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Summary 

The majority of current crop breeding is focusing on crop ideotypes that provide high 

yields, are well adapted to farming systems with regular external inputs and will cope well 

in a monocultural system. It has been argued, however, that such uniform and genetically 

‘stable’ cultivars are inappropriate for dealing with unpredictable environmental changes 

because they may have limited ability to evolve in response to environmental fluctuations 

and they have limited capacity to react to novel stress factors. Also, the ability of crops to 

buffer extreme climatic events or unexpected pathogen exposure is limited in uniform cul-

tivars as the uniformity of genotypes in the field allows no variability of reactions within 

the crop. 

Being aware of the fact that we live at a time, where population growth, an increasing de-

mand for finite resources and climate change are posing new challenges, it becomes appar-

ent that more flexible crops are required. Rising global temperatures will lead to increased 

weather variability and more extreme weather events and thus to changes in land suitability 

and crop yields. Experience has shown that farms with increased levels of biodiversity can 

be more resilient in the face of perturbations and can buffer extreme climatic events and 

adverse growing conditions to a wider extent than large monocultures do. It appears that 

established and proven plant breeding strategies and agricultural cropping systems alone 

will not be sufficient to feed the world population in the future. Therefore, the main focus 

of this thesis is on breeding methods for increasing agrobiodiversity and on the effects of 

diversified crops on crop performance and resilience. 

Shifts away from traditional crop landraces, which often were selected over a long time for 

use in low-nutrient input ecosystems, have caused losses of important genetic variation. 

Much of the diversity required to cope with nutrient-limiting soil conditions and adverse 

growing conditions has now to be reintroduced into modern varieties in most cumbersome 

processes. The genetic improvement of plants through the exploitation of plant genetic re-

sources and crop wild relatives is an important tool in the attempt to keep pace with the 

growth of the world population, and molecular breeding approaches have great potential in 

crop improvement as they allow the exploitation of a much larger proportion of the genetic 

variation contained in plant genetic resources and crop wild relatives. 
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Chapter 2 of this thesis is based on research carried out as part of the project “Applications 

and Potentials of Smart Breeding” on behalf of the German Federal Agency for Nature 

Conservation. Applications and potentials of marker assisted selection in plant breeding 

were analyzed based on a literature survey complemented with guided interviews with sci-

entists and breeders (carried out in 2009) and an additional workshop during which the 

participants confirmed, adjusted, and completed the information gained through the inter-

views and the literature survey. The potentials of molecular markers in the evaluation and 

use of plant genetic resources and their documented contribution to agrobiodiversity were 

reviewed and results from guided interviews with scientists and breeders were given.  

Despite tremendous research efforts involving molecular markers, it is still difficult to ob-

tain a clear picture how molecular markers contribute to the use of plant genetic diversity 

in plant breeding. Minor and major crops do not benefit to the same degree from recent 

developments in marker technology. At the moment a growing distance between the main 

cash crops and minor crops can be observed. The more important a crop economically is, 

the more likely markers are applied in the breeding process. It is not clear whether minor 

crops will benefit from progress made in the main crops in the future or whether they will 

be outdistanced completely because of their low economic value. And even the application 

of molecular markers in the breeding process does not automatically imply the evaluation 

and use of plant genetic resources. Although pre-breeding programs and activities are cru-

cial for plant breeders, they have been reduced worldwide. It was stressed by several breed-

ers and scientists taking part in the interviews and workshops that pre-breeding needs a 

change of image. Its importance in ensuring genetic diversity needs to gain more public 

and political awareness. 

Another breeding strategy aiming at the broadening of the genetic base of crops is evolu-

tionary breeding. It is based on the establishment of heterogeneous, segregating crop pop-

ulations, also called composite cross populations (CCPs). It is a simple and efficient way 

of managing genetic resources in situ and at the same time it is a potent tool for the sustain-

able use of plant genetic resources and has great potential both in the presence and absence 

of molecular breeding approaches. Whether marker assisted breeding strategies or evolu-

tionary breeding strategies or both are implemented in the breeding process of a crop often 

depends on economic considerations. A general decision in favor or against marker assisted 
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selection or evolutionary breeding strategies when breeding for diversity would not yield 

optimum results. 

In chapter 3 the considerations of chapter 2 are complemented with results from a CCP 

field trial. The F11 of three European winter wheat (Triticum aestivum L.) CCPs that had 

been maintained in repeated parallel populations under organic and conventional conditions 

from the F5 to the F10 were compared in a two-year replicated field trial under organic 

conditions. The populations were compared to each other, to a mixture of the parental va-

rieties used to establish the CCPs, and to three winter wheat varieties currently popular in 

organic farming. Foot and foliar diseases, straw length, ear length, yield parameters, and 

baking quality parameters were assessed.  

The two trial years were very different, especially regarding the climatic conditions, and 

many differences were not consistent over both years of the trial. It became visible, how-

ever, that the parental selection for the CCPs had a much greater influence on their perfor-

mance than the growing and management conditions to which the populations had been 

subjected. This can be observed with regards to baking quality traits, as well as with mor-

phological parameters, grain yield and yield parameters. Especially when focusing on traits 

which are not directly influenced by natural selection (e.g. quality traits) the choice of par-

ents to establish a CCP is crucial. In the case of the QCCPs which were created by inter-

crossing twelve high quality wheat varieties, the establishment of a reliable high-quality 

population worked very well and quality traits were successfully maintained over time. 

The CCPs maintained at the University of Kassel have every year been grown in plots 

>150 m² in the hopes to ensure an effective population size (Ne) of 5000, which is thought 

to be sufficient to limit genetic drift in the populations. In order to verify compliance with 

this minimum Ne of 5000, Ne in the F7, F8, F9 and F12 of the CCPs was calculated. Besides 

the effective population size, variation among populations and between generations regard-

ing number of tillers, kernel weight, kernel number per tiller and kernel number per plant 

were assessed. Not only in the F7, but also five years later in the F12, variation among the 

different populations and between generations was still high and the high initial variability 

of contribution of single plants to the next generation even increased after an extreme win-

terkill in 2011/12. Genetic effects of this event are likely and the fact that all F12 populations 

were clearly different from the F7 to F9 regarding kernels per tiller, kernels per plant and 

Ne, suggests that a bottleneck effect has influenced all populations. 
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Ne was calculated using the variance in the number of gametes contributed per parent based 

on the variance and mean of kernel number per plant. It is a useful tool to determine the 

number of individuals required to limit genetic drift in the populations. Although the cal-

culation of this value using demographic data can only give general estimations, it was well 

suited to show changes in the populations over generations and results show that plots of 

at least 150 m² to maintain the CCPs at the University of Kassel are large enough to limit 

genetic drift. 

Although nothing can replace the evolutionary processes which the populations are under-

going in the field, for a most comprehensive understanding of the adaptation processes in 

CCPs, the application of molecular analytical tools seems promising. Based on a thorough 

understanding of the process of adaptation, selection strategies for further improvement of 

the populations can be defined. Breeding progress leads to a continuous release of improved 

cultivars. CCPs, once established and maintained in the field, cannot incorporate this pro-

gress through adaptation processes alone. Therefore the frequent incorporation of improved 

germplasm into CCPs seems to be essential. Also, in this process of incorporation and se-

lection the application of molecular markers can complement the evolutionary breeding 

approach. Although it is a clear advantage of the evolutionary breeding approach that it 

requires very little infrastructure, its complementation with more sophisticated technolo-

gies should be considered where knowledge and economic resources allow for a collabora-

tion and synergy of these fundamentally different breeding approaches. 
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Zusammenfassung 

Die moderne Pflanzenzüchtung legt ihren Fokus überwiegend auf die Züchtung klar um-

rissener Pflanzen-Ideotypen: landwirtschaftliche Kulturpflanzen sollen hohe Erträge erzie-

len, gut an Anbausysteme angepasst sein, die auf regelmäßigen externen Inputs basieren 

und sie sollen günstige Eigenschaften für den Anbau in Monokulturen aufweisen. Es ist 

aber anzunehmen, dass derart uniforme und genetisch „stabile“ Sorten ungeeignet sind, auf 

unvorhersagbare Umweltveränderungen zu reagieren, da sie nur sehr begrenzte Möglich-

keiten haben, sich an Änderungen ihrer Umwelt anzupassen. Damit haben sie kaum Kapa-

zität, auf neue Stressfaktoren zu reagieren. Auch die Fähigkeit der Kulturen, extreme kli-

matische Ereignisse oder unerwarteten Pathogendruck abzupuffern, ist in uniformen Sorten 

eingeschränkt, da die Uniformität der Genotypen im Feld in solchen Fällen keine Variabi-

lität in der Reaktion der einzelnen Pflanzen ermöglicht. 

Macht man sich bewusst, dass wir zu einer Zeit leben, in der das Bevölkerungswachstum, 

eine ständig steigende Nachfrage nach endlichen Ressourcen und der Klimawandel die 

Menschheit vor ganz neue Herausforderungen stellen, wird schnell deutlich, dass anpas-

sungsfähigere Kulturpflanzen notwendig geworden sind. Als Folge der Erderwärmung ist 

mit stärkeren klimatischen Schwankungen und häufigeren klimatischen Extremereignissen 

zu rechnen. Dies wird unter anderem zu Verschiebungen in der Eignung landwirtschaftli-

cher Nutzflächen für die Nahrungsproduktion führen, was sich wiederum in den Erträgen 

niederschlagen wird. 

Die Erfahrung hat gezeigt, dass landwirtschaftliche Betriebe mit hohem Biodiversitätslevel 

im Falle von Störungen flexibler reagieren können, da extreme Witterungsereignisse und 

ungünstige Anbaubedingungen besser abgepuffert werden können als dies in großen Mo-

nokulturen möglich ist. Man muss annehmen, dass die etablierten und bewährten Pflanzen-

züchtungsstrategien und Anbausysteme alleine in Zukunft nicht ausreichen werden, um die 

Weltbevölkerung zu ernähren. 

Der Schwerpunkt der vorliegenden Arbeit ist daher die Beschäftigung mit Züchtungsme-

thoden, die eine Erhöhung der Agrobiodiversität mit sich bringen, außerdem werden die 

Auswirkungen diversifizierter Anbausysteme betrachtet. 

Das Abwenden von traditionellen Landrassen, die oft über lange Zeit für den Gebrauch in 

low-input Anbausystemen selektiert worden waren, hat den Verlust wichtiger genetischer 
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Variation mit sich gebracht. Ein guter Teil dieser Variation, die benötigt wird, wenn Pflan-

zenbestände mit nährstoffarmen Böden und anderen ungünstigen Wachstumsbedingungen 

zurechtkommen sollen, wird heute in aufwendigen Verfahren wieder in moderne Sorten 

zurückgebracht. Es ist offensichtlich geworden, dass die genetische Verbesserung von 

Pflanzen durch die Nutzung pflanzengenetischer Ressourcen und wilder Verwandter der 

Kulturpflanzen eine wichtige Strategie ist, um mit den Ansprüchen Schritt zu halten, die 

das Wachstum der Weltbevölkerung mit sich bringt. Molekulare Züchtungsansätze haben 

großes Potenzial bei derartigen Strategien, da sie die Ausnutzung der genetischen Varia-

tion, die pflanzengenetische Ressourcen in sich bergen, sehr erleichtern. 

