithtransformations as positive or negative
sum standards, numbers of days above certainatritadues or as mean values over certain
periods of time were defined as different predictariables.

To characterise the population start (i.e. theyegrobwth) and the first events of early
immigration (“real migration”, second submodel)spring and their subsequent influence on
gradation, the numbers of cereal aphids (all sjaggsght in fields or in suction traps (sum of
individual aphids on certain days or over certagniguls of time) were used as predictor

variables.

Statistical analyses

Several statistical techniques (simple and mul@armethods) were applied to different
datasets and variables. In all tests, significalesels were set att = 5%. Square root
(V(x+0.0001)) and arcsin-square root (arcg¢k) transformations were performed to better

meet the assumption of normal distribution in cagecount and percentage values,
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respectively. Analysis of variance (ANOVA,; proc glmrogram SAS; SAS, 2008) was
performed to test effects of further influencingiahles (e.g. location, year) on cereal aphid
gradation. In this context, the explanatory pafta given predictor variable in combination

with influencing variables like location or year mgaletected and estimated.

Logistic regression analyses (log RA)

Log RA were used to identify factors (predictorigbtes) significantly associated with
cereal aphid gradation. In a given case studypthary response variabl was absence or
presence of gradation of cereal aphids. The pradiariables are putative key factors and
possible confounding variables (Armitage et al.,020Hosmer & Lemeshow, 2000).
Common linear regression analysis with intercepénd sloped can be transformed to log
RA in order to identify those predictor variableparating significantly between cereal aphid
gradation, i.e. the best set of predictor varigbles

Iog(i) =a+bx
1=p (1)

wherep represents the probability that the response baridequals 1 and is constrained
between 0 and 1 (Afifi & Clark, 1999). ¥ represents possible formation of gradation in a

case study, the probability of gradation occurrezaaebe modelled as follows:

. exp@+tbx
Pl =1)= (L+exp(@+bx) )

wherea andb represents parameters to be estimatedxargpresents a covariate or a
predictor. In generalisation, representative fowesal predictor variables with the
coefficientsb; may be entered (Mila et al., 2004). The resporagable p(Y=1) is, as
probability, constrained between 0 and 1 for anyesofx. The coefficientd; are similar to
the regression coefficients in an ordinary multipggression model. Their interpretations are
somewhat different in logistic regression (HosmelL&neshow, 2000), but they are used
here to quantify the gradation risk factor.

Predictor variables were evaluated in two ways @ting to the likelihood ratio test
(LRT). Firstly, the ability of a predictor variablone to predict the risk of gradation was
tested. This consists of testing the deviance tegluattributed to a predictor variable when it
is first entered into the model. Secondly, removihgrom a complete model with all
explanatory variables tested the predictive abiitya predictor variable (Twengstrém et al.,
1998). The latter LRT method, referred to as a T3p@alysis in procedure genmod (program
SAS; SAS, 2008), duplicates the analysis of dewagatry that a predictor variable would
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have if it would be the last predictor variableexat. If none of the independent predictor
variables were correlated, the two LRT methods ddw identical. Since the predictor
variables are related here, any complete analysiswaance tables would depend on the order
of the predictor variables. This method (testing significance of a variable if entered first
and last) duplicates the essential portion of thalyesis of deviance table in a manner that is
not dependent on the order of the variables (Yueh €1996).

The logistic procedure (stepwise forward methodygmm SAS; SAS, 2008) was
subsequently used to select the best model, thidtedest set of predictor variables. Starting
from an “empty” model, the procedure includes setjaly predictor variables that were
significantly associated with the response variatiteedictor variables could also be
eliminated from the model whenever they became signHicant. In the final model, all
predictor variables were significantly associatathviormation of the response variable (i.e.
gradation). Goodness of fit was determined by ttepgrtion of concordant and discordant
pairs and by the values of Somers’ D, Gamma, Taneac statistics for both submodels using
log RA.

Linear discriminant analyses (Lin DA)

Lin DA is based on the Bayes’ theorem and referseteeral different types of analyses
(Fischer, 1936; Tatsuoka, 1971; Lachenbruch & Kuph873). Classificatory discriminant
analysis techniques are used to classify indivilugb one of two or more alternative groups
or populations based on a set of measurementspdjndations are known to be distinct, and
each individual belongs to one of them based oglexted dividing point. The lin DA used
in this study is based on Fischer (1936) and géeethe linear discriminant functian

Z=C+apXg+ aXe + .. ta (3)
where g are coefficients of predictor variables and can be computed according to
Fischer (1936), Cooley & Lohnes (1971), Lachenbr&cKupper (1973), or Afifi & Azen
(1979). The predictor variables, used for classification, have a multivariate nakm
distribution, assuming that within-class covariamoatrices are equal. However, the mean
values for a given predictor variable may be ddfearin the two populations. A further
assumption was that random samples were takendemim of the populations.

Parametric lin DA (Roa, 1973) were performed ineortb identify predictor variable

combinations significantly associated with binagynhation of cereal aphid gradation. The

calculated discriminant functianis subsequently compared with zero:
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case O (i.e. no gradation) occurszi& 0
case 1 (i.e. gradation) occurs, zi£0
The option of prior probability, (on formation of gradation) was specified accogdio

additional information gathered from the datasé@tse stepwise forward method of lin DA
(proc stepdisc, program SAS; SAS, 2008) was usesklect predictor variables (details in
section above). Predictor variables could be elt@d from this model whenever they
became non-significant (and other predictor vagat@mbinations became significant). In the
final model, all predictor variables were signifitly associated with the binary response
variable. After the selection of significantly segng predictor variables, lin DA were
further performed with those predictor variables $absequent parameterisation and model
calibration using another procedure from programSS@e. proc discrim). Standardised
discriminant coefficients were computed in order doectly compare the values of
coefficientsa; and to judge the relative effect of each predietiable on the discriminant
function (Afifi & Clark, 1999; SAS, 2008). Correlahs between predictor variables were
performed in order to identify the degree of asstomn between the influencing predictor

variables.

Model validation

For model validation, empirical (procedures listdisterr, program SAS; SAS, 2008)
and cross-classification methods (procedures catigisie, crosslist and crosslisterr; program
SAS; SAS, 2008) were performed on datasets usechdaiel selection according to lin DA.
Since there is always a possibility of making themwg classification, the probability (i.e.
posterior probabilities) that a given individualnea from one group or the other was
computed as mean values for the empirical and tbgeseclassification methods in lin DA.
Moreover, parameters from log RA and lin DA weramrically compared by using receiver
operating characteristic (ROC) curves (Afifi & Gtar1999; Pepe, 2000; Dewdney et al.,
2007). ROC analysis is based on true positive @rfel) false positive (FP) decisions. The TP
fraction is the number of correct classificatiorisgradation divided by the total number of
case studies with gradation. The FP fraction is rtbheber of incorrect classifications of
gradation divided by total number of case studigbaut gradation. ROC curves plot TP as a
function of FP at all possible decision threshdlusre: threshold levels ranged from 0.1 to 8
cereal aphids per ear and flag leaf). In an RO@e;uhe origin of the graph represents the
model result “no gradation” for all case studiekisTclassification yields no FP but captures

no TP. The upper right corner would classify graabdf all case studies, thus detecting all
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case studies that truly showed cereal aphid g@dakiut also classifying gradation for all
case studies that do not show them. An efficiegor@hm would yield a curve “pushed to the
upper left corner” (Afifi & Clark, 1999).

Results

General results

Anholocyclical hibernation of cereal aphids washarobserved in winter wheat fields,
and cereal aphids were first detected in fieldsnosuction traps in approx. mid-May, with
increasing numbers from spring to summer. Peak eusnbf cereal aphids in continental
locations appeared most frequently during the fivsek of July (i.e. at late milky or early
dough stage of winter wheat, GS 77/83). Specifiedptors (i.e. Coccinellidae, Syrphidae,
Chrysopidae) occurred earliest at the end of Maleginning of June. Their numbers were
very variable within and between the case studdemlyses of frequency distributions of
important growth stages of winter wheat over sdvgears showed that the end of tillering
(GS 39/49), the beginning of ear emergence (GS51the beginning of flowering (GS
59/61) and the end of flowering (GS 65/69) mosttiently occurred on May 36(x0.7
days), June'3(+0.7 days), 16 (+0.6 days), and 17(+0.6 days), respectively.

The case studies provided a total of 89 and 6%dttdor field populations and suction
trap catches, respectively. Gradation was obsearv28 and 20 case studies, respectively, but
only in regions with a continental climate. In pr@ghary analyses (ANOVA), it was shown
that the influencing variables “location” and “yeaaffected population development in
datasets from non-continental locations (i.e. froorthern Lower Saxony and Rhineland
Palatinate) significantly, which was not observedcase studies with a continental climate.
Therefore, case studies from non-continental looatiwere excluded from the analyses.
Among the included case studies from continenttions, 26 and 47 case studies with field
data and 20 and 39 case studies with suction &g were grouped as with (1) and without
(0) gradation, respectively (i.e. prior probab#giofpp1) = 0.356 andyey = 0.644 for field
data and ofppg1) = 0.339 andppgo) = 0.661 for suction trap data, respectively). Frtre
remaining continental case studies (73 field dasased 59 suction trap datasets), 14 and 9
case studies with field data and suction trap datpectively, were selected at random using
the random number function in Microsoft Excel befdata analysis. These case studies were

used for independent validation of model resultsinied from the basic dataset.
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Logistic regression analyses (log RA)

Simple log RA were performed with field data takenseveral growth stages of winter
wheat (GS 39/49, 51/55, 59/61 and 65/69). For egidwth stage, logistic regression
functions (Fig. 2) were used to calculate the pbdlig of gradation depending on the field
counts of cereal aphids (sum of all aphid insta$ species per m?). The subsequent event of
gradation was more probable with significantly (p.85) increasing numbers of cereal aphids
(found at each of the growth stages in the fidid)Fig. 2, datasets and regression functions,
together with their classifications of gradatiosks, are specified at two growth stages (GS
51/55 and 59/61). For GS 51/55 and GS 59/61, tbbatility of gradation is higher than 0.5
if the sums of all cereal aphids per m? are graatan 116 and 445, respectively. For the same
datasets, ANOVA did not show significant effectstod influencing variables “location” and
“year” on gradation.

Using simple log RA, gradation formation was estiedabased on labour-intensive field
counts at certain stages of crop development. Hewekis served to recheck the submodel

performance (see below) and not for follow-up.

Results from simple log RA of diverse parameterindey the probability of risk of
gradation showed that 13 of 56 predictor varialfgeg. positive and negative temperature
sums from November 50 May £ with basis temperatures of 0° or 4°C, mean tentpe=s.
in different periods, and numbers of days with temafures below 0°C between November
15" and May ) were significantly (p < 0.05) associated withezgraphid gradation (Tab. 1).
The probability of gradation decreased as temperstulecreased during the winter, as

indicated by the slopes of the respective predicaoiables (Tab. 1).
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Fig. 2: Logistic regression analyses of field cauat cereal aphids (per m2, sum of all instars gpecies) found in the field at the middle of ear
emergence (left sketch: GS 51/55, Jufit =-3.48,b=0.03) or beginning of flowering (right sketch: G8/61, June ® a=-4.49,b=0.01) and the
subsequent formation of gradation (with and withgtadation). In both sketches, scaling excludestlinee highest values for case studies with

gradation
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Tab. la: Predictor variables significantly (p <%).@ssociated with gradation of cereal aphids altiegrto each independent submodel. The estimates of
slopeb (+ standard deviation, SD) from one-way logistic esgion analyses (log RA) indicated the effectsamhepredictor variable. The likelihood
ratio test (LRT) specified for a predictor varialdatered into a model first (with one degree otdi@n (df) for each variable) and last with the
respective values fog2 and df (dd = degree day, # = number).

. LRT: LRT:
Submodel Predictor Log RA variable first  variable last
variable b (xSD) X2 X2 df
Winter Mean temperature in February [°C] based on dailgrmealues 0.71+0.22 42.48™ 60.427" 2
Conditions Mean temperature in February [°C] based on dailyimam values  0.63+0.19 42.45™" 59.43" 2
Mean temperature in February [°C] based on dailyiimim values  0.73+0.24 12.977 58.59"" 2
Mean temperature in March [°C] based on daily mesdnes 0.84+0.35 0.13 59.85"" 3
Mean temperature in March [°C] based on daily maxmvalues 0.92+0.37 14.09" 60.00"" 3
Numbers of days with mean daily temperatures <[@]C -0.17+0.06 19.86™" 35.6I7 2
Numbers of days with maximum daily temperature$® [3] -0.16+0.06 26.33"" 60.84"" 3
Numbers of days with minimum daily temperatures'€ (%] -0.11+0.04 12.977 43177 2
Temperature sum > 0°C [dd] based on daily mearegalu 0.02+0.01 30.71" 59.43" 2
Temperature sum > 0°C [dd] based on daily maximaiues 0.01+0.01 38.60™" 60.4277 2
Temperature sum > 0°C [dd] based on daily minimaties 0.02+0.01 21.847" 65.09"" 3
Temperature sum < 0°C [dd] based on daily mearegalu -0.02+0.01 13.66" 62.097" 3
Temperature sum < 0°C [dd] based on daily minimatues -0.01+0.01 11.17° 42.847 2

* Asterisks indicate association between time amtdyeof certain growth stages (see general reseltsion).
" Plus indicate significance level af< 0.0001

" Plus indicate significance level af< 0.001

" Plus indicate significance level af< 0.01
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Tab. 1b: Predictor variables significantly (p <®).@ssociated with gradation of cereal aphids atagrto each independent submodel. The estimates of
slopeb (+ standard deviation, SD) from one-way logistic esgion analyses (log RA) indicated the effectsamhepredictor variable. The likelihood
ratio test (LRT) specified for a predictor varialdatered into a model first (with one degree otdi@n (df) for each variable) and last with the
respective values fog2 and df (dd = degree day, # = number).

. LRT: LRT:
Submodel Predictor Log RA variable first  variable last
variable b (xSD) X2 X2 df
Real 1% catch ofS. avenaén suction traps [Julian day] -0,05+0,02 12.35" 39.187 3
Migration 5" catch ofS. avenaén suction traps [Julian day] -0,07+0,02 19.71° 41.77 3
10" catch ofS. avenadn suction traps [Julian day] -0,08+0,02 21.19™ 433277 3
1% catch ofM. dirhodumin suction traps [Julian day] -0,06+0,01 14.41° 36.29% 2
5™ catch ofM. dirhodumin suction traps [Julian day] -0,04+0,01 8.33 40.90" 3
10" catch ofM. dirhodumin suction traps [Julian day] -0,03+0,01 4.94 40.90" 3
Sum ofS. avenaén suction traps from April 15to June 2 [#]* 0.07+0.03 31.82" 39.147 2
Sum ofS. avenaén suction traps from April 18to June 9 [#]* 0.08+0.03 33.56"" 40.24™ 2
Sum ofM. dirhodumin suction traps from April 5to June 2 [#]* 0.11+0.05 26.89™" 40.25"" 2
Sum ofM. dirhodumin suction traps from April 18to June 8 [#]* 0.06+0.03 19.99™ 39.50" 3
Sum of cereal aphids in suction traps from April'1& May 28" [#]*  0,01+0,01 7.87 43.26"" 3
Sum of cereal aphids in suction traps from Aprfl't& June 2 [#]* 0,01+0,01 13.32"7 42637 3
Sum of cereal aphids in suction traps from April'1& June 8 [#]* 0,01+0,01 15.07" 41.68"" 3

* Asterisks indicate association between time amtdyeof certain growth stages (see general reseltsion).
" Plus indicate significance level af< 0.0001

" Plus indicate significance level af< 0.001

" Plus indicate significance level af< 0.01
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Tab. 2: Parameter estimatasstandard errors) according to logistic regressioalyses (log RA) used to explain the gradatioceoéal aphids for each
submodel, i.e. “winter conditions” (November"i6 May ) and “real migration” (April 15 to June 2.

Submodel Predictor variable Parameter
Estimate & SE)

Winter  Constant -21.38+7.38
Conditions Mean temperature in February [°C] based on dailyimam values 1.71+0.67
Temperature sum > 0°C [dd] based on daily meanegal 0.03+0.01

Real Constant -3.10+0.82
Migration Sum ofS. avenaén suction traps from April 5to June ¥ [#]* 0.15+0.07
Sum ofM. dirhodumin suction traps from April 15to June ? [#]* 0.32+0.13

* Asterisks indicate association between time amdyeof certain growth stages (see general reseltion)
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13 of 36 predictor variables (e.g", B", and 18 catches in suction traps after winter and
the sum of cereal aphids caught in suction trapgugertain days according to entry of GS)
were significantly associated with gradation (TAb.The slopd showed that, the later cereal
aphids were caught in suction traps and the smtdkersums of aphids in suction traps on
certain dates, the lower the probability of gragiat{Tab. 1). ANOVA, applied separately on
each of the temperature- or suction trap-derivegtliptor variables, showed that locations
(influencing variable “locations”) never differedysificantly with respect to the formation of
gradation, whereas, in some cases, the influenanigble “years” significantly affected the
possibility of cereal aphid gradation. All signdiat predictor variables (26) from simple log
RA were highly inter-correlated (R > +0.56; p <I).0When the first predictor variables
entered into the “winter conditions” submodel wéssted by LRT, the highest Chi-square
values were observed for the predictor variablegdimtemperature in February based on
daily maximum values” and “mean temperature in bBaly” as well as for the predictor
variable “temperature sum > 0°C based on daily marn values” (Tab. 1). “Sum of
S. avenaén suction traps from April 75to June 9", “sum of S. avena@ndM. dirhodumin
suction traps from April 18to June ? and the “18' catch ofS. avenaén suction traps”
showed the highest Chi-square values for the pi@dicariables entering a model first
according to the “real migration” submodel (Tah.\When the predictor variables were tested
by excluding them one by one from a complete migitipodel, the impact of the different
predictor variables changed, and the importanal significant predictor variables increased
(Tab. 1). The order of the predictor variables @fetheir explanation potential, indicating
that they are correlated. All significant predict@riables were of importance, regardless of
which other predictor variables were included ia thodel (Tab. 1).

Multiple log RA was subsequently performed to selecedictor variables most
significantly associated with gradation for eactit@f submodels (Tab. 2). For the best model
fit, “mean temperatures in February based on da#gximum values” and “temperature sum
> 0°C based on daily mean values” were entered radigbor variables in the “winter
conditions” submodel, whereas “sum@favenaén suction traps from April 75to June 2
and “sum ofM. dirhodumin suction traps from April % to June 2 were selected as
predictor variables in the “real migration” submbdd&ab. 2). Fig. 3 (top) shows the
distribution of case studies with and without gtamtaused in model parameterisation of the
“real migration” submodel. Case studies above traght line were classified as case studies

with gradation (Fig. 3 top).
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Fig. 3: Significant predictor variables for the dtemigration” submodel, as determined by
logistic regression analysis (log RA; predictorighles: “sum ofS. avenaen suction traps
from April 15" to June ' and “sum ofM. dirhodumin suction traps from April ¥5to June
2"% Tab. 2) and linear discriminate analysis (lin Dgtedictor variables: “sum &. avenae
in suction traps from April %to June ¥ and “10" catch ofS. avenaén suction traps”).
White and black dots indicate case studies with @aitdout gradation that were used for
parameterisation, respectively. White and blackngles classify case studies with and,
respectively, without gradation that were usedMalidation. The linear functions (straight
lines) obtained from the logistic regression anedygtop) and linear discriminant analyses
(bottom) separate case studies with and withoutagian.
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The number of concordant pairs was very high (978dicating that the submodels
calculated high probabilities when gradation wasytobserved, and low probabilities when
gradation was not observed and when only a fewalitibes were falsely predicted (as per
the number of discordant pairs; Tab. 3). Otheredat (Somers’ D, Gamma, Tau-a, and c)
calculated from the number of concordant and ddsar pairs were accordingly high. In
particular, ¢ was very high, indicating that thebmwdels had good predictive accuracy
(Tab. 3).

Tab. 3: Goodness of fit criteria are specified tloe “winter conditions” f = 59) and “real
migration” (n = 50) submodels according to the best predictoralike combinations from
multiple logistic regression analyses in Tab. 2.

Criteria Winter conditions Real migration
Concordant (96) 97.3 96.5
Discordant (%) 2.7 3.5

Tied (%} 0.0 0.0

Somers’ D 0.946 0.931
Gamma 0.946 0.931
Tau-& 0.462 0.438
c’ 0.973 0.965

& Measurements assess the association of estimatieahilities and observed frequencies.
P Indices computed from the two first measurementsnddel with higher values for these
indices has better predictive ability than a modiéh lower values.

Linear discriminant analyses (lin DA)

In the lin DA, the following significant predictmariables (Tab. 4) were selected, leading
to the best model fit: The “winter conditions” subdel included the predictor variables
“mean temperatures in February based on daily maximalues”, “temperature sum > 0°C
based on daily mean values”, and “number of days minimum daily temperatures < 0°C”
(Tab. 4).
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Tab. 4: Parameterisation of predictor variables famther statistical results of linear discriminartalyses specified as the partial coefficient of
determination (R2) with test statistics (F-valués) the two independent submodels, “winter condiib(November 18 to May ) and “real
migration”. The ranking (i.e. “no. in”) of prediatovariables specifies forward steps in cases irciwiignificant predictor variables were entered.

The significance level for F valuesas= 5% (dd = degree day, # = number).

Submodel Predictor Variable Partla_l N F-values Coefficients Standgr_dlsed
(no. in) Coefficients
Winter Constant -38.57 .
Conditions  Mean temperature in February [°C] basedaily maximum values  0.56 (1) 66.14 2.27 198.
Temperature sum > 0°C [dd] based on daily meanegal 0.16 (2) 9.49 0.04 21.55
Number of days with daily minimum temperatures’€ (] 0.23 (3) 14.38 -0.17 -22.68
Real Constant 11.70 .
Migration Sum ofS. avenaén suction traps from April 15to June ¥ [#]* 0.46 (1) 41.69 0.11 10.58
10" catch ofS. avenadn suction trapgJulian day] 0.12 (2) 6.39 -0.08 -7.59

* Asterisk indicate association between time anuyeof certain growth stages (see general resaltian)
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In the “real migration” submodel, the significanegictor variables “sum d. avenaén
suction traps from April 1%to June 2" and “Julian days of 10catch ofS. avenaén suction
traps” were entered (Tab. 4). Fig. 3 (bottom) shdivesdistribution of case studies with and
without gradation used in the parameterisation \aiaiation of lin DA. Case studies below
and above the straight line of the discriminantcfion were classified as cases with and
without gradation, respectively (Fig. 3 bottom).eTpartial coefficient of determination and
the respective F-statistics (Tab. 4) indicate tttete submodels correctly predicted high
probabilities of gradation in cases in which gramlatvas truly observed. Selected predictor
variables of the two final submodels (accordingoest model fit from lin DA) showed an
average squared canonical correlation coefficiét @2 for “winter conditions” and 0.53 for
“real migration”, indicating that the submodels fggbd predictive value.

Examples for lin DA and log RA

The following example uses the “winter conditionat Braunschweig in 2006 to
characterise this case study using the resulte@RA and lin DA. In that case study, the
mean temperature in February based on daily maximmaines was 2.2°C, the mean
temperature sum was 91.4 degree days > 0°C basedilgrmmean values between November
15" and May i, and 105 days were observed with minimum tempeeats 0°C between
November 18 and May i With these actual values for the predictor vdeakvalues in

italic) and coefficients for log RA (Tab. 2) anah IDA (Tab. 4), the following values were

calculated:
Logitipgrap(y = 1) -21.38 + 1.71X 2.2+ 0.03X 91.4=-14.88 4)
Ziin DA- -38.57 +2.27X 2.2 +0.04X 91.4-0.17X 105= -47.77 (5)

Both functions (no. 4 and 5) result in values g zero; hence, this case study was

classified as a case study without gradation ih boglyses.

The next example of “real migration” simulationesisuction trap data from Gottingen
in 2004. The suction trap caught 35 individuals ®favenaeand 10 individuals of
M. dirhodum between April 18 and June ¥ in 2004. The 18 catch ofS. avenaewas
observed on May 28in 2004, i.e. the 149Julian day. These actual values for the predictor
variables (in italic) and the respective coeffitgeaccording to log RA (Tab. 2) and lin DA
(Tab. 4) yielded the following values:

Logitograp(y = 1) -3.10 + 0.15< 35+ 0.32X 10=5.35 (6)
Ziin DA 11.70 + 0.12x 35- 0.08 X 149= 3.63 (7
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Since both functions (no. 6 and 7) yielded a vaesater than zero, this case study was

characterised as case study with gradation in éodhyses.
Model validation

Validating the “winter conditions” submodel frormnIDA, two and three gradation case
studies (3.4% and 5.1%) were misclassified as madagion (false-negative classification) in
both validation procedures (empirical and crosssifecation methods). For empirical
validation, three non-gradation case studies (5.M€)ye additionally misclassified as
gradation case studies (false-positive). Mean paostprobabilities £SE), as determined by
empirical and cross-classification, ranged from98.3:0.06) to 0.607 £0.06) for a given
case study classified as a case study with andoutithradation. ROC analyses showed high
levels of sensitivity and specificity (Fig. 4), asown by the parameter estimates in Tab. 2
and 4.

In 12 and 13 out of 14 case studies chosen at margefore variable selection and
parameterisation, the “winter conditions” submodedcurately predicted cereal aphid
gradation as determined by log RA and lin DA (witko and one case studies, respectively,

being determined as false-positive).

For validation of the “real migration” submodel rfinolin DA, six and seven gradation
case studies (12% and 14%) were misclassified aggradation case studies (false negative)
using empirical and cross-classification methodsspectively. Additionally in cross-
classification, one non-gradation case study (2%$% wlassified as a gradation case study
(false positive). Mean posterior probabilitiesSE) calculated from empirical and cross-
classification methods ranged from 0.288.05) to 0.717%0.05) and from 0.279%0.05) to
0.721 ¢0.05) for a given individual case study being dféess as case study with and without
gradation, respectively. ROC analyses showed muagraigh levels of sensitivity and
specificity (Fig. 4), as determined by the paramestimates in Tab. 2 and 4.

In five and eight out of nine case studies chotsearadom before variable selection and
parameterisation, the “real migration” submodeluaately predicted cereal aphid gradation,
as determined by log RA and lin DA. For the latdralysis, one case study was determined to
be false negative, whereas one and three casestweére determined, according to the log

RA, to be false positive and, respectively, falegative (Fig. 3).
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Fig. 4. Receiver operating characteristic (ROC)vearfrom multiple logistic regression
analyses (log RA, black) and linear discriminanalgses (lin DA, white) for the “winter
conditions” (circles) and “real migration” (triaregl) submodels. Arrows indicate the relation
between false positive (i.e. 1-specificity) andetpositive fractions (i.e. sensitivity) obtained
using control thresholds of 3 and 5 cereal aphatsepr and flag leaf, respectively.

Discussion

General discussion

Our primary aim was to develop a scientific moaefdrecast gradation in winter wheat
at the time of ear emergence (i.e. in GS 55) thatlevbe suitable for practical application.
Cereal aphid gradation is not a frequent event dBmeister 1992; Volkmar et al., 1994;
Rappaport & Freier, 2001; Freier etal.,, 2007), aalety concepts for well-targeted
application of insecticides are needed (Pluschi&®87). However, problems associated with
the effort of either starting values (e.g. inputiables) or limited reliability of forecasting
models have shown that implementation of very tedapopulation models describing the
development of every single morph and species d¢ahaoachieved (Carter et al., 1989;
Gosselke et al., 2001). Field advisers and farroanmiot accomplish the immense amount of

work required for very detailed specification odrsing variables (Kleinhenz & Jorg, 1998).
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We therefore established models based on suctagndatches and meteorological data, as
both are not that labour-intensive compared tadfievaluations. Meteorological data, for
example, are frequently supplied by weather statiemvorks (e.g. DWD, ISIP), and suction
trap catches require a low workload, especiallthi period between April 15and June
(Veenker & Ulber, 2004).

Establishment of “winter conditions” and “real migtion” submodels

Winter strength seems to be a key event in thelptipn development of cereal aphids in
continental climate (Leather & Lethi, 1981; Lindgli 1985; Leather et al., 1989). When
cereal aphid gradation occurred, the intercept thedslope of the regression line between
evaluation dates and log numbers of cereal aphidields were significantly increased (data
not shown). Thus, the initial population levelse(i.the first occurring aphids) were
significantly higher, and the population developpgcker in case studies with gradation
compared to non-gradation situations (data not show

Several authors have shown that the winter exestsoag influence on both holo- and
anholocyclical cereal aphid populations (DedryveGlle, 1982; Lindqvist, 1985; Leather
et al., 1989). Leather & Lehti (1981) found thathmlocyclicalR. padilineages, eggs died at
constant rates throughout the winter (3% to 6%vwpeek, depending on the latitude). These
results are corroborated by Kleinhenz’s work (198d{l our studies. Long and cold winters
did not lead to gradation in the subsequent summtrestingly, gradation after winter was
significantly associated only with the parametemperature (Tab. 1), excluding other
parameters like precipitation or wind speed. Pittipn does not play a major role, although
this variable was involved in other models desogbthe effects of winter strength on
population development (Kleinhenz, 1994; Leclerefuillec etal., 2000; Fabre et al.,
2003). However, when plants are small (i.e. nersllare formed) and temperatures are low
(i.e. aphids are inert), it seems to be very uhfiltkat rainfall will strongly affect the cereal
aphids hidden between developing leaves or neatthts, making them inaccessible by rain
drops and washing solutions. Our findings confitme importance of temperature within
weather situations for the development of ceredlidgp(Morgan, 1996; Zhou et al., 1996;
Ma, 2000).

The simple log RA selected several predictor véemlusing counts of. avenaeand
M. dirhodum(Tab. 1), which were also significantly involved differentiating case studies
with and without gradation according to multiplg IBA and lin DA (Tab. 2 and 4). However,

predictor variables solely based on count®kopadinever showed significant influences on
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gradation, reflecting the fact thRt. padihas never been the dominant species during cereal
aphid outbreaks in Germany (Basedow et al., 199dieF et al., 2001). Moreover, these
findings are in agreement with reports (Loxdalalet1993; Veenker et al., 1998) stating that
R. padiis a constantly migrating aphid species that cafobed regularly in suction traps in
large numbers. To determine predictor variablegHer‘real migration” simulations, we used
cut-off dates previously assigned to certain GSvioter wheat cultivars in accordance with
the crop development model SIMONTO (Rossberg e8l05). This is important because
pesticide treatments are commonly timed by crop B8.example, the predictor variable
“sum of S. avenadrom April 15" to June ? is determined just at the beginning of ear
emergence (GS 51). This facilitates the decisiortindr or not to apply insecticides together
with the last fungicide application (usually timatthe middle of ear emergence, GS 55).

The “real migration” submodel was developed usiogtien trap data. Over the past
years in continental regions, the beginning of&aergence started most frequently on June
39 (+0.7 days). Suction trap data are available fromtigental regions, representing a
catchment area of approx. 80-160 km radius (Loxeakd., 1993). These data provided the
most accurate estimates for comparison of aeriaidapopulations with threshold levels in
the field (Tab. 2 and 4; Malloch et al., 2006). ther advantage of suction traps is that they
are able to fill the data gap between very eary {(rregularly aphid detection) and late (more
regularly detection due to higher aphid countsrafgly population growth) population levels
of cereal aphids in fields (Harrington et al., 199@rosik et al., 2003). Hence, we regard
suction traps the most important supporting tooldorecast cereal aphid field populations
(Malloch et al., 2006).

Comparisons of methods

Using LRT for predictor variables entered into thedel first, the highest Chi-square
values (Tab. 1) were obtained just for predictorialdes selected for the final model
according to multiple log RA (Tab. 2) and lin DA&B. 4). This proofs the power of LRT and
simple log RA for preliminary analysis of importaotedictor variables (Yuen et al., 1996;
Twengstrom et al., 1998).

Comparison log RA and parametric lin DA were perfed by Press & Wilson (1978).
They concluded that log RA (simple or multiple)pieferable to parametric lin DA in cases
for which the predictor variables do not have nwaltiate normal distributions within classes
because, if normal within-class distributions fdta log RA is less efficient than parametric
lin DA (Roa, 1973). However, the majority of pretic variables in our study exhibited
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normal distributions (data not shown). Concernihg selection process, lin DA often did
better in correctly selecting predictor variableart log RA when the data were log-normally
distributed or when they were a mixture of dichoba® and log-normal predictor variables
(Press & Wilson, 1978; Constanza & Afifi, 1979). devwith all dichotomous predictor
variables, lin DA did as well as log RA simulationgh sample sizes of 50 and 100, which is
similar to our sample sizes (O’Gormann & Woolso891). Efron (1975) showed that, with
two normal populations having a common covarianae&imy log RA is one-half to two-thirds
as effective as lin DA in achieving asymptoticdtye same error rates. As shown by our ROC
curves (Fig. 4) and in the validation section, batéthods exhibited comparable error rates,
presumably, because no dichotomous predictor Magaliere used in our study. In general,
the ROC curves are most frequently used in decishgch of several models (and their
respective predictor variables) to use (Afifi & €al1999; Pepe, 2000; Holmes et al., 2007).
All else being equal, the one with greater areas@l to one) should be chosen (Swets, 1973;
Metz, 1978). However, one might also choose theahwadth greatest height relative to the
ROC curve at a desired cut-point (in our study: ¢betrol threshold level of > 3 aphids per
ear and flag leaf). The closer the ROC curve igéobisection line, the higher the probability
thatother (but not necessarilynore predictor variables will be needed in order tcetiarate
the logistic regression or discriminative model (¥)e€l978; Afifi & Clark, 1999; Manzato,
2007). Therefore, a small advantage was found iforOA (e.g. in datasets for “real
migration”), which classified more case studiegectty. According to Afifi & Clark (1999),
the method of choice is simply the one that, eroglly, has the highest proportion of
correctly classified cases. This led us to trustertbe results of lin DA, particularly when
taking the control threshold level of Basedow et(@l994) into consideration (highest
numbers of correctly classified case studies atcthieoff point of > 3 cereal aphids per ear
and flag leaf; Fig. 4).

Interestingly, the F-test (together with the sqdapartial correlation criteria) and Chi-
square test from lin DA and log RA, respectiveblested the same predictor variables in the
same order for the “winter conditions” submodel.wdwer, the variable “numbers of days
with minimum temperatures < 0°C” was added addilynto the final model by the lin DA.
All of these variables were significantly assoaiavdth gradation in previous simple log RA
(Tab. 1). According to Roa (1973) and Press & Wilg@978), increasing the sample size
may tend to increase the number of predictor viegalselected when using significance
levels, but this is not necessarily true in eveagec Since both analyses were calculated with

the same datasets and the same sample Bizebq), observed differences in selected
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predictor variables are due to the test statisiit® Chi-square test incorporated in log RA
may have excluded the third predictor variable,abse its statistic is more conservative
compared to predictor variable selection with lil\ @Sachs, 1999; L.A. Hothorn, pers.

comm.). The advantages of conducting the selegtiooess according to lin DA compared to
log RA was already discussed previously (Press &, 1978).