Kapitel 2 dieser Arbeit basiert auf Forschungsergebnissen, die Ergebnis des Projektes “Ap-

plications and Potentials of Smart Breeding” sind, das im Auftrag des Bundesamtes für 

Naturschutz (BfN) durchgeführt wurde. Literatur zu Anwendungen und Potenzialen 

markergestützter Selektion in der Pflanzenzüchtung wurde analysiert, ergänzend wurden 

Leitfrageninterviews mit Pflanzenzüchtern und Wissenschaftlern geführt (im Jahr 2009), 

und es fand ein Workshop statt, auf dem die Ergebnisse der Literaturstudie und der Inter-

views diskutiert und ergänzt wurden. Die Potenziale molekularer Marker in der Evaluation 

und Nutzung pflanzengenetischer Ressourcen und ihr dokumentierbarer Beitrag zur Agro-

biodiversität wurden zusammen mit den Interview-Ergebnissen in einer Literaturstudie zu-

sammengestellt. 

Trotz enormer Forschungsanstrengungen im Bereich der molekularen Marker ist es noch 

immer schwierig, ein klares Bild davon zu erhalten, ob und in welchem Umfang der Einsatz 

von Markern die Nutzung pflanzengenetischer Ressourcen in der Pflanzenzüchtung unter-

stützt. Man kann beobachten, dass die unterschiedlichen Kulturen nicht in gleichem Maße 

von den Entwicklungen im Bereich Markertechnologie profitieren. Während die cash crops 

ganz im Fokus der Anstrengungen stehen, wird der Abstand zu den kleineren Kulturarten 

immer größer. Je wichtiger eine Kulturart ökonomisch ist, desto wahrscheinlicher ist es, 

dass in ihrer Züchtung auch molekulare Marker Einsatz finden. Ob die weniger beachteten 

Kulturarten zeitversetzt von den Fortschritten bei den großen Kulturarten profitieren kön-

nen oder ob sie aufgrund ihres geringen ökonomischen Wertes ganz den Anschluss verlie-

ren werden, kann gegenwärtig nicht eindeutig beurteilt werden. Doch selbst der Einsatz 

molekularer Marker im Züchtungsprozess einer Kulturart bedeutet noch lange nicht, dass 
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pflanzengenetische Ressourcen im Züchtungsprozess genutzt werden. Obwohl pre-bree-

ding Programme, die pflanzengenetische Ressourcen erst nutzbar machen, von entschei-

dender Bedeutung für die Pflanzenzüchtung sind, ist weltweit ein starker Rückgang dieser 

Aktivitäten zu beobachten. Züchter und Wissenschaftler weisen klar darauf hin, dass pre-

breeding einen Imagewandel braucht. Seine große Bedeutung für die Sicherung genetischer 

Diversität muss mehr öffentliche und politische Aufmerksamkeit erfahren. 

Eine andere Züchtungsstrategie, die die Erweiterung der genetischen Basis von Kultur-

pflanzen anstrebt, ist die Erstellung von Evolutionsramschen (evolutionary breeding). Sie 

basiert auf der Erstellung genetisch heterogener, segregierender Populationen, auch als 

Composite Cross Populations (CCPs) bezeichnet. Diese einfache und effiziente Methode, 

die das Management genetischer Ressourcen in situ ermöglicht und gleichzeitig ein wir-

kungsvolles Instrument für die nachhaltige Nutzung genetischer Ressourcen darstellt, hat 

sowohl mit und ohne markergestützte Ansätze großes Potenzial. Die Entscheidung, ob 

markergestützte Züchtungsansätze oder evolutionary breeding oder beides im Züchtungs-

prozess eingesetzt werden, hängt in erster Linie von ökonomischen Erwägungen ab. Eine 

grundsätzliche Entscheidung für oder gegen den Einsatz einer der Methoden in der Züch-

tung für Agrobiodiversität ließe keine optimalen Ergebnisse erreichen. 

In Kapitel 3 werden die Gedankengänge aus Kapitel 2 von konkreten Ergebnissen aus ei-

nem CCP-Feldversuch ergänzt. Die F11 Generation dreier Europäischer Winterweizen 

CCPs, die von der F5 bis zur F10 in wiederholten parallelen Populationen unter ökologi-

schen und konventionellen Bedingungen erhalten worden waren, wurden in einem zwei-

jährigen Feldversuch unter ökologischen Anbaubedingungen verglichen. Die Populationen 

wurden dabei miteinander verglichen, mit einer Mischung der Elternsorten, die für die Er-

stellung der Populationen verwendet worden waren, und mit drei Winterweizensorten die 

in der ökologischen Weizenproduktion derzeit häufig angebaut werden. Untersucht wurden 

Blatt- und Fußkrankheiten, Halm- und Ährenlänge, Ertragsparameter sowie Backqualitäts-

parameter. Da die beiden Versuchsjahre, besonders im Hinblick auf die klimatischen Be-

dingungen, sehr unterschiedlich waren, finden sich viele Beobachtungen nicht konsistent 

in beiden Versuchsjahren. Es wurde aber deutlich, dass der Auswahl der Elternsorten, die 

für die Erstellung einer CCP verwendet werden, sehr große Bedeutung zukommt. Die Er-

gebnisse zeigen, dass hier ein deutlich stärkerer Einfluss liegt als in Anbau und Manage-

ment in unterschiedlichen Systemen. Dies zeigte sich sowohl für Backqualitätsparameter 
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als auch in morphologischen Parametern und beim Ertrag. Besonders im Hinblick auf Ei-

genschaften, die nicht direkt der natürlichen Selektion unterworfen sind (z.B. Backquali-

tätseigenschaften), ist die initiale Sortenwahl entscheidend. Im Falle der QCCPS, die durch 

die Durchkreuzung von 12 Weizensorten mit hoher Backqualität erstellt worden waren, 

zeigte sich, dass die Erzeugung von Populationen mit verlässlich hoher Backqualität er-

folgreich war. Auch die Erhaltung der Qualitätseigenschaften über die Zeit ist möglich. 

Die CCPs, die an der Universität Kassel erhalten werden, werden in Parzellen von mindes-

tens 150 m² angebaut, um auf diese Weise sicherzustellen, dass die Effektive Populations-

größe (Ne) von 5000 eingehalten wird, die als ausreichend angesehen wird, um genetische 

Drift in den Populationen zu minimieren. Um das Erreichen dieser Mindestgröße zu über-

prüfen, wurde der Ne in der F7, F8, F9 and F12 der CCPs berechnet. Neben der Effektiven 

Populationsgröße wurde auch Variation innerhalb der Populationen und zwischen den Ge-

nerationen gemessen. Dazu wurden die Anzahl Ähren pro Pflanze, TKG, Anzahl Körner 

pro Ähre und Anzahl Körner pro Pflanze ermittelt. 

Nicht nur in der F7, sonder auch fünf Jahre später in der F12 zeigte sich ein hohes Maß an 

Variabilität innerhalb der Populationen und zwischen den Generationen und die anfänglich 

hohe Variabilität im Beitrag einzelner Pflanzen zur nächsten Generation erhöhte sich nach 

sehr starker Auswinterung im Winter 2011/12 noch weiter. Genetische Auswirkungen die-

ses Ereignisses sind wahrscheinlich, und die Tatsache, dass alle F12 Populationen sich klar 

von den F7 bis F9 Generationen unterschieden im Hinblick auf Körner pro Ähre, Körner 

pro Pflanze und Ne, ist ein Hinweis darauf, dass die Populationen durch einen bottleneck-

Effekt beeinflusst worden sein könnten. 

Die Berechnung des Ne basiert auf der Varianz in der Anzahl Gameten pro Pflanze, die 

anhand von Varianz und Mittelwert der Kornzahl pro Pflanze berechnet wird. Man verfügt 

damit über ein nützliches Instrument um die Anzahl von Individuen zu bestimmen, die 

notwendig sind um genetische Drift in den Populationen zu minimieren. Obwohl der Be-

rechnung dieses Wertes demographische Daten zugrunde liegen und man deshalb nur ge-

nerelle Schätzungen machen kann, zeigte er sich doch als gut geeignet, um Veränderungen 

in den Populationen über die Generationen zu zeigen. Die Ergebnisse zeigen, dass die Par-

zellengröße von 150 m² ausreichend groß gewählt war, um genetische Drift weitestgehend 

einzuschränken. 
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Sicherlich können die evolutionären Prozesse, die die Populationen im Feld durchmachen, 

durch nichts ersetzt werden. Für ein möglichst weitreichendes Verständnis der Anpassungs-

prozesse in den CCPs erscheint aber die Anwendung molekularer Marker als analytisches 

Werkzeug vielversprechend. Ein tiefgehendes Verständnis der Anpassungsprozesse er-

möglicht die Definition zukünftiger Selektionsstrategien für die weitere Verbesserung der 

Populationen.  

Der Züchtungsfortschritt bringt einen beständigen Zuwachs an verbesserten Sorten mit 

sich. CCPs, die einmal zur Weiterentwicklung ins Feld entlassen wurden, können mit die-

sem Fortschritt alleine durch Anpassungsprozese nicht mithalten. Es erscheint daher sehr 

wichtig, regelmäßig verbessertes genetisches Material in die Populationen einzubringen. 

Auch in diesem Prozess der Inkorporation und Selektion können molekulare Marker den 

evolutionären Züchtungsansatz sinnvoll ergänzen. 

Obwohl ein klarer Vorteil der Composite Cross Populationen darin besteht, dass sie sehr 

wenig pflanzenzüchterische Infrastuktur benötigen, sollte man doch ihre Ergänzung durch 

die technologisch aufwändigeren Verfahren der Markerselektion in Erwägung ziehen, 

wenn Kenntnisstand und ökonomische Ressourcen eine Verbindung und damit Synergien 

dieser zunächst fundamental unterschiedlichen Züchtungsansätze erlauben.
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1 General Introduction 

 

Ensuring food security in the twenty-first century is challenged by several global issues, 

most notably population growth, an increasing demand for finite resources and climate 

change. 

Living at a time where the world population has approached seven billion people while it 

is expected that it will top 9 billion by 2050 (United Nations, Department of Economic and 

Social Affairs, Population Division, 2015), we witness one global resource after the other 

passing its peak year of appropriation (Seppelt et al., 2014). A number of renewable and 

non-renewable resources – be it oil (Hallock et al., 2014; Miller and Sorrell, 2014) or soil 

(Amundson et al., 2015; Harvey and Pilgrim, 2011; Lambin and Meyfroidt, 2011), nutrients 

(Cordell and Neset, 2014; Scholz et al., 2013) or water (de Fraiture and Wichelns, 2010; 

Gleick and Palaniappan, 2010) – are becoming increasingly scarce while the ‘peak-society’ 

(Fess et al., 2011) continues growing.  

Providing adequate food for all in the future will only be possible if the alarming trends in 

global resource availability are met with a paradigm shift in resource use (Pimentel and 

Pimentel, 2006; Seppelt et al., 2014) combined with new, different and efficient strategies 

to face the challenges of climate change (Altieri et al., 2015; Ceccarelli et al., 2010; Foley 

et al., 2011; Powell et al., 2012). Rising global temperatures will lead to increased weather 

variability and more extreme weather events and thus to changes in land suitability and 

crop yields. Although individual locations may benefit it is projected for the major crops in 

tropical and temperate regions that climate change will negatively impact production. So 

far, negative impacts of climate change on crop yields have been more common than posi-

tive ones and some cultivated areas will most likely become unsuitable for cropping as heat 

waves, droughts, heavy precipitation events, floods, cyclones, wildfires or coastal storms 

occur more frequently (IPCC, 2014). Especially people experiencing water scarcity will 

still increase with the level of warming in the 21st century (IPCC, 2014). Also, the range 

of agricultural pests, pathogens and weeds is likely to increase due to global warming (Pau-

tasso et al., 2012; Porter et al., 1991; Ziska et al., 2011).  

There is a broad agreement that climate change and global food security are inextricably 
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connected (Anwar et al., 2013; Chakraborty and Newton, 2011; Wheeler and von Braun, 

2013) and analyses point out that food security is clearly threatened by climate change in 

the relatively near future (Lobell et al., 2008; Schmidhuber and Tubiello, 2007). Impacts 

will vary considerably according to differences in agro-climatic, socio-economic and tech-

nological conditions and agriculture in low latitude developing countries is expected to 

suffer earlier and more severely than agriculture in high-latitude developed countries (Al-

tieri et al., 2015; Lobell et al., 2008), but undoubtedly disruption of food production influ-

ences economic and social stability too, alters regional competitiveness, and thus will have 

consequences for human well-being worldwide (IPCC, 2014). 

 

1.1 Answers to the global challenges - intensification versus diversification 

In the past, the growing demand for agricultural food supply was often met with a combi-

nation of several improvements: enhanced cultivation of land went hand in hand with fre-

quent and often heavy application of synthetic and/or natural fertilizers and pesticides to 

control pests, diseases and weeds, irrigation, advanced mechanization, genetic improve-

ments, and favorable socio-economic conditions (Tanksley and McCouch, 1997). The re-

sulting high-input systems provide high yields. These yields are, however, dependent on 

high external inputs (Fess et al., 2011; Yapa, 1977) and are often produced at the cost of 

environmental degradation (Foley, 2005; Tscharntke et al., 2012). To meet the growing 

demand for food it is obvious that food production must grow in a most efficient and sus-

tainable way while at the same time ‘agriculture’s environmental footprint’  must shrink 

dramatically (Foley et al., 2011). 

In plant breeding the majority of current crop breeding is focusing on crop ideotypes that 

provide high yields, rely on external inputs and will cope well in a monocultural system 

(Murphy et al., 2005; Yapa, 1993, 1977). Self-pollinating crops are usually selected in a 

way that ensures consistent uniformity (Phillips and Wolfe, 2005) and also for outcrossing 

crops genetic variability is restricted to the breeding program pipeline. Plant genotypes de-

veloped by standard pedigree breeding methods and selected for high performance in high-

input conditions typically do not perform very well in marginal environments or in farming 

systems with lower inputs (Murphy et al., 2005). It is argued that such uniform and genet-

ically ‘stable’ cultivars are also inappropriate for dealing with unpredictable environmental 

changes because their response to environmental fluctuations is not buffered and they have 
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no capacity to react to novel stress factors (Döring et al., 2011; Murphy et al., 2013a; 

Newton et al., 2009). It appears thus, that established and proven plant breeding strategies 

and agricultural cropping systems alone will not be sufficient to feed the world population 

in the future (Kiers et al., 2008; Østergård et al., 2009).  

The interactions taking place within diverse ecosystems are complex, they happen at dif-

ferent levels between different species and genotypes (inter-specific and intra-specific) and 

are fundamental to the stability and resilience of the entire ecosystem (Finckh, 2008).   

Experience has shown that diverse farming systems are more resilient in the face of pertur-

bations and buffer extreme climatic events and adverse growing conditions to a wider ex-

tent than large monocultures do (Altieri et al., 2015; FAO, 2011; Newton et al., 2009). This 

is due to the fact that biodiversity performs many functions within an ecosystem. It provides 

ecosystem services that go beyond the production of food, fibre, and fuel. These additional 

ecosystem services can be the recycling of nutrients, control of microclimate, regulation of 

local hydrological processes, regulation of the abundance of undesirable organisms and the 

detoxification of noxious chemicals. All these biological processes are reliant on adequate 

biodiversity preservation and cannot be maintained otherwise (Altieri, 1999). Yachi and 

Loreau (1999) call the buffering and performance-enhancing effects of species richness the 

“insurance effects” because they help maintaining ecosystem functioning in the event of 

environmental fluctuations and according to Altieri et al. (2015) the best answer to unpre-

dictable growing conditions are agroecosystems inserted in a complex landscape matrix, 

where adapted local germplasm is grown in diversified cropping systems and managed with 

organic matter rich soils and water conservation-harvesting techniques. 

Another advantage of diverse farming systems is the fact that they allow the maintenance 

and exploitation of genetic resources while in modern, intensive agriculture too often val-

uable genetic resources are lost before they can be fully characterized and used (Kahane et 

al., 2013) 

The relationship between genetic diversity and stress tolerance has been reviewed by McIn-

tosh (1998) for wheat and for cereals in general by Witcombe et al. (2008). The use of 

agrobiodiversity in wheat production was reviewed and discussed by Costanzo and Bàrberi 

(2014), and many other publications document the positive effects of diverse farming sys-

tems (Dawson and Goldringer, 2012; Finckh and Wolfe, 2015).  
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1.2 Use of plant genetic resources and molecular breeding approaches  

The genetic improvement of plants through the exploitation of plant genetic resources 

(PGR) and crop wild relatives (CWR) is – although somewhat laborious – an important 

tool in the attempt to keep pace with the growth of the world population (Dwivedi et al., 

2008; Hajjar and Hodgkin, 2007; Haussmann et al., 2004; Warschefsky et al., 2014). Ge-

netic variation provided within crops is huge, however, it is easily lost (e.g. habitat loss, 

replacement of landraces, genetic uniformity in scientifically bred varieties) (Day-Ru-

benstein et al., 2005).  

Shifts away from traditional crop landraces, which often were selected over a long time for 

use in low-nutrient input ecosystems, have caused losses of important genetic variation, 

(Zhu and Meharg, 2015) and much of the diversity required to cope with nutrient-limiting 

soil conditions and adverse growing conditions has now to be reintroduced into modern 

varieties in most cumbersome processes. An example underlining the importance of con-

serving and exploring traditional germplasm is the case of a gene called PSTOL1 that was 

identified in the traditional rice variety ‘Kasalath’ (Wissuwa and Ae, 2001). Rice varieties 

expressing PSTOL1 are tolerant to phosphorus-starvation, because the gene acts as an en-

hancer of early root growth, thereby enabling plants to acquire more phosphorus and other 

nutrients. The gene is, however, absent from the phosphorus-starvation intolerant modern 

rice varieties (Gamuyao et al., 2012). Currently, introgression of the quantitative trait locus 

(QTL) containing the PSTOL1 gene into locally adapted rice varieties in Asia and Africa is 

expected to enhance rice yields under low phosphorus conditions considerably (Gamuyao 

et al., 2012). 

Besides underlining the importance of maintaining landraces and the genetic variation they 

are providing, the example of the rice gene PSTOL1 illustrates how modern plant breeding 

reacts to the challenges, population growth, availability of global resources and climate 

change are posing. The advent of PCR-based molecular markers in the late 1970s led away 

from the old breeders’ paradigm of looking for the ideal phenotypes and led to fine scale 

genetic characterization, using the tools of molecular maps, QTL analysis and marker-as-

sisted selection (MAS) (Dwivedi et al., 2007). The growing realization that scientific re-

sponse is required to meet the challenges of climate change has led to an increased search 

for genes that can enhance the climate-resilience of crops (De Pace et al., 2013; Dwiyanti 

and Yamada, 2013) and it is hoped that developments in sequencing technologies and other 
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recent advances in genomics (see Prasanna et al., 2013; Talukdar and Talukdar, 2013 for 

overview) including genetic engineering might help in mitigating climate change effects 

(Yadav et al., 2013). 

The molecular breeding approach allows the exploitation of a much larger proportion of 

the genetic variation contained in plant genetic resources and crop wild relatives and has 

great potential in crop improvement (Singh and Singh, 2015; Tanksley and McCouch, 

1997). However, practical outcomes regarding variety development are yet not living up to 

expectations for most crops (Bernardo, 2008; Brumlop and Finckh, 2011; Collard and 

Mackill, 2008). It is expected that the escalating capacity of sequencing technologies and 

genomic selection will help to facilitate marker-assisted selection in plant breeding (Choi 

et al., 2015; Yang et al., 2015). However, examples of practical applications of genomic 

selection in plant breeding programs are yet to be seen (Yang et al., 2015). 

 

1.3 Evolutionary and participatory breeding approaches 

About 1.4 billion people worldwide still rely on traditional, low-input systems in marginal 

environments or with limited use of external inputs (Murphy et al., 2005) or molecular 

breeding (Ribaut et al., 2010). To produce stable crops for low-input growing conditions, 

breeding strategies should be as simple and efficient as possible. In addition, it also has to 

be recognized that the climatic changes ahead are a moving target, making targeted breed-

ing difficult to impossible. Emphasis on single traits might not be sufficient (Ceccarelli et 

al., 2013) and a focus on identification and development of climate smart genes for crop 

improvement only, with little attention to traditional farming or agro-ecologically based 

approaches likely will not be successful (Altieri et al., 2015).  

It has been argued that crops are needed that perform reasonably well in a range of envi-

ronments rather than doing extremely well in a narrow set of environments (Nelson et al., 

2009) and crop varieties should be capable of adapting to both means and extremes of tem-

perature to be able to cope with climate change (Challinor et al., 2007).nCeccarelli et al. 

(2013), relating modern plant breeding with the decrease of agrobiodiversity, therefore sug-

gest participatory plant breeding (farmers’ breeding practiced for millennia) integrated with 

evolutionary plant breeding as the best suited strategy to set up a dynamic and efficient 

system of variety deployment.  

Evolutionary breeding is based on the establishment of heterogeneous, segregating crop 
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populations, also called composite cross populations (CCPs) (Suneson, 1956). It is a simple 

and efficient way of managing genetic resources in situ while at the same time it is a potent 

tool for the sustainable use of plant genetic resources and it has great potential both in the 

presence and absence of molecular breeding approaches (Brumlop et al., 2013). The con-

cept, which is gaining new interest after its first postulation almost a century ago (Harlan 

and Martini, 1929; Suneson, 1956), can be a potent solution especially under low-input 

growing conditions, where a high input of e.g. mineral fertilizers and pesticides is either 

not possible or not wanted (organic growing systems), as it provides stable crops for these 

farming systems (Murphy et al., 2005).  

In evolutionary plant breeding/composite cross breeding, large numbers of parental varie-

ties from diverse origins are intercrossed, seeds from the individual crosses are harvested 

and bulked, creating genetically and morphologically highly diverse composite cross pop-

ulations. A proportion of seeds from the populations is harvested and re-sown year after 

year, which subjects the heterogeneous, segregating crop populations to the forces of natu-

ral selection. It is expected that the high level of genetic diversity allows adaptation to the 

prevailing growing conditions because plants with good adaptation to the local growing 

conditions will contribute more seed to the next generation than plants with lower fitness 

(Döring et al., 2011; Suneson, 1956). While genetic variability is expected to decrease in 

each population over time under the combined effects of drift and selection, overall diver-

sity is supposed to be maintained through the differentiation between populations 

(Goldringer et al., 2001a). 