Concerning the “real migration” submodel, the sam®unt of predictor variables was
selected from the corresponding datasets %0) in those analyses, but the selected pradicto
variables differed between both analyses (Tab.®24nThere is no doubt th& avenaes
the most frequent and dominant cereal aphid speemgsonsible for most cases of cereal
aphid gradation in the study area (Freier et &012. Subsequently, the predictor variable
“sum of S. avenadrom April 15" to June ? was first selected in both analyses. However,
in some case studies with gradatith,dirhodumwas the most abundant species (Basedow
et al., 1994), buM. dirhodumwas only involved as the second predictor variabléhe log
RA. The explanation for this heterogeneity in pcéali variable selection is not obvious.
Possibly, both species have the same demands tmm &mmbinations (i.e. abiotic and biotic
factors) during the very early period of their depenent (e.g. during April and May),
leading to similar suction trap counts by Jufi® At later dates, they might be affected by
different “weather conditions” (Sengonca et al.929 which favour either the one or the
other species to form a gradation (Zhou & Carté92t Ma, 2000). However, we conclude
with regard to the ROC-curves and validation res(fig. 4) thatV. dirhodumis of minor

importance for the majority of the case studieprigdicting gradation as early as Jufié 2

Comparison of locations

Comparing datasets from different locations, thealde “location” was never significant
in datasets from continental locations (i.e. Branmeg, southern Lower Saxony, and Saxony-
Anhalt; Fig. 1). Hence, the modelling results présd here refer only to continental locations
of Germany. The major problem of the datasets witlaotypical continental climate (Fig. 1)
was that cereal aphid populations rarely exceeldedhreshold level at the flowering stage of
winter wheat. Moreover, only 16 case studies wevailable from locations without
continental climate compared to 73 case studig®s ftontinental regions. Possibly, datasets
from non-continental regions were observed by cbarbereby overlooking years with
gradation. On the other hand, the population dereént after winter and early immigration
of cereal aphids might rely on other driving fastan maritime regions compared to

continental regions (Lindqvist, 1985; Leather et 4089; Rappaport, 1998). In the latter
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regions, winter and summer seasons are longer,neiibly more extreme temperatures than
in maritime climate (H. Friesland, pers. comm.)ff@ences in density levels between
maritime and continental regions were observedatend of the flowering stage of winter
wheat during the years 1994 to 1995. Only thodddisituated in continental regions showed
growth factors of 2 to 7 for cereal aphids untilpptation peaks occurred, while more
maritime regions (e.g. situated in Westphalia) stab\growth factors of 1 to 1.2 for the same
time (Rappaport, 1998). Moreover, several authoepomted comparable population
developments in continental regions (e.g. Saxongaltrand southern Lower Saxony). There,
the dominance structure of cereal aphid speciderdd substantially between years, but not
between locations within a given year (Volkmar let B994; Rappaport, 1998; Rappaport &
Freier, 2001). Hansen (1999) found that his migrathodel worked well in regions in which
S. avenaeand R. padi were entirely holocyclic. Hence, differences in duab reliability
between climatic regions may also be linked toedéht overwintering conditions, with
holocyclic hibernation being more frequent in coatital regions (Kleinhenz, 1994) and more
reliable to forecast (Hansen, 1999).

Model constraints

Both submodels are further constrained to caseestualithout large-scale insecticide
treatments for virus vectors very early in the y@a: in March and April). Such large-scale
virus calamities have been reported only twiceha past: In winter of 1988/1989 (Huth,
1990; ABmann & Hamann, 1991) and of 2006/2007 (8s&el, pers. comm.; own
observations). Both vegetation periods were exduftem the datasets used for model
construction. When winter conditions promoted sgobat quantities of anholocyclic clones
that vector treatments in spring were legitimatad, further population outbreaks were
observed in either vegetation period, because tirmlaand man-made aphid limitations
(ABmann & Hamann, 1991; Huth & Lauenstein, 1991nawservations). According to the
“winter conditions” submodel, both years would tessified as years with gradation - indeed
false positive cases. However, the base of data two years is too small for more final
conclusions on the importance of large-scale vetteatments. To overcome the problem of
warm winters with a very large proportion of anheyldical lineages, we refer to potent
simulation models (e.g. SIMLAUS) that quantify acaely the amount of anholocyclic
hibernating cereal aphids (Kleinhenz, 1994). Fdrsequent, all-embracing decision support
of cereal aphid control in winter wheat, we suggestombine such previously developed

models with the present submodels for early deaisi@king concerning cereal aphid control
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measures before flowering of winter wheat (Kleirthel®94; Leclercq-LeQuillec et al., 2000;
Fabre et al., 2003).

Importance of threshold levels

In general, the simulation results indicated thatforecasting of population levels above
or below the control threshold level (> 3 aphids ear and flag leaf) at the ear emergence
(i.e. June %B) was accurate. Nevertheless, most studies aboutrotothreshold levels
highlighted that the most efficient cereal aphichtcol was achieved when insecticide
treatments were applied at the end of the flowestage (GS 69) of winter wheat (Basedow
et al.,, 1994; Rappaport & Freier, 2001). We poiat that our studies do not question the
existing threshold level. In general, we suppddta treatment strategy at GS 69. Depending
on the degree of insecticide persistence and taigigration, cereal aphid populations may
recover after early treatments and cause yieldatemhs (Basedow et al., 1994). For that
reason, the submodels should be restricted to farmghich additional single late treatments
against cereal aphids at the end of the flowernegnat possible due to economic constraints.
Our models give farmers the opportunity to decideetver or not to apply combined
treatments of fungicides and insecticides as easlylune "3, According to the validation
method with independent datasets, the submodelsatety predicted cereal aphid gradation
in 88.9% and 92.9% of case studies using suctiam &and weather data, respectively. Past
research on control threshold levels has led toenoorless “static” spray thresholds, which
are open to criticism (Mann & Wratten, 1991; Basedet al., 1994). In particular, this
strategy does not take into account economic ceraidns that will often vary from field to
field and from year to year (e.g. crop values, gyaghd, spray costs, etc.; Rappaport & Freier,
2001). However, our submodels for cereal aphid a@fad in winter wheat can incorporate
such demands. Gradation, defined as a populatioeeeling three cereal aphids per ear and
flag leaf at the end of flowering, was used as lthsis for all calculations to determine
predictor variables (e.g. simple logistic regressaoalyses; Tab. 1). However, if wheat prices
decrease, farmers would accept higher threshoklddRossberg et al., 2002). ROC analyses
can be performed to compare the results of thesaecsupport system in cases in which the
control threshold level increases, e.g., from theéve cereal aphids per ear and flag leaf
(Fig. 4). The FP fractions remain similar, whertdas TP fractions decrease strongly (i.e. cut
in half). Each user can therefore judge the perémee of the submodel (i.e. the numbers of
FP fractions versus TP fractions; Fig. 4) and daardfore adjust the economical situations

prevailing on a given farm. This is a great advgeti&a a wide range of situations in which the
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submodels may be applied. However, whenever theltsef both submodels are

contradictable or doubtful, users have the possilit check and complete them using field
counts at certain GS (e.g. GS 51/55, simple log R4; 2). The more cereal aphids found,
the higher the probability of gradation. Knowledgmut the types of different species is not
necessary. However, large sample sizes are neagddd 6,000 tillers per field; Jarosik et al.,
2003).

Conclusions

This simplified data structure (gradation versus-goadation) based on recommended
control thresholds (Basedow et al., 1994) makpsssible to develop potent decision support
systems (i.e. gradation models) for control of akraphids in winter wheat. This study
established the first reliable models designedréalipt the probability of gradation of cereal
aphids in continental regions of Germany at anyetarle point (e.g. by Juné®&according to
the “real migration” submodel) without the need ledsour-intensive field counts.

Acknowledgements

We thank the farmers who allowed us to work in rtHfeslds, F. Schaarschmidt for
assistance during data analyses, S. Wandrey fafrpaxling the manuscript, and T. Michel
for assistance with fieldwork. We are especiallptgful to plant protection services and
several individuals for technical support. We thank Friesland, U. Heimbach, and W.
Rieckmann for providing datasets on aphid poputatid his work was financially supported
by the Bundesministerium fur Verbraucherschutz,daBrang und Landwirtschaft, Germany

(Federal Ministry of Food, Agriculture, and ConsurReotection; project code: 01HS083).



Chapter 2: Forecasting gradation of cereal apmicg@nter wheat at ear emergence 93




Chapter 3: Forecasting migration of cereal apmdsutumn and spring 94
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Abstract

The migration of cereal aphids and the time of rtlarival on winter cereals are of
particular importance concerning plant health (Bayley Yellow Dwarf Virus infection) and
yield losses in autumn and spring. In order to fifgrlays with migration potential in both
seasons, suction trap catches of 29 and, resplgctiNecase studies (i.e. location-years) were
set-off against meteorological parameters. For datdyses, we focused on days concerning
the early immigration period during autumn (Septem®2® to November ¥) and spring
(May 1% to June ). In a first step, several statistical techniquesre applied on
meteorological parameters and suction trap daterdar to characterize important influences
on migration in autumn and spring. With increasimgnperature, global radiation, and
duration of sunshine, the numbers of cereal aptadght in suction traps increased, whereas
lower numbers were found, when precipitation, reteahumidity and wind speed increased.
Concerning importance, the first two and the lasameters were most frequently significant
associated with migration according to linear regi@n analyses. For model development,
suction trap catches of case studies merged and hiaary classified as days with and
without a certain limit of migrating cereal aphiddeveral predictor variables were created
(focussing on the light hours of a given day) aretevanalysed with the binary response
variables using linear discriminant analyses. THhi#erent models in autumn forecast those
days, where 1,> 4, or= 10 cereal aphids are migrating. Due to the predante ofR. padi
individuals (99.3% of all cereal aphid catches)dmstinction between the autumnal species
(R. padiandS. avenaewere made. In spring, however, lower numberspbiids were found
in suction traps, and relations of dominance amgperies changed. Three further models
were created on a species-specific level, i.eaflocereal aphid species, fBr. padionly, and
one model foM. dirhodumandS. avenad¢ogether. The models were assessed for validation
using empirical, cross-classification, and ROC-gs@d and showed divers levels of accuracy.
Moreover, additional datasets chosen at random rdéefmodel construction and

parameterisation showed 33% to 81% correct classifins for the six migration models. The
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models help to assess the start of field evalustidturther indications characterize the
amount of migrating aphids and therefore the imgraré of immigration for early population

development in cereal crops in a given season.

Introduction

Cereal aphids (Hemiptera: Aphididae) are the mogtortant pests in winter wheat and
winter barley in central Europe (Basedow et al.94)9 After immigration into fields, the
population dynamics of cereal aphids depend on &®mfactor combinations and may
occasionally lead to yield losses in years, whetingg conditions for population growth
prevail (Freier etal., 2007). In autumn, migratioh cereal aphids and the subsequent
settlement of aphids on cereal crops are of paaticgonportance for the dispersion of harmful
viral diseases (e.g. Barley Yellow Dwarf Virus).ngpperiods with favourable conditions for
development of cereal aphids can lead to intengiues spread and severe damage of plants
(Geissler et al., 1995). In spring, the time o$tfiimmigration and the subsequent population
development of cereal aphids in fields are of palér importance for the formation of cereal
aphid outbreaks (i.e. gradations), leading to sutistl yield losses (Gosselke et al., 2001).

Since the eighties, simulation models have beerldped in order to forecast cereal
aphid population dynamics and their impact on yielsses (Carter et al., 1982; Rossberg
et al.,, 1986; Friesland, 1994). To consider theupatpn dynamics of cereal aphid species
entirely, simple models considering mainly aphidvelepmental parameters have been
extended, and numerous influencing factors (i.eteorelogical parameters, antagonists,
fertilisation, etc.) were incorporated. But, so, fdre factor migration (i.e. immigration) has
not been successfully used to improve the qualitpapulation models (Kleinhenz, 1994;
Gosselke et al., 2001). However, the precise deétatron and evaluation of the migration of
aphids, especially of the time scale of immigratmrases into cereal crops, seem to be a
crucial key factor controlling subsequent populatidevelopment and risk to exceed the
critical threshold level, which determine the iaiton of insecticide treatments (Basedow
et al., 1994; Fievet et al., 2007). The detailedvdedge about immigration of cereal aphids
into winter cereals could therefore form a mainapagter improving the population models
and subsequent decision support systems (Gosdedke 2001).

Flight activities in cereal aphids are commonlyidéd into long-range migratiorsénsu
stricto) and short-range “appetitive dispersal’ (e.g. seeoy dispersal; Irwin et al., 2007).

The former rarely appeared before mid June in ter@axdale et al., 1993), whereas the
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latter flight behaviour is most relevant for attexgk winter cereals. In autumn, dispersal
includes the shift between gramineous host plamsf(om surrounding habitats into autumn-
sown cereals), and is especially important for igpread (Geissler et al., 1995; Huth &
Zichner, 1996; Dedryver et al., 2005). In earlyirgprthe cereal aphid flight activities focus
on the shift between winter and summer hosts {e.B. padiandM. dirhodun), or between
gramineous plants including cereals (e.gSiravenag Therefore, the numbers of “suitable”
host plants (e.g. areas with maize) and hence \tbealb amount of aestivating aphids may
influence the flight activities in autumn, wherghe numbers of primary host plants as well
as the strength of winter (affecting the differdifiecycles of aphids) are of particular
importance in spring (Leather et al., 1989; Dixd&98).

Several intrinsic and extrinsic factors leadingake-off of aphids have been described
with host plant quality, “crowding” and the presenaf natural enemies (e.g. on secondary
host plants in autumn or on primary host plantsgring) as most important. Concerning the
immigration into cereals, interactions between piggical and atmospheric influences are
of major importance. For example, several tempegatiaresholds inhibiting aphid take-off
have been discovered for cereal aphids. The lowetsl were species- and morph- (i.e.
season-) specific and ranged from 13 to 16°C (B&r9g9; Wiktelius, 1981), while the upper
threshold level is generally around 31°C (WalterD&on, 1984). However, factors other
than temperature (e.g. day length, crop phenolety) were additionally found to control
flight phenology in certain regions of higher late (Clark et al., 1992). Moreover, landscape
elements (such as hedgerows and small forestsjrapging systems consisting of patchwork
like alternation of cereals with taller crops (sashmaize or oil seed rape) may influence (and
reduce) wind speeds above shorter cereals (Castab, €1991). This is most relevant for
dispersal flight, but also for take-off and aligigiin migrationsensu stricto Subsequently,
cereal aphids, which prefer wind speeds close ¢ thwn flight speed of less than 1.5 m
per sec (Robert, 1987; Kennedy, 1990), alight meaglily in heterogeneous structures due to
enhanced physical control over their flights (neing blown over; Bottenberg & Irwin,
1991). Moreover, temporal flight activity of aphidbBould be basically related to conditions
stimulating “take-off” behaviour. Determination t¢dke-off is not well studied in cereal
aphids. In general, laboratory experiments haviedta range of possible conditions for take-
off or landing behaviour of aphids, which, howevean’'t be directly transferred into field
conditions. One important factor affecting the likeod of aphid take-off is light (i.e.
intensity as well as daily or seasonal rhythmicity) laboratory studies earliest take-off

occurred at light intensities greater than 1,000 (approx. 3.85 W per m?2), without an
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apparently upper limit inhibiting aphid flight (Bgr 1969; Robert, 1987). However, the
situation is much more complicated, because adwdrsespheric conditions were found to
delay but not to cancel the flights of cereal aphihdily (Walters & Dixon, 1984). Still there
are considerable gaps in knowledge for both, thenam and spring seasons, with respect to
the immigration of aphids in cereal fields and thkation of migration time and intensity to
the early population build-up within the crop.

Accordingly, the aim of our investigations was &vdlop models for the immigration of
aphids into winter wheat and winter barley in autuand spring. For this, we employed
several statistical analyses (including linear sinaple logistic regression analyses, as well as
linear discriminant analyses) on datasets frond fegl from suction traps. Linear discriminant
analyses were widely used to identify predictorialdes contributing to the classification
between binary response variables, and have beserpin epidemiological and population
research studies (Ahlers & Hindorf, 1987; Lawre&céabus, 2003; Schmidtmann, 2006).
The technique has shown to be superior comparedhtr analyses, e.g. multiple logistical
regression analyses, especially concerning theepsoto select predictor variables (Efron
1975; Press & Wilson, 1978; Constanza & Afifi, 198Gorman & Woolson, 1991).

Materials and Methods

Field data evaluation

60 datasets on population dynamics of cereal aphéts collected in winter wheat and
winter barley fields from 10 locations ranging frenaritime to continental climate in central
Europe from 2004 to 2006. Weekly evaluations weraacted in a two-ha large, insecticide-
free “window” in fields from October to Decemberdafrom March to end of July (i.e.
harvest of crops). Cereal aphids and their antag®nvere collected by means of D-VAC
suction sampler (Veenker & Ulber, 2004) or countetially per plant or per tiller (transect
sampling). Thereby, we were sure to avoid samglegsame plants repeatedly. Sample size
per evaluation day and field varied according thidplensity and ranged from approx. 700 to
35,000 plants (i.e. 4 to 150 m2 for D-VAC) in autuand from 100 to 8,000 tillers in spring
and summer. The numbers of arthropods in the susampler were converted into numbers
per tiller or per square meter. Growth stages (&fQ)ereal crops (Tottman & Broad, 1987;
Meyer, 2008) were evaluated at each time accornitige mean of 20 tillers or 10 plants.

W. Rieckmann (pers. comm.) provided 12 additiorshdets taken in winter wheat fields

near Hannover (southern Lower Saxony). There, teygad instars were visually counted
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per tiller from mid May to end of July (from 1998 2002) and numbers were converted to
square meter values according to the number @irgilat each site (similar to descriptions
above). Overall, 72 case studies (i.e. locatiorts \@ars) were available for the calculations.
All agronomic practices were carried out accordimdgarmers’ best practices in each of the

case studies.

Suction trap samples

Datasets of fixed suction trap samples (12 m higbthamsted-type, MaCaulay et al.,
1988) were made available by the EXAMINE projecXfibitation of Aphid Monitoring
systems IN Europe; MaCaulay et al., 1988; Exam?@8; P. Verrier, pers. comm.) at the
locations Aschersleben, Goéttingen, Hohenheim, RéstBraunschweig, Elze, Langreder, and
Poppenburg for the years 1984 to 2006 (Examine8R200 the last four locations, small fixed
suction traps (height 2.0 m) were used. Overallaskts of 69 case studies were available,
because not every suction trap was trapping ityedrs. Numbers of different cereal aphid
species (alatae) from April to November were spedifn daily catches for most of the case
studies. In 2004 to 2006, some suction traps werdralled only three times a week.
Subsequently, numbers of cereal aphids within gaiod of catch were divided by the
numbers of days. Datasets from all case studiepesed a total of 795 and 1,273 daily
catches in autumn and spring, respectively. Sulesdty) 164 (autumn) and 226 (spring)
days, respectively, from each season were choseandbm before data analyses (using the
function of random number in Microsoft Excel) to beed for independent validation of
model results from linear discriminant analysese Tamaining days were used for model
development and parameterisation.

The suction traps caught the aphids continuouslallicase studies between April and
November. Only a few days were cancelled from thalyses, when suction traps failed
briefly.

Meteorological parameters

Different meteorological parameters (e.g. hourlyuga of temperatures, wind speed,
precipitation, etc.) were available from weathatish networks of both, the German Weather
Service (DWD) and the Information System Integraf@ant Protection (ISIP). The distance

between a field or suction trap and the next weatteation never exceeded 20 km.
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Statistical analyses

The following statistical techniques (one-way andltimariate methods) were applied to
different datasets and variables: correlation andal regression analyses, simple logistic
regression analyses, as well as linear discrimiaaalyses. In all tests, significance levels
were set att = 5%. Before statistical techniques are specifiled,different variable types are

presented.

Definition of variables

Binary response variables were defined on datds®ts suction traps for simple logistic
regression analyses and linear discriminant ansly8ecording to the numbers of aphids
flying in autumn and spring, available datasetsewegrouped as follows.

If, on a given day, the cereal aphids landing ia #uction trap exceeded a certain
threshold limit, the day was referred to as “dayhwnigration” (binary status 1); below-
threshold limit days were defined as “days withougration” (binary status 0). Focussing on
the numbers of aphids in autumn and on the speoieposition in spring, several limits were
worked out. In this context, “migration” referreal ¢ereal aphids caught in fixed suction traps,
without distinction between dispersal (e.g. seconda appetitive dispersal) and migration
(sensu strictp

Several predictor variables were defined to desctheir influence on the response
variable “migration”. To characterise migration sButumn and spring, meteorological
parameters were arranged according to the fliglenplogy of aphids, which is usually
following the daylight. Aphids frequently leave ptacanopy with increasing light intensities
and alight (at least) with long wavelengths of 5&20 nm (Nottingham et al., 1991; Loxdale
et al.,, 1993). Subsequently, numbers of cerealdapfound in daily suction trap catches
(response variable) were assumed to arise primddiyng light hours of a given day.
Meteorological parameters and their transformatidesgy. positive and negative sum
standards, numbers of hours above certain critigiaies, or mean values over certain periods
of time) were defined as predictor variables acogrdo daylight hours of one or several
consecutive days. In autumn or in spring, five. using a small time window in the end of
October) to 12 (i.e. large time window in mid Jurdgylight hours represent one day.
Indications from literature review and systematialtand error methods served to determine
critical values for predictor variables (Nottinghanal., 1991; Loxdale et al., 1993; Dixon
1998; Malloch et al., 2006). Moreover, several corations of predictor variables (e.g.

weighted mean values) were allocated to new prediariables.
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Correlation and linear regression analyses

Correlation analyses (proc corr, program SAS; SA3)8) were calculated between
several predictor and response variables (e.g. aumwmibcereal aphids in suction traps or in
the fields over certain periods of time).

Linear regression analyses (proc reg, program SRS, 2008) were performed between
different predictor and response variables. In tbantext, the following models for
distribution patterns of response variables (iianbers of cereal aphids in suction traps) were
assumed: Poisson, Quasi-Poisson, and Negative Biabndistribution. These model
assumptions are commonly used in the study ofeaeats, when responses take the form of
counts (Armitage et al., 2002). In suction trapseal aphids commonly occurred from mid
April to mid of June on a few days and in low numsb& hus, this kind of response variables
(the occurrence of cereal aphids) was safely censitlas a rare event using the model
assumptions mentioned above (Armitage etal., 20@gpwise calculation of linear
regression analyses (backward procedure, progra8) SAS, 2008) detected those predictor
variables (i.e. meteorological parameters), whiggnicantly influence the number of
migrating cereal aphids from May to end of July.the final linear regression model, all
predictor variables were significantly associatathwuhe number of cereal aphids in suction

trap catches (response variable).

Logistic regression analyses

The logistic regression analysis is frequently usedpidemiological and population
research (Corkum et al., 2006; Graf et al., 20@V)comprehensive description of logistic
regression would be difficult to give in this spa®&ut generally stated, it calculates the
probability of a given binary outcome (i.e. responsriable) as a function of a set of
predictor variables (Afifi & Clark, 1999). Denotiribe true probability of the “outcome” as
the model assumes that the logarithm of the dd{lg/(1p)) is a linear function of the
predictor variables. Note that the logarithm of ddels ofp is logit(p). In our study, simple
logistic regression analyses were used (one-by-on&st a given predictor variable (derived
from meteorological parameters) being significardlysociated with the binary response

variable (i.e. days with and without migration).

Linear discriminant analyses

Linear discriminant analyses are widely used irdeiiological or population research,
where the binary response usually is the presenabsence of a disease or a pest (Ahlers &
Hindorf, 1987; Parsons & Jones, 2000; Wardiatno &maki, 2001; Schmidtmann, 2006).
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The predictor variables are putative risk factard possible confounding variables (Hosmer
& Lemeshow, 2000; Armitage et al., 2002).

Linear discriminant analysis is based on the Baybsorem and refers to several
different types of analyses (Fischer, 1936; Tataydl©71; Lachenbruch & Kupper, 1973).
Classificatory discriminant analysis techniquesuaed to classify individuals into one of two
or more alternative groups or populations on thsish@f a set of measurements. The
populations are known to be distinct, and eachviddal belongs to one of them, based on a
selected dividing point. The linear discriminant analysis used in thisdgtis based on
Fischer (1936) and generates the linear discrinhifuarctionz

Z=C+ apxXgt+ axXe + .. taX Q)
whereg; are coefficients of predictor variablgs and can be computed according to Fischer
(1936), Cooley & Lohnes (1971), Lachenbruch & KupfE973), or Afifi & Azen (1979).
The predictor variablesi, used for classification, are multivariate norndistributed,
assuming that within-class covariance matricesegy@al. However, the mean values for a
given predictor variable may be different in theotwopulations. Further assumptions are
random samples from each of the populations.

Parametric, linear discriminant analyses were pnedéal in order to identify predictor
variable combinations significantly associated whimary occurrence of cereal aphid
migration. Subsequently, the calculated discrimifianctionz was compared with zero:

case O (i.e. no migration) occurs,ak 0

case 1 (i.e. migration) occurs, 2a&0
The option of prior probabilitp, (on occurrence of days with (1) and without (Opration)
was specified according to additional informati@thgred from the datasets (Tab. 1).

The stepwise forward method of linear discriminantlysis (proc stepdisc; program
SAS; SAS, 2008) was used to select predictor vimsalStarting from an “empty” model,
predictor variables were sequentially included thatre significantly associated with the
response variable. Within this process, predictotables could also be eliminated from the
model, whenever they became non-significant (ariteropredictor variable combinations
became significant). In the final model, all predrcvariables were significantly associated
with the binary response variable. After the sabeciof significantly separating predictor
variables, linear discriminant analyses were pearéat again with those predictor variables
for subsequent parameterisation and model caldsraising further procedure discrim from
program SAS (SAS, 2008). Standardized discrimicaefficients were computed in order to
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directly compare the values of coefficieatsand to judge the relative effect of each predictor

variablex; on the discriminant function (Afifi & Clark, 1999)

Tab. 1: Fraction of days with migration (i.e. prigobability p,1)) according to the different
models in autumn (September"2® November ) and in spring (MaySito June ).

Fraction of days

Season Model . L
with migrationpy)

Autumn “> 1 aphid flies” 0.786

“> 4 aphids fly* 0.439

“> 10 aphids fly” 0.250

Spring “> 1 species flies” 0.531

“S. avenaand
M. dirhodumfly” 0.177
“R. padiflies” 0.419

Model validation

For model validation, empirical (procedures listldisterr, program SAS; SAS, 2008)
and cross-classification (procedures crossvalidatesslist and crosslisterr, program SAS;
SAS, 2008) methods were calculated on datasetsfas@ubdel selection according to linear
discriminant analyses. Since there is always ailpidigs of making the wrong classification,
the probability (i.e. posterior probabilitigs,) that a given individual has come from one
group or the other, was computed as mean valugbdampirical and the cross-classification
methods in linear discriminant analyses. Moreoy&Erameters from linear discriminant
analyses were graphically compared by using rec@iperating characteristic (ROC) curves
(Afifi & Clark, 1999; Pepe, 2000; Dewdney et alQ(). ROC analysis is based on true
positive (TP) and false positive (FP) decisionse TP fraction is the number of correctly
classification of days with migration divided byetlotal number of days with migration. The
FP fraction is the number of incorrect classifioatof days with migration divided by total
number of days without migration. ROC curves plBtffaction as a function of FP fraction at
all possible threshold levels. The threshold levaisged from 0 to 200 and from O to 90
migrating cereal aphids per day for autumn andngprespectively. In a ROC curve, the
origin of the graph represents the model resultrmgration” for all days. This classification
yields no FP but captures no TP. The upper righmerowould classify days with migration,
thus detecting all days when truly migrating cemgathids were observed, but also classifying
migrations for all days that do not show them. Efi@re, an efficient algorithm would yield a
curve “pushed to the upper left corner” (Afifi & &k, 1999).
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Results

General results

Among all case studies in autuniR, padiwas found in suction trap catches between
September 2% and November 3iin 78.2% of days, wherea. avenaeoccurred only in
14.0% of days. Both species were detected togetisrction traps in 13.6% of the sampling
days. However, comparing the numbers of aphidshta®y padiwas the dominant species
representing 99.3% of the cereal aphid catcBesvenaavas less abundant (0.6% of all
cereal aphids) ani. dirhodumoccurred only occasionally in very low numbers0(¥%).
BecauseS. avenaeand M. dirhodumwere of minor importance in autumn, no distinction
between cereal aphid species was made. Accordittietdays with cereal aphids in suction
traps (78.6%), the threshold level of one or maueids being caught in suction traps was set
for the first model. High numbers of more than 2@nating cereal aphids were only found on
few days and therefore, the threshold level wasredt as follows. Increasing the threshold
level to> 4 and to> 10 migrating cereal aphids per day, reduced tbpgstion of days with
trapped aphids to 43.9% and 25.0%, respectivelgoAtingly, the prior probabilities were
specified in linear discriminant analyses (Tab. 1).

In general, the autumnal field counts of cerealidgptwere low (especially winged
morphs) and spatial distribution was strongly aggted. Therefore, it was not possible to
compare aerial (as derived from suction traps)ctiyewith field populations. Winter
conditions were harsh in most case studies, andlacyclic hibernation was scarce (< 8%;
i.e. only at one location in one year 2004). Ineyah the first cereal aphids occurred after
holocyclic hibernation in the field or in suctiomaps at mid of May during the tiller
elongation with increased numbers from spring torser. In 2004, optimal development
prevailed and led to extremely high population ealdor S. avenagFig. 1). In 2005 and
2006, no anholocyclic hibernation was detectedl & @ither location, and aphid populations
reached only moderate peak levels (ca. 7,500 t0000and 2,500 to 3,500 aphids pef, m
respectively). In those two yeaM, dirhodumwas the most abundant species.
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Fig. 1: Correlation analysis (R = 0.89; p < 0.0&MeenS. avenaeaught in the field (i.e. per
m2 at the end of June) and in a suction trap &isesum from April 18 to June 3%). Data
were collected in Poppenburg from 1999-2006 iryadirs, except in 2003.

In all case studies (all yeardR. padi(75.8%), M. dirhodum (14.2%) andS. avenae
(10.0%) were the most frequent cereal aphid spegispring suction trap catcheR. padi
was found between May™land June 9 in 41.9% of daily suction trap catches, whereas
M. dirhodumandsS. avenaeccurred only in 16.2% and in 13.6% of days, respely. All
species occurred together in suction traps in 5di%he sampling days and therefore,
different forecasting models were developed forugesl species (i.e.>“1 species flies”,
“M. dirhodumandsS. avenadly”, and “R. padiflies”). The prior probabilities were specified
in linear discriminant analyses (Tab. 1), basedtlmn fraction of days with cereal aphid

species in suction traps.

Comparisons of suction trap catches and field pataoihs

To compare aerial and field populations in sprowyelation analyses between migratory
events (i.e. calculated as sums of cereal aphidghtan suction traps from April I5to the

end of June) and numbers of cereal aphids in #ld fi.e. numbers of cereal aphids per
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square meter by the end of June) were performedatasets from several locations taken
from 1999 to 2006 (no data available in 2003). llc@amparisons with either species, results
showed significant coefficients of correlation ramggfrom R = +0.87 to R =+0.99 (Fig. 1
specifies a representative case studysfaavenagfurther data not shown).

Correlation analyses of suction trap catches aaldl ftounts were executed between
autumn and spring populations of all cereal appiecgs on both, datasets from within and
between vegetation periods. The comparisons ofsutitap catches between autumn and the
following spring (i.e. within one vegetation perjodhowed a significant coefficient of
correlation only for the specid?. padi(R = +0.40). Comparisons between spring and the
following autumn populations (i.e. between two v@gen periods) showed no significant
correlations of suction trap catches at all. Siryilacoefficients of correlation, calculated
from field data within and between vegetation pasidor R. padiandS. avenagwere not
significant. M. dirhodumdid not occur in autumnal field crops and therefaras excluded

from the latter analyses.

Importance of influencing parameters

Coefficients of correlation were calculated betwesgan counts of cereal aphids in the
field at three growth stages of winter wheat (G&5161, and 69; Tab. 2) and the sums of
different meteorological parameters, calculatednfrblay T until each GS was reached.
Higher temperature sums led to significantly highembers of cereal aphids found at each
GS. The aphid counts and the sums of precipitati@re negatively correlated, but
significantly only at the end of the flowering (&S), whereas the sums of relative humidity,
of wind speed, and of global radiation were nohsigantly associated with the numbers of
cereal aphids at any GS. Higher sums of predatibs (fFreier et al., 1997a) at GS 61 and at
GS 69 significantly reduced the numbers of cerphlds (Tab. 2).

Tab. 2: Coefficients of correlation (R) between meamber of cereal aphids in the field at
each growth stage of winter wheat and the sumgffefeint parameters, calculated from May
1% until the growth stages GS 51/55, 61, and 69 weaehed.

Growth stage

Parameter GS 51/55 GS 61 GS 69
Temperature sum +0.37* +0.39* +0.45*
Precipitation sum -0.22 -0.20 -0.48*
Predator units sum -0.14 -0.30* -0.55*

* Asterisks indicate significant coefficients oftdamination (p < 0.05).
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Linear regression analyses were executed betwegunéslictor variables (derived from
meteorological parameters) and three responseblesiéthree cereal aphid species caught in
suction traps) under varying assumptions concerthiegdistribution patterns (i.e. Poisson-,
Quasi-Poisson-, and Negative Binominal distribudlorAmong all predictor variables, 31
were significantly associated with suction trapchast. After nine calculations (three response
variables and three assumptions concerning theildisbn patters), 103 times predictor
variables were entered into the final models, ama@hgh the temperature-based predictor
variables (i.e. “numbers of hours10°C in a period of eight consecutive days”, “nemsbof
hours > 7°C in a period of eight days”) were most freqherf.e. 18 and 15 times,
respectively) significantly associated with numbefscereal aphids caught in suction traps
from mid April to mid June (Tab. 3).

Tab. 3: Frequency of significant predictor variabla linear regression analyses (between
predictor variables and three different responsabikes) under different model assumptions:
Poisson-, Quasi-Poisson-, or Negative Binominalritistion (total frequency,n = 103).
Linear regression analyses were performed betwerrs ®f cereal aphid species (caught in
suction traps from mid April to mid June) and 5ledgictor variables derived from
meteorological parameter sums (mid April to midejun

Frequency

Predictor variables (n = 103) Ranking
No. of hours> 10°C in a period of 8 days 18 T
No. of hours> 7°C in a period of 8 days 15 2
No. of hours with sunshine within 1 day 11 43

No. of hours with wind speed < 1.5 m per sec iraog of 8 days 7 !
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Tab. 4: Predictor variables of linear discriminan@lyses of the autumnal suction trap data, spelcds partial coefficient of determination (R?)
with test statistics (F-values, all being signifitat levela = 5%) according to independent modetsl®aphid flies”, = 4 aphid fly’, and 2 10

aphid fly” (between September ¥2and November ). The ranking (i.e. “no. in”) of predictor varias specifies forward steps, when predictor
variables were significantly entered (d = day, #umber).

Linear discriminant analyses

Model Predictor variable Partla_l N F-values Coefficients Stand_ar_dlsed
(no. in) coefficients
> 1 aphid flies Intercept . . -2.38 .
Mean wind speed between 10 a.m. and 4 p.m. [ms]per 0.157 (1) 88.20 -0.57 -17.66
No. of hours with temperatures12°C within 1 d [#]* 0.065 (2) 32.95 0.21 13.69
No. of hours with global radiation < 300 W perwithin 4 d [#]* 0.033 (3) 16.15 0.11 15.55
No. of hours with global radiation 300 W per m2 within 8 d [#]*  0.009 (4) 4.19 0.03 7.86
>4 aphids fly  Intercept . . -1.66 .
No. of hours with wind speed < 1.7 m per sec withid [#]* 0.157 (1) 88.46 0.23 19.01
No. of hours with temperatures12°C within 1 d [#]* 0.031 (2) 15.01 0.17 16.04
No. of hours with relative humidity 70% within 1 d [#]* 0.028 (3) 13.69 0.13 10.85
No. of hours with temperatures15°C within 1 d [#]* 0.012 (4) 5.82 -0.05 -4.64
No. of hours with wind speeel1.7 m per sec within 8 d [#]* 0.008 (5) 3.71 -0.01 -2.05
> 10 aphids fly Intercept . . -4.47 .
No. of hours with wind speed < 1.7 m per sec withid [#]* 0.121 (1) 65.14 0.22 17.96
No. of hours with relative humidity 70% within 4 d [#]* 0.018 (2) 8.58 0.07 15.04
No. of hours without precipitation within 2 d [#]* 0.014 (3) 6.45 0.12 9.54
Mean precipitation between 10 a.m. and 4 p.m. [mm] 0.008 (4) 3.74 0.85 5.35

* Asterisks indicate predictor variables specifistween 9 a.m. and 5 p.m.
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Tab. 5: Predictor variables of linear discriminantalyses of the spring suction trap data, specégegartial coefficient of determination (R2) with

test statistics (F-values, all being significankeael a = 5%) according to independent modetsl*species flies”, S. avenaandM. dirhodumfly”,

and ‘R. padiflies” (between May T and June ®). The ranking (i.e. “no. in") of predictor vari@s specifies forward steps, when predictor

variables were significantly entered. All predict@riables were calculated between 8 a.m. and 7 (o.ms day, # = number).

Partial R2

Linear discriminant analyses

Standardised

Model Predictor variable : F-values Coefficients .
(no. in) coefficients
“> 1 species flies” Intercept . . -1.650 .
No. of hours with wind speed < 1.7 m per sec withd [#] 0.051 (1) 50.37 0.113 15.88
Duration of sunshine between 8 p.m. and 7 a.m. [#] 0.034 (2) 33.59 0.139 14.94
No. of hours with wind speed < 1.7 m per sec withd [#] 0.009 (3) 8.86 -0.053 -10.51
No. of hours with wind speed < 1.7 m per sec withd [#] 0.006 (4) 6.07 0.060 8.51
No. of hours with global radiatioa 350W per m2 within 4 d [#] 0.004 (5) 3.79 0.014 5.34
No. of hours with mean temperatuee40°C within 1 d [#] 0.006 (6) 6.01 0.016 9.78
No. of hours with mean temperatuee40°C within 2 d [#] 0.004 (7) 3.76 -0.019 -5.64
“S. avenae Intercept . . -9.914 .
and No. of hours with wind speed < 1.7 m per sehiwi3 d [#] 0.072 (1) 73.47 0.056 17.61
M. dirhodum  No. of hours with mean temperatuee3°C within 8 d [#] 0.031 (2) 30.28 0.055 8.69
fly” No. of hours with wind speed < 1.7 m per seithin 1 d [#] 0.008 (3) 7.29 0.051 16.88
“R. padiflies” Intercept . . -1.037 .
No. of hours without precipitation within 8 d [#] 0.015 (1) 14.47 0.096 13.56
No. of hours with relative humidity > 70% withind4[#] 0.011 (2) 10.47 -0.003 -10.49
No. of hours with mean temperatures > 7°C withoh[&] 0.009 (3) 8.59 0.026 9.46
No. of hours with wind speed <1.7 m per sec withioh [#] 0.008 (4) 7.48 -0.048 -13.10
Duration of sunshine between 8 p.m. and 7 a.m. [#] 0.008 (5) 7.29 0.046 15.88
Mean global radiation between 8 p.m. and 7 a.mppim?] 0.010 (6) 9.19 -0.029 -12.30
No. of hours with mean temperatures > 10°C withoh[#] 0.007 (7) 6.82 0.069 10.03
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Simple logistic regression analysis between metegical parameters and days with and
without migratory events served to test predictmables one-by-one. In autumn and spring,
58 out of 82 and, respectively, 31 out of 41 priedtiwariables were significantly associated
with days, on which one or more cereal aphids pdéicies) were found in suction traps. In
both seasons, predictor variables based on tenuperawind-speed, global radiation, and
duration of sunshine were most frequently assatiateéh the binary response variable,
whereas only a few significant predictor varialdesonged to parameters like precipitation (3
in autumn, 5 in spring) and relative humidity (Odad, respectively). However, significant
predictor variables showed the same trend likealineegression analyses (see previous
paragraph), i.e. migration became more likely mhperatures, global radiation, and hours
with sunshine increased, or if precipitation, nelahumidity, and wind speed decreased.

Development of models for migration

According to linear discriminant analyses, the fvedictor variables “mean wind speed
between 10 a.m. and 4 p.m.” and “numbers of houtfs temperature 12°C between 9 a.m.
and 5 p.m.” were most important to characterisagation day (i.e. a day with one and more
migrating aphids; modet1 aphid flies”) in autumn (from September"2® November %)
as indicated with high partial R2- and F-valuesh(14). Concerning the modet‘“4 aphids
fly”, the predictor variable “number of hours withind speed < 1.7 m per sec (between 9 a.m.
and 5 p.m.)” provided the highest explanatory powdre partial R2- and F-value of other
predictor variables were of minor importance (T&p.Similarly, the first predictor variables
(“number of hours with wind speed < 1.7 m per seeasured between 9 a.m. and 5 p.m.”)
implemented in the model=*10 aphids fly” showed highest partial R2- and Fues]
distinctly higher than the three subsequently ectgredictor variables (Tab. 4). All selected
predictor variables from each of the final modelsTab. 4 (according to best model fit from
linear discriminant analyses) showed an averagarsducanonical correlation coefficient of
0.245, 0.222, and 0.155, respectively, indicatimgt the model had a moderately predictive
value.

In spring (from May I to June 9), the model £ 1 species flies” included the two
predictor variables “number of hours with wind sgpheel.7 m per sec within four days” and
“duration of sunshine” (both measured between 8 ama 7 p.m.), which were of major
importance (highest partial R?- and F-values) ampared with subsequently entered
predictor variables (Tab. 5). When only the migmatevents ofS. avenaeand M. dirhodum

were considered together (mod@.‘avenaeand M. dirhodumfly”), the predictor variable
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“number of hours with wind speed < 1.7 m per sethiwithree days (measured between 8
a.m. and 7 p.m.)” provided the highest explanapmyer (Tab. 5). Concerning the migration
events ofR. padisolely (model R. padiflies”), no clear pattern of important predictor
variables resulted, because all entered variabdtesved similar partial R2- and F-values
(Tab. 5). Selected predictor variables from theeHhinal models for spring migration (Tab. 5)
showed an average squared canonical correlatiofficcest of 0.097, 0.108, and 0.066,

respectively. Therefore, the models had low predictalues.

Examples of forecasting models

The following example (independent datasets) sigecithe meteorological parameter

values at Géttingen on October™8004 (and, if needed, of the previous days) ferttiree

models:
1. Mean precipitation between 10 a.m. and 4 pmm)]
2. Mean wind speed between 10 a.m. and 4 p.nmpejns] 2.1
3. No. of hours with temperatures 5°C within 1 d [#] 0
4. No. of hours with temperatured2°C within 1 d [#] 5
5. No. of hours without precipitation within Z# 15
6. No. of hours with relative humidity70% within 1 d [#] 8
7. No. of hours with relative humidity70% within 4 d [#] 23
8. No. of hours with wind speed < 1.7 m per séhiw 1 d [#] 3
9. No. of hours with wind speedl.7 m per sec within 8 d [#] 50
10. No. of hours with global radiation < 300 W pex within 4 d [#] 30
11. No. of hours with global radiatian300 W per m2 within 8 d [#] 15

Using these values of predictor variables and treesponding coefficients from Tab. 4, the
linear discriminant functions of the three modekssuited in the following values:
Z:> 1 aphid flies’= +1.2, Z> 4 aphid iy’ = +0.4, andz 10 aphid iy> = -0.4, respectively. The positive
values ofz for the first two models indicated that both chiesised October 28 2004 as
“migration day”, while the last modek*10 aphids fly” did not. However, 15 cereal aphids
were caught in the suction trap at Gottingen oh dlag. Hence, the prediction of modetsT

aphid flies” and 2 4 aphids fly” were true, but the mode&l 10 aphids fly” failed.

Concerning the forecasting models in spring, ddtdume %' 2006 (including information
from the previous days) at Poppenburg was used axample (independent datasets). On

that day, the following parameter values were regubby the weather station of Poppenburg:
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1. Duration of sunshine between 8 p.m. and 7 g¢m. 0
2. Mean global radiation between 8 p.m. and 7. fivnper m?] 109.3
3. No. of hours with mean temperatuees0°C within 1 d [#] 8
4. No. of hours with mean temperatuees0°C within 2 d [#] 20
5. No. of hours with mean temperatuees0°C within 4 d [#] 48
6. No. of hours with mean temperatuzes®C within 8 d [#] 126
7. No. of hours without precipitation within g# 112
8. No. of hours with relative humidity70% within 4 d [#] 43
9. No. of hours with wind speed < 1.7 m per sébiw 1 d [#] 13
10. No. of hours with wind speed < 1.7 m per sebiwi3 d [#] 30
11. No. of hours with wind speed < 1.7 m per setiwi8 d [#] 66
12. No. of hours with global radiatian350 W per m2 within 4 d [#] 12

Using these values of the predictor variables &edconnected coefficients from Tab. 5, the
linear discriminant functions of the three modekssuited in the following values:
Z:> 1 species fies= 16.8,Z's. avenaandM. dithodumfly = -0.6, andzr. padifies’ = +12.4, respectively. The
positive values of indicated that one or more aphid species as wdhdividuals ofR. padi
were predicted on that day, while for the model &venaandM. dirhodumfly” the value is

< 0. On June32006, only six individuals oR. padiwere caught in the suction trap. Hence,

the prediction of all models was true.

Validation of models

Tab. 6 specifies the validation results of différenodels according to the various
validation methods. In contrast to the validatiathvindependent datasets not included in the
model parameterisation, the empirical and the cobassification methods showed similar
fractions in all models. Using both methods, lovirarctions of true compared with false
classifications resulted in all models, indicatimgderately low model performances. False
positive and false negative fractions were similarempirical and cross classification
methods for the modek“4 aphids fly”. For the same methods, the fractiohpositive (i.e.
true and false positive) classifications were ngarone in the modelsS: avenaeand
M. dirhodumfly” and “R. padiflies”. The validation of all models on datasets$ used for the
parameterisation (i.e. independent data) showelkehifjactions of true compared with false
classifications, indicating high model performanéecording to this method, the models

“R. padiflies” and = 1 aphid flies” showed the highest predictive valiee. 81% and 76%
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true classifications, respectively), whereas thveelst model performance was obtained from

the model S. avena@andM. dirhodumfly” (i.e. 33% true classifications).

Tab. 6: Validation results (i.e. numbers of truesipee TP, false positive FP, false negative
FN, and true negative TN cases) and mean posterairabilities Pyy1); On occurrence of
days with (1) migration) specified according tofeliént validation methods (empirical, cross
classification, and independent data methods) hedrodels & 1 aphid flies”, = 4 aphids
fly”, “= 10 aphids fly”, = 1 species flies”, S. avenaeand M. dirhodumfly”, and “R. padi
flies”).

Model Validation method  n TP FN FP TN Pra1)

“>1 aphid flies”  Empirical method 795 123 462 111 99 0.680.014
Cross classification 795 99 486 118 92 0.680.012

Independent data 164 51 28 11 74 .
“> 4 aphids fly” Empirical method 795 116 247 272 160 0.47+0.009

Cross classification 795 113 250 285 147  0.460.008

Independent data 164 65 42 15 42

“>10 aphids fly”  Empirical method 795 130 79 486 100  0.2%0.007
Cross classification 795 130 79 498 88 0.2¥0.006

Independent data 164 84 17 28 35 :
“> 1 species flies” Empirical method 1273 194 523 261 295  0.580.005
Cross classification 1273 186 531 272 284  0.580.005

Independent data 226 60 54 3 109 .
“S. avenaand Empirical method 1273 222 9 1021 21 0.180.004
M. dirhodumfly” Cross classification 1273 219 12 1021 21 0.1¥0.004

Independent data 226 40 0 151 35 :
“R. padiflies” Empirical method 1273 465 46 701 61 0.380.006

Cross classification 1273 460 51 709 53 0.3¥0.003

Independent data 226 124 44 0 58

n = basic sample size (i.e. numbers of day withwaitldout migration)

The mean posterior probabilitiegpg1)) on occurrence of days with migration were
specified for empirical and cross classificationtimoels. However, the values did not differ
significantly from each other in both methods (Tép.

The results from ROC analyses are given in Fign@ & for the different models in
autumn and spring, respectively. With an increagiimgshold limit of migrating aphid species
from O to 200 in autumn and from O to 90 in spritigg FP fractions (i.e. the model
specificities) decreased as well as the TP frast{@e. the model sensitivities). However, the
different models show a varying range of valuesictviiorm the ROC curves. Following the
curves, the models>*1 aphid flies” (in autumn) andS: avenaeand M. dirhodumfly” (in
spring) showed the highest specificity and serigptiv.e. best model performances with the

highest prediction potential (Fig. 2 and 3).
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Discussion

Influencing variables

Our primary aim was to develop models with prattagplication to forecast migration
events in autumn and spring. The different stafstitechniques used to describe the
influences of meteorological parameters on aphightl behaviour in autumn and spring
showed consistently that temperature, global remiatand wind speed are of major
significance (Tab. 2 to 5). This is in broad confance with reports from literature (Haine,
1955; Robert, 1987; Kennedy, 1990; Bottenberg &inrwi991; Nottingham et al., 1991;
Malloch et al., 2006). It is noteworthy that pratagon and relative humidity are of lower
importance compared to other the meteorologicarpaters mentioned above (Tab. 4 and 5).
The precipitation-based predictor variables fornegke differ frequently and largely between
neighbouring sites and measured mean values fraaheestations do not readily reflect the
very locally situation (data not shown). This igtmalarly true in the case for strong rain
events, since they commonly last only a short timghin a given day (Giesecke, 1983;
Hackel, 2005; H. Friesland, pers. comm.). Subsettyjaminged aphids may take-off before,
or may arise from sites not affected by rain. Hoavregtudying the effect of precipitation on
apterousS. avenaender controlled conditions, precipitation was mianportant than wind in
determining distances travelled (Mann et al., 198&%)reover, wingless aphids frequently fell
off tillers, when drops pelted an aphid directlyhot the plant, jarring the aphid from that
plant (Zuniga, 1985). The prevailing confusion atiofluences of relative humidity on flight
activity (Rautapda, 1979; Leather, 1985, Taylor8@)9was corroborated by our results
(Tab. 4 and 5).

The most striking results from modelling migratiewents in autumn and spring were the
strong influence ofvind speedbn aphid flight behaviour. Predictor variables lihsa that
meteorological parameter were always entered hrgartodels in the first place, except for the
model ‘R. padiflies” (Tab.4 and 5). In general, with higher dirspeeds fewer aphids
occurred in suction traps. Moreover, the standaddefficients of that first entered variable
showed similar absolute values among the modelsgifrg from 15.88 to 19.01; Tab. 4
and 5). According to the linear discriminant analsthe first variable included in a model
always carried the highest weight of determinatiamich is therefore most significant
concerning the model performances (Fischer, 193@; & Clark, 1999). In contrast the last
predictor variable entered into a given model rggigly influences the response variable, and

cannot always be interpreted logically, but refidtte best mathematical approximation (Afifi
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& Clark, 1999). For example, the mode&l 4 aphids fly” included in step number four (of
five) the predictor variable “number of hours wtdmperatureg 15°C (measured between
9 a.m. and 5 p.m.)” with a negative sign (Tab.™jerefore, the higher the numbers of hours
with temperatures 15°C, the lower the number of cereal aphids caughtiction traps. This
is in contradiction to the temperature-based ptedicariable entered in step 2 in the same
model (similar examples in Tab. 4 and 5) as welioasther studies (Harrington et al., 1990;
Veenker et al., 1998). Cereal aphids are rathekhydbying insects, unable to control their
flights when wind speeds rise up to more than 1%emsec (Bottenberg & Irwin, 1992a, b).
Many abiotic processes can account for depositioaphids, including the subsidence of
convection currents, turbulence, and precipitatigsard & Gage, 2001). However, if
meteorological conditions permit, a preference dbghting in agricultural fields has been
observed (A'Brook, 1968; Fereres et al., 1999)art{eindicating that visual cues to land are
not random (Fereres et al., 1999). Bailey et &#98) found that under controlled conditions,
wind proved to be the major physical disturbaneg ggnificantly altered dispersal patterns
of R. padj which is supported by other studies (Frieslar®941 Annan et al., 1999). Hence,
the wind speed - based predictor variables weréetly involved in the different migration
models.

Global radiation and duration of sunshine, two meteorological patarse highly
correlated (data not shown), were frequently ingdlin the different models, too (Tab. 4 and
5). Light intensity was shown to affect the likeldd of aphid’s take-off, with few species
ever initiating flight in the absence of light (Roh 1987). Light intensity, expressed e.g. in
global radiation or duration of sunshine, is notyoof major importance for the migration
(sensu stricth) when the aphids are just flying to an UV ligbusce (Loxdale et al., 1993),
but it is also significant for orientation (seekiagt contrasts or colours) and for host location
during dispersal flights (Antignus et al., 1998ydtes et al., 1999). Moreover, it is a further
explanation, of why cereal aphids have been foonatimarily fly during the light hours of a
given day (Nottingham et al., 1991, Isard & Irwir§96).

Wiktelius (1981) definedtemperaturethresholds, which will inhibit aphid take-off,
although these temperatures were found to varyiepeand morph specific. The lower
threshold for most species varies between 13 af@,M@hile the upper threshold is generally
around 31°C (Johnson & Taylor, 1957; Jensen & Walli965; Walters & Dixon 1984).
Friesland (1994) characterised the combined canditfor cereal aphid flight as follows: On
days with maximal temperatures lower than 14°C stnohg winds (>1.5 m per sec), cereal

aphids will not fly. On the contrary, conditions lmfjh temperatures and windless represent
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optimal conditions for flight activity (Friesland994). However, our studies indicate that the
reality is much more complex, because winged cemphids were even caught in suction
traps when wind speed was high (> 6 m per sec) tamperature low (< 8°C; data not

shown). Therefore, a clear-cut distinction betwpassive physical-based drift and arbitrary

or volitional take-off is not possible.

Performances of models

The model 2 1 aphid flies" gave best validation results (ingleglent datasets) compared
with other autumnal models. Forecasting relativalge amounts of migrating cereal aphids
(“=10 aphids fly") seems to be more difficult (thamadl amounts: 21 aphid flies").
Possibly the large amounts of flying aphids are amtlirectly dependent on meteorological
conditions as compared to other models. One refgothis might be that even under best
conditions for migration, the amount of aphids setm fly must have been developed before
(Dixon & Kindlmann, 1999). If local populations dwt consist of high numbers of winged
cereal aphids ready to fly, thresholds of more th@naphids cannot be exceeded in the
suction traps. Generally, aphids are aggregatedwiely spread in the fields and show
polymorphism and polyphenism (Dixon, 1998). Rapptgo Freier (2001) found that the
age- and morph-structures of aphids are of minpomance for cereal aphid decision support
systems, because a multitude of morphs (includilagg@) are available at any time (in
autumn and spring). Therefore, the likelihood (agiven day) is higher that at least one aphid
will be in a behaviour mood to take-off and subsadly caught in suction trap (correctly
classified with the model'1 aphid flies”), as compared to larger amountsl{®/&a & Dixon,
1984).

The spring modelR. padiflies” is different from all other models in seaémways. All
seven predictor variables contribute about simtl@efficients of determination (partial R?),
and the standardised coefficients are equal (TabS6rprisingly, this was more or less
independent from the calculation step, when a gw&dictor variable was entered into the
model. Moreover, the algebraic sign changed witarg\predictor variable, as well as the
logical sense of each predictor variable confornvirittp or adverse to knowledge from earlier
analyses (Tab. 2 and 3) or studies (Nottinghanl.,eif91; Loxdale et al., 1993; Isard &
Irwin, 1996). However, the validation with indepemd datasets showed in 81% of all spring
days, accurate prediction of cereal aphid migratiimerefore, the modelR. padiflies” is

doubtless a superior model and the best one intaematical way. However, a convincing
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interpretation of all included predictor variablf$ecting the migration is not possible (Afifi
& Clark, 1999).

Comparisons of statistical methods

The use of the appropriate statistical assumptipres distribution assumptions of
response variables) is discussed, because cefadsappear highly aggregated in fields or
suction traps (Feng & Nowierski; 1992; Sutherla?@06). Some authors pointed out that the
use of log-aphid counts and normal distributiorwbrs in statistical analyses is preferable to
the use of generalized linear models with a PoissoiNegative Binomial distribution of
errors in statistical analyses (McCullagh & NeldE989). This is because cereal aphids may
differ significantly not only from the Poisson ougsi-Poisson distribution, but also from the
Negative Binomial distribution (Ekbom, 1985, 19&rebs, 1989). The first distributions
describe random distribution patterns, whereas l|#teer is commonly used to assess
population densities, where the distributions aggregated (Elliott & Kieckhefer, 1986;
Elliott etal., 1990). Appropriate assumptions ophid distributions are important to
determine sample sizes for aphid density estimation the field (Jarosik et al., 2003;
Sutherland, 2006). The confusion about the appaitgprassumption of distribution was the
reason for the combined analyses in Tab. 2. Howekierresulting predictor variables were
similarly concerning the frequencies of entriesh(T2) and the significance levels (data not
shown).

Using suction trap data, we have estimated theatayr intensity, reflecting the potential
immigration in cereals, for a given day in autunmd &pring. Although the methodology is
not direct, because field evaluations (e.g. visoaunting) during the early time of
immigration is much too laborious (due to the hgagmple sizes needed for reliable data;
Jarosik et al., 2003; Sutherland, 2006), fixed isnctrap catches reflect the infestation
intensity and early phase of population build-ugha field (Fig. 1; Harrington et al., 1990;
Veenker et al., 1998; Harrington et al., 2004). &bwer, suction trap catches can indicate
reliably changes in abundances of aphid speciegdeet case studies.

Several predictor variables were found to be inediin the models contradictory to
previous analyses (i.e. compare Tab. 2 and 3 waitn 7 and 5), or to other studies (Taylor,
1986; Loxdale et al., 1993; Isard & Gage, 2001 )plEmation may be the statistical tests and
constraints used. The models were constructed malgs®ed with multivariate techniques. As
with any stepwise procedures, many significances tase performed (each at a level of e.g.
o = 5%), hence the overall probability of rejectiaigleast one true null hypothesis is much

larger than 5%. To prevent the inclusion of anydmt®r variable that will not improve to the
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discriminatory power of the model, a very smallngiigance level should be specified. In
most applications, all predictor variables consdehave some (but often only very small)
discriminatory power (Tab.4 and 5). To choose thedel that provides the best
discrimination, it is necessary to guard againdimeging more parameters than can be
reliably estimated with the given samples sizef(&fiClark, 1999; Sachs, 1999; Binns et al.,
2000). Therefore, Costanza & Afifi (1979) used Mo@arlo studies to compare alternative
stopping rules that can be used with the forwarctien methods in the two-group
multivariate normal classification problem. Theyncluded that the use of a moderate
significance level, in the range of 10 to 30%, offeerforms better than the use of a much
larger or a much smaller significance level. In studies, the significance level was set at
o = 5% for all statistical analyses, including theelr discriminant analysis. Subsequently,
we have to point out that selected predictor véemlare possibly error-prone according to
that conservative puzzling significance level. Muwer, this process may also have
contributed to the changing algebraic sign of teleced predictor variables in the model
“R. padiflies” (Tab. 5), and it may be responsible for tinelusion of several predictor
variables in last entry steps of linear discriminamalyses (all models), where we cannot give
any convincing interpretation (Tab. 5 and 6; A&fiClark, 1999).

Density effects

The non-growing periods, when plant growth is nuggible due to low temperatures (i.e.
in winter) or, when winter wheat and winter bartegve already been harvested (i.e. on large
areas in late summer), have an outsized effech@mpopulation of cereal aphids. Sequeira &
Dixon (1997) argued that density-dependent prosessting within years regulate aphid
population density, which is reflected in the y&aear changes in overall abundances.
Some results suggest curvilinear density dependemgth strong density-dependent
regulation at low densities and weak at high desssi(Jarosik & Dixon, 1999; Bommarco
et al., 2007). Duration of wintertime and the ctdthperatures in temperate climate have been
frequently associated with reductions in cerealigghmainly for anholocyclic, but also for
holocyclic lineages (Dean, 1974; Leather, 1980,319edryver & Gelle, 1982). A further
explanation of missing correlations between autuamad subsequent spring population
densities may be based on a missing relation betaegimnal flight activities and successful
deposition of winter eggs (Leather, 1983; Veenk800).

Concerning the situation in summer, mainly the abseof attractive host plants (e.qg.
large crop stands of winter wheat, winter barley, noaize) were associated with low

population levels and low numbers of cereal aplmdsuction trap catches (Taylor, 1986;
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Agrawal et al., 2004; Vialatte et al., 2005; Bomamaret al., 2007). Although long time
periods were considered in our study and datatstreievas simplified, only one significant
positive dependency was directly detected (i.e.Ropad). As rare as every sixth year,
significant higher aerial populations Bf. padiin spring have been reported, when a lot of
R. padiindividuals were also caught in the suction trapshe previous autumn. For other
cereal aphid species and for all field data no stminelations were detected. Between the
seasons, a lot of factors might be involved, aifectereal aphid performance, which are not
clearly defined or modelled (Leather, 1983; Bommagtal., 2007). The effects of the non-
growing periods (i.e. winter and summer) on tharmgpand autumnal population levels as
well as the typical flight phenology pattern (Hukbdal., 1994) needed therefore further
analyses in order to extend forecasting modelsarinoy the amount of aphids available for

immigration and early population development iruau and spring.

Multitude of factors influencing migration

Recapitulating, presented results of suction trapd field evaluations showed that
accurate and specific modelling of migration (imraigon) during the early population
development (before flowering of winter wheat) undee vagaries of weather and of
physiological and historical aphid priming is séilchallenge. The models were heterogeneous
in validation results (Tab. 6; Fig. 2 and 3). Canagg the ROC curves in Fig. 1, the model
“> 1 aphid flies* performed better as compared tontloelel ‘= 10 aphids fly“. The closeness
of the latter curve to the bisection line showd thia perhaps need other predictor variables
(e.g. based on biotic factors) in order to obtalretier discriminative models. However, is not
appropriate for interpretation to stick only to ookthe several validation methods used.
Therefore, we can state that the models showedalby@yor to moderate predictive values
(Tab. 6; Fig. 2 and 3). Insufficiency of migrationodels may be primarily based on the
absence of important biotic factors incorporatedl. @dassifications concerning the life
history, the physical and behavioural state of @pliaught in suction traps might help to
estimate, if individual cereal aphids would have potential to establish in field crops and
subsequently might build-up populations. Howevkeeytwere not available in the datasets
and therefore, we focused on abiotic factors ferrttodel build-up. Moreover, it seems to be
quite unrealistic that the user may ever obtaima datime, which are based on biotic factors
(Loxdale et al., 1993; Hullé et al., 1994, 1996rrieton et al., 2004).

In the following, several examples will elucidateat migration of aphids is a very
complex subject and that the flight phenology diidp results from a number of abiotic and

biotic factors (e.g. development rate, natural @eepquality and phenology of host plants,
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behavioural responses, readiness to take-off, miaming the flight or physiological
exhaustion (i.e. glycogen and fats reserve), asdaialighting cues.

Loxdale et al. (1993) found that after mean flightration of 6.8 hours, the fat bodies
were reduced by 50% . fabae However, fecundity was not reduced, if a suitgidat was
found and the aphidsnded well before symptoms of fatigue decreasedctintrol over its
flight (Loxdale et al., 1993). The longer the fligHasted, the higher the readiness to settle
down and to probe was observed (Dixon, 1998; Hgtoim et al., 2004).

However, the migration may depend on further infation including the life history or
the size of a given aphid. Cereal aphids landinguction traps might therefore be further
distinguished into migrants and “dispersers” (diets”). The first usually fly before offspring
is deposited whereas the latter ones fly also aftepring was deposited. These factors are of
great concern, and it would be advantageous tanaités additional information, because
aphids have only a “one-way ticket®, and the m&ofe.g. 99.4% of autumnal, gymnoparae
R. pad) will not reach a suitable host plant (i.e. theody winter host; Ward et al., 1998).
Although an aphid can be blown off its host plandl arried into the atmosphere, it rarely
moves horizontally beyond the scale of neighboufielgls during a dispersal flight (Loxdale
et al., 1993; Isard & Gage, 2001). The angle ofigflght trajectories is physiologically
regulated by the age of the aphid at take-off. Withday of becoming adult, wing@&d padi
leave the plants at a mean angle of 34° above didakin spring, whereas the angle is only
half after two to three days (Isard & Irwin, 1996ard & Gage, 2001). The authors further
conclude that combined with the wind profile at timee of take-off, predictions can possibly
be made about the success of alatae of differeed agd of their trajectories in enabling
ascent into the planetary boundary layer, whiclegan depth from 0.3 (e.g. at night) to 3 km
(e.g. during the day).

The genetic determination of the different life@/dineages has been reported (Simon
et al., 1991; 1996a) as well as the possibilitdétect infection potential of individual aphids
charged with viral disease (e.g. BYDV; Foster et2004; Dedryver et al., 2005). Infestation
levels of winter cereals can be considered moraildd{ taking this information into account.
Moreover, enormous Vvariability among and within idphblones is partly responsible for
frittered migration events (e.g. M. dirhodun) observed with suction trap catches (Taylor,
1986; Nottingham et al., 1991).

The above mentioned biotic influences on migratwa frequently not available e.qg.
from suction trap catches. Moreover, it seems tadbatively unrealistic from a practical

point of view that they will be available for usertsany time.
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In summer, mono- or bi-phase flight activities pkty prevail according to the actual
light and temperature conditions. During autumn @adly spring, however, mono flight
activities were frequently found (data not showiif)erefore, focussing on the light hours of a
given day was straightforward for the model corddtam. Previous results from linear
regression analyses between numbers of aphids atiosutraps and meteorological
parameters vyielded only low R2?-values (data notwsho Unfortunately, the minor
coefficients for determination (R2<0.21) are inguént for very detailed prediction of
migratory events based on abiotic factors. Theegfate subsequently applied the technique
of linear discriminant analyses to describe dayth wind without aphids caught in suction
traps. Only this binary simplification was straifgintvard to clarify the influencing abiotic
parameters and to build-up the models.

In general, the most important problems in modgllaphid and antagonist population
dynamics have to do with describing the coursenohigration and estimation of mortality
rates (survival, which is influenced by severaliafales; Gosselke et al., 2001). In regard to
immigration, detailed quantitative forecasts abitngt numbers of aphids migrating during a
certain period of time, is not possible so far. lger, using our forecasting models,
suggestions about certain days can be made, ifatiogr (e.g. immigration) and subsequent
settlement of cereal aphids is possible. But byptog our models with other existing models
like SIMLAUS (Kleinhenz, 1994) and GETLAUSOl1l (Gokse etal., 2001) or models
forecasting the gradation of cereal aphids (chapfemore detailed suggestions about the
amount of migration might be possible.

Warning schemes and decision support systems aedban several components,
including monitoring. This involves sampling the speeither outside the crop (at
overwintering sites or while they are dispersingpo the crop. Field advisers or farmers can
perform monitoring; however, to be successful, ilhset to be monitored must prevail in the
crop. Often, during the early development of wintdreat after wintertime, the number of
cereal aphids is very low (Jarosik et al., 2003) #oe timing of arrival of cereal aphids is of
major importance (Harrington, et al., 1990). Ourdels may therefore help to identify days,
on which cereal aphids have entered the fieldss&ylently, the monitoring may be more

efficiently performed.

Conclusions

The allocation of case studies, the simplificatddrata structure (due to classification of
days with and without a certain number of migratapids), and the consideration of light-
hours of a day (hourly values) offered the positybib develop models which identify days
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with migration potential. For the first time we laestablished models which predict the
probability of migration events of cereal aphidsheut labour intensive counting of aphids or
assessing of start values. Our developed modeks $teawn that it is possible to identify days
on which a certain number of species fly. Thesealtesre very valuable for extensions of
detailed population models and for application inmoring systems. The models for
migration do not replace suction traps. Howeveeytprovide important support tools for
estimations of aphid migration events, especiallythose regions where no suction trap

catches are available.
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Abstract

Host-alternating aphids regularly shift from winter summer hosts in spring and from
summer to winter hosts in autumn, and this shiftassociated with a switch from
parthenogenetic to sexual reproduction (holocytife cycle). However, many of these
species show some populations that do not hosnate and overwinter on summer hosts as
parthenogenetic lineages (anholocyclic life cyckew studies are available concerning the
importance (e.g. contribution) of proximity betweewsinter and summer hosts for
understanding immigration and early population dmwaent of host-alternating aphid
species in winter cereals. Population density deg@ece on large- and small-scales may
regulate population growth, which is particularlavant for control of cereal aphids. In
large-scale experiments in climatically differemr@ecosystems in Germany, numbers of
winter hosts and counts of two host-alternatingidm@pecies Rhopalosiphum padand
Metopolophium dirhoduinn winter wheat and winter barley fields were lgsad from 2004
to 2006 using different statistical techniques.n8igant trends were observed with higher
numbers of winter hosts in landscapes associatéd higher counts ofR. padi and
M. dirhodumin the fields. For small-scale experiments, wintbeat fields adjacent to a large
hedge with several winter hosts were used to inyast the direct influence of distances
between winter and summer hosts. In the first tdarsubplots with different distances to the
hedge (@: 0-8 m, B: 8-24 m, B: 24-60 m) significantly higher counts Bf padiwere found
in the wheat fields according to weekly evaluafimm May to end of July each year. Unlike
other cereal aphids (i.eM. dirhodumor S. avenag R. padishowed the strongest density
dependence in the first 12 m next to its winterthb®vements oR. padipopulations from

winter to summer hosts were tracked by genotypiniggad individuals at several



Chapter 4: The importance of proximity between efirdnd summer hosts 123

microsatellite markers. Adjacent winter hos&unus paduswere a low source dR. padi
colonizers of wheat fields across the whole colatm@n period. This was globally true
whatever the distance between hgadudrees and the subplots.

Introduction

Besides weather conditions, the extent of cerelaidapnmigration and early population
development in winter cereals such as wheat arldybean be influenced on the one hand by
the availability, the amount, and the spatial dsiiion of host plants within a given
landscape (Leather et al., 1989; Dixon, 1998; Bonsmat al., 2007). On the other hand, it is
believed that landscape diversity plays a fundaalemie in influencing aphid population
dynamics by the impact of specialized and polyphagaphid antagonists. Homogeneous,
“cleared” landscapes with high proportions of agatvionocultures (fields) frequently suffer
from low bio-diversity (Pickett & Cadenasso, 19%%lis et al., 1997; Thies & Tscharntke,
1999; Thies et al., 2003, 2005), especially fromlttk of woody, winter host plants of cereal
aphids.Prunus padud.. andRosaspecies (e.gRosa canind.., R. rugosal..) are winter hosts
of Rhopalosiphum padi. and Metopolophium dirhodunwalker, respectively. Both aphid
species represent together waiiobion avena&abricius, a species restricted to Poaceae, the
most important pests of winter wheat and winterldyain central and western Europe
(Rabbinge & Vereijken 1979; Basedow et al., 19%).three aphid species can reproduce
both asexually and sexually, with several parthenetjc generations between each period of
sexual reproduction. In host-alternating cerealdppecies such &. padiandM. dirhodum
sexual reproduction and egg production occur orspeeific winter hosts, where&s avenae
reproduces asexually and sexually (winter eggs)goasses. However, loss of sexual
reproduction is achieved by specialized lineagesheke three cereal aphid species that
attempt to overwinter parthenogenetically on Poadeasts. This is regularly observed in
regions with warm winter climate (e.g. maritimenadite), whereas in winter cold areas
(continental climate) the sexual overwintering ismdnating, because of the higher frost
resistance of the winter eggs. Parthenogenetioviohahls have very short developmental
times and potentially prodigious rates of increaf®mjouring fast population build-up
especially after wintertime (Kindlmann & Dixon, 188Dixon, 1992). Both types of lineages
(i.,e. lineages with sexual overwintering as eggs vath asexual overwintering as
parthenogenetic mobile individuals) have been sheowmliffer genetically (Simon et al.,

19964, b; Simon et al., 1999). However, little iWwn on the actual contribution of both



Chapter 4: The importance of proximity between efirdnd summer hosts 124

forms to the population dynamics on the summersh@@sreals). Important information such
as the relation of the frequency of available wint®st plants in different structured
landscapes with the intensity of crop immigrationgesses and early population build-up is
scarce. Individuals first colonising the crops cblbve come from local or remote origins, as
winged cereal aphids are able to disperse over dlistgnces (Robert, 1987; Loxdahle et al.,
1993; Simon et al., 1999; Loxdale & Lushai, 2001lewellyn et al., 2003). Leather et al.
(1989) first postulated that the abundanc® opaduss a substantial factor of the population
dynamics ofR. padiin Finland and Sweden, where padiis largely holocyclic. There, larger
numbers of winter hosts coincide with a predomieant holocyclicR. padi populations.
Rogerson (1947) and Basedow (1980) observed irmerrtEurope that cereal fields in the
vicinity of P. padustrees supported largdR. padi populations than elsewhere. In central
Germany, numbers of winter hosts are fewer and mmuobke spatially scattered. Several
anholocylic populations oR. padiwere regularly observed to initiate the overwiimgron
gramineous host plants (Kleinhenz, 1994) but coatgardata on the relation of winter hosts
and summer development are missing. Concervindirhodum nothing is known about the
contribution of winter host frequency to migratiand early population development. Studies
investigating the relative importance of distanbesveen winter and summer hosts of cereal
aphids should consider large-scale as well as ssnalé influencing events (Winder et al.,
2005). Furthermore, apart from distance to anditeaswinter hosts as a key factor for crop
immigration in spring, the importance of regionahdiscape structure and diversity pattern
was shown to influence cereal aphid dynamics, srai physical effects (such as wind
exposure) or the control by natural enemies (A’BraP68; Schultz et al., 1985; Kenney &
Chapman, 1988; Bottenberg & Irwin, 1991, 1992a;dRewitz et al., 2005; Tscharntke et al.,
2005). Large populations of natural enemies of aleaphid may therefore adversely affect
the early population build-up in cereals. Predatoits have been developed by Freier et al.
(1997a) in order to consider a suitable approachh® evaluation of cereal aphid’s predator
community. Thereby, it is possible to study numedriesponse and aphid infestation-reducing
effects of predators in winter wheat and winterda(Freier & Triltsch, 1996; Freier et al.,
1998; Freier et al., 2001).