Self-pollinated, annual, diploid crops with considerable genetic variation for important ag-

ronomic characters are ideal candidates for studies in evolutionary breeding (Allard, 1988), 

and composite cross populations have been created for various self-pollinating crops, most 

notably barley. Studies on the founding barley CCPs created in the 1920s (Harlan and Mar-

tini, 1929) have been conducted in the United States over decades (Allard, 1988, 1990, 

Danquah and Barrett, 2002a, 2002b; Ibrahim and Barrett, 1991; Soliman and Allard, 1991; 

Webster et al., 1986) and results of studies on the effect of natural selection on various traits 

in barley CCPs are manifold, focusing on yield, disease resistance, quality, agro-morpho-

logical traits and general adaptation to pedo-climatically and biologically diverse environ-

ments.  
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A body of knowledge about general evolutionary processes in wheat CCPs has also been 

accumulated. Various wheat CCPs were established in the United States (Qualset, 1968; 

Suneson et al., 1963), in France, e.g. (Enjalbert et al., 1999; Goldringer et al., 2001a; Le 

Boulc’h et al., 1994; Rhoné et al., 2008; Thomas et al., 1991) and in the UK (Döring et al., 

2015; Wolfe et al., 2006). Over time the populations adapt to the conditions under which 

they are grown and their high resilience that allows the populations to deal with stressful 

and variable growing conditions is seen as a major advantage under the predicted threats of 

climate change (Döring et al., 2011; Murphy et al., 2013b). After several years of adaptation 

populations can either just be maintained as populations or used in further breeding activi-

ties as they provide well adapted selection material (Finckh and Wolfe, 2015). If this is 

done, creating CCPs can be understood as a first step in breeding pure line varieties. Choos-

ing well-adapted plants from a population is a simple and inexpensive introduction into 

further selection cycles. Another strategy for exploiting CCPs is mixing the populations 

with elite pure lines (Döring et al., 2015). Goldringer et al. (2001b) assume that wheat lines 

with high agronomic potential can be developed from wheat populations after only few 

selection cycles. They compared yielding abilities of the best lines selected from several 

tenth generation wheat populations with current reference varieties and found that the se-

lected lines yielded just as well. 

Another promising approach is participatory breeding (Ceccarelli et al., 2013; Finckh and 

Wolfe, 2015). Farmers have for a long time been the true keepers of genetic diversity (Bret-

ting and Duvick, 1997) and involving them again in regional variety development is ex-

pected to result in an increase of inter- and intravarietal diversity (Gepts, 2006) as their 

involvement might lead to shifts in priorities and perspectives (Dawson et al., 2008). Par-

ticipatory breeding projects based on evolutionary breeding are known from France, where 

a farmers’ network and researchers collaborate to study the effects of on-farm dynamic 

management of wheat on diversity and adaptation (Enjalbert et al., 2011). Both, creation 

and evaluation of new wheat populations on-farm were studied (Dawson et al., 2011) and 

results indicate that on-farm dynamic management might be a key element for the long-

term conservation and use of agricultural biodiversity (Enjalbert et al., 2011). 

Nonetheless, on-farm cultivation of CCPs in Europe is still a rarity. In Europe, CCPs can 

legally only be traded under restricted conditions (Winkler et al., 2013). Growing hetero-
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geneous populations is not supported by the DUS system (requiring distinctness (D), uni-

formity (U), and stability (S)) which has met much criticism mainly in developing coun-

tries, and, especially with regards to the uniformity requirements, from researchers working 

on breeding strategies to broaden within-species diversity (Dawson et al., 2012; Döring et 

al., 2011; Finckh, 2008; Winkler et al., 2013). 

Farmers introduced to the idea if incorporating heterogeneity into the crop via the concept 

of CCPs often react either enthusiastic or extremely sceptical. The sceptics express doubts 

that inhomogeneous populations can live up to established pure line varieties regarding 

yield and quality while the enthusiasts hope to have found a solution to all challenges in 

the cultivation of cereals when replacing the careful choice of varieties suitable for their 

site with trust in the effectiveness of evolution. The truth is most likely to be found some-

where between the two extremes and can be best demonstrated and illustrated by field trials 

giving concrete and comprehensible results of CCPs grown as a field crop. 

 

1.4 Maintenance of diversity in wheat composite cross populations 

In wheat population breeding it is a crucial question which degree of variation will be main-

tained in this inbreeding crop over time. Does continued selfing lead from a heterogeneous 

population to a mixture of homozygous lines? Although wheat is a self-pollinated species 

with outcrossing rates usually less than 1% (Hucl, 1996) observations on conventional 

spring and winter wheat cultivars indicate that maximum outcrossing rates can range be-

tween 4 and 6.1 % (Griffin, 1987; Hucl, 1996; Martin, 1990). The outcrossing rate of six 

experimental wheat populations that were derived from two genetic pools and had been 

cultivated at four French sites was studied using RFLP markers. Multilocus estimates of 

outcrossing rates of the six populations ranged from 2.4 to 10.1 % (Enjalbert et al., 1998) 

and is thus even higher than the values reported by Hucl (1996), Martin (1990) and Griffin 

(1987). This could help to maintain diversity much longer than one would expect with strict 

selfing. Wheat populations under dynamic management over several generations were stud-

ied in many places and various studies report on high variability and genetic diversity 

among experimental composite cross populations after years of evolution (Allard, 1988; 

David et al., 1997; Enjalbert et al., 1999; Finckh et al., 2009; Goldringer et al., 2001a, 2006; 

Jackson et al., 1978; Stange et al., 2006; Weedon et al., 2010). 
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Another factor influencing population diversity is population size. The estimation of the 

effective population size (Ne) can help determining the “evolutionary potential” of a popu-

lation (Espeland and Rice, 2010; Goldringer and Bataillon, 2004) and gives an impression 

how vulnerable a population is to genetic drift. Goldringer et al. (2001b) mention that even 

in medium-sized populations, important and beneficial genetic variability can be lost 

through genetic drift and through the hitchhiking of deleterious mutations through selec-

tion. In order to maintain sufficient genetic variability within populations the effective pop-

ulation size should be maintained as large as possible and it is suggested by Goldringer et 

al. (2001b) that some migration between populations should be allowed in order to maintain 

and “renew” genetic variability within populations. 

.  

1.5 Objectives and thesis outline 

The main focus of this thesis is evolutionary plant breeding and the system specific adap-

tation of composite cross populations of winter wheat. Chapter 2 deals with methodolog-

ical considerations. Breeding for diversity, the use of genetic resources and applications 

and potentials of marker assisted selection (MAS) in plant breeding are discussed. This 

chapter is based on the publication "What is the SMARTest way to breed plants and in-

crease agrobiodiversity?" (Brumlop et al., 2013). Since the addition of marker assisted se-

lection to the repertoire of classical plant breeding, new selection approaches are possible 

and marker application has broadened the knowledge of genetic diversity within crops con-

siderably. Frequently, the hope is expressed that marker assisted selection could contribute 

to a more intense use of plant genetic resources thus maintaining genetic diversity at many 

levels (Witcombe, 1999). As also participatory and evolutionary breeding approaches are 

discussed as suitable strategies for the increased use of genetic resources and maintenance 

and strengthening of agrobiodiversity (Phillips and Wolfe, 2005), both approaches are dis-

cussed in chapter 2.  

In chapter 3 the rather theoretical considerations of chapter 2 are complemented with re-

sults from a CCP field trial. The F11 of three European winter wheat (Triticum aestivum 

L.) CCPs that had been maintained in repeated parallel populations under organic and 

conventional conditions from the F5 to the F10 were compared in a two-year replicated 

field trial under organic conditions. The populations were compared to each other, to a 
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mixture of the parental varieties used to establish the CCPs, and to three winter wheat va-

rieties currently popular in organic farming. Foot and foliar diseases, straw length, ear 

length, yield parameters, and baking quality parameters were assessed. 

The above mentioned CCPs have been maintained at the research station of the University 

of Witzenhausen in Neu-Eichenberg since 2005 under contrasting agronomic conditions. 

The CCPs maintained at the University of Kassel have every year been grown in plots >150 

m² in the hopes to ensure an effective population size (Ne) of 5000 that is thought to be 

sufficient to avoid genetic drift in the populations (Enjalbert et al., 1999; Goldringer et al., 

2001a). In order to verify compliance with the minimum Ne of 5000 required by Goldringer 

et al. (2001b), Ne in the the F7 to F9 of the CCPs was calculated. The results showed that a 

plot size of 100 m² was more than sufficient (Weedon et al., 2010). Following up the further 

development of Ne over time, Ne of the CCPs was again calculated in the F12. Results of 

this study are presented in chapter 4. 

In chapter 5 results of chapters 2 to 4 are summarized and discussed. 

The research presented in chapter 2 was conducted as part of the F+E project “Applica-

tions and Potentials of Smart Breeding” on behalf of the Federal Agency for Nature Con-

servation, Germany; Research & Development Grant No 350 889 0020. Research pre-

sented in chapter 3 was conducted in the frame of the research project “PopZucht-Diva” 

(Population breeding for adaptability through diversity and participatory on-farm selec-

tion of winter wheat) and financially supported by the Bundesanstalt für Landwirtschaft 

und Ernährung (BLE No: 2810OE082) 2011-2014.
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Abstract  

Effective Population Size (Ne) of three winter wheat (Triticum aestivum L.) composite cross 

populations (CCPs) that had been maintained as a total of twelve repeated parallel populations 

under organic and conventional conditions from the F7 to the F12 were analysed. The number 

of plants (N) needed to maintain an Ne of 5000 for each population was calculated based on the 

mean variation in the number of gametes per parent . 

Variability in kernel number per plant was high, leading to large variations in the contribution 

of single plants to the next generation. Also, N required for an Ne of 5000 individuals was 

somewhat variable among the CCPs, but changed little from the F7 (mean N of 11,955) to the 

F9 (mean N 11,854) under the assumption of 2 % outcrossing. There was, however, a consid-

erable increase between the F9 and the F12, most likely due to extreme winterkill during the 

period from December 2011 to April 2012 causing a bottleneck. Mean required N for the pop-

ulations in the F12 was 14,373. This demonstrates the potential risk of random events to strongly 

affect evolutionary breeding if population sizes are not sufficient. 

The calculation of this value using demographic data can only give general estimations. Nev-

ertheless, it was well suited to show that actual drift was very limited during the development 

and maintenance of the CCPs maintained at the University of Kassel, even under such disrup-

tive climatic events as described for the winter of 2011/12. 

mailto:brumlop@uni-kassel.de
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4.1 Introduction 

Farms with increased levels of biodiversity have been shown to be more resilient in the face of 

perturbations and can buffer extreme climatic events and adverse growing conditions to a wider 

extent than large monocultures do (Altieri et al., 2015; FAO, 2011; Newton et al., 2009). These 

findings are in conflict with the fact that since the early 20th century trends in agriculture, plant 

breeding and breeding legislation have been towards an increased use of genetically uniform 

varieties, narrowing the genetic base of crop plants in farmers’ fields (Brumlop et al., 2013; 

Finckh and Wolfe, 2006; Harlan, 1975; Haussmann et al., 2004; Tanksley and McCouch, 

1997). The majority of current crop breeding is focused on crop ideotypes that provide high 

yields, are well adapted to farming systems with regular external inputs and will cope well in 

a monocultural system (Murphy et al., 2005; Yapa, 1993, 1977). There is increasing concern 

that such uniform and genetically ‘stable’ cultivars are inappropriate for dealing with unpre-

dictable environmental changes because they may have limited ability to evolve in response to 

environmental fluctuations and they have limited capacity to react to novel stress factors 

(Döring et al., 2011; Murphy et al., 2013a; Newton et al., 2009). Also, the ability of crops to 

buffer extreme climatic events or unexpected pathogen exposure is limited in uniform cultivars 

as the uniformity of genotypes in the field allows no variability of reactions within the crop. 

Beneficial effects of crop genetic diversity on productivity, population recovery from disturb-

ances and other ecological threats have been reviewed by Dawson and Goldringer (2012) and 

by Finckh and Wolfe (2015) and agrobiodiversity has been ranked very high on the list of 

potential solutions to the problem of a growing demand for food (Jacobsen et al., 2013). 