Studying the importance of winter host pattern, th&or drawback is that it is very
difficult to trace the migration of aphids from weémn to summer hosts. Suction traps (e.g.
Rothamsted-type, MaCaulay et al., 1988) - on theltend - do not provide insights detailed
enough to relate the direct effects of winter hastsmmigration potential into summer hosts,

because aphid catches in suction traps can nditheglated to migration or dispersal modes
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nor to distinct sources (Taylor, 1986). On the otiend, the same problem is observed using
field counts at small spatial scales, because threyide more or less static snapshots
depending on frequency and amount of tillers ewatliaMolecular markers are very useful
tools for examining insect movement along with otheological parameters (Loxdale, 2001).
They have been frequently applied as indirect measaf population divergence allowing
assessment of gene flow, movement, and host ppantes (DeBarro et al., 1995a, b).

In this work, we examined the relative importandepooximity between winter and
summer hosts of cereal aphids under large-sca#)@m; nine locations in Germany) and
small-scale (< 500 m; one detailed field study)dfieonditions. We hypothesize that winter
hosts adjacent to winter wheat and winter barleldé may favour the crop immigration of
host-alternating aphid species and their early [adjoun build-up on the summer host (1).
Moreover, we hypothesize that the density of wiests is related to immigration intensity
on a landscape level and so we regarded the nundfecereal aphid antagonists and
discussed their possible influence on early popnabuild-up (2). Finally, in order to assess
the contribution of winter hosts as a source ofeakaphid colonizers, we analysed the
genotypic composition of populationsRf padion severaP. padusand on an adjacent wheat

field sampled at increasing distances from wintesté (3).

Materials and Methods

Large-scale experiments

Field data on cereal aphid and antagonist densitexe obtained from nine locations in
Germany with considerably different agro-ecologizahes (Fig. 1). All evaluations were
performed in two-ha large, insecticide-free “winddvin fields of winter wheat and winter
barley during the vegetation periods 2004 to 2086&l(ding wintertime from January to
March), with special consideration of three sangpldates in June (beginning, mid, and end
of June at growth stages (GS) 51, 65 and 73, raspBg. On each evaluation date, the
numbers of the three most important cereal aphidsS. avenagM. dirhodumandR. pad)
and their antagonists were counted visually (pler tor plant) on 300 to 8,000 tillers (density
dependent transects sampling) or by means of alensbction sampler (Veenker & Ulber,
2004). GS of the crops were evaluated at each dicnerding to the mean of 20 tillers or 10
plants. The location of each field was chosen Igaréing different landscape types and the
closest proximity to next weather stations (< 20 kioandscape structures and winter hosts of

cereal aphids were mapped within a sector of tkneeadius around each field, comprising
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approximately 28 km2 (Gutsche & Enzian, 2002).his tontext, “sector” is not defined in the
strict mathematically sense as part of a cirgdengu stricty but it specifies a circularly
landscape area. Due to crop rotation, the fielfferdid between the years, but fields from
different years within each sector were locatedeltn each other and to the centre of the
sector. The distribution of the sectors was ch@eaandom without any north-south or east-
west gradient to avoid possible correlations betwémndscape complexities. However,
abiotic factors, e.g. microclimate (derived from temological parameters, see below)
differed among the locations. In each sector, @yliP. padustrees (minimum three meters
height) were counted during flowering (beginninghdy), whereas smaller trees (i.e. new
plantations along routes in East Germany) were eteagcording to their size. At the same
time, the frequency of rosebushes per sector wiamaed and grouped into five categories
(< 100; 100 - 500; 500 - 1,000; 1,000 - 5,000; 608, rosebushes per 28 kmz?; Garve, 1994;
E. Garve, pers. comm.). Datasets of meteorologiaedmeters were available by the German
Weather Service (DWD) and the Information Systetadrated Plant Protection (ISIP).

Small-scale experiments

Small-scale experiments were conducted in cereaddfi near Hiddestorf (Fig. 1)
separated by a large hedge (300<4 m; approx. 20 year old). Three subplots withedight
distances to the hedge (0-8 m, B: 8-24 m, 3: 24-60 m) situated in each winter wheat
field on the west and east side of the hedge wesiiated in 2004. In 2005 (winter barley)
and 2006 (winter wheat) only subplots eastward ftbhenhedge were used. 100 to 300 tillers
per subplot (with 10 or 15 sampling points alongngects) were visually inspected per
evaluation day. On two evaluation dates in 200520@b, more detailed samples were taken
along eight distances from the hedge (each witpecison of 150 tillers). Numbers of cereal
aphids and their antagonists were recorded from kéayuly (based on weekly counts,
converted into individuals per square meter witecegs determination as described in the
previous section). All cereal aphid antagonistsevenmmarised as predator units per m?
according to Freier etal. (1997a). Additionallyvep net catches (sub-sample of 100
sweeps) were taken in fields throughout June tonast the abundances of antagonists.
Inside the hedge, three out of nidrepadudrees and five out of 20 rosebushes were randomly
selected. Overwintering eggs Rf padiwere counted per bud at the end of March (all years
and the population developmentR®f padiandM. dirhodumon their respective winter hosts

was evaluated.
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Fig. 1: Map of Germany showing the collection siteisere case studies were performed
(north arrow is specified). The numbers behind tiocanames specify the number of case
studies per location (i.e. field evaluations in w®mbarley and winter wheat from 2004 to
2006).

Genotypic analysis of R. padi populations on wit@sts and wheat fields

During the emigration episode Bf padithat took place at the end of May-beginning of
June, wingedR. padiindividuals were collected from thrée padustrees (trees no. 5, 6, and
9) within the hedge (see previous section) in Hatlold from different colonies (assuming
that individuals more then 20 cm separated on twagaprise offspring from different clonal
colonies). These winged aphids correspond to emigjraf R. padishifting from winter to
summer hosts (Dixon, 197Ihe tops of the trees (approx. four meters highevexcluded
from sampling. On four evaluation dates in 20061¢J2¢" and 27", July 6" and 18), several
individuals ofR. padiwere collected by hand from winter wheat subp®tsD,, and 3 (see

previous section). To compare field populationsMeen locations, individuals dR. padi
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were also collected from a winter wheat field (as.control plots) near Isernhagen (approx.
60 km north of Hiddestorf) on June"™522' and 24 of the same year. In that location,

winter hosts and hedges close to the field weresings To reduce the risk of sampling

individuals from the same colony repeatedly, aphvese collected from tillers separated by
more than two meters. All samples were ice-coatecbiol boxes and later preserved at -20°C
until further use.

DNA was extracted from individual winged aphids ngsithe salting-out protocol
described by Sunnucks & Hales (1996) and the DNA meguspended in 328 HPLC grade
water. Each aphid was genotyped at four microsttedci. The loci R5.10 and R5.50 were
isolated fromR. padi (Simon et al., 2001), while loci S16b and S17beveolated from
Sitobion miscanthiakahashi (Sunnucks et al., 1996, 1997; Simoh,e1299; Wilson et al.,
1999).

PCR amplifications were carried out in a total vo&iof 7 pl using a DYAD Peltier®
thermocycler with one cycle of 2 min at 94°C, 3%leg of 30 sec at 94°C, 30 sec at 56°C, 60
sec at 72°C and one final elongation step of 2 aid2°C. Reactions containeck MgCl,-
free reaction buffer (Promega), 3.2 mM MgCI00 uM of each dNTP, 1.5 pmol each of the
forward and reverse primer, 0.25 ul of Taq polymmer@Promega), and ca. 50 ng of template
DNA. Fragments were separated on ABI 3130 sequaearcedata were visualized using Gene

Mapper version 3.0 (ABI).

Statistical analyses

Data obtained from large-scale experiments werel tigedetect relationships between
numbers of winter hosts within a location (28 kretter) and population densities on the
summer hosts of the corresponding cereal aphidespdeéirstly, the exact Cochran-Armitage
Trend test (Cochran, 1954; Armitage, 1955; Mehial.et1998; Cytel Cooperation, 2008) was
applied to test for increasing (or positive) redatbetween number of winter hosts and cereals
aphids on summer hosts among the different lanéssagtors. The Cochran-Armitage Trend
test is typically applicable to data of dose-resggomelationships, and tests whether the
success rates of the two populations (i.e. numbkrginter hosts and counts of aphids) are
the same, as against the alternative that thegwadin increasing or decreasing trend (Mehta
et al., 1998). Secondly, three-way analyses of tanee (ANCOVA,; SAS, 2008) were used
to simultaneously analyse the influences of sumhuesst plants (i.e. either winter wheat or
winter barley), percentage of arable land (i.e.vabor below 63%), and microclimate during
migration (i.e. mean temperatures in May aboveatow 12.5°C) on winter host and cereal

aphid densities. As the summer host plant, thesleaqok structure, and the microclimate are
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expected to be of importance for aphid migratidmese parameters were selected as
covariates. Analyses were conducted separatelRfqgradi and M. dirhodumand for each
evaluation date. In all locations and years, migratvas terminated around mid of June (as
checked when winter hosts were free of aphids).cEgethe last evaluation date (end of June)
was not included in the analyses, because othectsf{e.g. natural enemies) more than early
immigration might have biased the direct migratimtgractions between winter and summer
hosts. The interactions between variables werede&iut they were not significant in any
ANOVA analyses and therefore, not mentioned inrdmilts below. Basically, we analyzed
54 case studies (Fig. 1), but due to missing valoely 51 and 50 case studies were used for
evaluation on June’land 1%, respectively.

For small-scale experiments, differences between ttiree distance subplots were
searched for each aphid species and predatorpeiitsvaluation date and year using Tukey-
Kramer test (proc glm, all pairs; SAS, 2008). ldarto quantify the influence of different
distances from the hedge to the field plots, regoesfits (SigmaPlot, 2007) were performed
with data from evaluation dates with increased nemtdif sampling transects (see above).
Each two neighbouring lines of the eight distanwese combined to reduce variability. To
better meet the assumption of a normal distributiortase of count data and percentage
values, the square root(k+0.0001)) and arcsin-square root (arcék) transformations were

performed, respectively.

Analyses of genetic data

Genetic differentiation between samples was caledlay st values and pairwise tests
of population differentiation using the programdtgwersion 2.9.3; Goudet, 2008) (using 1%
as level of significance). This test uses the Gstiato arrange tables after strict Bonferroni
corrections, based on the indicative adjusted pevdbr multiple testing. Gene diversity
(heterozygosity) among individuals within samplesswcalculated using the software
Genepop (version 3.4; Weir & Cockerham, 1984), tgmo diversity was simply determined
by the ratio of the number of the genotypes perpgarand total sample sizes Falues were
calculated with the program Fstat (version 2.9.8u¢t, 2008).

A Bayesian clustering method was also used to whiter the number of optimal
populations (genetic clusters or K) present indataset, to assess the level of differentiation
among populations within and between winter and rmamhosts and to quantify the
contribution of winter hosts as a source Rf padi aphids colonizing wheat fields. The
algorithm implemented in BAPS 4 (Corander et al03® was used to identify the optimal

number of K distinct populations among groups ahgkes. We run the program for K
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ranging from 1 to 29 with ten replicates for eaghidensure that the algorithm had not ended
up with different solutions in separate runs. Wsogberformed an admixture analysis also
implemented in BAPS for assessing individual ceegfits of ancestry with regard to the
inferred clusters of samples. 1,000 iterations wereto estimate admixture coefficients, with

50 reference individuals for each cluster and plicates per individual.

Results

Large-scale experiments

In the majority of case studies, in 2004 no apllawvae or adults) could be found during
wintertime, except in one winter barley field (Itioa Worth), where individuals d&. avenae
were found very early in the year (8.3 adults péom April 8. In that yearS. avenaavas
the most abundant species in all locations. In 28@% 2006, no anholocyclic overwintering
could be detected at all in either locations, Bhddirhodumwas the most abundant species.
First individuals oR. padiwere frequently found in the fields between mi@Qd2) and end of
May (2005, 2006), whereas the first individualsvbfdirhodumarrived a few days later. Over
all case studies, the numbersRfpadifound on June*land 15' showed mean values of
19.5+7.0 and 79.424.7 per m?, respectivelyl. dirhodumshowed a similar abundance with
mean values of 11:83.4 and 93.824.7 per m2 on Juné'and 18", respectively.

The studied locations were dominated by agriculliarad use, i.e. arable land - grassland
mosaics. The landscape sectors with a radius eetkm were situated either in simple
landscapes with high percentage of annual fielghr@pprox. 80%, i.e. at Bernburg) or in
complex landscapes with a low percentage of alabkk (approx. 50%) and with larger areas
of non-crop habitats, such as grasslands, forésliews and hedgerows (i.e. at Worth).
Counts ofP. padudrees were different between the locations, rapfiom 2 to 141 trees per
28.3 km2. The same applied for numbers of roselsughbeedominantlyR. canina and

R. rugos, which were distributed over all five categoraasong the locations.
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Fig. 2: Numbers oP. padustrees within a 28 km? landscape sector of ninatloos and the
mean numbers dR. padiper m2 in cereal crops on Jun® (Lpper sketch) and on June™5
(lower sketch) specified according to the mean tapres in May below (black circles,
upper straight line) and above (white circles, lowaight line) 12.5 °C. The straight lines
indicate significant trends (p <0.05) according @Gochran-Armiatge Trend test for all
situations.
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Tab. 1: Results of analyses of covariance betweembers of aphids R. padi and
M. dirhodun) and the numbers of winter hosts. The type of semmosts (winter barley and
winter wheat), the percentage of arable land (abowebelow 63%), and the mean
temperatures in May (above or below 12.5°C) areifipd as qualitative variables.

F-values R. pad) F-values . dirhodun)

Variables Junet  June 18 June ¥  June 1B
Numbers of winter host 1.85 2.32 5.18* 1.02
Type of summer host 3.30 1.41 0.21 0.92
Percentage of arable land 2.00 0.79 0.62 0.01
Mean temperature in May 5.27* 7.75* 0.58 0.90

* Asterisks indicate significance level af< 5%.

For the nine locations, Cochran-Armitage Trend ssiwed a significantly increasing
trend between the numbers Pf padustrees and the counts Bf. padiin adjacent crops on
June # (p <0.001) and 5 (p < 0.013). However, ANCOVA did not detect a istitally
significant (p > 0.05) relation between numbersvafter host andR. padion either sampling
date (Fig.2; Tab.1). Among the qualitative valésb only mean temperatures in May
influenced significantly (p < 0.05) the regressidmstween numbers of winter hosts and
counts ofR. padiat both sampling dates. On Jun® dnd 1%', case studies with lower
temperatures in May (< 12.5°C) were significantbg@ciated with higher counts Bf padi
those with higher temperatures in May (> 12.5°Ghvioawer counts oR. padi(Fig. 2).

The Cochran-Armitage Trend test found also sigaific trends (p <0.001) for
M. dirhodumdatasets. Higher numbers of rose bushes (cateydiata) led to higher counts
of M. dirhodumfor both evaluation dates (Jun& and 1%)). For the first sampling date,
ANCOVA also revealed significantly higher counts Mf dirhodumon summer hosts in
landscape sectors with higher numbers of rose kBughe< 0.05, R?=0.12a=-10.1,
b=7.25 Tab.1, Fig.3). However, none of the mate variables did significantly
(p > 0.05) influence the regression between numlpérsvinter hosts and numbers of

M. dirhodumon either sampling dates (Tab. 1).
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Fig. 3: Regression analyses between the numben®sef bushesRosaceage categorical
classification: 1 = very rare, 5 = frequent) withan28 kmz2 landscape sector and the mean
numbers oM. dirhodumper m2 in cereal crops on Jurié(black circles, lower straight line:
R2=0.12, p < 0.052=-10.1,b = +7.3) and on June T5white circles, upper straight line:
R2=0.10, p > 0.05). The lines indicate significaends (p < 0.05) according to Cochran-
Armiatge Trend test for all situations.

Small-scale experiments

In small-scale experiments, significant differendes numbers ofR. padi between
subplots were rarely observed on both sides ofiduigie (withP. padu$ in 2004. In that year,
counts ofR. padiwere equally distributed, among subplots as webetween the both sides
of the hedge (Tab. 2). This was different in 2008 2006 (years characterised with higher
population densities oR. padion winter and summer hosts compared to 2004) factw
significantly (p < 0.05) more aphids settled inezdrsubplots nearest to the winter hosts.
Comparing the three groups of distances on eaclewan evaluation dates in 2004, only one
and four times the counts B. padiwere significantly higher in the first subplot(xlosed
to the hedge) than inJr D; on the west and the east side of the hedge, resggdTab. 2).

In 2005 and 2006, when comparisons were perfornmefibwer evaluation days (i.e. six and
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four times), significant higher counts Bf padiwere more frequently observed in the first
subplot (O; Tab. 2).

Tab. 2: Relative frequency (%) of comparisons vaignificantly greater counts of aphid or
predator units found at three groups of distances fthe hedge. Aphid species or predator
units followed by the same letter do not diffensigantly (Tukey-Kramer Test, p = 0.05).

Year and no. of Species Relative frequency (%)
evaluation days Ds. D3 Dovs. D3 Dsvs. D2
2004-West R. padi 4.8 0 0
7 S .avenae 14.3 0 14.3
M. dirhodum 14.3 0 4.8
Predator units 9.5 9.5 0
2004-East R. padi 19 0 4.8
7 S. avenae 14.3 4.8 19
M. dirhodum 9.5 4.8 4.8
Predator units 0 0 4.8
2005-East R. padi 444 5.6 0
6 S. avenae 5.6 5.6 5.6
M. dirhodum 0 0 5.6
Predator units 5.6 0 0
2006-East R. padi 66.7 0 0
4 S. avenae 25 8.3 8.3
M. dirhodum 16.7 0 0
Predator units 16.7 0 0
Mean R. padi 33.7+13.7 1.4+1.4 1.2+1.2
relative S. avenae 14.8+4.0 47+1.7 11.8+3.0°7
frequency M. dirhodum 10.1+3.72 1.2+1.27 3.811.3
(N=4) Predator units 7.9+3.5 2.4+2.48 1.2+1.2

Likewise R. padj M. dirhodumoccurred on winter and summer hosts in larger rarmb
in 2005 and 2006, in contrast to 20@lomparing the subplots in 2004, significant greate
counts ofM. dirhodumwere most frequently observed in the first sulypl@,). The same
was observed for 2006, whereas in 2005 only onewatuation day a significant focus of
M. dirhodumwas found in the subplots@Tab. 2).

The non-host-alternatingpeciesS. avenaavas most evenly distributed over all subplots
in all years. However, significantly greater couwere most frequently found in subplotg D
and 3 (Tab. 2).

Numbers of predator units, observed from countsmpéras well as from sweep net
catches, were generally higher in 2005 and 2006peoed to 2004. In 2004, significantly

higher predator units were found in 8nd B on two different evaluation days, whereas i D
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only once (of seven evaluation days) significamilgher predator units were found. In 2005

and 2006, only the first subplot {Pshowed significantly greater numbers of predaitats

(Tab. 2). The same distribution pattern was obvioms sweep net catches (data not shown).
Comparing for all years and subplots, the meartiveldrequencies with highest values

were found forR. padiin the subplot closest to the hedge (i.e. subpigt followed by

S. avenaeM. dirhodumand the predator units. Subsequently, the meatvelmequency of

R. padicounts was significantly (p <0.05; Tukey-Kramest) higher in the first subplot

compared to Pand . This was in contrast to other cereal aphid sjgecrepredator units,

where no significant differences were observed betwthe subplots concerning the mean

relative frequency over all study years (Tab. 2).

Tab. 3: Results from regression analyses (coeffiaxé¢ determination, intercept and slope
b) between counts dR. padiin summer hosts and increasing distances §) from winter
hosts at four evaluation days according to the tdanjl):y =a + b/ x.

Evaluation Coefficient of Intercept Slope

day determination a b
2005,06,08 0.93* 9174895 17,129+3,369*
2005,06,15 0.99* 2,289+228* 24,053+859*
2006,06,27 0.83 899+2,829 33,07%10,646
2006,07,13 0.99* 2974156 18,419+1,117*

*Asterisks indicate significance level af< 5%.
*Plus indicate significance level af< 10%.

In 2005 and 2006, the more detailed field evaluetiled to a precise description of the
effects of the distance from the hedge into thetavicereals for counts &®. padi(Fig. 4).
The regression analyses fitted the decrease padipopulations on its summer host best (i.e.
with highest coefficients of determination; Tab.u8)ng the following formula:

y=a +E
X (1)

where the counts of aphigsfound on the summer host are decreasing (dodab. 3)
with increasing distance (in m) from the winter host. The interceptrepresents the mean
population level (in a given study area) adjustadaf certain evaluation date (Fig. 4; Tab. 3).
For M. dirhodum no universal formula was found to describe pedgithe small-scale effects
of distance from its winter host into the winterezds (Fig. 4).
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Fig. 4. Mean numbers8E) ofR. padi(upper sketch) anbll. dirhodum(lower sketch) per m2
on winter wheat in relation to distances from wirttests (in m) on June"&black circles)

and on June 15(white circles) in 2005. The formula specifiedtire text fits the decrease in
numbers ofR. padi with increasing distances from the winter hostettét lines, upper
sketch) for June "8 and June 1% (with coefficient of determination of R2=0.99 can

R2 = 0.93, respectively).
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Genotypic analysis of R. padi populations on wimests and wheat fields

A total of 466 individuals ofR. padiwere genotyped at the four microsatellite loci.
Altogether 461 distinct genotypes were found, iatlig high genetic diversity among
populations ofR. padi and high resolving power of genotypic compositiohthe four
microsatellite loci. Hence, most multilocus gen@&ygpvere unique and only five genotypes
with two copies each were detected (Tab. 4). Ofwhee-occurring genotypes, two belonged
to tree no. 5, one each to, Bnd B3 (both July 13), and one to the field of Isernhagen
collected on June 39 These few copies of 4-locus genotypes could semte either
individuals belonging to the same aphid clone @icapies have been found on the same host
and on the same date, this hypothesis is favoredyoon random assortment of alleles
following sexual reproduction and recombinationb&antial genetic variation was found,
with loci R5.50 (51 alleles, mean per populatio®.5) and R5.10 (30 alleles, mean per
population: 18.9) as most polymorphic ones (Tabld)locus S16b, 19 alleles (mean per
population: 4.1), and in locus S17b 18 alleles meer population: 7.9) were detected. It is
notable that a large proportion of the genotypidateon resulted from rearrangements of

identical alleles and not from rare alleles.

Tab. 4: Gene diversity, iFvalues, and allele composition specified for vasid?. padi

populations genotyped with four microsatellite lo¢isern. = location Isernhagen).
Populatign Sample Number of alleles per locus Nq. of Gene diver_sity
(i.e. location size multilocus Fis / genotypic
& date) ()  R510 RS50 S16b  S17b  genotypes diversity (G/N)
(30 ((31)* (19 (18)*
D,June 28 11 11 13 2 7 11 0.254 0.66/1.00
D, June 28 18 10 8 4 6 18 0.107 0.65/1.00
D,June 2% 17 11 16 3 13 17 0.092 0.68/1.00
D,June 2% 28 13 11 1 8 28 -0.023 0.56/1.00
Ds;June 27 20 15 15 5 9 20 0.159 0.73/1.00
D; July e 11 11 20 3 7 11 0.053 0.67/1.00
D, July g" 20 14 19 4 9 20 0.018 0.72/1.00
D3 July 8" 25 12 18 6 8 25 0.158 0.71/1.00
D, July 13 11 13 20 4 4 10 0.182 0.72/0.91
D, July 13 24 13 18 4 7 24 0.248 0.68/1.00
D, July 13" 20 11 15 4 8 19 0.203 0.75/0.95
Tree no. 5 45 11 31 2 7 43 0.118 0.63/0.96
Tree no. 6 47 13 27 5 9 47 0.219 0.73/1.00
Tree no. 9 58 16 28 5 10 58 0.129 0.73/1.00
Isern. June 15 23 10 13 6 5 23 0.167 0.64/1.00
Isern. June 2% 26 12 17 7 7 26 0.083 0.73/1.00
Isern. June 29 62 16 33 5 11 61 0.059 0.68/0.90

* Asterisks indicate the total number of alleles jpeus
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Tab. 5: Results of pairwise tests of differentiataf 17 R. padipopulations (R to Ds; = collected in winter wheat subplots in locatiomdestorf;
tree = collected from differerPrunus padudrees; Isern. = collected in winter wheat in logatisernhagen) collected on several dates using
microsatellite markers are specified above theataf(0): the values represent non-adjusted p-satighe G-test with bold values indicating
significant differences at thee = 5% level (see material and methods section étaiil$). Below the diagonal (0), pairwisgrivalues (coefficient of
differentiation between populations) for populat@iR. padi Fstvalues > 0.10 are highlighted in bold.

D; D, D; D, D3 D; D, D3 D1 D, D3 tree tree tree Isern. Isern. Isern.
June 281 June 281 June 2¥ June 2% June2¥ July@" July@" July6" July13d July1d July1d no.5 no. 6 no.9 Junel1¥ June2® June?2Y
D; June 28 0 0.22419 0.25074 0.09787 0.00779 0.05478 0.0014@0015 0.02044 0.00007 0.00015 0.00022 0.00007 0.0001®.00103 0.00353 0.00074
D, June 28 0.012 0 0.03478 0.20463 0.0011®.00022 0.00015 0.00015 0.00015 0.00007.00029 0.00007 0.00007 0.000070.00074 0.00103 0.00015
D; June 2 0.004 0.031 0 0.00574 0.10537 0.13551 0.0008100007 0.20676 0.00007 0.00007 0.23324 0.00007 0.00007 0.00140 0.01794 0.66684
D, June 2% 0.007 -0.001 0.027 0 0.00007 0.00007 0.00007 0.00007 0.00007 0.000000007 0.00007 0.00007 0.00007 0.00007 0.00015 0.00007
Ds June 2% 0.046 0.090 0.016 0.100 0 0.24919 0.36449 0.09919 0.85015 0.50000 0.118@®0015 0.00007 0.000070.00985 0.07051 0.00015
D; July @ 0.037 0.096 0.024 0.107 0.006 0 0.43618 0.04132 0.70618 0.01691 0.01419166D 0.00007 0.00007 0.00147 0.06882 0.00037
D, July &" 0.047 0.105 0.034 0.116 -0.007 0.002 0 0.08735 0.31787 0.06463 0.610@7/00007 0.00007 0.000070.00081 0.13860 0.00007
Ds July € 0.062 0.111 0.058 0.131 0.014 0.013 0.005 0 0.01816 0.61007 0.2066200007 0.00007 0.000070.07463 0.04544 0.00007
D, July 13 0.051 0.107 0.024 0.123 -0.001 -0.010 -0.002 0.010 0 0.11287 0.00331 0.0560.00007 0.00007 0.00324 0.29993 0.00801
D, July 13 0.070 0.121 0.059 0.133 0.017 0.019 0.013 -0.010 0.007 0 0.48190.00007 0.00007 0.000070.12456 0.56449 0.00007
D3 July 13 0.060 0.091 0.051 0.126 0.006 0.018 0.002 -0.004 0.013 0.003 0 0.00007 0.00007 0.000070.09000 0.04963 0.00007
Tree no. 5 0.057 0.123 0.029 0.131 0.036 0.011 0.043 0.061 0.009 0.053 0.059 0 0.00007 0.00007 0.00007 0.00015 0.29147
Tree no. 6 0.181 0.199 0.159 0.230 0.134 0.138 0.133 0.127 270.1 0.134 0.118 0.161 0 0.19963 0.00007 0.00007 0.00007
Tree no. 9 0.204 0.215 0.182 0.247 0.155 0.161 0.157 0.150 500.1 0.153 0.135 0.182 -0.003 0 0.00007 0.00007 0.00007
Isern. June 1% 0.088 0.140 0.068 0.161 0.036 0.030 0.027 0.008 0.016 -0.002 0.011 0.0520.126 0.148 0 0.12022 0.00007
Isern. June 2% 0.057 0.104 0.035 0.115 0.006 0.012 0.002 0.004 0.000 -0.003 0.002 0.0340.109 0.131 0.010 0 0.00015
Isern. June 29 0.066 0.109 0.023 0.116 0.026 0.013 0.034 0.054 0.006 0.045 0.052 -0.0030.149 0.168 0.047 0.028 0
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Fig. 5: The estimated genetic relationships betwiheR. padiindividuals collected from three subplots;(D-8 m, B: 8-24 m, and B 24-60 m)
in location Hiddestorf (on June %027, July 6" and 14", from the winter hosts (tree no. 5, 6, and 9} lom a control field in Isernhagen (on
June 18, 22" and 28)). Each aphid is represented by a thin vertica, limhich is partitioned into three major segmengsl,(green, and blue),

representing the proportion of its genome derivedhfeach genetic cluster. 1 5 Dune 28, 2 = D, June 28, 3 = D, June 27, 4 = D, June 27,
5=D, June 27,6 =D, July 6" 7 =D, July 6", 8 =D, July 6", 9 = D, July 13", 10 = D, July 13", 11 = D, July 13", 12 = Isernhagen June 15
13 = Isernhagen June™214 = Isernhagen June'245 = tree no. 5, 16 = tree no. 6, and 17 = tre®no.
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The pairwise test of population differentiation T&) showed significant differences
after 13,600 permutations (with an adjusted p-lémemultiple comparisons of p = 0.000368)
for various samples. The trees no. 6 and 9 weferdiit from all other populations, whereas
tree no. 5 was different from all populations exd@pon June 2%, D; on July ' and O on
July 13". Additionally, the samples fromDon June 28, and June 27 as well as from
Isernhagen on June ®8howed various differences to other populatiorab(B).

The Bayesian clustering algorithm implemented inPBA4 supported three genetic
clusters in the dataset (Fig. 5). The most abundauster corresponded to individuals found
in the winter wheat fields (Hiddestorf and Iserndi@gand onP. padusthree no. 5. The
second cluster corresponded to individuals fountly ea the subplots in Hiddestorf (except
for June 2 D), while the third cluster gathered mostly indivadsifound on the winter hosts
trees no. 6 and 9. Using the admixture analysisiowed the lowest level of admixture in the
first cluster and the highest in the second ong. (5).

To summarise, population differentiation tests &ayesian clustering analysis showed
thatR. padipopulations orP. padustrees no. 6 and 9 did not contribute to the intesteof
the adjacent and the remote winter wheat fieldss @bes not seem to be the caseRopadi
on P. padudree no. 5, which showed genetic proximity withexa samples collected in the
two wheat fields. Most earliR. padisamples are genetically different from later catens.
The distance between winter wheat subp(@s to Ds;) and theP. padustreeshad low
influence on the pattern of genetic structureRofpadipopulations within the winter wheat
field.

Discussion

Large-scale experiments

The most striking result from large-scale experiteenas that higher counts of host-
alternating cereal aphids (eR. padiandM. dirhodun) were found in locations with higher
numbers of winter hosts. However, this relationships only significant according to
Cochran-Armitage Trend test for both species. UAANLCOVA or correlation analyses (of
pooled data; data not shown) a significant positiverelation between numbers of winter
hosts and aphid densities could be only detectelll fairhodumin the beginning of June.

Significant correlations between numbersRafpadiand P. padushave been reported
from northern Europe (Finland; Leather et al., )98®wever, recently in similar locations

(southern Sweden), weak or no indication at all deinsity dependence were found
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(Bommarco et al., 2007). In Scandinavian countriiespadiis strongly holocyclic (Leather
et al., 1989), whereas anholocyclic overwinterirag lalso been reported from countries of
western or central Europe (e.g. France, U.K., Gagmdand, 1980; Dedryver & Gelle, 1982;
Kleinhenz, 1994). The relation of holocyclic andhalocyclic overwintering in different
countries can be very important to determine dgmpendences between numbers of aphids
on winter and summer hosts. However, anholocycliebernation was not observed for
R. padiin any case study. This was also confirmed usiegsimulation model SIMLAUS
(Kleinhenz, 1994; Kluken et al., unpublished data).

Both statistical techniques (the Cochran-Armitagend test and the ANCOVA) differ in
their significance (Mehta et al., 1998; Afifi & CGlg 1999). Whereas the Cochran Armitage
Trend test is frequently applied in dose-resporada th show under the alternative hypothesis
in- or decreasing trends (and so describing the &frrelationship; Cochran, 1954; Armitage,
1955), the regression analyses (e.g. ANCOVA) doet solely describe but - more
importantly - predict the value of the dependentalde (based on the independent variable)
according to the resulting equation (Mehta et 8998; Afifi & Clark, 1999). Moreover,
detailed information from further influencing varlas are available (e.g. influencing quality
variables) using ANCOVA. Hence, differences betwéeth statistical tests applied to the
same datasets are frequently found (Cooley & Lohb@81l; Afifi & Clark, 1999). However,
it is not clear (from biology background), why ttedationship between winter hosts and host-
alternating cereal aphids were not consistent it statistical techniques. Therefore, it is
difficult to provide specific suggestions on (eaiiypnmigration into winter cereals and on the
early population development. Several studies haperted thaR. padihas high dispersal
and migration rates, and that it is - as “non-heldgeping” aphid species (H.D. Loxdahle,
pers. comm.) - frequently occurring in suction grgpaylor, 1986; Veenker & Ulber, 2004).
Moreover, the winter hosts d®. padi were scattered and not very frequently distributed
among the locations in our study compared to eigtewhosts oM. dirhodum Nothing is
known about distributions d¥l. dirhodumin dependence of winter host densities. However,
our results showed somehow stronger density depeed®r that species than f&. padi
Using catches from 12 m suction traps, Veenker Bed(2004) found tha¥l. dirhodumwere
less frequently found as comparedRopadi(Taylor, 1986; Clark et al., 1992). The first
species may predominantly fly relative short disesnat lower altitudes. A further difference
between both aphid species is that the dispersél.afirhodum from its winter hosts is

scattered over a larger peridtherefore, these species seem to have a moredirdispersal
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power compared tdR. padi (Reimer, 2004), and hence, higher dilution was datlid for
migratingR. padi(Loxdale et al., 1993; Harrington et al., 2004).

It was somehow surprising that lower temperatuneMay significantly influenced the
regression between numbersRfpadusand counts oR. padiand led to higher counts of
R. padiin the winter wheat. Other studies reported thieth Wncreasing temperatures in May,
the aphids appeared earlier on the cereals andghrehnumbers (Rautapaa, 1976; Dixon,
1998). Possibly, we have found a spurious cormiatbecause when certain (e.g. Isernhagen,
Hiddestorf, Jeinsen, Worth) or all locations of thear 2004 were excluded from the
calculations, significant influence of the qualitgriable “temperatures in May” disappeared
from ANCOVA (p > 0.05, data not shown). That mehigher temperatures in May 2005 and
2006 tended to result in higher numbers of cerphlids in the field corroborating results
from trend tests in both host-alternating speciesaiher et al., 1989; see paragraph above).
Moreover, the temperatures in May never signifigaitfluenced the relationship between
the numbers of rosebushes and countsl.oflirhodum Aphids occurred earlier in fields and
in suction traps in 2004 as compared to 2005 o6Z@@ta not shown). Possibly, the lower
the temperatures in May the cloderpadialighted to its winter host, so that dispersal and
dilution was somehow restricted. An other reasory & that the time of major dispersal
events is more different between the years thaeagd (Veenker & Ulber, 2004). Thus, we
may have missed the first immigration phase withfeald evaluation in 2004. Subsequently,
the populations developed earlier and let to higioemts ofR. padiin the beginning and mid
June in 2004 than in other years (Dixon, 1998).

Dispersal distances largely depend on meteorolbgicaditions, e.g. with periods of
lower temperatures leading to lower population lleyBixon, 1998; Bommarco et al., 2007).
R. padi frequently leaves the winter host several daysieeathan M. dirhodum Thus,
considering weather conditions during this studyisiunlikely that the latter species was
inferior in migrating into the winter cereal fieldsecause the temperatures in May never
influenced significantly the counts 8. dirhodum Taking into account the high population
levels of M. dirhodum observed in 2005 and 2006, it is unlikely thatfedént migration
intensities were affected by weather conditions.

The absence of distinct density effects Rnpadi may be related to fluctuations of
holocyclic winter eggs on winter hosts. In 2004|yovery few eggs were counted on the
trees, whereas mean numbers were significantlyenigh2005 (11.41.1 per 100 buds) and
in 2006 (3.8t0.5 per 100 buds) in Hiddestorf (Kluken et al., uiblshed data). Regarding the

importance of winter host availability within regial sectors and landscape diversity, we
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could at first not consistently confirm the hypdiseof lower cereal aphid abundances in
landscapes with fewer winter hosts than in landssapith many winter hosts. This was
predominantly due to higher density of overall sgripopulations per area and shorter
distances to summer hosts favouring successfuhgpmigration (Loxdale et al., 1993).

According to our results, the landscape type did s®em to be an important factor
determining the size of local sourcesRofpadior M. dirhodumwith respect to short distance

spread (Tab. 1). This variable may be more impoifiram mid June on, when predator and
parasitoids influence (later) population dynamids cereal aphids, as it was reported
elsewhere (Pickett & Cadenasso, 1995; Polis ell@by; Thies & Tscharntke, 1999; Thies
et al., 2003, 2005).

Small-scale experiments

In small-scale experiments, spring migration frdme winter hosts into the crop was
particularly evident forR. padi This suggests that, in contrast k. dirhodum (and
S. avenag R. padibenefited from a close proximity between its windéexd summer hosts
especially in those years, when high populatioelewccurred of®. paduge.g. in 2005 and
2006). Density gradients levelled off at about 1Zlmstances to winter hosts (decreased
abundances), and the population densitieR.gbadiwere equal to the mean field densities.
We have specified a function (equation no. 1) far tbserved density dependences, which,
however, needs to be adjusted to the overall ptipuldevel ofR. padiin a given year and
location.

It has long been argued that migratory cereal apladn be attracted to land
predominantly on leeward sides of landscape elesn@ng. windbreaks, hedges, forested
areas), due to turbulences or lower wind speedsir(i& Chapman, 1988; Bottenberg &
Irwin, 1991, 1992a; Fereres et al., 1999; Isard £& 2001). In 2004, however, significant
differences between the population build-up weré detected, neither on the lee- (e.g.
Hiddestorf East) nor on the windward side (Hiddgstest). So, it seems unlikely that the
major source for the observed high count®opadisettling close to the field edge was from
long distance migration early in the years (Jutiarid 18" Loxdale et al., 1993). Therefore,
detailed information about influences of winter tsosn the immigration and early population
development in small-scale experiments are of majportance for small-scale distributions.

Interestingly, the small-scale influences of winkersts were of minor importance for
M. dirhodumas compared t&. padi Indeed, higher counts of the former species wevst
frequently significant in the first subplot, toos(@ompared to Por Ds; Tab. 2), but a

mathematically dependency concerning distancesdagtwinter and summer hosts was not
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found at all (Fig. 4). These differences (as coregdoR. pad) in density are not obvious, as
both species have a very similar life cycle stratagd biology (Dixon, 1998). The counts of
both species were comparable on the summer haegthjdhest standard errors were observed
for M. dirhodum indicating higher aggregation as comparedRtgadi Moreover, fewer
M. dirhodumwere observed on the winter hosts in the hedgssiBly, a large amount of
M. dirhodumcereal colonisers arrived from other surroundimgcstires than from the hedge
under examination, where rosebushes were more dnéqginanP. padustrees (data not
shown). Moreover, more rosebushes tRampadustrees were also frequently distributed in
the study location and may therefore provide mpteds (Leather et al., 1989).

The hedge, which included also low numbers of grastsips and patches, did not
influence the distribution of the non-host-altemgtspeciesS. avenaebecause it was most
evenly distributed over the cereal subplots inedéht years. A corresponding relation similar
to R. padicould not be found foB. avenaewhich indicates the basically different hiberpati
and migration behaviour of this species (Basedoal.e1994; Veenker & Ulber, 2004).

Interestingly, high numbers of predator units haso been found in subplots with
higher counts ofR. padi (e.g. in subplots [), but mean relative frequencies were not
significant (Tab. 2). Moreover, within the guild ckreal aphid antagonists (i.e. predator
units), counts ofCoccinella septempunctata were significantly higher close to the hedge
(e.g. in subplot B data not shown), which can be explained in twesgile ways: On the one
hand, density dependencies have led to higher ntsmibesubplots with high abundances of
R. padi The functional and numerical responses of ceaphid predators have frequently
been described (Freier & Triltsch, 1996; HemptieDixon, 1997; Freier et al., 2001).
However, aphid population dynamics may be eith@redr by predators (as predicted from
theory; Freier & Triltsch, 1996; Kindlmann & Dixori,996, 1999), or, the predators are
responding to aphid abundances (as self-regulayedphid migration; Kindlmann et al.,
2007). Concerning the confusion about density @gnis of cereal aphid antagonists,
detailed conclusions cannot be drawn here. On ttherohand, many authors have
demonstrated that diversified hedges, expandedcandected field margins promoted the
abundance and diversity of predators and parasitmidadjacent cereal fields (including a
certain gradient; Storck-Weyhermiller, 1988; Raogshal., 2006). The reason is that higher
plant diversity supplies higher aphid antagonistedsity, e.g. by the availability of more
diverse food resources or hibernation sites (Deaena., 1994; Nicolino et al., 1995; Thomas
& Marshall, 1999; Landis et al., 2000; Boller et &004; Poehling et al., 2007). However, we

cannot provide detailed information concerning pfent diversity and antagonist refuges in
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the hedge and we have to consider that observat@ysalso be related to the sample size
and the method used to estimate the predator @détosik et al., 2003; Kluken et al.,
unpublished data).

Genotypic analysis of R. padi populations on wimests and wheat fields

Using Bayesian clustering, we detected three ma@metic clusters among the
populations. We refer to them as “early” and “latefonisers, and “tree” populations (Fig. 5),
as the early lineages only occurred in Jun® @ad July 27 (except B). Surprisingly, these
early colonizers were only found in Hiddestorf @hdy largely disappeared later in the year.
The late colonizers were found in Hiddestorf, I&&agpen, and on one of the trees (tree no. 5),
but spread mainly later in the year. Therefore,wirger wheat field in Hiddestorf was most
likely infested by two sources of colonizers: onesvdominant (“late”) and the other of minor
(“early”) importance (Fig.5). One explanation difist phenomenon could be the two
overwintering strategies oR. padi (Simon etal.,, 1991, 1996a, b), in which the early
colonisers might have developed from anholocyatd ¢he later occurring colonisers from
holocyclic lineages that originated at least pdirityn tree no. 5.

However, several topics contradict this hypothe8isexual lineages are assumed to be
rare in northern Germany and the winter 2005/20G% warsh (e.g. 105 frost days in
Hiddestorf between November"8and May ). Therefore, anholocyclic hibernation was not
observed, neither during small-scale studies indetstorf (almost continental climate) nor in
other regions (i.e. during large-scale experimesg® section about large-scale experiment).
Hence we assume that the harsh winter has erasstdomtihne asexual lineages in the whole
study region. Sample size, however, was restritde800 tillers per subplots, which is not
always sufficient to detect population growth awlk@vels in anholocyclic lineages (Jarosik
et al.,, 2003; Kluken et al., unpublished data). iiddally, the high genetic and genotypic
diversity, the heterozygote deficit (data not shpvamd the similar &-values of the clusters
make anholocyclic lineages very unlikely (Halketak, 2004, 2005). The positivgfvalues
indicate heterozygote deficit that is typical faxsally reproducing lineages (Papura et al.,
2003). It may derive from a Wahlund effect arisifigm a temporal structuring of the
population with various subpopulations differingtire timing of production of sexual forms
(allochronic isolation; Delmotte et al., 2002). dase of individuals sampled from the trees,
the sampling protocol and winter conditions prokattall individuals have developed from
holocyclic lineages on the trees (heterozygotecdethigh genetic and genotypic diversity,

etc.).
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Alternatively, the early colonisers might have cofem a differentiated source of
holocyclic aphids, either locally or more distaHbwever, it is not very likely that the early
colonisers came from a distant source as data baxdale et al. (1993) suggest that in early
spring long-distance migration is uncommon in thecies. Much more promising is the
assumption that the early colonisers arrived froamlier developingP. padustrees with
subsequent earlid. padicolonies surrounding the wheat field and not imedlin the study
(only a few trees could be included into the stdioly examination). The development of
individual P. padustrees is known to vary considerable, e.g. in tiniebwd breaking or
flowering (Leather, 1996). The developmentofpadiis very closely related to its host, and
thereforeR. padiindividuals from different trees might differ iheé development of winged
forms (Sherlock et al., 1986; Archetti & Leathe®08). However, it is likely that - at least -
later in the year, migrants from greater distantey have added to the aphid population
substantially as described by Hardie (1993) anddida& Campbell (1998). A further
explanation concerning the apparently missing @ftiap genetic structure at the field scale
may be related to sampling. Our very detailed samggbrotocol, avoiding the use of more
than one individual per colony and focussing on ¢haracterisation of winged adults, may
have contributed to the low number of asexual dprieo. Subsequently, the individuals,
taken in the subplots 0o Ds, may not entirely represent the small-scale imatign from
the winter to the summer hosts. The geneticallgmeined winged aphids may have come
from more distant locations later in the year (ma&itfrom the winter host nor from the
surrounding crops; Loxdale et al., 1993).

It is surprising that the early colonisers wereapptly not persistent over time, which
may be related to weak adaptation to winter wheaiphids, narrow adaptation to host plants
has been frequently found using molecular markerg. (Weber, 1985; DeBarro, 1995a, b;
Figueroa et al., 2005) and other methods (e.g. iploggcal-based interactions; Tsumuki
et al., 1989; Kazemi & Van Emben, 1992; Riedelhlet 1999). Similarly, both, Haack et al.
(2000) and Vialatte et al. (2005) revealed high egiendifferentiation betweers. avenae
populations from wild Poaceae and those from cesegds. Individuals from the latter host
source showed low genetic differentiation amongutens unlike those from wild Poaceae.
Studies concerning this topic are missing Rorpadiwith one exception: Simon & Hebert
(1995) studied allozymes of Canadian populationR.gbadiand found little polymorphism,
when three out of 51 loci were tested. Moreovételgeographic differentiation was reported
between populations from a single host categoryt. dffierences in gene frequency were

shown between subpopulations from the winter hBair{us virginianalL.) and the summer
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host (e.g. gramineous plants), whereas the hetgosity was substantially reduced on the
summer hosts. The authors concluded a dilutionceffencerning the genotypic diversity
from the winter host, because “new” immigrants rhaye arrived from other sources (i.e. far
from the south; Simon & Hebert, 1995). Relate®t@venaeR. padimay consist of more or
less divergent groups with different host plantpdaons (i.e. one group may be largely
restricted to cereals - as indicated by late cslensi whereas the other group may be
associated with wild grasses - as indicated byyeawlonisers). However, the mechanism
behind is unknown (Simon & Hebert, 1995; Lushaalet2002).

The third main cluster (Fig. 5) consists of popolas fromP. padustrees no. 6 and 9,
which differed significantly from all other samplés.g. 16% of genetic differentiation
between the trees no. 5 and 6) and therefore doseein to contribute to the wheat
colonisation in Hiddestorf and Isernhagen. The ard®r that is not clear. Strong genetic
heterogeneity in spring populations Rf padiindividuals onP. padustrees was revealed at
the local scale in the study area. However, thisild/de in contradiction to Delmotte et al.
(2002), who found significant differentiation be®vespring populations of the same host -
parasite complex on a scale of 500 to 1,000 knfurgher explanation could be related to
differences in development of the trees, which \@obk consistent to observations (as
reported above; Leather, 1996). TRepadiindividuals on tree no. 5 might have developed
later than those on tree no. 6 and 9. We obsen¥fedlashces in the physiological development
between the trees, which then influenced the dewedmt of wingedR. padi (data not
shown). Subsequently, we may have sampled indilsduam populations at the end of their
development of tree no. 6 and 9 (shortly before tthtal population crash on the trees),
whereas individuals from tree no. 5 were sampleth@nmiddle of population development
(allowing more winged aphids to be produced somgs dater). Therefore, the earlier
developing winged aphids (e.g. from tree no. 6 @ndere replaced by later colonisers (e.g.
originating from tree no. 5). Moreover, climatidlirences (wind direction or washing-up by
rain) may have changed between main periods of edraphid development on the trees.
Effect of natural forces such as rain and windatige aphids to some degree, as do acts of
mechanical brushing or raking (Bailey et al., 1988nn et al., 1995). Changes in wind
direction from east to west winds, after the maitklof winged aphids have left tree no. 6
and 9, might have favoured the contribution of wtlials originating from tree no. 5 to settle
into the wheat subplots. However, indications framalyses of meteorological parameters
(data not shown) were not straightforward concermind or rain effects on tree populations.

In small-scale field experiments, we have examitiede trees for the numbers Rf padi
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Including larger numbers of trees from surroundingght have clarified the situation in a
better way. Subsequently, more detailed informatadndilution effects from winter to
summer hosts might be possible. However, due tatddnfinancial support, only a few
individuals (i.e. from one vegetation period) weenetically assessed, possibly biasing the

results.

Conclusions

Our study suggest that density dependence on lage-small-scales may regulate
population growth, so that dispersal processesost-alternating aphid species in the agro-
ecosystem cannot be studied at small-scale fielel l@lone, but have to be examined at the
landscape scale as well. On small-scale levelengtinfluences oR. padiwere observed
only in the first 12 meters from winter hosts. Btier cereal aphid species or predator units,
no such direct effects were found in small- or éasgale trials. The possible distribution
patterns were lost in the noise of population fhations in the fields on each evaluation day.
Unfortunately, the genotypic characterisation oflividual R. padi could not completely
highlight the locally contribution of the number§ individual aphids originating from the
winter hosts nearby and landing in closest proxinmitthe summer host for subsequent early
population build-up. The genotypic composition Rfpadiwheat colonizers did not differ
between the edge and the more inside part of #ld. firhere was apparently no spatial
genetic structure at the field scale (which is ongruence toS. avenage J.C. Simon,
unpublished data). More follow-up studies in thedgt area are needed to clarify the
contribution of primary hosts (after holocyclic aiination) on the immigration and early

population development in winter cereals.
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Abstract

Cereal aphids (Hemiptera: Aphididae) yearly infestter wheat, occasionally leading to
significant yield reduction when biotic and abiofactors are optimal for rapid population
growth. Within the host plant complex, influencelseight winter wheat cultivars on the
development of cereal aphids were studied in ay®ar- project focussing on the most
important species in terms of yield reduction. Efere, antibiosis, aphid settlement
behaviour, and the relation of infestation and d/ikdlss were evaluated by observing the
development of isolated aphids within clip cageg,estimating the natural infestation of
alatae morphs, and by measuring yield parametens. dultivar Hybnos | significantly
reduced numbers of offspring of cagdddirhodumandsS. avenaat seedling stages (growth
stage 13, in laboratory). During later stages @agbBhooting and flowering (in laboratory and
fields, respectively), no significant differencesaphid development were observed among
cultivars. During the period of immigration, alataieR. padiandS. avenagreferred to settle
on Batis (on May 28) and Tommi (on June i, respectively. At other evaluations, no
significant differences were found among the calttvand aphid species. Crop yield (kg per
ha) and hectolitre weight (g per ccm) were sigatifiity reduced with increasing aphid density
in all cultivars, with highest reductions in culiivDekan. In contrast, only some cultivars
showed significant reductions in protein contenthwncreasing aphid density, while others
were tolerant and not reacting to aphid infestatiwith respect to protein content. In
summary, no striking indications for different aglsusceptibility could be found in the set of
cultivars tested, even though they differed strgnglattributes such as colour, height, yield
potential and development pattern. The resultdm@ussed in terms of cultivar selection to
improve sustainability of integrated pest managdmed the importance of cultivar features

for aphid migration and population models.
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Introduction

Aphids annually infest winter wheatyiticum aestivurmi., in central Europe, but only
occasionally densities leading to strong yield ésssvere reached (Basedow et al.,, 1994).
Three to four aphid species usually occur in ceceaps in western Europe with increasing
densities from late spring onwards, among whi@itobion avenae Fabr. and
Metopolophium dirhodunwWalk. are the most important in terms of yieldsles (Basedow
et al., 1994; Havlickova, 1997).

In central Europe, winter wheat is the most widgdfgwn crop (FAO, 2008) and about
50% of the crops are annually treated with insatdiE (European agricultural statistics,
2008). These regular treatments are often proptigJabecause farmers spray without
considering economic thresholds for aphids. Inftame of a larger study aiming to forecast
early season dynamics, important factors for aptigtation and early population build-up in
winter wheat were analysed. In accordance withipusvstudies, pronounced fluctuations in
aphid dynamics even between spatially related samgites occurred, which could not be
linked to abiotic and/or biotic factors, when ewkd with the population model
GETLAUSO1 (Gosselke etal., 2001). This model dbscr a posteriori the population
dynamics of the three most important cereal apfirdsuding yield losses) based on several
factors (e.g. weather data, aphid antagonists), &e hypothesized that the different winter
wheat varieties cultivated by farmers could belpaesponsible for these observations. Thus,
the main objective of our work was to assess ptessliiferences in the attractiveness and
host suitability of winter wheat cultivars. The &® focus on aphid resistance and tolerance
of cultivars was based on former observationsekiah low to moderately high levels of plant
resistance can prevent cereal aphids from readtogomic damage levels (Caillaud et al.,
1995; Weng et al., 2005). Antibiosis influencingrel®epment, survival or reproduction rates
was found to be the most effective factor in redgdnigh population build-up (Kazemi &
VanEmden, 1992; Escobar et al., 1999). Moreovewislg down population development by
antibiosis can improve efficiency of natural enesniéno negative effects occur via the food
chain (Hesler & Tharp, 2005).

Over the last 20 years, several research projests tealt with resistance and tolerance
in cereal cultivars. First experiments with ancestof wheat and barley have shown
promising results in terms of aphid reduction (Gleis et al., 1989; Moharramipour et al.,
1997; Jimenez-Martinez et al., 2004) and, actuallyne winter barley cultivars with partial

resistance in seedlings and juvenile plants wekeldped and accepted by farmers (Friedt
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et al.,, 2003; Migui & Lamb, 2004). However, scremniof winter wheat accessions for
antibiosis, antixenosis, or tolerance to cerealidgplrevealed low levels of resistance
(Dedryver & di Pietro, 1986; Havlickova, 2001; Migk Lamb, 2003). Most often, winter
wheat cultivars showed effective levels of resisgann particular not for typical central
European cereal aphid species but more tow&dsizaphis graminunmRondani and
Diuraphis noxiaMordvilko (Havlickova, 1993; Gianoli & Niemeyer, 28; Berzonsky et al.,
2003). Yearly, several new winter wheat cultivars licensed on the market but so far none
of them was assessed for resistance characteristi@ds most important cereal pests, i.e.
S. avena@andM. dirhodum(Havlickova, 2001; Bundessortenamt, 2006).

Thus, we assessed the attractiveness and the hitaiilgy of eight actually grown
winter wheat cultivars for cereal aphids. Therefare studied antibiosis effects in caging
experiments at different growth stages of the cais, aphid settlement behaviour in field
populations, and we calculated infestation lossati@hs. Finally, the importance of those

suitability parameters was scrutinized in migrataom population models.

Materials and Methods

Experimental design

Winter wheat cultivars were sown in plots at twedtions: the experimental station of
the Leibniz Universitat Hannover in Ruthe in 200% at the campus fields of Hannover-
Herrenhausen in 2004 and 2005. At both locatioash dield was divided into two parts:
untreated plots with the size of 6 x 10 m (20042 or4 m (2005) and treated plots with the
size of 4 x 10 m (2004) sprayed with Pirimio(0.2 kg per ha) for aphid control at the end of
flowering (growth stage (GS) 69, Tottman & Broa88T), in order to compare yield losses.
The plots were arranged in a completely randomidedk design with five replications per
cultivar. All agronomic practices were uniformlyrdad out according to farmers’ practices
in the study area, which, among others, implied twagicide treatments. The plots in Ruthe
were harvested by means of a small combined hamvestAugust 8 2005 at grain moisture

content below 13%.

Winter wheat cultivars

Tab. 1 summarises the eight winter wheat cultivagsed in the study. The cultivars
chosen are actually important in practice, coveangroad range of genotypes and qualities

(Bundessortenamt, 2006; F. Lenz, D. Rentel, Ftrlib8, pers. comm.). Moreover, they were
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cultivated on those fields that we used to coliéata for modelling migration and early
population dynamics of cereal aphids. The “cultiv&trube-type 93-11-21 (so-called ST-93),
which has no official approval so far, was includedhis study, because aphids showed a
reduced performance on this cultivar in prelimingggts. This cultivar also differed by its

numerous small hairs on leaves and ears from tier otltivars (J.-F. Strube, pers. comm.).

Tab. 1: Quality attributes of cultivars used in theperiments according to Bundessortenamt
(2006; TGW = thousand grain weight).

No. Cultivar Leaf colour TGW  Germination Quality
(visual grading) (0] [%]

1 Tommi Yellow green 52.8 96 A
2 ST-93 Light green 45 96 B4/C
3 Hybnos | Blue green 61 96 C
4 Akratos Grey green 50 98 A
5 Dekan Dark green 49 98 B
6 Batis Yellow green 56 96 A
7 Certo Blue green 525 96 C
8 Ritmo Grey green 46.6 96 B

Cereal aphids

The two cereal aphid species used in clip cagerarpats (antibiosis)S. avenaeand
M. dirhodum were sampled in 2004 from fields within the regad Hannover and one clone
of each speciesS( avenae- “green-strain”,M. dirhodum - “white-strain”) was reared in
climate chambers (2@°1°C, 60-70% relative humidity, 10/14 hours I/d) ibfurther use for
antibiosis experiments. Cage experiments were estawith synchronized adults. For
evaluation of each experiment, aphids were groupecbrding to different instars and
morphs: L1/L2-, L3- and L4-larvae, larvae with Wi wing buds, adults without wings as

apterae, and winged adults as alatae.

Antibiosis experiments

Two antibiosis experiments were carried out un@dotatory conditions and one in
untreated field plots using aphid in clip cagest the first experiments, four young wheat
plants of each cultivar grown in the field plotsrevéransplanted after vernalisation stimulus
into 12 cm pots (substrate: Fruhstorfer Erde, §pat the end of November and in the middle
of February. Plants were further cultivated in glemuses under controlled conditions (20°
+1°C, 50 to 60% relative humidity, extra light dugirdays < 25 k lux natural radiation:
10/14 1/d) until GS stages 13 and 30 were reachAtedach of these stages, fifteen clip cages
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per cultivar and aphid species (one cage per path containing two apterous adults, were
caged for seven days. Moreover, cages with aphele wstablished in the untreated field
plots at the middle of flowering (three cages pet)pTwo apterous adults &. avenaavere
caged onto the ears in tissue-bags (mesh-type:A4Q, Franz Eckert, Germany), whereas
two apterous adults ®fl. dirhodumwere caged onto the flag leaf, due to the diffefeading
behaviour (Niehoff & Stablein, 1998). After seveayd, cages together with leaves or ears
were removed without opening, immediately frozend atored at -20°C until aphid counting

and sorting took place in the laboratory.

Tab. 2: Plant growth stages and numbers of tibseduated per cultivar (five replications per
cultivar) to determine aphid settlement behavidietd trial Ruthe in 2005).

Date Growth No. of sampling  No. of tillers per Sontillers
of evaluation stage points per plots sampling poinper plot evaluated
May 11" 30-32 4 15 300
May 25" 39-51 4 15 300
June 18 55-61 3 15 225
June 18 61-69 3 9 135
June 28 73-78 4 6 120
July 7 78-83 4 4 80
July 18" 81-85 4 5 100

Settlement experiments

Untreated plots were visually inspected to deteemtine settlement of cereal aphids
(including Rhopalosiphum padL.) in 2005 and 2006 (Tab. 2). Due to low natuaphid
population level in the study area, 35 plants friainoratory rearing units, infested with
approximately 50 winge8. avena@ndM. dirhodum were placed at least eight m away from
field plot borders from the middle of May till begiing of June. Details of the sampling
procedure are listed in Tab. 2. The data obtaineckwonverted to number of aphids per

square meter according to the number of tillersspeiare meter.

Infestation loss relation experiments

In 2005, infestation loss relationships were debeeah from field plots in Ruthe. For that
purpose, different crop parameters (i.e. planthtdigm], crop density [numbers of plants per
m2], crop growth stages) and yield parameters ¢rgde protein content [% dry weight], crop

yield [kg per ha], hectolitre weight [g per ccmijousand grain weights [g]) were obtained
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from treated and untreated plots for comparisore Gilude protein content was determined
using the method of Kjeldahl (ICC, 2008). The fa&d served to transform the nitrogen into
the crude protein content in case of nutritionakath(S. Seling, pers. comm.). Instead of
visual counts in treated plots, the model GETLAUJGbsselke et al., 2001) was used to
determine the infestation level after the insed#dctreatment. Therefore, the simulation of
aphid population dynamics was adjusted accordinthéoinfestation level in the untreated
plots separately for each cultivar (parameter ogtition). According to these datasets, the
model was run again for each cultivar in the trégiéots with basic efficiency data for
insecticide treatment with Pirimdron June 24, available in the model’s user interface. The
aphid index (aphid days pePnwhich represents the area under the populatimvec was

used for subsequent calculations of infestatios tefation.

Statistical analyses

Data obtained from antibiosis experiments were usedetect differences among and
within cultivars and locations using Tukey-Kramestt (proc glm, all pairs, program SAS)
and T-test (Ismeans, program SAS), respectively S(SB008). Repeated measurement
analysis and Tukey-Kramer Test (proc glm, prograASSwere performed on datasets
obtained from settlement behaviour experiments. sifinificant interactions between
evaluation time (dates) and cultivars were detected comparison among cultivars was
performed separately on each date. To better heedgsumption of a normal distribution in
case of count data, the square rofk€0.0001)) transformation was performed. In cake o
datasets from infestation loss relation experimehi®ar regression analyses (proc reg,
program SAS) between aphid index and differentdypdrameters were calculated on pooled
data per cultivar (i.e. treated and untreated pltwtsestimate the tolerance level of a given

cultivar.

Results

Antibiosis experiments

The first antibiosis experiment under controllechaitions in the greenhouse (at GS 13)
showed no significant differences among cultivadiigl.(1 and 2), except for cultivar Hybnos
I. No reproduction of. avena@ccurred on cultivar Hybnos |, whereas on all othétivars
all instars were found (Fig. 1). Similarly, féd. dirhodum comparatively low numbers of

offspring (6 and 0.5 L1/L2- and L3-larvae, respediy) were obtained on cultivar Hybnos |
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(Fig. 2). The numbers of L1/L2- and L3-larvae wesignificantly lower on Hybnos I
compared to the other cultivars, which did notetifin the number of other aphid instars

(Fig. 2).
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Fig. 1: Mean number (£SE) of offspring (groupedbimteveloping instars) originated from
single apterous adults &itobion avenaeaged on eight winter wheat cultivars at growth-
stage 13. Cultivars followed by the same letter ra differ significantly (significant
differences only in larval-stages: Tukey-Kramet,tps0.05n=15).
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Fig. 2: Mean number (£SE) of offspring (groupedbimteveloping instars) originated from
single apterous adults dMetopolophium dirhodunsaged on eight winter wheat cultivars at
growth-stage 13. Cultivars followed by the saméeeletlo not differ significantly (significant
differences only in L1/L2- and L3-larvae: Tukey-Krar test, p=0.05=15).

The second experiment at the shooting stage otuhivars (GS 30-32) yielded higher
overall mean aphid numbers (Fig. 3 and 4) than&tlG. No significant differences in either
instars of both cereal aphids were found amongveu#t, except in L3-larvae &fl. dirhodum
(Fig. 3 and 4) Significantly more L3-larvae were found on cultivRiommi compared to
Ritmo.

Caged aphids in the field (GS 65-69) developed msi@wly (mean daytime
temperatures: 19.3°C) compared to laboratory cmmdit Moreover, mean numbers of
offspring varied more broadly and the standard rerneere more pronounced. A whole
population cycle of the offspring was rarely obserwithin the cages for either species. No
significant differences among cultivars and aplpecses were obtained (data not shown).
The caging experiments were repeated in 2006 andesults showed the same trend. Again,
no significant differences in aphid populations &/&und among the cultivars tested (except

at GS 13, no aphid developed on cultivar Hybnos I).
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Fig. 3: Mean number (£SE) of offspring (groupedbimteveloping instars) originated from
single apterous adults &itobion avenaeaged on eight winter wheat cultivars at growth-
stage 30-32 (no significant differences: Tukey-Keartest, p=0.05)=15).
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Fig. 4: Mean number (£SE) of offspring (groupedbimteveloping instars) originated from
single apterous adults dMetopolophium dirhodunsaged on eight winter wheat cultivars at
growth-stage 30-32. Cultivars followed by the sateder do not differ significantly
(significant differences only in L3-larvae: Tukeydner test, p=0.05=15).
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Settlement experiments

The natural settlement of winged cereal aphids exaduated in the untreated plots at
Ruthe in 2005 (Tab. 2). The most frequent naturafignigrating species were. padj first
found on May 28, followed by M. dirhodumand S. avenaeon the subsequent evaluation
dates after the release of alatae of these spétads not shown). On most cultivars, aphid
population peaked at early July (GS 77/83). Theetohpopulation crash differed among the
cultivars according to their ripening stage. Cutiikratos entered the harvest stage first and
cultivar Hybnos I last (data not shown).

For the analysis of the immigration period we famds on aphid numbers on May"25
June 18 and 16. The mean number of aM. dirhodumand S. avenaedid not differ
significantly among the cultivars on any evaluatttate (data not shown). However, for all

R. padiseveral significant differences among the culswaere found (data not shown).
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Fig. 5: Mean densities of wingesitobion avenaé+SE) per m2 on seven cultivars at three
evaluation times. The count data (per tiller) wepaverted into individuals per m2 according
to the crop stands (tillers per m2). Cultivars daled by the same letter do not differ
significantly (repeated measurement analysis an#ley-test on each evaluation time,
p=0.05).
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Fig. 6: Mean densities of wingddetopolophium dirhoduntSE) per m2 on seven cultivars
at three evaluation times. The count data (pesr}ilvere converted into individuals per mz2
according to the crop stands (tillers per m2). Mmificant differences among cultivars were
detected according to repeated measurement analy@i$ukey-test on each evaluation time
(p=0.05).
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Fig. 7: Mean densities of wingddhopalosiphum padixSE) per m2 on seven cultivars at
three evaluation times. The count data (per tillgere converted into individuals per m?2
according to the crop stands (tillers per m?). Rats followed by the same letter do not
differ significantly (repeated measurement analgsid Tukey-test on each evaluation time,
p=0.05).
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Since the pattern of aphid settlement during thenigmation period should indicate
cultivar-specific differences in attractiveness, separately compared the different aphid
instars. The most striking indicator for immigratimtensity should be the number of alatae
(Fig. 5 to 7). On May 25 alatae ofS. avenaevere only found on St-93, but due to the
overall low numbers that event was not statistycaignificant. On the following date, June
10", significantly higher numbers of winge8l. avenaesettled on Hybnos | compared to
cultivars Tommi and Akratos. No alataeMf dirhodumwere observed on the first evaluation
date. On the following sampling dates, no significdifferences in numbers of alatae were
found among the cultivars (Fig. 6). On May™Significantly more wingedR. padiwere
found on cultivar Batis than on cultivar Tommi (Fig). Concerning the other evaluation
times, no significant differences were found amthcultivars.

The observations of aphid immigration in field glotere repeated in 2006 focussing on
S. avena@ndM. dirhodum The results showed the same trend and no signifidifferences

in alatae numbers of either species were found grttencultivars.

Tab. 3: Coefficients of determination R? and slopes linear regression lines between aphid
index (aphid days per Inand three yield parameters (i.e. crop yield [y ba], hectolitre
weight [g per ccm] and protein content [% of dryigie]) of seven cultivars (calculated per
cultivar on pooled data from treated and untreatets). Sample size per yield parameter and
cultivar is ten.

Crop yield Hectolitre weight Protein content
Cultivar R2 b R2 b R2 b
Tommi 0.65 -1.0+0.04* 0.94 -104+1.3* 0.21 -0.4+£0.4
St-93 0.83 -2.7+0.06* 0.92 -15.2+2.2* 0.13 -1.2+£1.5
Hybnos | 0.72 -1.0+0.03* 0.78 -9.2+25* 050 -2.1+1.1*
Akratos 0.79 -1.2+0.03* 0.85 -12.0+2.5* 0.25 -0.9+£0.8
Dekan 081 -3.5+0.08* 0.80 -31.6+8.0* 0.65 -4.1+1.5*
Batis 0.98 -0.8+0.01* 0.67 -12.8+2.6* 0.36 -1.3+£0.8
Certo 0.86 -0.8+0.02* 0.73 -9.7+29* 0.63 -0.3%0.1*

* Asterisks indicate significant (p=0.05) differezscfrom zero for the slop<0).

Infestation loss relation experiments

In 2005, different crop parameters were analysedidtermine the effect of aphid
infestation. The crop density (in tillers pef)mand the length of tillers differed among
cultivars but did not show any relation to aphidestation when insecticide treated (low
aphid density) and untreated (high aphid densitg)spwere compared. In contrast, several

yield parameters significantly differed betweenateel and untreated plots for a given
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cultivar. Real crop yield and hectolitre weightdes of cultivars ranged from 2.1% in cultivar
Akratos to 18.4% in cultivar Dekan and from 5.2%cuiltivar Batis to 10.0% in cultivar
Tommi, respectively (data not shown). The lineagression analyses between aphid index
and yield parameters showed varying results foh,botltivars and yield parameters. With
increasing aphid density, crop yields and hecwlitreights were significantly (p = 0.05)
reduced in all cultivars, with strongest decreaseultivar Dekan (R?=0.81h=-3.5 and

R2 =0.80,b = -31.6, respectively; Tab. 3). The lowest proteamtents were obtained in the
untreated plots of all cultivars, but differencesrg/ not pronounced. Subsequently, protein
contents were significantly reduced only in cultszddybnos | (R2=0.50p =-2.1), Dekan
(R2=0.65pb=-4.1), and Certo (R2=0.68B=-0.3; Tab. 3).

Discussion

Antibiosis experiments

The most striking results from our antibiosis sasdwith young seedlings were the
strongly reduced performances&favenaandM. dirhodumon cultivar Hybnos I. However,
these antibiosis effects were not consistent simoaging experiments at later growth stages,
no significant differences among the cultivars wereserved. The different relative
performance of aphids on juvenile and adult pléats been reported before (Kuo-Sell, 1993;
Migui & Lamb, 2004). Obviously, the cultivar Hybnbss of very low host quality for cereal
aphids only during its seedling stage with a mdiect in preventing deposition of offspring.
Possibly, morphological criteria and nutritionalatjity are responsible for that effect (Spiller
& Llewellyn, 1987; Migui & Lamb, 2004). About theopsible long term consequences of the
much lower attractiveness of the cultivar Hybnalsiting seedling stage in terms of offspring
deposition of cereal aphids, we can only conjectlitee main effect of varieties (just like
Hybnos I) can be a reduced establishment and grofthe initiatedS. avenagopulation
after immigration in autumn. The amount of autumfestations of winter wheat strongly
depends on the synchronisation of aphid autumnatiayr intensity and crop development.
Due to the late sowing of wheat compared to bairkegecent years in central Europe, the
migration peak ofS. avenaeand R. padi has already passed when attractive winter wheat
seedlings emerge, but this situation may change nvdre frequent periods of mild winters as
predicted (H. Friesland, pers. comm.). Moreovelghsa resistance effect, limited to the
seedling stage, can help to slow down the populabiald-up - in particular - o5. avenae

and to a limited extent d¥l. dirhodumafter early immigration during the spring peridd.
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several simulation models calculating the effedtsvimtertime on cereal aphid populations
(Kleinhenz, 1994; own calculations, data not shqutnyvas found that the initial population
level after winter is of major importance for thekrof cereal aphid outbreaks in summer.
Nevertheless, in later growth stages of wheat plJami resistant effects were observed in our
experimental setups. Possibly, strong mass transfemutrients, which occur during the
shooting and flowering, leading to the best nwnél status for aphids, may have
compensated the resistance effects of younger grstages. Moreover, the abiotic conditions
(especially temperature) become more suitable ¢oagpthid development. The findings are
supported by Watt (1979), who found that a wheahts suitability for aphid growth and
reproduction varies markedly with its growth stagesd may affect the likelihood of
outbreaks causing economic damage. Further expetsno®ncerning the attractiveness and

host plant suitability with the cultivar HybnosHauld focus on these circumstances.