The composite cross breeding approach is supposed to help broaden the genetic base of crops 

and is at the same time an efficient strategy for the dynamic conservation and management of 

genes and genotypes. Composite cross populations (CCPs) are genetically heterogeneous and 

segregating populations, which result from the intercrossing of large numbers of parental gen-

otypes from diverse origins. Exposing these populations to the forces of natural selection al-

lows their stepwise adaptation to the prevailing growing conditions. This is because plants with 
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better adaptation to the local growing conditions will contribute more seed to the next genera-

tion than plants less well adaptated (Döring et al., 2011; Suneson, 1956). While genetic varia-

bility is expected to decrease in each population over time under the combined effects of drift 

and selection, overall diversity is supposed to be maintained through the differentiation be-

tween populations (Goldringer et al., 2001a). Over time, composite cross populations adapt to 

the conditions under which they are grown because their genetically heterogeneous nature al-

lows for micro evolutionary processes. At the same time a large degree of genetic diversity is 

maintained in the populations, allowing the populations to deal with abiotic and biotic stresses 

and variable growing conditions. This flexibility is seen as a major advantage under the pre-

dicted threats of climate change (Döring et al., 2011; Murphy et al., 2013b). 

After several years of natural selection, populations can be used in further breeding activities 

as they usually provide well adapted material for further selection work (Finckh and Wolfe, 

2015). Goldringer et al. (2001b) assume that wheat lines with high agronomic potential can be 

developed from wheat populations after only few selection cycles of breeding work after the 

phase of natural selection in the population is finished. They compared yielding abilities of the 

best lines selected from several populations that had reached the F10 with current reference 

varieties and found that the selected lines yielded just as well. Another strategy for exploiting 

CCPs could be to mix the populations with elite pure lines (Döring et al., 2015). 

 

Measuring diversity in composite cross populations  

Managing CCPs under different environmental conditions and under natural selection pro-

motes the emergence of new genotypes through recombination (Goldringer et al., 2001b). Re-

sults from various experiments growing CCPs under different environments and subject to dif-

ferent selective pressures have shown that CCPs usually maintain a large degree of genetic 

diversity within populations (Allard, 1988; David et al., 1997; Enjalbert et al., 1999; Goldringer 

et al., 2006). This means that CCPs are an effective means of dynamic genetic resource con-

servation (Allard, 1990; Goldringer et al., 2006).  

As the maintenance of genetic variability in crops is a key purpose in wheat population breed-

ing it is crucial to understand the degree of variation that will be maintained in this strongly 

inbreeding crop over time as this affects the “evolutionary potential” of a population (Espeland 

and Rice, 2010; Goldringer and Bataillon, 2004). Observations on conventional spring and 

winter wheat cultivars indicate that maximum outcrossing rates can range between 4 and 6.1 
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% (Griffin, 1987; Hucl, 1996; Martin, 1990). However, in genetically diverse wheat popula-

tions outcrossing rates of up to 10.1 % have been reported (Enjalbert et al., 1998). Such high 

outcrossing rates could help to maintain diversity much longer than one would expect with 

strict selfing. Heterozygous genotypes offer additional phenotypes to the selection forces and 

their recombination and segregation creates new diversity. A valuable tool to evaluate the evo-

lutionary potential is the estimation of the effective population size (Ne). Population size is 

perhaps – besides the factors mating system, mutation rate and gene flow – the most important 

factor when determining the evolutionary potential of a population as this determines how vul-

nerable a population is to genetic drift. Goldringer et al. (2001a) point out the importance of 

effective population size in order to “predict the evolution of genetic diversity within a system”. 

Inbred populations display lower levels of genetic diversity in comparison to outcrossing spe-

cies and as such have lower effective population sizes and effective recombination rates 

(Porcher et al., 2004). These lower effective population sizes and the reduced recombination 

rates lead to a more marked effect of genetic drift and selection, as well as reduced quantitative 

genetic variation within such inbred  populations (Charlesworth and Charlesworth, 1995). 

Smaller effective population sizes may tend to increase the inbreeding coefficient, resulting in 

a further loss of genetic variability and decreasing population fitness (Buza et al., 2000). Even 

in medium-sized populations, important and beneficial genetic variability can be lost through 

genetic drift and through the hitchhiking of deleterious alleles through selection (Goldringer et 

al., 2001b). 

Despite the recent great interest in the composite cross breeding approach in wheat, no system-

atic studies on the temporal changes of Ne in wheat CCPs have been conducted and thus it is 

unclear, how many plants should be used for the maintenance of CCPs to limit genetic drift. 

Saghai Maroof et al. (1994), working with barley CCPs, maintained populations of over 15 000 

individual plants. The populations Goldringer et al. (2001b) studied consisted of 10,000 to 

15,000 plants. They state that a population of a “few thousand individuals” is necessary to limit 

genetic drift. In another experiment Goldringer et al. (2001a) maintained an original population 

size of 5000 individual plants and had an estimated demographic Ne of 2800 individual plants. 

They stress the importance of maintaining larger population sizes, especially in populations 

displaying high variation among the individuals in their seed contribution to the next genera-

tion.  

The variance effective size of a population and the inbreeding effective size are two comple-

menting ways to specify the risk of random drift for a given population (i.e., of random loss of 
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diversity across generations). For populations with relatively stable numbers of individuals 

across generations, the two concepts collapse. For populations with changing size, the variance 

effective population size focusses on allele-frequency drift resulting from the sampling of gam-

etes, hence reflects the number of offspring produced. Populations that possess a large between-

individuals variance in offspring number have a small effective population size (Espeland and 

Rice, 2010; Falconer and Mackay, 1996; Hartl and Clark, 2007).  

We assessed the variance effective size and phenotypic variation in the F7 to F12 in twelve 

winter wheat CCPs based on three different genetic backgrounds and maintained as parallel 

non-mixing populations in an organic and in a conventional farming system. The following 

questions were addressed: 

 

1. What is the variation in number of tillers, kernel weight and kernel number per plant 

within the different populations between the different growing systems and between 

generations? How variable is the contribution of single plants to the next generation? 

 

2. Has there been an overall change of variation in tillering capacity, kernel numbers per tiller 

and per plant, or in TKW of the different populations over the six generations? 

 

3. Assuming that an Ne of 5000 individual plants should be present in each population and 

every year in order to limit the effects of genetic drift (Goldringer et al., 2001b), what is the 

required number of individuals per population and in each generation in order to maintain this 

Ne? 
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4.2 Materials and Methods 

4.2.1 Setting up, maintenance and adaptation of the CCPs at the University of Kassel, Ger-

many 

The winter wheat CCPs created in 2002 in the UK are suitable for European growing conditions 

and were created by the John Innes Centre (JIC, Norwich, UK) in cooperation with Elm Farm 

Research Centre (Newbury, UK). The parental varieties were 20 successful European varieties, 

released between 1934 and 2000, with a focus on varieties of British origin, approximately 

representing the breeding progress at the end of the 20th century. Key criteria for selection of 

this set were its diverse genetic base and its potential for stable performance under low input 

growing conditions. One group of 12 high baking quality parental varieties (Bezostaya, Here-

ward, M. Widgeon, Mercia, Monopol, Pastiche, Renan, Renesansa, Soissons, Spark, Thatcher) 

were crossed in a half-diallel to form the Q-CCP (66 crosses, 2 unsuccessful). A second half-

diallel of 9 high yielding varieties (Bezostaya, Buchan, Claire, Deben, HTL, Norman, Option, 

Tanker, Wembley) formed the Y-CCP (36 crosses, 3 unsuccessful). The variety Bezostaya was 

contained in both. The YQ-CCP was created using the 11 x 8 Q x Y intercrosses (88) plus 

Bezostaya x all 19 other varieties (total 107 crosses, 14 unsuccessful). All seed of the F2 gen-

erations of the successful crosses were bulked. Despite of some unsuccessful crosses, progenies 

of all intended varieties were contained in each population, however, the frequencies of the 

progenies varied between 2 and 12%. In addition to the parental crosses, with the exception of 

Bezostaya each variety was crossed with a male sterile line and aliquots of 9, 12 or all 20 of 

the F2 generations of these crosses were mixed into the three CCPs described above to enhance 

early generation outcrossing (Döring et al., 2015). 

A comprehensive analysis of the performance of the individual parental varieties was published 

by Jones et al. (2010) and the initial setting up and maintenance of the European CCPs estab-

lished at the John Innes Centre, UK, in 2002 was described in detail by Döring et al. (2015). 

After two years of multiplication at two organic and two conventional sites in the south and 

east of the UK, F4 seed of the four sites was bulked and about 2 kg each was sent to the De-

partment of Ecological Plant Protection, Faculty of Organic Agricultural Sciences, University 

of Kassel, Germany in autumn 2005, where they have been maintained since under contrasting 

agronomic conditions.  

Each F4 population was divided into two and sown into an organically managed trial site and 



 Brumlop et al., Effective Population Size (Ne) of Six Organically and Six Conven-

tionally Grown Composite Cross Winter Wheat Populations in Generation F7, F8, F9, and F12 

66 

 

into a conventional trial site (resulting in three CCPorg and three CCPconv). In autumn 2006, 

enough seed was available to split each population one more time to create two parallel popu-

lations of each. Since then within both systems (organic, conventional), two Y, two Q, and two 

YQ populations have been maintained as parallel populations. This allows for the comparison 

of changes in the populations over time within and between systems. Random changes in the 

populations and changes that occurred due to effects of the environment (e.g. organic vs. con-

ventional growing conditions) can be distinguished. Thus, since generation F6 a total of twelve 

CCPs (six CCPorg and six CCPconv) have been maintained at the two trial sites with no artificial 

selection applied apart from the removal of the tallest plants (> 130 cm) in the early generations 

to prevent the populations from gaining too much in plant height as tall plants may have a 

disproportional advantage in the populations (Goldringer et al., 1998; Le Boulc’h et al., 1994). 

Popular commercial winter wheat varieties were grown next to the CCP plots every year to 

allow for comparison (see Tab. 4-1). Every year, the current generation of each population was 

sown with 525000 viable seeds in a plot of at least 150 m² (350 seeds/m²) in the hopes to ensure 

an Ne of at least 5000. Considering the size of the populations maintained by other researchers 

(Goldringer et al., 2001b, 2001a; Saghai Maroof et al., 1994) and taking note of the high vari-

ation in contribution to the next generation recorded in the different populations of this study, 

an effective population size (Ne) of 5000 individual plants was deemed reasonable and should 

be sufficient to avoid genetic drift in the populations. 

 

 

4.2.2 Field sites and experimental design 

The trial was carried out at the Research Station of the University of Kassel in Neu-Eichenberg, 

located 51°22’ N and 9°54’ E at an altitude of 247 m above sea level. Mean annual precipitation 

(2000-2013) was 684 mm, and mean annual temperature 9.3 °C.  

The soil in the organic fields is a deep Haplic Luvisol with 76 soil points (Wildhagen, 1998) 

and has been organically-managed since 1984. No mineral fertilizers, fungicides, insecticides 

or herbicides were applied, weeds were controlled mechanically through harrowing and/or 

hoeing at the tillering stage. The CCPs were integrated into the crop rotation, usually wheat 

followed after two years of a grass-clover mixture. The conventional field was located within 

750 m distance to the organic field, but the soil of the conventionally managed field was 

generally poorer than that of the organic area (Stagnic Luvisol with 52 soil points (Wildhagen, 

1998)). There, the CCPs were rotated yearly with grass-clover and mineral nitrogen fertilizer 
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was applied at a rate of 180 kg/ha in two split applications during the growing season (90 kg/ha 

at each application). Growth regulators were applied in 2008 and 2009, but not thereafter. 

Herbicide was applied once a year in early spring, but no fungicides or insecticides were used 

to allow for natural disease and pest pressure. All populations were bordered by 3 m of non-

wheat or the populations themselves to prevent outcrossing between the different populations. 

In most years, several reference varieties were planted next to the populations in plots of about 

30 m² each (Tab. 4-1). 

 

Tab. 4-1: Reference varieties planted in the two agricultural systems (harvested 2008 to 2010 and 

2013) 

 

Generation/

Year 
Conven-

tional 
Organic 

 
F7 – 
2008 

 Achat 
Batis 
Bussard 
Capo 
Tamaro 

 

 
F8 –  
2009 

Capo 
Cubus 
Hermann 
Impression 

Achat 
Batis 
Bussard 
Capo 
Tamaro 

 

 
F9 –  
2010 

Batis 
Capo 
Impression 
Skagen 

Achat 
Astardo 
Batis 
Capo 
Skagen 
Tamaro 

 

 
F12 – 
2013 

Achat 
Akteur 
Butaro 
Capo 

Achat 
Akteur 
Butaro 
Capo 
Naturastar 
Scaro 

 

4.2.3 Assessments 

From the F7 to the F9 and in the F12, 50 individual plants, including roots, were randomly taken 

from the beginning, middle and end of each plot. Plants were harvested shortly before threshing 

the plots. The soil was carefully removed from the roots and individual plants were separated 

and dried for an additional two weeks. Plants were threshed individually and the number of 
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tillers, kernel number and kernel weight were recorded per plant. In 2008 (F7), 30 individual 

plants from each reference variety were additionally harvested and threshed together. The 

collective kernel number and weight were recorded and from this data the kernel number and 

weight for each individual plant could be calculated, but no information of the variation was 

available. In 2009 (F8), 2010 (F9), and 2013 (F12), 30 plants were harvested from the reference 

varieties, but were processed as single plants as described above. 

 

4.2.4 Calculation of effective population size (Ne) 

The basis for deducing Ne was the degree of self-fertilization and the variance of the number 

of gametes per parent which entered into the next generation. For the cross-fertilization, three 

scenarios were assumed, 0 %, 2 %, and 8 % of cross-fertilization, with no variation for this 

value among plants and generation. For the variance of reproductive success, there are obvi-

ously two sources of variance. To visualize the first source, we suppose that all plants produced 

the same number of seed. To keep the number of individuals per CCP population constant, only 

a small fraction of the total harvest will be used for sowing the next CCP generation, with on 

average one seed per plant of the previous generation. Not every plant will donate exactly one 

seed to the next generation, because the procedure is not single-seed-descent, but bulk breed-

ing. The number of seeds donated per plant should follow a Poisson distribution. With this, not 

only the mean, but the variance of number of seeds contributed per plant to the next generation 

will be 1 (variance equals mean for the Poisson distribution). If the plants do not produce the 

same number of seed, then the variance of the number of gametes per parent entering the next 

generation will be inflated by this second source of variation. Hence, it was a necessity to assess 

the initial variance of seed number per plant, which existed before the above-mentioned sam-

pling variance occurred. For this purpose, the experimental variance of the number of seeds 

per plant as assessed in the F7 to the F9 and in the F12 was taken. This variance, estimated at a 

level of on average 61 seeds per plant, was on average 1020, and had to be transformed to a 

level of 1 seed per plant. We follow the rule:  

where x = variance in seed number per plant at a level of on average one seed per plant, and c 

= experimental average of seed number per plant. 

Hence, the variances as assessed in the CCPs were divided by the squares of their means, re-

sulting in the sought-for variance at a level of one seed per plant. This second source of varia-

tion was added to the first source to quantify the CCP-specific variance for seeds per plant that 
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entered the next generation. With two gametes making one seed, the variance for the number 

of gametes per parent was calculated by multiplying with 2² = 4.  

The degree of self-fertilization, assumed to be 100% or 98% or 92%, were used to calculate 

the equilibrium inbreeding coefficient was α (following Haldane (1924) and Wright and Cock-

erham (1985) as  

 

where s is the rate of self-fertilization. Hence, the CCPs were assumed to be near to their in-

breeding equilibrium. Populations which are completely autogamous (completely selfing) have 

an s=1 and populations which are completely allogamous (no self-fertilisation) have an s=0. In 

a scenario with single seed descent breeding, the sampling variance of the number of gametes 

produced per parent, S²k, would be zero. In combination with s=1, this would result in Ne =∞, 

meaning that drift would be zero (Vencovsky and Crossa, 1999). Hence, random drift will here 

mainly be caused by the variation of number of seeds per plant and to a lesser extent by selfing 

not being complete. 

So, using the data collected for the seed number of the individual plants in each population, the 

effective population size (variance effective size) of non-random mating populations was cal-

culated using the formula by Kimura and Crow (1963)  

 

where N is the number of plants needed in order to maintain a given Ne (such as Ne=5000) (see 

Appendix B for details of calculation). From this equation, the number of individuals N which 

are required to achieve a desired minimum Ne can be derived as  

 

The plot size required for an Ne of 5000 individuals was calculated assuming a planting density 

of 350 seeds/m², because the exact germination rate and overwintering rate were not known. 

 

4.2.5 Statistical analysis 

The statistical calculations were performed using IBM SPSS Statistics (Version 22). Descrip-

tive statistical parameters such as the mean, variance, standard deviation and range were cal-

culated for kernel number per plant, kernel number per tiller, tiller number per plant and TKW.  
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A Kruskal-Wallis test and a post-hoc pairwise Wilcoxon test with Bonferroni correction were 

used to calculate the significance of the differences in the mean number of tillers per plant and 

kernel number per tiller and per plant (count data, no normal distribution), among populations 

in each generation and between generations. For TKW (normal distribution) an analysis of 

variance (ANOVA) and a post-hoc Tukey-B or Games-Howell test (in the case of no homoge-

neity of variance) were used to make all possible two-way comparisons. Neither the Kruskal-

Wallis test, nor ANOVA, were performed across the different growing systems (i.e. organic 

and conventional), but only within growing systems. 
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4.3 Results 

4.3.1 Weather data 

Comparing the mean annual temperatures and total annual precipitation (September to August 

in the wheat growing seasons 2007/08 to 2012/13) at the experimental farm (close to 800 mm, 

while it was little more than 600 mm in the driest year. 

 

Tab. 4-2), does not result in obviously different seasons. The growing season of 2012/13 was 

coldest and at the same time driest. The growing season of 2011/12 was warmest and the pre-

cipitation was close to 800 mm, while it was little more than 600 mm in the driest year. 

 

Tab. 4-2: Mean annual temperatures and total annual precipitation (September to August in the wheat 

growing seasons 2007/08 to 2012/13) at the experimental farm 

Wheat growing sea-

son (Sept – Aug) 

2007/ 

2008 

(F7) 

2008/ 

2009 

(F8) 

2009/ 

2010 

(F9) 

2010/ 

2011 

(F10) 

2011/ 

2012 

(F11) 

2012/ 

2013 

(F12) 

mean 

Mean annual temper-

ature [°C] 
9.6 9.1 8.8 9.0 9.7 8.5 9.1 

Total annual precipi-

tation [mm] 
785 659 791 626 779 615 709 

 

Despite these overall similar values there were some distinct differences amongst years, espe-

cially during the winters, which might have contributed to differences between CCP genera-

tions. 

The winter 2007/08 was unusually warm with hardly any frost. The winters 2008/09, 2009/10, 

and 2010/11 were characterized by continuously declining temperatures during fall with the 

lowest temperatures in December or January/February. The winter of 2012/13 was relatively 

warm, but lasted longer with temperatures around freezing point into the first days of April. In 

contrast, 2011/12 was frost free and warm until the end of January 2012 when temperatures 

dropped from a 24 h average of around 0 °C to an average of -12 °C within less than a week. 

There was black frost for two weeks, minimum temperatures at night reached down to -20 °C 

and maximum day temperatures stayed below -5 °C for more than a week resulting in frozen 

soil up to 50 cm deep. This period was followed by a warmer and dry second half of February 

and a warm and dry March (mean temperature in March 7.5 °C, total precipitation 15 mm). 
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These relatively warm weeks of drought following the extreme cold worsened the effect of the 

cold and put surviving plants in the frozen soil under severe water stress (Brumlop et al., 2017) 

 

 

Fig. 4-1: Mean weekly temperatures and total quarterly precipitation from September 2007 to 

August 2013 at the experimental farm. 

 

4.3.2 Variability of tiller number per plant 

Mean numbers of tillers per plant were quite similar from generation to generation, the con-

ventional CCPs in the F7 were the only exception (Fig. 4-2). The conventional F7 populations 

had on average significantly fewer tillers per plant (1.13) than the F12 (1.51). Tillers per plant 

in the F8 and the F9 populations were significantly higher than in the F7 and F12 (chi2 = 162.33, 

df=3, p≤0.001).  
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Also in the organic populations, for which mean tiller number ranged between 1.53 and 1.74, 

significant generation effects were found (chi2 =18.10, df=3, p≤0.001). The F9 had significantly 

more tillers per plant (1.74) than the F7 and F12 (1.53 and 1.61 respectively). There were no 

consistent differences in number of tillers per plant among the populations within system and 

year nor over time (Fig. 4-2). Within the years no clear subgroups of the parallel Q, Y, and YQ 

populations formed, tiller numbers per plants varied considerably between the parallel popula-

tions too. For example, OY II had the second lowest number of tillers per plant (1.40) in the 

F7, but the highest (2.06) in the F9. 

 

 

Fig. 4-2: Mean tiller number per plant for all populations grown under both conventional and organic 

conditions from the F7 to the F9 and F12. The error bars denote SD for each population (n = 50 plants 

per population). 

 

4.3.3 Variability of kernel number per tiller and per plant 

The kernel number per tiller varied among generations both in the conventional (chi2 = 23.06, 

df = 3, p≤0.001) and in the organic system (chi2=142.94, df=3, p≤0.001). The conventional F12 

populations had a significantly lower number of kernels per tiller (Fig. 4-3A) and mean kernel 

numbers per tiller varied significantly. The CCP CY II had significantly more kernels per tiller 

than CQ I (p≤0.001) and CQ II (p≤0.003) (see Tab. 4-A1 in the Appendix for more infor-

mation). 
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In the organic system, the F9 generation had significantly more kernels per tiller than the other 

three generations, while the F12 had fewer (Fig. 4-3A). Significant differences among popula-

tions within the generations were not found (Tab. 4-A2 in the Appendix).  

 

 

 

 

Fig. 4-3: A) Kernel number per tiller produced in the conventional and organic wheat populations from 

the F7 to the F9 and F12. B) Kernel number per plant produced in the conventional and organic wheat 

populations from the F7 to the F9 and F12. The median, minimum and maximum, 25% and 75% quantiles 

A 

B 
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and out and extreme values are given (○ = out value between 1.5 x interquartile range und 3 x inter-

quartile range; * = extreme value > 3 x interquartile range). Horizontal line indicates mean number of 

kernels per tiller/plant in the trial. Generation means within system marked with different upper- or 

lower-case letters differed significantly (Kruskal Wallis test with post hoc pairwise Wilcoxon text with 

Bonferroni correction) at p≤0.05. n = 50 plants per population. 