Settlement experiments

Despite of a high sample size, no cereal aphide feemd on the first evaluation day in
2005 (May 1Y). After release of alatae d¥fl. dirhodum and S. avenag however, high
numbers of alatae were recaptured in the fieldsplot compare distribution pattern of
cultivars. With the evaluation of alatae as indicdbr attractiveness - assuming that most of
alatae during that early period were immigrantgyniicant differences in attractiveness of
cultivars (Fig. 5, 6 and 7) were observed. Aboetritrechanism behind, however, we can only
speculate. Important signals triggering early hgant selection by aphids are colour (host
plant and its contrast with environment), surfacaphology of the target as well as odours
emitted from plants. Particularly, we observed #agiation in the greenish leaf colour of
cultivars. In several studies, these differencesewlenked to different levels of aphid
settlement and subsequent development (Tsumuki, &t989; Dixon, 1998). However, our
visually achieved grading of leaf colour was nataded enough to allow any correlation with
the settlement data.

It has long been argued that variation in the molquly and chemistry of host species
can act as an important selective agent for heress/¢Thompson, 1988). Hairs, epicuticular
excrescences, waxes and colour attributes have béien perceived as important factors for
aphid development (Dixon, 1998). Nevertheless, thlation is not compulsory (Fraser &
Grime, 1999), because the cultivar St-93, for edamphich exhibits high numbers of hairs,
did not show a reduced aphid development in théiasts experiments. Furthermore, our
settlement behaviour experiments did not indicgtecsl preferences of colour or texture
attributes for the cultivars tested, even thoudie surface attributes differed among the
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cultivars while the immigrating aphids were chogsithe best host plant for settlement.
Whether a plant is accepted or rejected by a wimgigglant, depends on the completion of a
behavioural pattern, in which not only the plamgisrface attributes but also the volatile
organic compounds (VOC’s), intercellular compousdsh as polysaccharides and phloem
constituents are tested by the settling aphid queece (Blackman, 1990). The host plant
quality in terms of nutritional compounds or pladgcondary metabolites interfering with
aphid feeding intensity of food conversion effiaggrplays an important role for cereal aphid
population development. Cultivar-specific levels agrtain free amino acids (i.e. arginine,
threonine, valine), enriched phenolics or highedigxamin levels were found to interfere
with aphid performance on cereals (Sandstrém, 2000hcerning our results, we cannot
provide sufficient data of cultivar-specific volas or intrinsic plant compounds relevant for
aphid’s decision process. However, early antibiotisettlement behaviour effects played no
significant role, since the differences in settleaméntensity were later more or less
completely compensated by propagation of the fastablished colonies (no significant
differences in total numbers per m? on later grostttyes of the winter wheat plants).
Following each single winged aphid, its settlemant] subsequent probing behaviour is
not possible under field conditions. Thus, the ltssof settlement behaviour are more or less
static “snap-shots” and cannot accurately distisiguantixenosis effects of cultivars. To
comprehend the effects of antixenosis entirely, andetailed experiments are necessary,

including choice experiments under laboratory coods.

Infestation loss relation experiments

Both, the natural immigration and the release afged aphids from rearing have led to
high infestation levels in the field plots at vegrly stages of host plant development (starting
in May). The resulting losses (crop and hectohtield losses) observed in the study agree
with results of other studies in central Europes@iow et al., 1994; Niehoff & Stéblein,
1998). The regression analyses of pooled dataé€tteand untreated plots) indicated different
tolerance levels of cultivar. With increasing aphikfestation, all cultivars showed
significantly reduced crop yields and hectolitreigi®s (Tab. 3), but only cultivars Dekan and
St-93 reacted more pronounced, i.e. not toleramly @ few significant protein content
reductions were obtained with increasing aphidstagon. This means that several cultivars
expressed pronounced levels of tolerance (conagprioiein content), which is in accordance
with Havlickova (1997) and Mowes et al. (1997). Har, it is not obvious, why no stronger
and consistent reactions of tested cultivars inyald parameters were obtained with
increasing aphid population levels, although therall population level was very high.
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According to our results, the cultivar Dekan redotéth strongest losses per aphid unit and
can be ranked as the least tolerant cultivar. déstergly, the cultivars reacted differently
regarding the discriminative yield parameters withcontinuous superiority of one cultivar
within the collection (except cultivar Dekan). Tidlace seems to be a promising breeding
aim with lower risk to be easily overcome by hedves adaptation (selection) (Hesler &
Tharp, 2005). Another variable that was found tacbeelated with landscape structure was
farming practice. However, we found no evidencetlf@a impact of insecticides on genotypic
diversity and within seasonal dynamics of genotypmmposition at the field scale.
Furthermore, no evidence was found for the presehagsecticide resistant strains as found
in other aphids €.g. the peach-potato aphid/lyzus persicaeSulzer, Foster et al., 2004).
Resistant strains should lead to a lower genotgversity in intensive sprayed regions
(structured population) although in fact the opposias observed in the present studySon
avenae On the other hand, we cannot exclude the poggilfilat ‘clonal copies’ have been
reduced at the regional scale by frequent usesefiicides at different locations.

One explanation for the difference between genotyrersity and homogenous aphid
abundance between regions could have been theisgmmthod. To estimate abundance, all
individuals on inspected tillers were counted, velasrfor molecular analyses, single aphids
were taken from different field plots independemicblony size on single plants. Therefore,
frequently detected genotypes had already dispexgiath and between fields, a behaviour
which was earlier posited from field observatiogean (1974).

The changes in genotypic diversity between yeadgcated that winter climate might
outweigh the landscape effect in regions with feegucold winters. If this is indeed so, the
landscape effect might be best studied in regiaitis permanent mild winters to exclude this

important variable.

Importance for population and migration models

According to our results, it seems that the ativaoess of wheat cultivars for winged
aphids during spring immigration and following d&mbisis reactions, are of minor importance
as input variables for population and migration eled since they cannot explain the
observed strong differences in aphid gradation eetwareas and years. Other factors like
landscape structure, fertility of the soil and tipening time of the host-plants (i.e. early or
late maturing cultivars) may exert stronger effeats aphid population development and
should be further checked as driving parametersrigration and populations models. Our
study only showed certain differences in plantahility, particularly in terms of offspring
production intensity on young plants - a phenometi@t may influence aphid infestation
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levels in autumn and may be incorporated into nmsdelhich describe the population

dynamics of cereal aphids before winter. Furtheenenvironmental effects, such as plant
nutrition or weather conditions that determine ¢fnewth pattern of the host plants, e.g. the
duration of sensitive developmental phases, seerhetof major importance for aphid

population dynamics and subsequent yield reactiDiflerences among cultivars have been
shown to be more or less marginal (Havlickova, 12901; Bundessortenamt, 2006). Thus,
in accessing important factors in population angration models, it seems that the factor

cultivar is of minor importance.

Importance for integrated pest management

The future motivation to invest more in resistamcetolerance breeding in cereals is
mainly influenced by economic circumstances. Wintbeat is the most widely grown crop
in the study area, although the value per unit &vegetation period) is low. If prices for
wheat are decreasing (under a certain level) ane negionally narrow profit margins will be
given, then farmers would rarely treat their cropst risking yield losses (Rossberg et al.,
2002; B. Freier, B. Hardeweg, H. Waibel, pers. comms consequence, resistance and
tolerance to aphids may become more interestingléot breeders and farmers (Smith et al.,
2004). Complementary strategies in an integratesi pgnagement program against cereal
aphids should ideally not only include more or Isskective and well-timed chemical control,
but also utilise plant resistance and tolerancemi@oned with landscape management
approaches to improve functional biodiversity, @mation biocontrol, etc., resistance and
tolerance breeding could be an additional toobfsustainable crop management in cereals, if
no adverse impacts on aphid-specific predatorsaagitoids will occur via the nutrition chain

(Bosque-Perez et al., 2002).

In conclusion, the results clearly showed no swpiyi of any winter wheat cultivar
concerning the attractiveness and host suitabititycereal aphids. No characteristic trait
affecting the population level of cereal aphids watected. Although the cultivars covered a
broad range of genotypes and qualities, we assunae the genetic background of the
prevailing material of currently winter wheat cu#irs is rather narrow. Resistance effects of
ancestors of wheat have been described (Hesler &pJH005; Migui & Lamb, 2004).
Moreover, new resistant genes froAegilops neglectaReq. ex Bertol.and Triticum
araraticum Jakubz.expressing aphid antibiosis are available and carused to develop

multiple aphid resistance in winter wheat cultivé®nith et al., 2004; Arzani et al., 2004).
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We hope that future breeding lines will include negources and enhance resistance and

tolerance research as further key factor for sougkdé wheat production.
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Abstract

Cereal aphid populations (Hemiptera: Aphididaewimter wheat and winter barley were
evaluated in the autumn and early spring of twoseghent vegetation periods (2004/2005
and 2005/2006) by D-VAC mobile suction samplerugiscounts, and plant sampling in order
to compare the efficiency of different cereal aphigvey techniques. Aerial populations of
cereal aphids were additionally determined usidtpyewater traps and fixed suction traps at
the field and regional scale over the course otsdwears. Plant sampling (i.e. collecting
whole plants from fields for evaluation in labonmgfogenerally detected the highest numbers
of instars per m2 and enabled the most accuratéd aphssifications while additionally
permitting further laboratory analysis (e.g. immsoxbent assays). Visual counts §itu)
were most effective for producing quick, rough resties of overall population density. D-
VAC, which detected the lowest numbers of aphidsimas the least effective technique and
was determined to be unsuitable for cereal aphiditmong in autumn crops. Coefficients of
variation confirmed this trend for the three samgliechniques. In years with high population
densities and/or small-scale (single-field) samplinoefficients of variation were smallest
with fixed suction traps. The minimum sample sizeguired for estimation of aphid
populations at different levels of precision (5080%, 20%, and 5%) were determined using
different calculation methods (Feng & Nowierski,929 Greenwood & Robinson, 2006)
based on visual count data. The results of thidystitave important implications for the
selection of appropriate techniques for surveyiegeal aphid populations in winter wheat and

winter barley in autumn and early spring.
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Introduction

The aphidsSitobion avenaé. andRhopalosiphum padi. (Hemiptera: Aphididae) are
the most abundant and devastating pests of wirheatvand winter barley in central Europe
in autumn and early spring (Basedow et al., 1994y cause direct damage to plants (as
phloem feeders) and, more importantly, they areveastors of viral diseases, such as barley
yellow dwarf virus (BYDV). Mild winters can promotdéast population growth and
distribution of a large proportion of anholocydhibernating, virus-transmitting aphids. Yield
losses in infested plants are determined by plamivitp stage during aphid settlement (GS;
Tottmann & Broad, 1987), plant resistance chareties, virulence of virus strains and, in
particular, by weather conditions controlling aplsdrvival, reproduction and intensity of
secondary spread during autumn and early springgp@duth & Lauenstein, 1991).

As chemical control is the only reliable way to imise aphid damage in winter cereals,
there is a high demand for adequate control thidshd’roven and tested thresholds are
available for late summer control (GS 69) of sugkdamage (Rappaport & Freier, 2001).
During this period in which aphids are less aggredjavisual counting to check for critical
aphid densities is a simple, reliable, and wellepted technique (Feng etal., 1993a, b).
Nevertheless, economic injury levels used in autamad early spring to reduce the risk of
virus spread, that is, to estimate the aphid pajmdevels necessitating intervention with
insecticides, are very unreliable. Thresholds as¢htimes are much lower than those used in
late intervention situations. Considering the Idwesholds during periods of overall low
aphid densities, the choice of appropriate sampkafniques and sample sizes are issues of
major importance (Binns & Bostanian, 1990; Fenglgtl993a, b; Sutherland, 2006).

Since cereal aphid thresholds are derived from iedamage or density-yield loss
relations, the efficacy of the sampling technigsi@ icritical factor. An appropriate sampling
technique must either detect all aphids on thetplanin a defined area, or it must have a
known margin of relative estimation error (Sutheda 2006). Ease of handling of the
sampling technique is also critical: quick and denmgletermination of cereal aphid
populations (and threshold levels) is importantpeeglly if regional or decentralised
decisions are to be taken at the field level bldfadvisers or farmers (Robert et al., 1988). In
order to estimate the infection potential of virusctors, the sampling technique must
furthermore deliver live aphids from the fields,high quantities, and suitable for laboratory
analyses (e.g. immunosorbent assays).

Sample size is also important for the precision malidity of the sampling process
(Muhlenberg, 1993; Jarosik et al., 2003; Sutherl&@D6). Sampling plans based on the
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estimated distribution of cereal aphids in thedfiate useful tools (Elliott et al., 2003). The
level of precision of a method determines the neglisample size. The greater the variability
of results for a given sample size, the more supszsnneeded. Fluctuation of measured
values and hence of sample size is determined éypdpulation density and distribution
(aggregation) of a given species as well as byattmiracy of the sampling technique. The
amount of samples needed is mainly determined éylistribution pattern (e.g. aggregation)
and variation of aphid populations over time aslvasl by the target significance levels
(Muhlenberg, 1993; Southwood & Henderson, 2000)weleer, sample size is always a
compromise between technology and effort requirederms of tools, time, labour, and
sensitivity. Several sequential sampling plansau@&lable for cereal aphids in wheat from
late spring or summer to harvest time (Boeve & Wel997; Elliott et al., 2003; Giles et al.,
2003). In fields larger than 10 ha, 4x125 tillers ecommended as the minimum sample size
to determine the infestation levels at the flowmgrstage of winter wheat (Freier et al., 1997b).
The “counts per tiller” technique, i.e. careful wad evaluation of cereal aphids on a whole
tiller, is widely accepted as the technique of ckaduring the vegetation period (from GS 31
on) in which the plants grow and the stems elon{fagsvar et al., 1982; Rappaport & Freier,
2001). In the vegetation period, this is a fast affdctive technique of aphid population size
estimation that also permits the collection of dshfor subsequent laboratory analysis.
However, during the early growth stages in autuma @arly spring, when aphids settle on
the lower parts of the plant just above groundnothie heart of the plants, the choice of an
appropriate sampling technique is much more diffifu. Heimbach, P. Krissel, P. Matthes,
pers. comm.).

The main objective of the present study was theeefo compare the efficacy of three
sampling techniques (visual counts, plant samplargl D-VAC mobile vacuum sampling)
used to estimate aphid populations in differeneakcrops (winter wheat and winter barley)
during different seasons (autumn and early sprigg efficiency of D-VAC sampling was
additionally assessed in capture-recapture expatsr(&outhwood & Henderson, 2000). The
efficacy of two techniques for estimation of winggehid populations (fixed suction traps and
yellow water traps) was also assessed. Moreoviereint calculation methods and levels of
precision were used to evaluate the importance aofipte size with a focus on aphid
populations developing on cereal crops in autunth @nwinter wheat from spring to early
milky stage.
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Materials and Methods

Field sampling

These investigations were performed in winter wiasatt winter barley fields in several
regions of Germany over two subsequent vegetatenogs (2004/2005 and 2005/2006;
Tab. 1). Three techniques were used to estimatd giepulations of cereal aphids: (i) visual
counts on plants (or tillers) in the field, (ii)goit sampling (whole plants were randomly
selected, cut, and bagged in the field and examimedphids in the laboratory), and (iii) D-
VAC suction sampling: aphids were collected frorané using a modified Dietrich (D-VAC)
vacuum suction sampler (Veenker & Ulber, 2004). Gampling unit (i.e. the smallest unit
from which observations were taken) was defineBta® 60 plants (0.25 hin autumn, and
as 10 tillers in spring. Specified sample sizesetfuee represent the number of sampling
units. Sampling was performed weekly from crop egarce (GS 10) until the early milky
stages (GS 71/73), except in winter (from Januarthé beginning of March). To minimise
the effects of weather on sampling efficiency,salinples were taken simultaneously at each
sampling date. 10 to 90 sampling units in the §elkre randomly selected from a diagonal
transect across the fields with margins of appbom to avoid repetitive sampling of the same
plants in GS 11 to 29. In winter wheat, identicampling methods were used after tiller
elongation (GS 37/39), but the number of samplingsuvaried from 10 to 800 in order to

analyse the effect of sample size on variabilitgpiid abundance.

Tab. 1: Datasets (i.e. case studies) from winteeavland winter barley fields in different
regions of Germany (SLS =southern Lower Saxony, =Fhineland Palatinate,
nLS = northern Lower Saxony) used to compare saigpéchniques.

Vegetation

Region Location period Crop
2004/2005 : :
sLS Isernhagen 2005/2006 Winter wheat & winter barley
, 2004/2005 -
SLS Jeinsen 2005/2006 Winter wheat
: 2004/2005 : :
sLS Hiddestorf West 2005/2006 Winter barley & winter wheat
RP Worth 2004/2005  Winter barley & winter wheat
RP Wahlbach 2004/2005 Winter wheat
: 2004/2005 . .
nLS Bensersiel 2005/2006 Winter barley & winter wheat
nLS Carolinensiel 2004/2005 Winter barley & winter wheat

2005/2006




Chapter 6: Comparison of techniques to survey aphigvinter cereals 172

All arthropods (including cereal aphid antagonisi®re identified to family or genus
level, whereas aphids were identified to specieelland classified as adult alatae, adult
apterae, or larval instar®. padiand the fewRhopalosiphum maidi&. found were not
separated but pooled as tRepadigroup. To convert sampled aphid numbers per square
meter into numbers per plant or per tiller, the maambers of plants and tillers per square
meter were determined for each field by countirg glants and tillers within a metal frame

demarcating 0.25 fr{one sampling unit).

Visual counts

Cereal aphids on plants or tillers in each samplinigg were carefully counted, identified,
and classified in the fieldr( situ). As long as no tillers were visible, whole plaiteluding

hypocotyls and onsets of roots) in the sampling were visually inspected.

Plant sampling

Fifty or sixty winter wheat and winter barley plantespectively, were randomly selected
from each sampling unit, cut at root level, indivadly bagged, and stored in a cool bag.
When they reached the laboratory, the plants wiexeed in cold storage at approx. 2°C until

further analysis (counting, identification and sifisation of plant colonizing arthropods).

D-VAC sampling

The D-VAC device used in the present study is wémyilar in design and function to the
mobile vacuum suction sampler described by Vee(@@00). The results of our study should
therefore be comparable to those of other vacuunpkea studies (e.g. Dewar et al., 1982;
Bothe & Heimbach, 1995; Holland, 1998). For samptglection, a 0.25 fmarea (one
sampling unit) was demarcated by a collection frammeé vacuumed for 60 seconds with the
D-VAC device (modified method of Southwood & Herstmm, 2000; Veenker, 2000). All
arthropods, soil and plant debris collected inBR¥AC net were transferred to a plastic bag
and stored in a cool transport box. Upon arrivahatlaboratory, they were deep frozen at -
20°C until later analysis.

The efficacy of D-VAC sampling was evaluated ineede-recapture experiments (five
repetitions) in plots of winter wheat (cultivar: i, GS 21-25) at the experimental station
of Leibniz Universitat Hannover in early spring B08006. At each repetition, five collection
frames were pressed three to five cm into theagall vacuumed cleaned of any plant material
or surface dwelling insects during a three-minuitgtion period. Afterwards, defined numbers

of synchroniseds. avenad20 adults and 30 or 50 larvae) from the Instiitsfock culture
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were released 24 and 72 hours before resamplingavbad migration of arthropods, the
frames were covered with finely woven gauze (mgglest PA-132/40, Franz Eckert,
Germany).

Sampling techniques for winged aphids

Several small suction traps (2 m - Rothamsted t¥jagjor, 1955, 1986) from Examine
projects (EXploitation of Aphid Monitoring systenibl Europe; MaCaulay et al., 1988;
Examine, 2008; P. Verrier, pers. comm.) in southeswer Saxony were available for use.
Applicable datasets (from spring catches) were ogged as follows: Case studies (i.e.
location-years) with field and assigned suctiom ttatches exceeding three cereal aphids per
ear and flag leaf at the end of flowering of wintdreat (GS 69; Basedow et al., 1994) were
classified as “case studies with gradation”, wheithase with lower numbers were classified
as “case studies without gradation”. Gradation deffned according to Ohnesorge (1991). In
Braunschweig (in 1998, a case study with gradatithmge suction traps were used for small-
scale (single-field) efficiency tests, whereas isuctraps in Elze, Langreder, and Poppenburg
(1999 to 2006, with gradation in 2002 and 2004)emesed for large-scale efficiency tests
(between fields of one region, approx. 60 km). Buctraps were checked daily for cereal
aphids from end of April to end of June and frorgihaing of September to mid-November.

Furthermore, yellow water traps (Moericke, 1951 BBe&o, 1991) were used to collect
winged aphids. A total of 24 were set up near Bsabweig in 1998 (a case study with
gradation), and 8 near Carolinensiel in 2005 (& sasdy without gradation). Traps were used
from end of April to end of June, examined 2-3 n@eweek for arthropods, and adapted to
crop development (i.e. crop high).

In autumn, yellow sticky traps were used. Sweepcatthes were performed in autumnal
crops; four repetitions at rates of 50 sweeps veemeducted for better estimation of the
proportion of winged cereal aphids and their armagje.

Statistical analysis

Analyses of variance (ANOVA, proc glm, mixed modaipgram SAS; SAS, 2008) were
performed on datasets for each sampling technifoebetter meet the assumption of a
normal distribution in case of count and percentdafe, logistic (log(x+1)) and arcsin-square
root (arcsinvx) transformations were performed, respectively.

The coefficient of variation cf), which expresses the standard deviatigh gs a

percentage of the meam)( is appropriate to compare the variance of sésaaples with
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different mean values (Kohler et al., 1984). Vaoiatcoefficients for each sampling technique
were calculated using the following formula:

cv=">
m 1)

Methods and precision of sample size estimation

The number of random samples needed to attain fpedentage relative precision
(PRP) depends on the level of precision requiredh&land, 2006). This may be expressed
either in terms of achieving standard error of edptermined size or, in terms of probability,
by calculating confidence limitsclj for a predetermined half-widthd & cl / [2m]), i.e. a
percentage of the mean (Karandinos, 1976). A 5%dsta error of the mean is often
sufficient for research purposes. Such low erramitd requiring large sample sizes are
difficult to handle in practice because of limitiathie and resources. Rough estimates of cereal
aphid populations are therefore a necessary conigeofBoeve & Weiss, 1997). The levels
of precision €) used for sample size estimation in the presamdystvere 50%, 30%, and
20%. The sample size required to achieve 5% poetisi100 times the sample size necessary
for 50% precision, irrespective of the calculatrarthod used. The methods used to estimate
the required sample size)(with which there is a 95% chance of obtainingxed PRP ofd

or less based on the data from visual counts azeritbed below.

1. Sample size with percentage relative precisBiPRRR):

This very simple method for rough estimation of pésizes if), which was introduced
by Greenwood & Robinson (2006) and similarly repdrtby Muihlenberg (1993) and
Southwood & Henderson (2000), is primarily basedtroie standard deviation values and

mean values known from literature or experiences &pproximatiom' is first calculated

)

wheremrepresents the mean asthe standard deviation of the number of organigers

using the formula:

sampling unit andl is the required percentage (specified as a deamalber) of relative
precision (i.e. level of precision), chosen acaogdio the aim of the study. The sample size
required () is then computed from' as follows:

n=n'+ 2 for n'<25
n=n'+1for 50 >n'>25
n=n' for n'=50.
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2. Sample size according to preliminary survey (S§S
This method by Greenwood & Robinson (2006) is basedhe SPREk, but requires a
preliminary survey g9 of organisms per sampling unit. The number of damgpunits

additionally required to have a 95% chance of olinigi a PRP ofl or less §") is calculated

s o|cslees
Tos) A Tl 3)

wheremys represents the mean number apdthe standard deviation of the number of

using the equation

organisms estimated from the preliminary samplee ibmber of sampling unitg; in the
preliminary survey is specified as well as the mexl percentage of relative precision
(denoted as in SPRR). If (nys+n")is less than 50, it should be adjusted as spdcif
SPRR for n'.

3. Sample size according to regression{$R

This method of sample size estimation is basedhenntethod of Feng & Nowierski
(1992), who described the spatial distribution efeal aphids and developed numerical
sampling plans based on estimated distributiorecéal aphids in the field by Taylor’'s power
law (Taylor, 1961). Taylor's power law defines thariance (i.e. the squared standard
deviation,s?) proportional to a fractional amount of the meamg the equation

f=anP or, In€) =In(@) + bxIn(m) (4)

where a refers to a specific constant (according to anigralup) and depends on the
sample size and on the estimation of variance. Mewearameteb denotes an index of
aggregation f <1 in regular distributionshb=1 in random distributions and > 1 in
clustered distributions). To determine the sampe ) required for numerical counts, the
power law was incorporated into the formula as diesed by Karandinos (1976):

2.\ (sY
n_(a_j (_j
)

n= (%j am™?
(6)

where z is a standard normal deviate such tiatz > z) = a/2 (for a=0.05;

resulting in the equation:

Zy2 = 1.96), andl is the predetermined half-width of a confidendenwal €l) as a proportion
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of the mean. The parametessand b were estimated by linear regression analysis (log-

transformation) using SAS software (proc reg; SAX)8).

Results

General population development

S. avenaeand R. padiwere the predominant aphid species in autumn. di¥served
population densities permitted a comparison of degpechniques. Winter barley and winter
wheat reached GS 25-26 and 23-25, respectivelyréddahe start of hibernation. Winter
conditions were harsh in most locations (both vatg@t periods), and holocyclic hibernation
dominated (> 92%). First emergence of cereal aplds observed in mid-May during
tillering. The numbers of cereal aphids detecteearly growth stages varied considerably
between the different crops. The overall numbeafids per m2 (meah SE; all species) in
winter barley was 3.4t1.7 at GS 11-17 and 14#6.6 at GS 21-29; the corresponding
numbers in winter wheat were 0.4 and 3.%1.5 at GS 11-15 and 21-29, respectively.
R. padiwas always the dominant species in early growtgestawith up to 6 times more

individuals per mthanS. avenae

Comparison of sampling techniques

Fig. 1 shows the comparison between D-VAC sampéing visual counts in the early
growth stages of winter wheat and winter barleysud counts revealed significantly more
aphid instars per m?, except for wingédavenaen winter wheat. Accordingly, the D-VAC
to visual count (D/V) ratios ranged from 0.10 t6®for all winter wheat comparison groups

except wingeds. avenaén GS 11-15 (Tab. 2).
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Fig. 1: Mean numbers of cereal aphid instatSK) per m? detected by D-VAC sampling
(black) and visual counts (white) at growth staddsto 15 and 11to 17 in winter wheat
(upper part) and winter barley (lower part). Bags aphid instars followed by the same letter
do not differ significantly (ANOVA, p < 0.05).



Chapter 6: Comparison of techniques to survey aphigvinter cereals 178

200 T
~ 100 +
@© 70 T
g 40 T Cc
= ;_ C
g 2 ; b
S 10+ b T
E 7T T
NE a | a
h c a
Q27 b } b c
o 1 T
g o037 a ; a + b
2 o041t b alh
©
= 027 a a
& o1+

0.07 1 a

0.04 t

200 Cc
_ 100 + ; ¢
E‘ 70 Tt b ;—_ b
= 40 t T L
o a
— 20 ¢ ¢
o) a
£ 10+ 7
2 71
N
E 47 b b c
o 21 b as b
o
” 141 ; a ;l: ;I
8 077
2 o044 a a 8
T o021 @
S a

0.1 +
< 0.07 t

0.04 1

Alatae Apterae Larvae Alatae Apterae Larvae
R. padi S. avenae

Fig. 2: Mean numbers of cereal aphid instatSK) per m? detected by D-VAC sampling

(black), plant sampling (dashed) and visual co(mtste) at growth stages 21 to 29 in winter

wheat (upper part) and winter barley (lower pa@8rs per aphid instars followed by the same
letter do not differ significantly (ANOVA, p < 0.05
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The mean D-VAC to visual count ratio for all specend instars (excluding one non-
significant value) was 0.1#0.01 for both crops in the early growth stages. A2Vcounts
were also lower than visual counts in both cropS&t21-29. Significant differences between
the two sampling methods were detected in 7 odRatomparisons (Fig. 2). Only in the case
of winged aphids were the D-VAC counts comparaple 0.05) to the visual counts. In cases
with significantly different D-VAC and visual cows)tthe mean catch ratiaRE) was 0.35
+0.06 for both crops at GS 21-29. For all crops dedelopmental stages (excluding alatae
and non-significant values), the mean catch rat®H) was 0.250.04 (Tab. 2).

Tab. 2: Mean D-VAC to visual catch ratios (D/V) amgtan plant sampling to visual catch
(P/V) ratios for the evaluated cereal aphid ins{atant samples were only taken in growth
stage 21 to 29).

Crop Growth Species Instars Catch ratio Catch ratio
stage (DIV) (P/V)
Winter barley 11-17 R. padi alatae 0.37* .
apterae 0.17*
larvae 0.23*
S. avenae alatae 0.63*
apterae 0.12*
larvae 0.22*
Winter wheat 11-15 R. padi alatae 0.21*
apterae 0.16*
larvae 0.16*
S. avenae alatae 1.12
apterae 0.10*
larvae 0.11* .
Winter barley 21-29 R. padi alatae 0.72 7.55*
apterae 0.32* 5.76*
larvae 0.23* 4.11*
S. avenae alatae 0.20 9.06*
apterae 0.17* 1.56*
larvae 0.42* 1.73*
Winter wheat 21-29 R. padi alatae 3.47 9.66*
apterae 0.56* 1.36*
larvae 0.24* 4.01*
S. avenae alatae 0.36 2.46
apterae 0.51* 2.09*
larvae 0.15 1.42

*Asterisks indicate significant (p<0.05) differescbetween sampling techniques (i.e. catch
ratios).
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Tab. 3: Mean coefficients of variatioeE) of cereal aphid species calculated per wedkrae times (weeks of the year with corresponding
growth stages) using different sampling technidqtiekl scale or overall population level).

Growth Time Sampling Mean coefficients of variatiger week)
stage (week no.) techniques R. padi S. avenae M. dirhodum
0-13/15 36 -45 Suction trap (regional scalehlpgpulation level) 1.12+0.22 1.83t0.42 2.21+0.72
0-13/15 36 -45 Suction trap (regional scale, pmpulation level) 1.26+0.31 2.28:0.34 2.34+0.73
13/15- 21 44 - 49 D-VAC (field scale, low poputatilevel) 3.41+0.40 3.60+0.50
13/15-21 44 - 49 Visual counts (field scale, lospulation level) 2.93+0.28 3.01+0.30
13/15-21 44 - 49 Plant sampling (field scale, [mpulation level) 2.57+0.17 2.72£0.18
31-65 18 - 24 Suction trap (field scale, gradatio 1.20+0.32 1.13t0.20 1.01+0.29
31-65 18- 24 Suction trap (regional scale, giada 1.29+0.49 1.21+0.47 1.25:0.43
31-65 18-24 Suction trap (regional scale, ramigtion) 1.25+0.40 1.84+0.57 1.72t0.57
31-65 18-24 Yellow water trap (field scale,dation) 2.09+0.65 1.63t0.39 2.60:0.84

31-65 18-24 Yellow water trap (field scale,gradation) 1.80+0.37 2.09:0.45
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All three sampling techniques (plant sampling, D&/Aampling and visual counts) were
compared in later growth stages (GS 21-29). In ncases, the largest numbers of aphids
were detected by plant sampling and the least BJARQ- (except alatae dR. padj collected
with D-VAC in winter wheat; Fig. 2). The mean plasd@mpling to D-VAC ratiatSE at GS
21-29, excluding non-significant values, was 40804 (Tab. 2).

Coefficient of variation

In autumn, the coefficients of variation fBr. padiandS. avenaavere highest with D-
VAC sampling and lowest with plant sampling (Tap. Eoefficients of variation for
S. avenaavere higher than those fBr. padiin autumn, but consistently smaller than those for
R. padiin spring in case studies with gradation (Tab.I8)spring, suction traps produced
higher coefficients of variation at the regionablecthan at the field scale, irrespective of
species or population scale (e.g. case studies ovittvithout gradation)Metopolophium
dirhodumWalk. (Hemiptera: Aphididae) was only caught inefixsuction traps and yellow
water traps. The corresponding coefficients ofatasn ranged between those of the two other
species.

Overall, the coefficients of variation for suctibaps and yellow water traps were smaller
than those for D-VAC, visual counts, and plant skmgp as observed over several periods
and evaluation times (Tab. 3). The coefficientsvafiation in case studies with gradation
were smaller than those in case studies withoutagi@n. This trend was generally observed
for all species caught in suction traps and yeNeater traps; the only exception was padi

when collected in suction traps at a regional s¢aéeks 18-24; Tab. 3).

Release and recapture experiments

In controlled release and recapture experiments WHAC sampling, recapture rates
for S. avenaeanged from 10% to 56% (mean numbe&iSK) of 32.4t2.8%). Recapture rates
for S. avenadarvae (31.3+3.1 %) and apterae (37£5.4 %) did not differ significantly
(p > 0.05).
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Tab. 4: Mean numberst8E) of sampling units needed to achieve the specievels of
precision (d = 0.5, d = 0.3, d = 0.2), as deterahibg the sample size with percentage relative
precision (SPRER) method (Greenwood & Robinson, 2006), the sampde according to
preliminary survey (SRsg) method (Greenwood & Robinson, 2006), and the $amjze
according to regression (& method (Feng & Nowierski, 1992). Up until growskage
(GS) 29, one sampling unit was defined as 60 wib#ley plants or 50 winter wheat plants,
respectively, equivalent to 0.25 m? in each cases$ 39 - 69, one sampling unit of winter
wheat was defined as 10 tillers. The main ub} éxpresses the number of fields and/or
evaluation dates used for mean and standard ealoulation. The sample size for 5%
precision is 100 times larger than the sample $ore 50% precision, irrespective of
calculation methods used.

Number of sampling units

Growth Calculation at different levels of precision
Crop stage N method d=0.5 d=0.3 d=0.2
Winter barley 11-17 10 SPRRP 177 44421 97147
SP&r 3148 63124 126456
SR 1143 31+8 71+17
Winter wheat 11 -15 8 SPRP 21+3 5548 124+18
SP%r 35+2 76+9 156+22
SR 23+2 6515 145+10
Winter barley 21 - 29 6 SPRR 1849 47+26 105+59
SP&r 3519 71126 140+59
SR 71 19+3 44+7
Winter wheat 21 - 29 6 SPRR 4218 115+22 259450
SP%r 71+16 150+29 305455
SR 20+3 56+7 125+17
Winter wheat 39 - 49 10 SPRP 147+17 407+47 916£105
SP&r 186+18 480+53 1053+121
SR 565+107  1569+298 3530671
Winter wheat 51 -55 9 SPRR 143+35 396196 8914216
SP%r 179+38 463+104 1016+235
SR 121+15 336141 756192
Winter wheat 59 - 61 12 SPRP 131422 364+61 819+138
SP&r 164+25 428+69 9431155
SR 113+17 313+46 705+£103
Winter wheat 65 - 69 16 SPR® 68+18 189+50 426+113
SP%r 94 +20 231457 499+128
SR 57+17 158+48 355+108
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Calculation of sample size

The basic sample siZd (Tab. 4) for the different methods of sample siaéculation
ranged from 6 to 10 fields or evaluation datesereal crops in autumn, and from 9 to 16
fields or evaluation dates in winter wheat in ealynmer (Tab. 4). The mean number of
sampling units per field or evaluation date wasl3@.autumn and 71.8 in spring. The mean
number of sampling units and the overall sample siz critical parameters for comparison
of sampling techniques.

According to the SR, method, regression analyses performed for pararestanation
showed a mean coefficient of determinati&sS) of R2=0.910.03. The mean intercept
(xSE) was In(1.8%0.36) in autumnal crops and In(4.59.67) in winter wheat. The mean
slope ¢SE) was 1.820.08 in autumn and 1.620.06 in spring; all slope values were greater
than one.