 

The mean number of kernels per plant increased significantly from the F7 to the F9 in both 

systems (generations under conventional conditions: chi²=139.48, df=3, p≤0.001; generations 

under organic conditions: chi²=97.56, df=3, p≤0.001). In the F12, kernel numbers per plant were 

again significantly lower than in the F9 in both systems (Fig. 4-3BFig. 4-3. 

 

Tab. 4-3: Descriptive summary of the kernel number per plant for all wheat populations for each gen-

eration (n = 50 plants per population) 

CONVENTIONAL 
 

ORGANIC 

Y
ea

r 

 

CCP 

 

 

Kernels/plant 

(mean and SD) 

  

Min – Max 

(range) 

  

CCP 

 

Kernels/plant 

(mean and SD) 

  

Min – Max 

(range) 

F
7
 -

 2
0
0
8
 

Q I 37    (17) ba) 53 – 64  Q I 64    (34) a 11 – 145 

Q II 47    (17) a 12 – 84  Q II 53    (26) a 14 – 121 

Y I 42    (15) b 12 – 70  Y I 67    (35) a 22 – 166 

Y II 52    (29) a 8 – 146  Y II 57    (25) a 21 – 135 

YQ I 58    (27) a 8 – 124  YQ I 49    (20) a 16 – 103 

YQ II 39    (17) b 4 – 82  YQ II 58    (24) a 22 – 136 

mean 46    (22)  3 – 146  mean 58    (28)  11 – 166 

F
8
 -

 2
0
0
9
 

Q I 58    (23) a 27 – 118  Q I 62    (27) a 25 – 133 

Q II 70    (33) a 16 – 190  Q II 55     (27) a 20 – 151 

Y I 69    (30) a 27 – 146  Y I 53    (24) a 21 – 119 

Y II 79    (42) a 22 – 208  Y II 68    (34) a 25 – 221 

YQ I 70    (30) a 36 – 163  YQ I 52    (22) a 18 – 131 

YQ II 65    (33) a 33 – 193  YQ II 67    (38) a 6 – 179 

mean 69    (33)  16 – 208  mean 60    (30)  6 – 221 

F
9
 -

 2
0
1
0
 

Q I 67    (29) a 22 – 177  Q I 65    (29) bc) 20 – 154 

Q II 68    (31) a 32 – 164  Q II 63    (23) b 34 – 137 

Y I 79    (32) a 30 – 157  Y I 82    (41) ab 24 – 219 

Y II 68    (30) a 16 – 191  Y II 90    (42) a 32 – 208 

YQ I 66    (25) a 31 – 138  YQ I 76    (35) ab 34 – 161 

YQ II 73    (39) a 24 – 217  YQ II 72    (31) ab 20 – 149 

mean 70    (31)  16 - 217  mean 75    (35)  20 – 219 

F
1
2
 -

 2
0
1
3
 

Q I 44    (22) bb) 6 – 105  Q I 56    (41) abd) 8 – 204 

Q II 54    (48) b 11 – 222  Q II 63    (32) a 13 – 143 

Y I 67    (50) a 6 – 208  Y I 42    (28) b 10 – 129 

Y II 74    (48) a 17 – 200  Y II 54    (39) ab 13 – 219 

YQ I 44    (23) b 10 – 145  YQ I 56    (39) ab 12 – 222 

YQ II 63    (40) ab 5 – 192  YQ II 47    (34) ab 13 – 188 

mean 57    (41)  5 – 222  mean 53    (36)  8 – 222 
 

a) chi²=22.88, df=5, p≤0.001     b) chi²=18.80, df=5, p=0.002           c) chi²=17.17, df=5, p=0.004        

d) chi²=15.90, df=5, p=0.007 
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Among the CCPconv, the F7 and F12 had some populations which differed significantly from 

each other with no clear pattern. Similarly, some organic populations within the F9 and F12 

were significantly different from each other, again with no pattern (Tab. 4-3). The means of 

the reference varieties were in most years very similar to each other within systems. However, 

‘Capo’ in particular reacted strongly to the system. Although the same seeds were used, mean 

kernel numbers varied considerably, but inconsistently between the two systems. In 2009 and 

2013, ‘Capo’, formed more seeds per plant in the conventional plots, in 2010 more seeds were 

formed in the organic plots. Seed numbers in ‘Achat’ grown organically changed consistently 

from year to year (Tab. 4-4). 

 

Tab. 4-4: Descriptive summary of the kernel number per plant for all reference varieties for each 

generation (n = 30 plants per reference variety) 

CONVENTIONAL 
 

ORGANIC 

Y
ea

r 

 

Reference 

variety 

 

Kernels/plant 

(mean and SD) 

  

Min – Max 

(range) 

  

Reference 

variety 

 

Kernels/plant 

(mean and 

SD) 

  

Min – Max 

(range) 

F
7
 -

2
0
0
8
 

     Achat ´   57   

     Batis     76   

     Bussard     72   

     Capo     86   

     Tamaro     61   

     mean     69   

F
8
 -

 2
0
0
9
 

Capo 66    (31)  15 – 132  Achat 45    (22)  20 – 106 

Cubus 66    (29)  36 – 146  Batis 46    (22)  22 – 110 

Hermann 55    (28)  19 – 131  Bussard 47    (27)  21 – 126 

Impression 47    (20)  18 – 213  Capo 40    (18)  21 – 106 

     Tamaro 56    (25)  22 – 111 

mean 58    (28)  15 – 146  mean 47    (23)  20 – 126 

F
9
 -

 2
0
1
0
 

Batis 74    (29)  28 – 142  Achat 78    (35)  9 – 156 

Capo 69    (36)  32 – 152  Astardo 89    (32)  44 – 181 

Impression 73    (34)  36 – 158  Batis 74    (29)  35 – 125 

Skagen 65    (36)  26 – 149  Capo 82    (35)  33 – 188 

     Skagen 102  (42)  48 – 206 

     Tamaro 72    (31)  35 – 134 

mean 70    (33)  26 – 158  mean 83    (35)  9 – 206 

F
1
2
 –

 2
0
1
3
 

Achat 43    (22)  11 – 106  Achat 46    (37)  9 – 139 

Akteur 70    (39)  19 – 165  Akteur 65    (48)  17 – 213 

Butaro 44    (38)  16 – 232  Butaro 48    (27)  21 – 134 

Capo 96    (42)  2 – 192  Capo 65    (33)  12- 145 

     Naturastar 60    (34)  17 – 139 

     Scaro 109   (95)  19 – 332 

mean 63    (42)  11 - 232  mean 65    (54)  9 – 332 
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Overall, variation within populations was higher than within varieties. In an extreme case the 

range of seeds per plant was 5 to 192, which means the highest number of seeds was 38 times 

higher than the lowest (CYQ II, F12) (Tab. 4-3). Ranges in seed numbers in the varieties were 

less extreme, the widest range being 9 to 156 (‘Achat’, 2010) and 19 to 332 (‘Scaro’, 2013) 

seeds, which is a difference of 17 times for both varieties (Tab. 4-4). The mean kernel numbers 

per plant in the populations were in the same range as in the reference varieties.  

 

4.3.4 Variability of Thousand Kernel Weight (TKW)  

The TKW followed the same yearly pattern in the conventional and organic system with high-

est TKW in 2008, lowest in 2009 and 2010 and an average between the years found in 2013 

(Fig. 4-4). Although the reference varieties were not the same every year, the changing varieties 

followed the same yearly pattern as the populations (data not shown). In contrast to the number 

of kernels per plant, there were consistent differences between the CCPconv within years with 

the Q II populations producing the highest TKW in the F7 to F9, followed by the Q I, YQ and 

Y populations (see Tab 4-A3 in the appendix). In the F12, Q II and YQ I produced the highest 

TKW (41.9 and 43.4 g respectively). Among the CCPorg there were no consistent differences 

for TKW (Tab. 4-A4 in the appendix). 

 

 

 

 

 



 Brumlop et al., Effective Population Size (Ne) of Six Organically and Six Conven-

tionally Grown Composite Cross Winter Wheat Populations in Generation F7, F8, F9, and F12 

78 

 

 

Fig. 4-4: Thousand kernel weight (TKW) for individual plants in the conventional and organic wheat 

populations from the F7 to the F9 and F12 (n=300). The median, minimum and maximum, 25% and 75% 

quantiles and out and extreme values are given (○ = out value between 1.5 x interquartile range und 3 

x interquartile range; * = extreme value > 3 x interquartile range). Horizontal line indicates mean 

TKW in the trial. Generation means within system marked with different upper- or lower-case letters 

differed significantly (ANOVA and a post-hoc Tukey-B/Games-Howell test) at p≤0.05. n = 50 plants 

per population. 

 

4.3.5 Effective population size (Ne) 

The number of plants (N) for all CCPs needed to maintain an Ne of 5000 individuals was cal-

culated using the variance in the number of gametes contributed per parent, which is based on 

the variance and mean of kernel number per plant found in these populations. Three scenarios 

were accounted for in the calculations. In the first scenario (Tab. 4-5 and Appendix 4-B1), no 

outcrossing was accounted for in the calculation and so the inbreeding coefficient (α) used was 

1. In the second scenario (Tab. 4-5  and Appendix 4-B2), some degree of allogamy within the 

populations was assumed and an outcrossing rate of 2 % was used in order to calculate the 

inbreeding coefficient as α = 0.96. This outcrossing rate was a conservative estimation based 

on results from previous studies on wheat outcrossing rates. The third scenario (Tab. 4-5 and 

Appendix 4-B3) took the more extreme outcrossing rates into account which were found in 
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studies (Enjalbert et al., 1998; Griffin, 1987; Hucl, 1996; Martin, 1990) and an outcrossing rate 

of 8 % and an inbreeding coefficient of α = 0.85 was used in the calculations. Plant numbers 

required to maintain an Ne of 5000 individuals are slightly reduced with increasing outcrossing 

rates, although not very much (Tab. 4-5). Assuming the populations were completely autoga-

mous (Scenario 1), number of plants (N) needed to maintain an Ne of 5000 individuals were 

highest. At an outcrossing rate of 2 %, N was on average 190 plants smaller (=1.3 %), at an 

outcrossing rate of 8 % the required N was further reduced by an average of 528 plants (=3.6 

%) with all populations following proportionate patterns. No difference between the farming 

systems or the populations within generations were observed. 
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Tab. 4-5: Number of plants (N) for all CCPs needed to maintain an Ne of 5000 individuals with an outcrossing rate of 0, 2, and 8 % for organic and conventional 

CCPs (F7, F8, F9 and F12)  

  Conventional Organic 

 CCP  no outcrossing  2 % outcrossing 8 % outcrossing no outcrossing 2 % outcrossing 8 % outcrossing 

F
7
 –

 2
0
0
8
 

Q I 12040 11902 11518 12867 12713 12284 

Q II 11355 11231 10884 12306 12163 11765 

Y I 11358 11233 10887 12668 12518 12100 

Y II 13045 12888 12450 11917 11782 11405 

YQ I 12229 12087 11693 11670 11539 11176 

YQ II 11966 11829 11450 11705 11573 11208 

mean 11999 11862 11480 12189 12048 11656 

F
8
 –

 2
0
0
9
 

Q I 11520 11392 11037 11882 11747 11373 

Q II 12205 12064 11671 12445 12299 11894 

Y I 11838 11704 11331 11975 11838 11458 

Y II 12873 12718 12289 12522 12375 11965 

YQ I 11871 11736 11362 11781 11648 11279 

YQ II 12578 12429 12017 13181 13021 12575 

mean 12147 12007 11618 12298 12155 11757 

F
9
 –

 2
0
1
0
 

Q I 11865 11730 11356 12063 11924 11540 

Q II 12114 11974 11587 11322 11198 10853 

Y I 11631 11501 11140 12435 12289 11884 

Y II 11961 11825 11445 12218 12076 11683 

YQ I 11401 11275 10927 12116 11977 11589 

YQ II 12872 12717 12288 11790 11657 11287 

mean 11974 11837 11457 11991 11854 11473 

F
1
2
 –

 2
0
1
3
 

Q I 12623 12474 12058 15251 15050 14492 

Q II 18047 17791 17081 12674 12523 12105 

Y I 15418 15214 14647 14371 14187 13677 

Y II 14130 13951 13453 15323 15120 14558 

YQ I 12801 12648 12223 14847 14654 14118 

YQ II 14079 13901 13407 15166 14966 14413 

mean 14516 14330 13812 14605 14417 13894 
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Little if any increase in the required N occurred from F7 to F9 and no pattern could be found in 

the populations as some increased and some decreased over time (Tab. 4-5 and Fig. 4-5). How-

ever, in most populations the required N increased considerably between the F9 and the F12. In 

this generation, required N of all populations increased in comparison with the F9 CCPs and 

only the three populations CQ I, CYQ I and OQ II were similar to the years before.  