The estimated sample sizes varied between metlpast growth stages and crops
(Tab. 4). Generally, the $R method estimated the smallest sample sizes, andGHEr
method the largest. The number of sampling unitsded to accurately estimate aphid
populations in winter wheat in early (GS 11-17) daie (GS 21-29) growth stages is higher
than the number necessary in winter barley. Inrlg@wth stages, smaller numbers of
sampling units were needed to achieve the minimampse size. With increasing precision
(i.e. smallerd values), the number of sampling units increasegrdportionately (Tab. 4).
According to the SPRIg method, a minimum of 1,050 plants (2B)X50 plants) is required
to estimate cereal aphid populations in winter wteaGS 11-15 with a precision of 50%.
According to the SR, method, a minimum of 420 plants @)X 60 plants) is needed to
estimate the aphid populations in winter barleg&t21-29 with 50% precision.

In early summer, when the winter wheat developnpeogressed from GS 39 to 69 and
the population of cereal aphids increased (reachidigtribution closer tb = 1), the numbers
of sampling units decreased (Tab. 4). At GS 3%xatHe estimated number of sampling units
needed to achieve a given level of precision vaaewng the different sampling methods
(e.g. SPRBr vs. SRy) by a factor of four to five. The estimated samgilees for a given
level of precision, as calculated by the differerd@thods, were most similar at the flowering
stage of winter wheat. According to the (RRnethod, at least 570 tillers (i.e. 5717)< 10

tillers) should be evaluated to achieve a precigoel of 50%.
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Discussion

Comparison of sampling techniques

The most striking finding of this comparison studys the disproportionately large
number of cereal aphids per m? obtained with pkarpling (Fig. 2). The mean plant
sampling to visual count (P/V) ratio of 4.30.94 showed that more than four times more
aphids could be detected by plant sampling. Theavisount technique was obviously less
accurate, except for alatae and larvaeSoavenaen winter wheat (Tab. 2). However, it
should be considered that the occurrence of camligtlow densities 0. avenaén winter
wheat resulted in high standard deviations, whicadenit difficult to prove differences
statistically. Moreover, the visual count technigeenot easy to manage in autumn, when
plants are small and the ground is often wet. Qregrround on the ground is strenuous and,
with time, the risk of overlooking small aphidsgelarvae) sticking to the soil or plant debris
increases. With plant sampling, on the other hangrecise evaluation of samples can be
conducted under laboratory conditions. Another Beotoutdoor plant sampling with indoor
evaluation is the possibility of carefully colleai unharmed aphids for further analysis, for
example, for virus transmission tests (biotestie Major drawback of plant sampling is the
time requirement: it proved to be the most timestoming sampling technique (Tab. 5). Both
plant sampling and D-VAC sampling require fieldwqokis intensive inspection of samples
in the laboratory. The variability of evaluatioome# duration was most pronounced for D-
VAC samples and was longest when a bulk of pladtsail debris was part of the inspection
protocol. The total handling time for each techeidspecified in Tab. 5) must be considered

when comparing the suitability and costs of théedént sampling technique.

Tab. 5: Time (in minutes) needed to evaluate cesphlds and arthropods in one sampling
unit, which consisted of 50 to 60 plants (0.25 at?yrowth stages 11-29 in visual counts, D-
VAC, and plant sampling. One sampling unit fromefixsuction or yellow water traps is
based on one catch period, e.g. one day (betweghl& and November®)).

Sampling Time [min.] to evaluate one sampling unit
Technique In the field In the laboratory Total
Visual counts >15 - > 15
D-VAC <5 > 55 (10 - 240) > 60
Plant sampling >5 > 160 (140 - 200) > 165
Fixed suction trap <5 > 60 (10 - 180) > 65

Yellow water trap <10 - <10
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It seems unlikely that plant sampling overestimdtezifield population of cereal aphids,
since plants were selected at random and a larggleasize (> 600 plants) was used.
Moreover, visual counts yielded similar numbersSofavenaeapterae or alatae in winter
wheat (Fig. 2). The observed cereal aphid populatevels were comparable to those
measured in other studies done in southern Lowror8a(Scholz, 1994; S. Krussel, pers.
comm.). Comparing the techniques used to follow pl@ulation development of cereal
aphids in winter barley in autumn, the most aphadse detected by plant sampling and
fewest by D-VAC sampling (Scholz, 1994). Plant shngpcan therefore be regarded as the
most accurate technique for evaluation of cerehldspin winter wheat and winter barley in
autumn.

D-VAC sampling was even less effective than vist@ints and resulted in the lowest
numbers of cereal aphids per m2 (Figs. 1 and 2)y @bout 25% of the visually counted
cereal aphids were detected by D-VAC, and onlyafatae was the efficacy of D-VAC nearly
equal to that of visual counts (Figs. 1 and 2).seheesults are corroborated by Scholz (1994),
who found a mean D-VAC to visual catch ratio ofIDduring autumnal sampling in winter
barley in southern Lower Saxony. Winged aphidsedfertlessly caught by suction and can
be easily recognised during the sorting procednrthe laboratory. Small larvae, however,
may be hidden between developing leaves or neamwtits, making them inaccessible to the
D-VAC suction sampler (Scholz, 1994). Our resutisraborate the findings of Dewar et al.
(1982) that the D-VAC suction technique is lese@ile than visual counts for cereal aphids
on tillers (GS > 31). Our release-recapture expenits) produced similar results: After we
released defined cereal aphid densities, D-VACpterad only 32.4% of the aphids under
nearly optimal environmental conditions. Similar moderately higher efficiencies were
found in similar experiments monitoring insects fhtptera: 32 - 76% efficiency) in
grasslands from May to September (Henderson & Weital977). Duffey (1980) reported
lower efficiencies of D-VAC-sampled insects (Herenat) in grasslands in May (14 - 18%)
than in August (33 - 58%). These findings contrash the release-recapture rates reported
by Dinter (1995) who, was able to recapture 862 of released spiders (males and females
of Erigone altraBlackwall, and females dDedothorax apicatuslackwall) in later growth
stages (end of July). However, vegetation strucame density has a considerable impact on
the efficiency of D-VAC sampling (Henderson & Whiea, 1977; Hand, 1986). Overall, D-
VAC sampling may be more selective than the otkeehriiques since active insects (e.g.
predatory spiders at GS 85) are captured with niigher efficacy than those that withdraw

in leaf sheaths or near the hypocotyls (e.g. lanfamereal aphids at GS 21). Inversely, insects
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in leaf sheaths or near roots can be more easibcei with the plant sampling technique
studied in the laboratory. Moreover, D-VAC is vempsuitable for efficiently collecting
aphids when the crop or the soil is wet due to caidew; at these times, many aphids stuck
to plant and soil debris are not picked up by suc{Henderson & Whitaker, 1977; Dinter,
1995; Veenker & Ulber, 2004). This is one of theajest drawbacks of D-VAC sampling,
and it reduces the performance of D-VAC samplinghgared to visual counts or plant

sampling, especially in autumn, winter and eariyrgp

Coefficient of variation

Coefficients of variation were calculated in ord@rcompare the degree of variability of
aphid population size estimates determined for mangesamples collected by the different
sampling techniques (Tab. 3). The results are inor@ance with the aforementioned
statements regarding the comparison of samplinignigqaes. Plant sampling produced the
smallest coefficients of variation and D-VAC theglest forS. avenaandR. padiin autumn.
Coefficients of variation fo6. avenaeavere generally higher than those Rrpadj this was
possibly due to the higher overall population dignsi R. padi(Tab. 3). Dinter (1995), on the
other hand, reported mean coefficients of variatwdrD.28 or 0.59 for (predatory) spiders
sampled with D-VAC in spring and summer. The s@deere caught more regularly and
showed much smaller standard deviation (Dinter5).99

Coefficients of variation obtained using yellow emtraps were convergent consistent
with those found by DeBarro (1991), and the valtesged between those obtained using
suction traps and other sampling techniques (psamipling, visual counts and D-VAC;
Tab. 3), in spite of colour attraction (DeBarro91% Consequently, yellow water traps were
not classified as inappropriate for surveying tbevetly density and flight phenology of cereal
aphids (Kuroli & Lantos, 2006). The smallest coméints of variation were observed using
suction traps. The coefficients of variation fr padiwere small, independent of the catch
scale or population leveR. padiseems to be a constantly migrating species theaught
regularly and in similar numbers (Geissler et E95; Veenker & Ulber, 2004). Furthermore,
R. padiis not strongly involved into outbreaks of ceraphids in central Europe (Basedow
et al., 1994)S. avenaand M. dirhodumexhibited higher coefficients of variation in large
scale datasets with lower overall population legtsars without gradation). This highlights
the regional differences, with more suction trapsduon smaller scales (< 160 km; Loxdale
et al., 1993) being the more accurate technigusuofeying (Veenker, 2000). In conclusion

and in harmony with other authors (Dusi et al., @0®lalloch et al., 2006), we found that
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suction traps provide the best output describimgflactivity density and flight phenology of
cereal aphids, which is most relevant in years gitidation.

The sampling techniques compared in our study neyobust with respect to minor
differences in species composition of cereal aptodhmunities in different geographic
regions, similar to other studies (Elliott et 4990, 1997). This may be primarily the outcome
of similarity in variance-mean relations of the @ps, as summarised by coefficients of
variation per week. It furthermore suggests that $pecies had similar spatial distribution
patterns, at least at the spatial scale observesohg our sampling protocol in autumnal crops.
However, since aphid catches from yellow waterdrapd suction traps cannot be directly
transformed into m2 values, an unbiased compansgtim other sampling techniques is not
possible (Sutherland, 2006). Both types of travige useful information about the overall
fight activity and phenology over the course of tommous trapping (DeBarro, 1991; Malloch
et al., 2006). D-VAC, visual counts and plant sanmplon the other hand, provide snapshot
views of the actual numbers of aphids per m?2 (Seoatld & Henderson, 2000; Sutherland,
2006).

Other sampling techniques like yellow sticky trapsieep net catches and washing-out
did not provide satisfactory estimates of autummpubations of cereal aphids and were
therefore discarded after a few trials. With thst lwvo techniques, the cereal aphids were
difficult to separate from the soil and plant debfurthermore, the sweep net draggled over
small plants on the ground and was not effectivsaahpling winged aphids in autumnal
crops. The labour required for washing-out techesgincreased dramatically with small
plants (GS 11-29) compared to tillers (GS 32-6%)e Tesults of Dewar et al. (1982), who
found this technique less efficient than visual idsy are in agreement with our findings.
Nevertheless, some authors (Bothe & Heimbach, 1€93;auenstein, pers. comm.) have
reported successful employment of the washing-eadlrtiques, but their experiments and
experiences were obtained using whole tillers éodtdld from GS 51 to 75) rather than small
plants (GS 11 to 29).

Calculation of sample size

Appropriate sample size estimation is an everlgstiltemma in field inspection-based
decision-making systems (Jarosik et al., 2003).ithtons include the time and effort
required to collect and evaluate samples on thehand and the necessary degree of certainty
of the prognosis on the other. In all fields evéddaby us, cereal aphids commonly exhibited
an aggregated, right-skewed distribution. In otlerds, numerous plants or tillers were not
colonised, but few sheltered large cereal aphidriek. Similar findings were reported by
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Feng & Nowierski (1992) forS. avenaeand R. padi and by Ekbom (1985) foR. padj
particularly during the time from population builgh- (GS 32 to 39) to the end of flowering of
winter wheat (GS 69). The appropriateness of sagipks and sampling techniques in winter
crops are most relevant from leaf emergence (GSdlit)e beginning of flowering (GS 61).
The aggregated distribution, which was particulathgerved from GS 11 to 61 in our study,
is the most important reason for large minimum darsfes being estimated by the different
calculation methods for each level of precisionb(T4). Clumped or aggregated populations
(e.g. when the variance is larger than the meam)beaanalysed using adequate distributions
(e.g. the Poisson or the Negative Binomial distidn). The methods used for estimating the
minimum sample size in our study have differentrapphes to considering the aggregation
of cereal aphids. For larger degrees of freedowf sample sizesn(> 500), the test statistics
of the standard Student’s t-distributiapnconverged down ta, = 1.96 (Sachs, 1999). When
sample sizen > 100, the empirical value of 2.00 (specified ppraximationn’ according to
the SPREr method; Greenwood & Robinson, 2006) is therefor@@apropriate standard, and
no further transformation of the approximatiohis needed (i.en'=n; Greenwood &
Robinson, 2006). This (conservative) standard valag been proven in several calculation
methods for estimating the minimum sample sizesuireq for invertebrate studies
(Karandinos, 1976; Muhlenberg, 1993; Southwood &dhrson, 2000; Sutherland, 2006).
However, if the sample sizes are smatl<(50), increasedz,values >2.00 must be
considered (Karandinos, 1976; Sachs, 1999). Thexetbe approximation' is transformed
to n according to SPRE and SP& (Greenwood & Robinson, 2006). The use of this
transformation is meaningful and easy to handlenefee field advisers unfamiliar with
sample size estimation formulae. Moreover, it ditigell in the case of small sample sizes
(n< 50) withz, = 2.20 in the numerator of equations (2) and (Rpeding to Greenwood &
Robinson (2006; data not shown).

Early infestation of plants at GS 11 to 29 hasrangter impact on yield than later
infestation of several tillers. This is mainly dieethe compensatory potential of plants in later
growth stages (Hansen, 1999; Fabre et al., 20035)2 ounger plants are generally more
susceptible to yield loss from aphids than oldanfd. Moreover, the spread of viral diseases
by cereal aphids can reduce yield substantiallgl@reg-LeQuillec et al., 2000). Doodson &
Saunders (1970) found that new infections of basteffow dwarf virus did not damage
small-grain cereal crops once they had reached1X:Sice threshold levels for cereal aphids

are much lower in early growth stages of winter athend winter barley (GS 11 to 21), larger
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sample sizes are then required for accurate estimatf cereal aphid populations (Fabre
et al., 2003; Jarosik et al., 2003).

Compared to the other methods for minimum same salculation, the SR method
differed from the others fundamentally due, perhapshe use of the regression approach.
SR-ny most frequently estimated the lowest minimum sangzes (Tab. 4). However, the
calculation results were largely dependent on dedficients of determination, with lower R2
values resulting in larger sample sizes (e.g., &t38-49, as described in Tab. 4; other data
not shown). According to other sample size estimatecS 21-29 (Feng & Nowierski, 1992),
19 and 56 sampling units are necessary to reacbcesin level of 0.3 for winter barley and
winter wheat, respectively. Accordingly, three diedvisers must count visually aphids in the
field for about 1.5 hours in winter barley and Surin winter wheat. With plant sampling,
however, the sampling procedure would take twosaxdlays, respectively (Tab. 5).

In winter wheat at ear emergence, according tartethod of Feng & Nowierski (1992),
aphids on a minimum of 3,360 tillers (i.e. 330 tillers) must be counted visually in order to
reach of level of precision of 0.3. Samples siz€s3,6000 to 8,000 tillers can be easily
managed by two or three samplers, as demonstragtdedier et al. (2002). Our calculated
sample sizes and time specifications in winter whaathe end of the flowering are in
conformity with the findings of Pluschkell (1997hdh Rappaport & Freier (2001). Both
studies reported that a conventional transect atialu to collect cereal aphids in winter
wheat fields at the end of the flowering stage $a&pprox. 20 and 30 minutes in approx.
60 and 100 tillers, respectively. Moreover, sevestldies have shown that, instead of
counting aphids on whole tillers, cereal aphid pafpon estimates can be performed
considering only present/absent data (Elliotalet 1990, 2003). However, significant
correlations between the severity of populationsttgnand decay incidence were relevant
only at GS > 69 (Basedow et al., 1994). Unfortulyatée correlations failed at early growth
stages (i.e. when our study was performed), becafus®re aggregated distribution of fewer
cereal aphids (Southwood & Henderson, 2000; Swthdrl2006). This is the centre of the
problem and the ongoing challenge in autumnal terdauture research should develop
control threshold levels with the use of approgristirvey techniques and appropriate sample
sizes (Pluschkell, 1997; Rappaport & Freier, 2Q@tosik et al., 2003).

According to all sampling methods, sampling timecrdased with increasing aphid
densities (Tab. 5; Karandinos, 1976; Mihlenberg)319%Southwood & Henderson, 2000;
Sutherland, 2006). However, the sampling time spe&sually counting aphids on tillers in

winter wheat did not change as dramatically asntimaber of aphid instars increased on the
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tillers. This is attributed to the fact that, whiae number of tillers sampled i.e. the minimum
sample size was lower, the relative amount of tineeded to count the aphid instars
(including different morphs and cereal aphids’ gotasts) on a single tiller was longer.

Despite the smaller differences between samplindpoas and techniques at each growth
stage, the minimum sample sizes required werefipld and manageable (if several field
advisers evaluate a few fields each), and it wasipte to achieve precision levels equal to or
greater than 20%. This level of precision is appedp to estimate the much lower thresholds
given at early growth stages (e.g. GS 21), but footlate stages (e.g. GS 69). The 5%
precision level, which is frequently used in scigntwork (e.g. for the development of
detailed population models), is relatively unrdaisand impossible to achieve with a few
field advisers in fields with at very low aphid dares (Kleinhenz, 1994; Gosselke et al.,
2001).

After the introduction of control threshold leval winter wheat (Basedow et al., 1994),
advisory services and practitioners started cogntid tillers on 10 sampling units (i.e. 100
tillers per field) at the end of the flowering stagrrespective of the field size, the overall
aphid population density, or the landscape strurgurThis empirical formula was often
assigned to the whole vegetation period of winteeat. In autumn, 10 plants were frequently
sampled on 10 sampling units (Kleinhenz, 1994; RttMes, pers. comm.). The use of such
marginal sample sizes in early growth stages oftewircrops may result in frequent
calculation error due to masking of the actual nemdd cereal aphids in fields. Cereal aphids
have an aggregated distribution and a high reptogupotential (Dixon, 1998). For reliable
control decision-making in autumn and early sprimg, results - like those of Boeve & Weiss
(1997) and Jarosik et al. (2003) - clearly demastthat larger sample sizes are necessary, as
shown in Tab. 4. Furthermore, after comparing tgpimean numbers of aphids at the
flowering stage of winter wheat, when there are doesix aphids per tiller, the
aforementioned authors determined that the mininsample size was 132 tillers (for 25%

precision).

Conclusions

Accurate techniques for estimation of cereal agladsities are essential for calculation
and application of threshold levels in autumn amdyespring. The choice of sampling
techniques is a delicate matter in early growtlgeta(GS 11-29), since there is always a
trade-off between precision and applicability oé tinethod in terms of required cost and
workload, in particular. None of the available teicjues is highly accurate and practical over
the entire range of aphid densities over time, @nckrtain points of the sampling scheme or
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at certain aphid population densities, every tempimishows some weaknesses. According to
our results, plant sampling resulted in the mosiueate cereal aphid classification and
enabled further aphid analyses in laboratory. Viswants were the most effective way to
produce a quick rough estimate of the overall pajpah density for management strategies,
etc. D-VAC proved to be the least effective techeiqSince D-VAC was found to be
inappropriate for the collection of cereal aphidsautumnal crops, its use is not advisable.
The sampling techniques investigated here are dieéto be used by researchers, growers,
and field advisers. Additionally, we stress the amance of proper sample size estimates
depending on the level of uncertainty (i.e. prexiyithe users require and the time and effort

they are willing to take.
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Global Discussion

The global discussion provides an overall bird’e gew of the cereal aphid immigration
and early population development studies desciitb@tbre detail in the independent chapters

and also expatiates detailed points that werenobwded in the chapter discussions.

Model comparisons

The serious risk of high yield losses caused bgaleaphids is related, in most seasons,
to the population density reached relatively latemnter wheat during the phase in which
assimilates are produced and transported to theasgeand during ripening of the grains.
However, the basis for damaging densities to behexh is founded much earlier, during the
phase of first establishment of “founder colonigsthe crop stands. It is therefore important
to understand immigration and early population ttgwaent (Carter & Rabbinge, 1980;
Loxdale et al., 1993; Vialatte et al., 2007). Thepwlation dynamics of cereal aphids have
often attracted the attention of modellers (ZhouCérter, 1989; Rossing, 1991; Hansen,
1999). Population models describing the developnard seasonal progression of pest
abundances are, in general, important tools faegnatted pest management (IPM) strategies.
The primary basis for aphid population models iaotXnowledge about typical population
growth parameters, such as development time, nitgrtdllife stages, reproduction rates and
longevity as well as about external influences .(éegnperature and humidity) on these
parameters. Growth rates, which are defined hetbeamcrease in biomass over time, can be
important, since damage is not only related toniin@bers of aphids, but also to their growth
(biomass) level (Leather & Dixon, 1984; Acreman &x@n, 1989; Awmack & Leather,
2007). Especially in the case of cereal aphidsulaion growth rates (e.g. mean relative
growth rates, MRGR) and development rates (e.godegtive maturity, period from birth to
adult) have been intensively examined. They arquigatly combined as intrinsic rates of
natural increaserf) to yield estimates of future population growthesa based on the
performance of individual aphids (Wyatt & White, 718 Dixon, 1990). This broad
knowledge about cereal aphid growth and developmates explains why detailed population
models such as GETLAUSO1 faired well in the fielduation a posteriori (“retral-
calculation”; chapter 1). In & posteriori analysére& main driving factors can be easily re-
calculated (e.g. from climate protocols). Such ni®dee valuable for sensitivity analysis, but

they usually failed to accurately describe futueeg( more than three weeks ahead) aphid
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developments and future population densities fagdel LAUS; chapter 1). Recapitulating,
field studies have shown that accurate and spspiesiic modelling of aphid population
developments during the early growth stage (befowmeering of winter wheat) is not possible
using the available datasets (chapter 1; Gossel&k, 001). Even very detailed models like
GETLAUSOL1 failed, when the simulation started adyeas four weeks (e.g. on May "7
before the recommended model start (chapter 1). mlagr problem seems to be the
extremely low density and the aggregated distrdvutof aphids early in the season.
According to Gosselke et al. (2001), the most s$icgmt problems in modelling aphid as well
as antagonist population dynamics arise from therse of immigration and from the
estimation of early-season mortality rates (i.avisal). The latter are influenced by both
abiotic and biotic factors (e.g. morph structupgge@es composition, antagonists, etc.), which
are frequently unknown because of inadequacieh@fsampling technique or sample size
(chapter 6). We have developed models to simulaecburse of immigration in spring
(chapter 3), but these models estimate only theatian potential of a given day without
qguantifying in great detail the numbers of migrgtaphids (chapter 3). Therefore, it is still a
challenge to forecast in detail the immigration régeand early population developments in
spring. Moreover, the population models need furtiegisions to make them applicable to
such a difficult period as early spring (e.g. bef@S 69; chapter 1). However, reliable
predictions of gradations of cereal aphid wouldvbeey helpful for economic management of
cereal aphids. Due to the extreme data varialalitgg workload associated with forecasting
aphid population densities in early spring (befenel of May), a drastic simplification of the
data structure was required. This was achievedugireimple classification of treated case
studies those with or without gradation (chapterAd a result, lots of information (i.e. on
species, morphs, and age-structure) was lost,Himitwtas the only way to make the model
applicable and reliable for the aspired decisioppsut system for early insecticide

applications in winter wheat, i.e. before floweri@S 61).

Cereal aphid gradation

Interestingly, the data of predator units evaluaitedour case studies did not show
substantial impact on the gradations (i.e. durimg ¢ourse of gradation) of cereal aphids,
which does not mean that cereal aphid populatioasiat affected at all by their antagonists.
But here, it indicates that gradation models caadliely be based on meteorological or suction

trap data (chapter 2). Possibly, different resowngaloitation strategies among the predators
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and parasitoids integrated into guilds of predatots might be a reason for that (Freier et al.,
1998). For example, when considering only Syrpliigds larvae) as specific predators, one
may expect high numbers of eggs (and therefore meveloping larvae) with high numbers
of cereal aphids. This is based on numerical andtional response found in Syrphids (Freier
& Triltsch, 1996; Hemptinne & Dixon, 1997; Freidrad., 2001). Therefore, the summation of
cereal aphid antagonists into predator units maydiseeputable (Freier etal., 1998).
Extensions of predator units, which consider tliedint patterns of functional and numerical
reactions, may be very helpful for definition ofedictor variables subsequently influencing
cereal aphid gradations. A critical bottleneck kedw aphids and their antagonists may be
related also the questions, when (synchronisationtime) and in which relations
(synchronisation in densities) they meet. For eXama certain (high) number of predator
units in later growth stages of winter wheat magicate that large numbers of cereal aphids
were present (numerical response of predators Sfghids or Coccinellids). However, a
similar amount of predator units at an early grosthge of winter wheat may not be related
to numerical response, but may influence the apinidkfferent ways. Possibly, the predator
units need other weighting in accordance to themposition in respect to decimations of
cereal aphid populations.

The gradation models available thus far are based simple, fixed control threshold
level (Basedow et al., 1994). Here, the controkshold gives evidence that the underlying
economic damage threshold level will be achievee@xreeded soon after (Basedow et al.,
1994). Threshold levels were considerably invettidaelsewhere (Anderson, 1985;
Lindqvist, 1985; Barbagallo & Suss, 1986; Bromab@90; Rappaport & Freier, 2001), and
our study was neither intended to verify nor to atpdthat concept. However, model
uncertainty (i.e. failure in correctly forecastingreal aphid gradations) is not only based on
validation results in chapter 2, but additionallithwespective to the control threshold level
(Basedow et al.,, 1994). Incorrect decisions derifredn the control threshold level may
continue in gradation models. Basedow etal. (198Ported a few cases, when the
application of threshold levels failed. Severaltdas may cause uncertainty in correct
forecasting aphid populations (Rappaport & FredQ1). This may be especially the case,
because we made a “detour” and forecasted if tldagpopulation exceeded the control
threshold, but not of the economic threshold lewetorrect forecasts were detected in
validation studies of independent submodels (clmapje The time from the end of ear
emergence to the end of flowering was shown toflgremat importance for the development
of cereal aphids (Leather & Dixon, 1981; Zhou & @ar 1992). ForS. avenagoptimal
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weather conditions during the flowering of winteheat promoted ear infestation (Watt,
1979), which in turn led to high population levédgo to three weeks later and therefore
increased yield losses (Freier et al., 2001). $tramfalls, moderately low temperatures, and
high abundances of cereal aphid antagonists mag megative effects on population
development (Rappaport & Freier, 2001). Howevee, diiemma to forecast future weather
parameters (i.e. at the end of flowering GS 6% aty as the time of ear emergence (GS 51)
cannot be solved (H. Friesland, pers. comm.). Heloge hit rates of the gradation model or
high discrepancies from real development of intemta in the one or other case have been
reported (chapter 2; Basedow et al., 1994; Freial.£2001).

Another question is whether a simple, inflexiblentrol threshold level can also
incorporate the flexibility of the future economiamage threshold (Rappaport & Freier,
2001). Changes in yield expectations, in climatboditions (e.g. longer dry summers), in
newly developed cultivars, and in further aspedtsrop cultivation within a certain region
(e.g. increased production of maize to produce @newill possibly influence the level of
aphid density, and expenses for control will beb@atance with circumvented yield losses.
Therefore, a conscientious revision of the propasedels is a fundamental prerequisite to
establish their relevance in practise.

For many researchers and modellers, the afore-orextti “detour” and the rough
classification method may sound too simple (or emaxcurate), because it does not consider
many factors that were previously incorporatedetaded population models, and which are
known to affect the population development of ceaghids (Freier & Wetzel, 1980; Pierre &
Dedryver, 1985; Papura et al., 2003; Llewellynlgt2004). According to our models, those
factors are not necessary for the binary classifinaconcerning the use or non-use of
insecticides (i.e. case studies with and withoatdgtion). There is no doubt that detailed
cereal aphid population models including large neratof factors are still important for basic
scientific research, especially for sensitivity lgsas. However, the drawback of detailed
models for prediction of aphid population dynamficsterms of decision support in IPM) is
the high sensitivity of output variables (aphid siéies) to a multiple set of intrinsic (e.g. size,
fecundity, mortality, migration rate) and extrindi@ctors (e.g. meteorological parameter).
Moreover, detailed population models tend to bey vamplex, because modellers believe
that higher complexity leads to higher accuracyweieer, it is often overlooked that such
multiple input models are also very sensitive toasugement errors rising with each
parameter, hence resulting in highly variable peoins (Stewart & Dixon, 1988). The

presented models to forecast gradation (chaptere)he best alternatives so far for users
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(field advisers, farmers) and their working routidé¢ an early growth stage of winter wheat

(GS 51 to 59), they make it possible to reconsttierapplication of insecticides on farms

where economical constraints demand that the firedular) fungicide treatment and the

(irregular) insecticide application must be combimed, thus, must take place clearly before
the end of flowering.

Overwintering seems to be a key event in the pajmadynamics of cereal aphids,
which were affected directly (as reported in chagdeand indirectly (as reported in chapters
1, 2, and 3). The simulation model SIMLAUS corrgctilassified the possibility of
hibernation type, independent of the populatiorelewn the previous autumn (chapter 1).
Moreover, gradation models were dependent on padi@riables associated with winter
strength (e.g. temperature sums > 0 from Novem58ttd May £ chapter 2). Accordingly,
cereal aphid gradation can be forecasted based interwtemperatures, without labour-
intensive field counts. Forecasting models basesluation trap data are currently available in
representative suction trap catchment areas (@eto8160 km radius; Taylor, 1986; Cocu
et al., 2005a). Although the models are constratoadther continental regions of Germany,
they cover a large area most important for wintbeat production. Especially in the eastern
parts of Germany, large-scale land management isgwaean field size > 80 ha; European
agricultural statistics, 2008). The workload fomfeers is high and the decision whether or not
to apply insecticides is often focused on a vergrsiime window. The consequences,
however, affect very large areas. Therefore, tha@stn support system can contribute to
extending IPM to those regions. Nevertheless, aqpations for a wider area (e.g. total
Germany) are desirable and only future pilot run$ determine the wider applicability and
usefulness of such an early decision support system

Implications for practice and economic framework

The economic threshold level of Basedow et al. 9)9®&ith one aphid per ear and flag
leaf, was originally based on a wheat prices ofrayp€ 20 per tenth of a ton; this was later
adjusted te 3 aphids per ear and flag leaf when wheat gawe @néturn of approx. € 12 per
tenth of a ton (Basedow et al., 1994). Currentlinter wheat brings higher returns due to
increasing demand on the world market than somesyago (European agricultural statistics,
2008). Ideally, a flexible decision support systemould be perpetually adapted to the reality

of economic parameters (wheat price, costs forokeltrossing, prime costs, etc.).
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Decision systems should weigh the risks (and egped) of wrong decisions against the
benefits. The decision system of Basedow et aP4},9vhich uses a threshold ®f3 aphids
per ear and flag leaf, detected one redundant (Buges) insecticide treatment in 44 cases,
whereas two dignified treatments were not recoghisksing a similar control threshold level,
Holz et al. (1994) observed redundant insectiadidatiment in 1 out of 10 cases. As shown for
the independent submodels of the developed decsipport system (gradation models),
more false positive than false negative decisiomsewobtained (chapter 2). Unnecessary
treatments are both economically and ecologicatigesirable. However, failure to predict
necessary treatments is much more destructivectmp@ance and establishment of a decision
support system. Because farmers are risk awareslRog et al., 2002), they will use a
decision support system on a long term basis drthely are convinced of its merits (benefits)
from the very beginning. They are particularly gigainted by false negative predictions
(Basedow et al., 1994; Rossberg et al., 2002). ihkeshold level concepts, the gradation
models (i.e. the decision support system) mustgirtegconomic losses in order to convince
farmers of their usefulness. Moreover, decisiortiesys should be simple and easy to use. The
control threshold level (Basedow et al., 1994) &edce, the gradation models (chapter 2)
were designed with such compromises from the uderis mind. Decision support based on
the control threshold may occasionally lead to wrdecisions but, overall, it is beneficial to
farmers, both economically and ecologically (Basedet al., 1994; Dixon, 1998). An
incorrect forecast apparently leading to yield ésssnay lose creditability with a novice in
IPM. However, our studies have shown that the d@tisupport system actually minimises
wrong decisions (chapter 2). Subsequently costsdbicle crossing and prime costs will be
economised, but most importantly, temporal andnfoie efforts to compare the actual
population level on several fields of a given farméth the control threshold level can be
strongly reduced.

The gradation models may also help to optimisentbeking routine of farmer advisory
services. Field advisers can also use the modelsefgative prognoses, to predict situations in
which further action (e.g. visually estimating cdraphid population levels in the fields) is
required only if the gradation model predicts aeeéaphid outbreak.

Besides their practical use, models can generalyded as scientific tools to improve
our knowledge of, demonstrate and/or explain pdmradynamics (depending on driving
forces) and trophic interactions. GETLAUSO1L, a vdetailed model, is a prime example
(Gosselke et al.,, 2001). Gradation models (chapyemay also show learning effects in a

similar way. Farmers may not believe that ceredlicypopulations are not worth fighting
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every year, and that insecticide treatments mayameunnecessary expense. It is most
important for farmers unfamiliar with IPM and thhedd concepts to learn to trust that small
aphid infestation levels can be tolerated.

In general, cereal aphid management strategiesntemwheat before the flowering are
not as fine-tuned in time scale as those for o#dwggrcultural pests (e.gContarinia tritici
Kirby, Haplodiplosis equestrid¥agn.) and diseases (e.guccinia striiformis Westend.,
P. reconditeRob. ex Desm.). For example, the germination ef spores must be prevented
from the very beginning, i.e., before the germ teinéers the winter wheat leaf. Once rust
mycelium infection has occurred within leavessimuch more difficult to control (eradicate)
the pathogen and to avoid yield losses. Models nmtaké such special features into
consideration (Kleinhenz, 2007). As sucking peatshids in winter wheat can be handled
differently, and developing populations can be tedaat various times within in a given
period (between beginning and end of June). Tlusrfaay have contributed to the increased
tendency to apply insecticides for cereal aphidtrobnMoreover, it may have reduced the

willingness of farmers to wait until the populatidensities exceed the critical threshold.

Migration models

The study of migration by weekly sampling of alataeeal aphids in winter wheat and
winter barley fields (the original plan) turned datbe an inconvenient approach (chapter 3).
During early population development (the most int@ior phase in our study), no defined
periods of immigration or age- or morph - specifpopulation structures indicating
immigration processes were detected. In spite afessed sampling frequencies (every four
to five days in the Hannover region) and much laiggemple sizes (in 2005 and 2006), the
“snapshot views” of the situation in the fields wensufficient for elucidation of migration
(i.e. immigration) events. Suction trap catched(partly yellow water trap catches), on the
other hand, were better able to provide informatibout migration events (chapter 6). They
are the most important tools used to determinepthygulation of cereal aphids in aerial
plankton (Malloch et al., 2006). This was shownngspredictor variables in gradation
(chapter 2) or migration model calculations (chaf)e Weekly suction trap catches reliably
provided the smallest coefficient of variation am@ampling methods (chapter 6).

In spite of detailed daily suction trap catchesrfrmany case studies, and in spite of

focusing on light hours of a given day, the cotietss and regressions between
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meteorological factors and migration events wetkeraweak (R2 < 0.22; chapter 3). We can
only speculate the reasons. However, vagaries athge may be partly responsible. In both
maritime and continental climate zones, there agsdf extreme weather fluctuations. An
aphid may not be motivated to take-off on a raingrmmg with strong gusts of wind and

moderately low temperatures (Mann et al., 1995)weéileer, if the weather conditions improve
and the temperatures increase during the afternagher numbers of aphids may take-off
and land in suction traps (Friesland, 1994). Adeeveather conditions for the flight of cereal
aphids were also shown to delay but not to prevake-off readiness (Walters & Dixon,

1984). For more exact determination of migratiadnnight be better to check suction traps
several times a day, especially on days when chgngeather conditions prevail. Moreover,
meteorological parameters may remain near optimomséveral consecutive days without

any winged cereal aphids landing in suction trassdiscussed in chapter 3).

Comparison of locations

Due to the limited number of case studies, we cowtidcompare suction trap data from
different locations in order to assess individualdel results among the locations (suction
trap sites). It is possible that the developed atign models may primarily be valid in the
continental regions (as gradation models in chaptebecause only a few datasets used for
model construction and validation were availablenfr non-continental locations (i.e.
Hohenheim and Rostock; chapter 3). Moreover, sitite predominantly (or exclusively
holocyclic aphid development displayed more stghbdéterns than sites with a balanced
proportion of holocyclic or anholocyclic strategies with exclusively anholocycle strategies
(chapters 1 and 2; Pierre & Dedryver, 1985; Han46A89). However, more case studies are
needed to compare the performance of the diffemodels and to detect flight patterns in

different locations according to Hullé et al. (1994

Improvement of migration models

Early research focussed on the effects of temperatuesholds on flight activity of
cereal aphids in spring (Wiktelius, 1981; Walter¥xon, 1984). Predictive models have
been developed based on correlations between tampernd specific flight activities, such
as the date of the onset of spring migration (lHgtdn at al., 1990) or weeks with 0, 25, 50,
or 75% of seasonal catches (e.g. in spring; Clagt.£1992). According to Veenker (2000),
temperature sum standards (starting from Janufnwith a basic temperature of 4°C) are
appropriate to indicate the start of flight acyvafter holocyclic hibernation. Concerning

autumnal flight activity, further studies are nex@y to clarify the key factors for
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immigration and early population development. Treaaof maize (as possible secondary host
plant in late summer), the growth (in time and s)axd volunteers on harvested areas, and the
weather situations (e.g. dry and hot or humid awdperate) may be important qualitative
variables for further statistical analyses to inygrautumnal migration models.

The waves of migration during a year are commoiddd into three periods: spring,
summer, and autumn migration; each period may batween locations (MaCaulay et al.,
1988; Hullé et al., 1994). However, the limits beem these migration periods change and
have to be adjusted in each year. Using multivarggscriptive analyses (e.g. cluster and
discriminant analyses), Hullé etal. (1994) studigldbal patterns of flight phenology
(phenomenological models) for different locationdrance. The authors compared the flight
phenologies oR. padiusing data from suction traps set-up throughoah&e between 1978
and 1988 (91 case studies). They found certaireqpattat different locations. In our case
studies, no such flight phenology patterns werenkesl (data not shown). This was mainly a
result of variation of the catch periods and a werable low number of case studies with
“complete” datasets (with spring, summer, and autumigration data). Some trapping sites
stopped checking the traps by the end of Juneptreats collected trap data for only a short
period in autumn (e.g. end of September to mid-Betp In contrast to Clark et al. (1992),
we could not identify certain days on which 10%%®26r 50% of all spring migrating cereal
aphids were caught in suction traps (data not shoimnaddition to the above-mentioned
problems, certain species (eM. dirhodun) or morphs (e.g. males) were not recorded at all
in some cases.

The detection of typical, phenomenological fliglatterns in certain locations should also
make it possible to improve forecasting cereal @pftight activity (Hullé et al., 1994).
Coupling such phenomenological models with the atign models (i.e. the potential
migratory events of a given day, chapter 3) map belpredict the range of flight activities in
a given season and, finally, to assess the infestgiotential with cereal aphids and,
furthermore, the infection potential of vectoredugi such as BYDV (chapter 3). These results
will ultimately lead to efficient monitoring (in rie and space) and may help to improve
decision support systems to control cereal aphidsvever, this requires more datasets with
synchronised catch-periods among all suction waptlons throughout the year.

The flight phenology of aphids results from a numbé abiotic and biotic factors
(chapter 3). Purely descriptive models of flighttindaty based solely on meteorological
parameters are therefore incomplete, as discussetiapter 3. Although the analysis was

time-restricted and based on a simplified datactiire, only one significant relation between
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the numbers of cereal aphids in different seasoas @irectly detected (i.e. fdR. padj
chapter 3). As rare as every sixth year, signitigahigher aerial populations d®. padiin
spring have been reported, when a large numbBr. phdiwere caught in the suction trap in
previous autumn. No such correlation was deteaiedther cereal aphid species and for field
catches. Several factors influencing the spreasgbdal aphids, including natural enemies, are
known. When estimating the effects of aphid ant&genboth their potential to reduce aphid
numbers by predation and their stimulation on amhgpersal should be considered. Annan
etal. (1999) found a positive correlation betwedbe spread ofA. craccivora and the
incidence of antagonists in cowpea fields; howew¢her factors (e.g. wind speed) also
influenced aphid dispersal (chapter 3). Nothindkm®wn about theelative importanceof
antagonists as compared with other factors (suderaperature, wind speed, precipitation,
host plant quality or aphid population growth), ahd individual contributions of different
factors to the total effect of migration events aamunclear (Irwin et al., 2007). Our
migration models refer to meteorological influenoestake-off activity (i.e. ascent), which is
of major importance for dispersal (chapter 3). Heeve horizontal translocation and
stimulation of landing (plant selection) are import activities that also determine the level of
potential cereal infestation. Meteorological comiis favouring long-distance transport
within the planetary boundary layer are seasonabcdourrence. They might determine
migratory eventssensu strictpduring specific periods of the year (frequentiylate spring,
summer, and autumn) in association with meteorogevents (Scott & Achtemeier, 1987;
Isard & Gage, 2001). However, the relevance of@hesather events is not defined and is
beyond the scope of this study. Moreover, at soroetpduring its dispersal flight
(movement), the aphid’s behaviour switches from rthigratory mode to the landing mode
(plant selection). The mechanisms behind this bebaal change are still largely unknown
(Taylor, 1986; Isard et al., 1990), but meteoratagiconditions, the physiological state of the
aphid, and the distance already travelled (duratibflight activity) may play a major role
(Isard etal.,, 1990; Gage et al., 1999; Isard & &dp01). However, the lack of detailed
migration data may have contributed to the pamedkness of modelling results, e.g. for the
“S. avena@andM. dirhodumfly” model (chapter 3).

Based on the results of chapters 2 and 3 (i.e.cdstemodels for gradation and
migration), it seems to be possible to improvegpeng migration models fd8. avenaand
M. dirhodum (model ‘S. avenaeand M. dirhodum fly”; chapter 3). Case studies with
gradation exhibited higher numbers of those aphisich in turn led to a greater basic

population ), as determined based on the daily suction tréghea (chapter 2). It might be
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of advantage to exclude non-gradation case studiesler to exclude the many days without
cereal aphid catches from the analyses. The rengaoiys might then show more distinct
effects of meteorological parameters on migratiotivdies (i.e. higher bias due to reduced

overall aphid population).

Validation methods for the developed models

The validation of the gradation (chapter 2) and ratign (chapter 3) models were
performed with different methods (empirical-, crasassification-, independent data-method,
and ROC analyses). Whereas the first methods ecudntly used for validation (Afifi &
Clark, 1999; Madry, 1997; Ellner & Rees, 2006), R@OC analyses are rare and frequently
unknown, and therefore, they will be presented havee in detail (Pepe, 2000; Holmes et al.,
2007; Manzato, 2007). Comparing the different R@€&es, excellent predictions were found
for gradation models (i.e. submodels “winter coiotis” and “real migration”; chapter 2).
Here, the reader may refer on the value of ROCyanal which is specified in detail for the
gradation model (i.e. submodel “winter conditionBig. 4 in chapter 2) and for the autumnal
migration model 2 10 aphids fly”. Even for small values of the fiaat of case studies
without gradation incorrectly classified as gradafiit is possible to get a large fraction of
case studies with gradation correctly classifiedgesdation. Conversely in the autumnal
migration model, it is obvious that a high fracti@g. 0.80) of days with migration classified
as migration day results in a fraction of about00o® non-migration days classified as days
with migration, indeed an unacceptable level. Tisedtion line in the ROC curves represents
the chance-alone assignment (i.e. flipping a caiifj & Clark, 1999). Even when the final
model is significant, the ROC curves can estimiag¢enhodel performance: the closer the ROC
curve is to the bisection line, the higher the pimlity thatother (but not necessarilgnore
predictor variables are needed in order to amegadifze logistic regression or discriminative
model.

If it is assumed that the prevalence (or frequerafyyase studies with gradation in a
given region is rather low, then a cut-point (eecereal aphid threshold level) on the lower
part of the ROC curve is chosen (exgh cereal aphids per ear and flag leaf; Fig. 4hiapter
2), since most of the case studies are withoutateqghid gradation (which is congruent to
observations; chapter 2; Freier et al., 2001); @ma) many non-gradation case studies should
not be classified as gradation case studies (Fighdpter 2). A case study would be assigned

with cereal aphid gradation only if we were quitgresthat the actual location-year had
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extraordinary high cereal aphid populations (i@called “strict threshold”; Afifi & Clark,
1999). The major drawback of this approach is thahy case studies with gradation would
be missed; doubtless dramatically and not acceptédl model introduction in practical
management systems (Basedow et al., 1994; Pep®).2BOwever, if case studies are
assumed from regions with frequently high rategrafiations, then a cut-point higher up the
curve should be chosen (Afifi & Clark, 1999). Thencase study would be referred to as
gradation if there is any (small) indication tha¢ tocation-year might fall in that group. Very
few case studies with gradation would be missed,non-gradation case studies would be
grouped as case study with gradation (what is @&l threshold”; Afifi & Clark, 1999).

In general, the ROC curves are most frequently usdéciding, which of several models
(and their accordingly predictor variables) to (&éfi & Clark, 1999; Pepe, 2000; Holmes
et al., 2007). All else being equal, the one witkager area (preferably close to one) should be
chosen (Swets, 1973; Metz, 1978). However, it $ glossible to choose the model with
greatest height to the ROC curve at a desired aut-gMetz, 1978; Afifi & Clark, 1999;
Manzato, 2007).

Dispersal and migration in the context of populatio genetics

In chapter 4, the relative importance of proxintigtween winter and summer hosts on
the immigration and early population developmenhaos$t-alternating aphid species in cereal
fields was assessed. Significant trends were obdemith higher numbers of winter hosts in
landscapes associated with higher coun®R.qgfadiandM. dirhodumin the fields. In the first
of three subplots with different distances to tleelde (Q: 0-8 m, : 8-24 m, 3: 24-60 m)
significantly higher counts oR. padiwere found in the cereal fields according to wgekl
evaluation from May to end of July each year. Hosvewacking the movements Bf. padi
populations from winter to summer hosts did notvetu any detailed genetic structuring, and
adjacent winter host$?(unus paduswere found to be a low source Rf padicolonizers of
cereal fields across the whole colonization periddis was globally true, whatever the
distance between tHe. padustrees and the subplots were. Concerning the nogravents,
we therefore found indications that migration esgeint cereal aphids takes place on small-
scale (in fields) as well as on large-scale (indkmapes) levels. Subsequently, the pro and
cons of large-scale and small-scale migratory margmof cereal aphids, which were not yet
discussed in chapter 4, will be disputed in mortaitlBere, including the techniques used for

tracking cereal aphid movement.
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Holocyclic vs. anholoyclic life strategies

The ratio between asexual and (facultative) selknahges is expected to differ among
locations, where continental areas (such as ea&ermany) characterized by harsh winters
should favour the sexual strategy (Papura et @032 Halkett et al., 2004). Hiddestorf is
located in central Germany, where more continegtathate is prevailing. The winter
2005/2006 was harsh (e.g. > 105 frost days betwémrember 1% and May ), and no
anholocyclic hibernation was observed in the stlmbations. Though, the most asexual
lineages in the whole region may have been erddeckover, our detailed sampling protocol
may have led to the low numbers of clones (as dsaaiin chapter 4). Contrary, mild winters
have been reported from western France and the, WKere anholocyclic species were
frequently observed (Dedryver, 1981; Walters & Dewkd86; Helden & Dixon, 2002).
Interestingly, it seems that Germany is just séddietween the more or less distinct zones of
different lifecycle strategies of cereal aphidsaiThituation may favour the asexual lineages
on the costal sides (e.g. at location Carolinepsieln the West (at location Wérth), whereas
sexual lineages seems to be more prevalent in itiélen(at location Hiddestorf) and eastern
zones (at location Magdeburg) of Germany.

Several studies (Loxdale et al., 1985; Simon etl&99b; Vorburger, 2004) have shown
that different life cycle types are geographicaligtributed. The life cycle types & avenage
for example, were distributed in the UK. Based loa fatitude, the frequency of anholocycly
or holocycly decreased or increased, respectitelyards the north (Walters & Dewar, 1986;
Helden & Dixon, 2002). Simon et al. (1999b) fourithtt a relation between colour and
lifecycle was connected to climatic and photopadambnditions based on the latitude. The
widespread occurrence of some genotypes was takemidence of long-distance migration
of S. avenagSimon et al.,, 1999b). Our results likewise showkdt a large number of
genotypes were present at the study locations, asmihg the aspect of long-distance
migration and the predominance of holocyclic clortéswever, no comparable datasets are
available for GermaiR. padipopulations, and more research is needed to \ldmi$ aspect
(chapter 4).

Dispersal behaviour

Migration (sensu strictp might be the driving force behind the dilutionfeets and
responsible for the large exchange in density dégeces (chapter 4). Cereal aphids (e.g.
S. avenagtake-off at higher wind speeds than other aplfifalters & Dixon 1984) and

therefore might passively disperse over large arbasadditionS. avenaeshowed a high
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disposition to migrate (including walking) withireeal fields (Dean 1974, DeBarro et al.
1995a, b). The high mobility of cereal aphids ipmarted by studies using molecular markers
that revealed a rather homogenous population steicill over Great Britain (Llewellyn
et al., 2003). The major benefit from highly mobélphids might be that possible resources
can be captured at optimal leading to higher ecoddglimension (including colonisation,
reproduction, and survival; Dixon, 1998; VanEmderH&rrington, 2007). However, it can
also be argued that migration over great distaneagld be contra-productive in several
ways. Migrating cereal aphids take longer to dgvelsuffer delayed reproductive
development, smaller gonads, and reduced fecumditgosts of flight (Dixon & Wratten,
1971, Dixon & Kindimann, 1999; Milller et al., 200Moreover, they have a low probability
of survival, because only few aphids will find acdlonize new hosts (Dixon, 1998; Ward
et al., 1998). Therefore, the strategy in migraseems to be based on the idea that enough
aphids will encounter more favourable environmetscolonise, reproduce, and survive.
However, this is a critical bottleneck, and furtlerestigations about the sense of migration
are needed. Moreover, it is not clear, why incrdasmints ofR. padiwere found with lower
temperatures in May in several locations in 20@djacussed in chapter 4). As the angle of
ascent in spring is smaller than in autumn, antheléook-off under predominately stable
atmospheric conditions, they were more likely tpanged short distances. This is mainly
because aphids will not escape the surface bourdgey and thus are unaided by positive
atmospheric forces and cannot move long distarisasd(& Gage, 2001; Irwin et al., 2007).
Increased knowledge about the density dependenegstimerefore help to better estimate

from where and to what extend cereal aphid clonetdammigrate and colonise field crops.

Population genetics - subpopulations

Most comparable studies using molecular markernigcies to track movements of
flying insects are indirect analyses, because amnggenotype frequencies were evaluated
and the subsequent migration events inferred (Lexda Lushai, 1998). More direct
deduction of movement is achieved when a partiogdgaotype occurs at high frequencies in
two comparable populations, and was absent in oneh® populations before. Our
comparisons of subpopulations of the first evabratiays (June 30and 27, chapter 4) were
therefore more direct, becauBe padipopulations were absent in the adjacent winteratere
fields (due to missing anholozyclic individuals)fére they arrived later (e.g. from their
winter hosts).

Interestingly, the first colonisers were replacasd,discussed in chapter 4. Since only a

few studies provided long-term seasonal evaluat{saseral evaluation days within a given
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season), we cannot determine whether the repladdioretisplacement) of certain genotypes
is a frequently occurring effect (Reimer, 2004).wdoer, the identified clones of several

subpopulations (e.g. tree no. 6 and 9) did notrdmrte to a shared genotype. This was
possibly because the genotype had arrived latevagr not detected in sampling due to the
predominance of other clones. At this, the sampéffgct may have biased the results, as

discussed in chapter 4.

Migration models

The migration models describing days with and withftight activity of cereal aphids
are rather weak (chapter 3) compared to gradatiodeis (compare validation results in
chapters 2 and 3). Full exclusion of certain days fegative prognosis) without the arrival
of cereal aphids in crops (or without landing irctgan traps) was not even possible. Firstly,
the migration models classify the migration potaintf a day (day with or without migration)
with moderately low accuracy in autumn and spricigapter 3), and therefore the reliability
of a negative prognosis is also weak. Problemslentifying meteorological parameters that
describe optimal conditions for migrating cereahidp have been reported in field studies
(Wiktelius, 1981; Clark et al., 1992). Unfavourableather conditions were found to retard
but not prevent the take-off readiness (Walters i&oD, 1984), which was corroborated by
our datasets (chapter 3). Secondly, we cannot d&dlie. in terms of a negative prognosis)
the settling (colonisation) of aphids on the difetr cereal crops or cultivars (as reported in
chapter 5). Interestingly, the area with summetshf<. either winter barley or winter wheat)
did not influence the intensity of immigration aedrly population development, neither for
R. padinor for M. dirhodum since the corresponding qualitative variable NGOVA was
not significant (chapter 4). This is different tamigration and early population development
in autumn, because winter barley frequently sugpbrgher levels of cereal aphids than
winter wheat (Geissler et al., 1989; Huth, 1990dwidver, the higher autumnal population
levels found in winter barley were often relatecetwlier sowing than was the case in winter
wheat (ABmann & Hamann, 1991; Kleinhenz, 1994). c@oning the negative prognosis
attempt, it should be considered that cultivarsiofinence the settlement behaviour of cereal
aphids (as shown in chapter 5). Moreover, we hatelatected a clear influence of a given
landscape structure on the settlement behavioureany population build-up (chapter 4):
Comparing early population development betweentioes, earliest migration and greatest
numbers of cereal aphids were found at Woérth, @ situated in a small-scale structured
landscape. However, the contrary was found at Waahipwhich is situated in a similarly
structured landscape type only approx. 120 km noittW6rth. At Wahlbach, aphids arrived
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very late after winter and in numbers lower thaosthin Worth. General conclusions should
be drawn with care, because data from only a fese studies from such diverse landscapes
were available in our study. However, it seems thateffect of landscape structure is lower
than that of temperature (e.g. during wintertinteg mean temperature in February in Worth,
the warmest location, was 3t#9.4°C compared to only 1#0.4°C in Wahlbach, the coldest
location. Interestingly, cereal aphids arrived la¢ fow-structure locations Bernburg and
Magdeburg (mean temperature in February:#021°C) later than at other locations where
winter temperatures were not as low as at WahlbAphid antagonists also arrived late in
those locations. However, the scope of our invatbg was too small to provide more
detailed conclusions on the effects of landscapethEr research activities, including more
detailed descriptions of landscape structures (euging GIS-based programs like
ARCVIEW), evaluation of cereal aphid antagonistad agenotypic differences in cereal
aphids in different locations (Reimer, 2004) andthplants (Vorburger et al.,, 2003a) are
therefore essential.

Host plant interactions

Interactions between host plants (e.g. cultivarg) winged colonizers can be important
for immigration and early population developmestdéferent plant growth stages are known
to affect aphid growth and development (chaptdregther & Dixon, 1981). Therefore, we
also compared cultivars of winter wheat in termsgheir attractiveness and suitability as hosts
for cereal aphids by performing visual counts aaglecexperiments, etc. (chapter 5). Since no
superiority of a given cultivar was observed, grss that the attractiveness of wheat cultivars
for winged aphids during spring immigration anddualing antibiosis reactions are of minor
importance as input variables for migration andytatoon modelling. Although cereal aphids
are considerably poor flyers, visual and olfactoegponses were found to influence the
settlement behaviour among different plant spe@issdie, 1989; Nottingham et al., 1991a,
b; Petterson et al., 1994; Park et al., 2000).rA&eding, aphid behaviour is affected by plant
morphology and chemistry, which is tested in seqaeny the aphid’s probing behaviour.
However, the differences among cultivars in thédfieave been shown to be more or less
marginal (Havlickova, 1997, 2001; Bundessortena?®)6), and the cultivars showed a
similar nutritional status or plant growth stagekapter 5). Host plant resistance may have a
far greater potential for reducing cereal aphid yhajons than previously assumed. The

prime example for highly effective and dramatic thpkant resistance is the ‘Avoncrisp’
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lettuce toPemphigus bursariuk. Although the cultivars covered a broad ranggeriotypes
and qualities, we assume that the genetic rangheoprevailing material of current winter
wheat cultivars is rather narrow. Concerning therall population level in a given season,
other factors like plant nutrition or weather cdraiis that determine the growth pattern of the
host plants (e.g. the duration of sensitive gropltases) are of major importance for aphid

population dynamics and subsequent yield reac(@msliscussed in chapter 5).

Mean relative growth rate (MRGR)

More detailed criticisms may focus on the technggused to compare the performances
of aphids (i.e. antibiosis) on different cultivatsrowth rates (i.e. increase in aphid size) and
developmental rates (i.e. increase in fecunditylomgevity) of individual aphids can be
reliable indicators of future population growthast(Leather & Dixon, 1984; Leszczynski
et al., 1989). Growth rates are a function of aghith weight. Since large aphids grow faster
than small ones, growth rate analyses must be atedefor differences in initial weight.
Radford (1967) therefore proposed use of the medative growth rate (MRGR, in
png / ug/ day), which is based on the logarithmaight gain of an aphid. The MRGR has
been used in many studies requiring quick estimafegphid performance under different
treatment conditions outside the field (VanEmde®6%t Leszczynski et al., 1989; Telang
etal.,, 1999). However, we used clip cages (andibiexperiments) and have therefore
focussed more on potential fecundity (the repraslagbotential of an individual aphid), as
was frequently reported in similar studies (Ber§84; Carroll & Hoyt, 1986; Lamb et al.,
1987; Lamb, 1992). When studying aphid developmemnter different treatment conditions
(i.e. different cultivars), clip cages have the abage that aphids can develop inside the
cages without frequent disturbances (Dixon, 1998lafig etal.,, 1999). When MRGR
analyses are performed, a very accurate micro baland skilled manual handling of aphids
are required, because aphids can weigh as littl&0agg (Dixon, 1998). The slightest
inaccuracy in initial weight measurement can havweemendous effect on the final MRGR
value, which is based on the logarithmic natureneéct growth. In order to obtain precise
weighing results, one must therefore perform adargmber of replications, which results in
frequent disturbances of development rates of apimdcages, for example (Dixon, 1998;
Awmack & Leather, 2007).

Genotypic heterogeneity

A further important aspect and possible point dfasm is that we used only one aphid

genotype to assess the attractiveness and hoabifityt of winter wheat cultivars (e.g. in
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settlement experiments). Earlier studies using outée marker techniques demonstrated
adaptation (and resistance) to host plants angréealence of certain genotypes with host
preference (DeBarro et al., 1995a,b; Lushai e28l02). The authors found that populations
of S. avenaeavere recognized by their performance on differargt. Moreover, different life
cycle characteristics (anholocycly, holocycly) abddy colours indicated that aphids
collected from barley, oats or wheat can differssdarably (DeBarro et al., 1995a, b). Similar
host-clone relations have been shown in many athatties in aphids in general (Weber
1985b; Sunnucks et al., 1997a; Haack et al., 2B@fueroa et al., 2005). However, the scope
of our investigations were not detailed enoughdiate similar selection strategies in the
wheat-aphid complex, as immigrating aphids werentedi on tillers (settlement behaviour
experiments; chapter 5).

Concerning the antibiosis experiments, it can bgued that we did not test enough
clones of cereal aphids to draw conclusions, siruteall clones adapted to winter wheat will
necessarily show the same cultivar-specific reastidncreasing the number of clones
multiplies the work tremendously while hardly inaseng the probability of detecting an
extremely rare, virulent genotype (Figueroa et2004). Therefore, it is appropriate to use a
single clone when characterising and searchingeistance to an aphid pest, as long as that
clone is known to be adapted and virulent to tingetacrop in the study area. The aim of our
cultivar experiments was neither to show the factowolved in the resistance of winter
wheat cultivars towards cereal aphids nor to detwetry single resistance effect in every
cultivar. We assessed the attractiveness and bitabsgity of eight current productive winter
wheat cultivars. None of the cultivars (coverindpraad range of different genotypes and
gualities) showed a superior impact of resistafites may not exclude the possibility that
other cultivars or aphid genotypes will react difstly but, according to the current
knowledge of current winter wheat cultivars, itmseto be quite implausible (Rossberg et al.,
2005; D. Rentel, pers. comm.). Moreover, literattggiews came to similar conclusions
(Riedell et al., 1999; Havlickova et al., 2000; 8ko & Bosque-Perez, 2000).

Evaluation techniques for insect populations

Cereal aphid population dynamics

The appropriate sample technique and sample s&zpassibly the most crucial factors,
to assess either cereal aphids, or their antagomstields (as pointed out above). Jarosik

et al. (2003) could not demonstrate population ginowf cereal aphids at very low densities



Global Discussion 210

(in early spring), when they assessed 300 tillarsndividual field plots. However, after
pooling all field plots, sample sizes ranged fropd0® to 30,600 (with mean numbers of
12,900 tillers per field plot) and exponential gtbwecame obvious, even at low cereal aphid
densities early in the years. Ward et al. (198%ited out that estimations of sample size are
frequently unreliable at very low aphid densitiesl dhat the required sample size increases
rapidly to “infinity”, if the densities are lessah e.g. one aphid per tiller (chapter 6). Such
densities are typical for the start of the popolagrowth (e.g. after immigration) as shown in
our study and Kindimann et al. (2007) added thatsame problem applies to suction trap
catches.

Sample size is critical, and it is always a batttechpromise between efforts in terms of
technique equipment, time, labour, and the desseukitivity. Getting no significance in
differences between subplots when using a sampée ofi 300 tillers for the assessment of
settlement behaviour in different wheat cultivackapter 5), or in plots adjacent to winter
hosts (chapter 4), thus does not necessary mearthéer@ is no influence. However, the
probability for false results is small. Subsequenthe scattered appearance of cereal aphids
(i.e. evaluation days with and without insects)iniyiweekly field evaluations in early spring
(i.e. until mid or end of May) does not mean these populations were present/absent or not
growing at all (Jarosik et al., 2003). Thereforighex the sample size must be very high (as
pointed out in chapter 6), or the results from &sidvith small sample sizes (i.e. at an early
population development before May) must be regamdgld caution (i.e. predator units in
small scale experiments in chapter 4).

Comparing the different sampling techniques foreakraphids in autumn and spring
(chapter 6), we have used sets per sampling po@mtsampling units) comprising 50 to 60
plants or 10 tillers. Elliott et al. (1990) statdtht sampling sets of several plants or tillers is
advantageous over sampling individual plants dersl (especially on large-scale fields in
eastern Germany; Freier et al., 2001). These setsld be systematically spaced within the
field depending on size of the sample area to enthug coverage of the majority of the
sample area. This resulted in a relatively high berof sampling points, where counts are
made on absolute numbers of plants or of tillereese high numbers of sampling points are
necessary to reflect the aggregated distributioncefeal aphids (as discussed above;
chapter 6).

Sampling populations of small arthropods such dsdapin winter cereals is indeed
laborious; and the numbers of high sample sizedateéor a certain level of precision are

found of discouraging at first sight, but they wplhy-off by detailed specifications on the
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population developments. In our study, estimatesevilased on numerical, visual counts.
Binomial sampling is based on parameters, whiclcrdes a relationship between mean
density and the proportion of sample units withnrmare than a certain number of aphids (so-
called tally thresholds “T”, which represent threkls of individual pests). While being easier
and less costly, binomial sampling usually requirese samples than complete (or detailed)
counts, because from each sample unit only theepecesor absence of the pest could be
extracted. This trade-off may discourage the useimdmial sampling plans in population
monitoring. However, if a given pest species fokalve Negative Binomial distribution, there
exists an optimal value of “T” for which the binamhisampling is most robust (Binns &
Bostanian, 1990). These “T” values would be bestsmered when aphid populations are
sampled at a density of one or more aphids per tilsing binomial counts. In late spring and
summer, populations of more than three aphids fler aare frequently found. At low
densities, i.e. less than one aphid per tillerpviial sampling is practically feasible only if
based on empty tillers rather than any other tddhgsholds (Feng et al., 1993). However,
when no tillers are available (i.e. GS 11-29)einains questionable if the sampling burden of
a low aphid population density may be further redldy sampling methods such as the
binominal sampling. Conversely to spring and sumrmelonies of five to eight cereal aphids
per sampling point (i.e. per 50 or 60 plants, ar @25 m2) were rarely found in autumn.
Moreover, plants are very small in autumn and havee inspected rigorously, regardless of
whether binomial or numerical counts are perform&@. can neither provide sufficient data
on binomial counts using the visual sampling tegbhaj nor about the feasibility (during
autumn and early spring), which therefore remapecslative. But, it intuitively seemed that
there were no huge differences between the two swadecounts and the subsequent
reductions in sampling time, searching aphids Vigwan small plants. Probably, there may
be a greater advantage using binomial counts with évaluation technique of plant
samplings. However, the use of presence / absateeid not always a solution as discussed
by Ward et al. (1985a, b). The saving in time isoagted with a decrease in accuracy, or an
increase in the sample size is required to obtaensame data quality (Elliott et al., 1990).
Further investigations are a must, which than altovshed light on the appropriateness of

binomial sampling plans for aphids in autumnal akxe

Effects of natural enemies

In recent years, an impressive body of knowledgehenbiology and ecology of cereal
aphid antagonists has been accumulated (Dedry\@8]1;1Storck-Weyhermduller, 1988;
Hoeller, 1990; Volkmar et al., 1994; Bothe & Heinchal995; Freier & Triltsch, 1996). For
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example, aphid specific predators (Coccinellids;p8igls) showed high voracity and a good
synchronisation in time and space with cereal apimdvinter wheat (Freier & Triltsch, 1996;
Tenhumberg, 1997). This can greatly reduce the ahfgopulation increase as supposed by
Poehling (1988) and Elliott etal. (1997). In preet however, the careful choice and
application of pesticides as well as habitat modifons are so far the only resulting IPM
activities related to enhanced biological contrBbéhling et al., 2007). Moreover, some
researchers questioned that aphid metapopulatiamndigs (i.e. before cereal aphid
population crash in mid or end of July) are driviey predators or that predators are
responding to aphid abundance (Kindlmann & Dixd@9d, 1999). Similarly, we could not
detect influences of predators when using the ambref predator units to summarize the
possible effects of antagonists on aphid gradatarapter 2). However, confusion about
effects of antagonists may be most frequently eeldd survey techniques, especially when
time periods early in the season with low aphid amthgonist densities are considered.
Rappaport (1998) ascertained that the evaluatiotihhadeof predators in the form of visual
counts (during GS 69 to 85) may cause underesbmatf the whole antagonist potential.
Even sample sizes of e.g. 800 tillers may not lfcgent for reliable estimations of density
(e.g. relative abundance) and subsequent clagsficaill lead to rough statements of high or
low predator units per area (chapter 6). The samas wbserved in our studies, when
individual antagonists of aphids were compared an@valuation times. Even the
summarisation into predator units showed scattemmgan values with high standard
deviations, which were clearly based on sample aiz sampling techniques. Moreover,
apart from sample size, the sampling techniqudf itray be inconvenient to get a clear
picture about the abundance of different predafbing. evaluation of ear and flag leaves for
example underestimates mainly the larval stagesapiiid specific predators such as
Coccinellids or Syrphids (data not shown). Kuo-Seaid Hasken (1989) tracked well the
population dynamics of adult specific predators. (fed shining ladybeetles) using 50 whole
tillers at milky stage (GS 77). Doubling the samgilees, they were also able to register larval
stages of hoverflies (i.e. Syrphids), but not thos&adybirds or of common green lacewing.
Therefore, visual counting of tillers seems to gieely an approximate estimation of
stenophagous predator larvae. Most antagonisterefit aphids are highly mobile, not very
abundant insects, and their survey - a comprometeden reliability and work load - is
extraordinary difficult as discussed in chapteFfe(er et al., 1998).

Most scientific methods, e.g. repeated measurefeegt counting) or the use of mobile

suction samplers, are very labour- and time-intensand therefore not appropriate for
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practical survey by farmers (Iperti et al., 198Biof et al., 1991). Moreover, several methods
are strongly dependent on the weather conditioredhe daily rhythmic of scanned species
(and their preys) (Frazer, 1973; Neuenschwande84;19chotzko & O’Keefee, 1989). In
consideration of these factors, however, Elliotalet(1991) und Rappaport (1998) showed
that e.g. the densities of Coccinellids were wellirrated using sweep net catches and
transects counting (at later growth stages). Tlas also approved with own datasets in 2005,
when higher numbers were observed. Problematicaligrms of visual counts (GS 71 to 85)
is that adults oPropylea quatuordecimpunctata were more likely overlooked compared to
red-shining Coccinella septempunctath. Moreover, field advisers are sometimes more
willing to count just those tillers, where they leaperceived the red-shining from far. Using
small sample sizes, the precision fell considerétiyapter 6) and especially non-experienced
field advisers evaluated error-prone. Subsequetgthniques for early evaluations of cereal
aphids using high sample sizes appeared to beongknient to include counts of antagonists.
However, visual counting is labour- and time-savaagnpared to other trapping techniques
(as shown for cereal aphids in chapter 6). Conogriirapping only sweep net catches
permitted a rough estimation of predator densitieshe fields with relatively low labour
input, when using a minimal number ok4%0 hits (sweeps), but considerably variability was

observed among and between fields (chapter 6).

Future prospects

Problems encountered during predator analyses raag hontributed to the fact that
there was no predator-related predictor varialgaicantly associated with the formation of
gradation (as discussed above). In future, pratiaoming (Werner, 2008) will be extended
and in addition to GIS-based small-scale field skti®, information systems for crop density
(e.g. crop meter; Quinckhardt, 2008) and opticaveys (Rath, 2008) might also be used.
GIS-based datasets provide information about fédfitude profiles (Brunsch, 2008) and, at
the same time, site-specific data concerning thpeebed yield (based on yield calculations
from previous years) are immediately calculatedtilisation will be adapted accordingly
(exactly per square meter). Such systems are d¢lyrie@ing tested in large-scale trials for
practical application in Magdeburg (Brunsch, 2008pncerning plant protection, it is
advantageous to use GIS-controlled single nozxbsch prevent repeated treatments, for
example, in sloping field areas. This techniquenper a more uniform application of

pesticides.
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Furthermore, optical systems for weeds were regatgVeloped (Rath, 2008). Whether
these optical systems (i.e. image detection sytears be extended to cereal aphids or all
their antagonists during early maintenance actisitie.g. the first herbicide or fungicide
application after winter) remains speculative. Hogre these systems may well detect the
first occurrence of red-shiny old lady bugs (€gseptempunctatddarmonia axyridisPallas,
Rodolia cardinalisMulsant,Epilachna arguseoffroy) because they stand out from the green
background. They may also provide very detailedormiation concerning the overall
abundance of red lady bugs in a given locationyaat, which might be useful in modelling

and decision support systems.

Closing statements

Cereal aphids are sedentary for most of their litdsnvever, their ability tonoveis so
pivotal that several authors have elevated themmeostatus of super pests (Loxdahle et al.,
1993; Irwin et al., 2007; H.D. Loxdahle, pers. comrizven though only a few aphid species
are pests in cereal crops, they are able to mowssdarge spatial scales, even transcending
continents. Because of their high reproduction eatteé vectoring capacity, cereal aphids can
devastate crops within a very short time span {githin the four weeks between flowering
and the milky stage of winter wheat). If aphid mments were limited to very small spatial
scales, even those species that are excellentrgseatould play a much smaller role in
spreading plant diseases such as BYDV. Researctiucted during the past decades has
provided a good theoretical understanding of appwapulation dynamics. However,
implementation of this knowledge into managemerisien-making practice continues to be
rather disappointing. Therefore, aphids are baskife@ating and frustrating (Dixon, 1998). As
described in this work, forecasting the immigratiamd early population developments of
aphids in agricultural systems is still challengiiegg. modelling early population dynamics,
chapter 1 and 2; forecasting models for immigraiito cereal crops in autumn and spring,
chapter 3). It is still difficult to determine, wiegethe cereal aphids came from before arriving
in a given field (chapter 4; Vialatte et al., 200Apwever, this information would enhance
the ability to forecast qualitative and quantitati@spects of aphid immigration into cereal
crops. Thus, more research activities (long-teetdfstudies) are needed to obtain a detailed
understanding of how aphid immigration movement aady population development takes
place. The subsequent understanding of how to madill then be the key to designing

useful aphid control strategies in accordance WAt concepts.
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