The increase in N for maintaining an Ne of 5000 in the population CQ II is disproportionately 

high. An N of 11974 in the F9 contrasts with an N of 17791 in the F12. A repeated resampling 

with random subsampling of 30 plants from the available 50 plants resulted in disproportion-

ately high increases in N in the CQ II population only (details not reported here), thus support-

ing the reported result. 

 

 

 Fig. 4-5: Number of plants (N) needed in order to maintain an Ne of 5000 in the F7, F8, F9 and F12 of 

12 CCPs, with an outcrossing rate of 2 %.
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4.4 Discussion 

The CCPs under both growing systems and in each generation revealed a high degree of vari-

ability in kernel number per plant and TKW. The highest variance was found in the TKW, 

which had the highest number of statistically significant differences in the mean TKW among 

the populations and between generations. Also, the contribution of single plants to the next 

generation varied greatly. The range of kernel number per plant under the conventional system 

spread from a minimum of 3 seeds per plant in the F7 CQ I population to a maximum of 222 

kernels per plant in the F12 CYQ II population. In the organic system, the plant with the lowest 

number of seeds (6) was found in the F8 OYQ II population and the plant with the highest 

number of seeds (222) in the F12 OYQ I population. The tiller number per plant did not vary 

much among populations, although the CCPconv in the F7 exhibited very low tiller numbers per 

plant in comparison to the other generations in both growing systems. Variability of kernel 

number per tiller was also not very high. Ne, which was calculated using the variance in the 

number of gametes contributed per parent (based on the variance and mean of kernel number 

per plant) was somewhat variable among the CCPs as was the mean number of kernels per 

plant. The plot sizes required for an Ne of 5000 individuals, which were calculated based on N 

changed little from the F7 to the F9 but in most cases increased considerably between the F9 

and the F12. 

Differences in weather in the years of the study could explain some of the significant differ-

ences among the generations. The process of seed set in wheat starts in early spring. During 

the mid- to late tillering stages the maximum number of spikelets per head is fixed. The number 

of kernels produced by each spikelet is set during the initiation and maturation of the florets 

just before and during early booting (April to May). At the anthesis stage, the spikelet has 

reached full size and kernel development begins (Cook and Veseth, 1991). Thus, the critical 

stages of wheat development in order to maximize yield are mid- to late tillering and floret 

initiation and maturation before and during early booting. Each development phase of wheat 

from emergence through to grain-fill is dependent on accumulated heat units or temperature. 

Availability of water is another factor that plays an important role in attainable yields, and any 

increase in the amount of water available to the wheat crop will translate into increased yield 

(Cook and Veseth, 1991). 

Variation in mean annual temperatures in the wheat growing seasons (September to August) 

was moderate and is unlikely directly responsible for the yearly variations in kernel numbers 
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per tiller, per plant or TKW. It is more informative to focus on temperature and precipitation 

in April and May i.e. the period where maximum yield obtainable is set each year.  

The cold April temperatures in 2008 together with a total monthly precipitation of 73 mm (ac-

cumulated precipitation from January to April 250 mm) resulted in low kernel numbers per 

plant in the conventional F7 CCPs and a high TKW, but this was not the case in the organic 

CCPs. As the conventional field was located on a slope resulting in cold air flows and thus an 

overall colder microclimate, it is possible that this difference was critical in spring 2008. 

In contrast, the rather warm April month of 2009 was accompanied by a very dry spring (total 

monthly precipitation in April of 33 mm, total accumulated precipitation from January to April 

151 mm) and resulted in low kernel numbers per tiller and plant and also in low TKW in the 

organic F8 CCPs, but not in the conventional ones. It is likely that mineralization of nutrients 

in the organic system was restricted due to the drought during the critical phase for wheat. Such 

problems are much less common when inorganic N is provided to the plants (Finckh and van 

Bruggen, 2015). 

Besides these possible effects of the weather in spring, the single most extreme climatic event 

between 2007 and 2013 was as described above the period from December 2011 to April 2012 

resulting in serious winter kill. This was probably the most disruptive event and genetic effects 

are likely. In a two-year study taking place in the growing seasons 2011/12 and 12/13, the F11 

of the organic and conventional CCPs were compared in a field trial, using the F10 seed in both 

seasons. The extreme winterkill in 2011/12 was especially damaging for the populations with 

Y genetics (Brumlop et al., 2017). As this present study shows that all F12 populations were 

clearly different from the F7 to F9 regarding kernels per tiller, kernels per plant and Ne, this 

suggests that not only selection against Y genetics, but most likely general bottleneck effects 

acted on all populations. However, the extreme case of the conventional CQ II population re-

quiring >17,000 plants in the F12 compared to around 12,000 in the F9 also points to a random 

event that acted independent of the genetics on this population. 

Wheat populations under dynamic management over several generations were also studied in 

a French study, where two wheat populations were assessed for fitness related traits such as 

plant height, kernel number per plant, kernel weight per plant and kernel number per tiller. 

Populations of the 1st, 5th and 10th generations were studied and an increase in plant height 

was observed over generations while kernel number und kernel weight per plant decreased. 

This was thought to be due to re-allocation of reproductive resources to vegetative functions in 

the taller plants (Goldringer et al., 2001a). The finding of decreasing kernel numbers was not 
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confirmed in the present study, where kernel numbers per plant increased until the F9 and only 

in the F12 did it decrease again. Also, tiller number per plant increased slightly over time. Only 

TKW decreased over the generations. The high TKW in the F12 cannot be interpreted as an 

increase as plant stands had been extremely thinned by the winter kill resulting in generally 

high TKW in the surviving wheat at the site (M. Finckh personal observation). 

Plant height was not assessed in the present study and during the early generations the tallest 

plants had been removed to prevent the CCPs to gain too much height, which might explain 

the discrepancy to the study of Goldringer et al. (2001a), who suggest that "competition in 

heterogeneous populations selects for the highest plants although this induces a decrease in the 

global grain production of the populations." They also mention that the estimated heritability 

of the studied phenotypic traits was highest for plant height and TKW, medium for kernel 

number per tiller, tiller number per plant, kernel number per plant and kernel weight per plant. 

Our data for the yield components are in line with this observation. Also, plant height in the 

twelve CCPs was measured in several generations (Finckh et al., 2009; Brumlop et al., 2017). 

In general, the YCCPs are shorter than the QCCPs and the YQCCPs are intermediate. This can 

be explained by the genetic makeup of the populations. Effects of the genetic makeup and the 

growing system on the CCPs were also demonstrated for changes in traits of early development 

between the F6 and F11 (Bertholdsson et al., 2016). With respect to Ne, however, no effects of 

genetic background are evident. Rather, it appears, that different random processes acted in 

each population leading to large differences even between parallel populations. One reason for 

these divergent processes may be that the CCPs were still very diverse and heterozygous in the 

F5 when they were split. For example, a study of leaf rust (Puccinia triticina) resistance in the 

CCPs revealed that 22 out of 23 single seed progenies from the F5 CCPs segregated for re-

sistance to leaf rust indicating that the expected degree of homogeneity for an F5 inbreeding 

crop had not yet been realized (Finckh et al., 2009, 2010). Comparing the F4 and F5 generation 

of these same CCPs, the resistance frequency to one rust isolate increased significantly between 

the F4 and the F5 generation, while the resistance frequency for another isolate decreased be-

tween the two generations, suggesting a high potential for random change in the CCPs (Stange 

et al., 2006). This is in line with other studies reporting large degrees of genetic diversity be-

tween and within experimental CCPs (Allard, 1988; David et al., 1997; Enjalbert et al., 1999; 

Goldringer et al., 2006). 

Goldringer et al. (2001a) reported a tendency for smaller variances in the CCPs in later gener-

ations. This indicates a stabilizing effect within the populations in later generations. This is in 
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line with Qualset (1968), who reported that the genetic changes within CCPs due to selective 

pressures tended to be dramatic in the early generations, but that later generations experienced 

a loss of overall diversity, an increased selection for improved genotypes and slower and less 

dramatic evolutionary changes. As we only assessed generations from the F7 onwards it is 

likely that the phase of dramatic changes mentioned by Qualset (1968) had already passed 

before this study started. The results on F4 studies in the CCPs presented by Stange et al. (2006), 

reporting large variability of various traits indicate that this was the time of significant changes.  

To understand the nature of the changes in the later generations it would be helpful to know 

the outcrossing rates. Outcrossing rates from generation to generation may change and be re-

duced, unless the populations have turned into to a mixture of homozygous lines due to the 

inbreeding nature of wheat. If the populations had already reached an inbreeding equilibrium, 

the outcrossing rate would not change over the subsequent generations (Enjalbert and David, 

2000). However, molecular marker analyses from the F12 (after the frost event) revealed up to 

5 % heterozygosity in our CCPs (Weedon et al., unpublished). 

The calculation of the number of plants N needed to maintain an Ne of 5000 using demographic 

data only can give a general estimate about the effective size of a population that varies de-

pending on the assumed outcrossing rate. It is very likely that every population under both 

agricultural systems and in each generation has a different outcrossing rate. Such varying out-

crossing rates would again give different results for the number of plants which are necessary 

to meet a given Ne criterion. Another factor that could not be taken into account when calcu-

lating N is the success of germination and the subsequent survival of all individual plants to 

the reproductive stage. In general, it seems that a plot size of about 150 m² for the CCPs main-

tained at the University of Kassel since 2005 was sufficient to avoid genetic drift in the popu-

lations (Enjalbert et al., 1999; Goldringer et al., 2001a) and to minimize the loss of genetic 

variability. This was even true for the extreme case of the F12 CQ II in the conventional system 

where the combination of a high variance in the original kernel number and a rather low orig-

inal mean kernel number led to a number of plants, which for the first time, required a plot size 

greater than 100 m². Attempts to test the validity of the result by removing single outliers did 

not make the population much more similar to the others, suggesting that this high variance 

was immanent to the sample. In order to determine whether the population CQ II underwent 

evolutionary processes, which were different to the other CCPs between the F9 and F12, molec-

ular analyses will be required. 
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Considering the 20 initial varieties, a rare gene which might be a private allele for one of them 

will initially hold on average 5% frequency in the CCP. Taking, for simplification, 0% out-

crossing, and number of individuals such as N=12.000 to 14.500 (i.e., Ne = 5000; cf. Table 5), 

the probability that in one generation such an allele is lost is P=0,95N which is (practically) 

zero (P=0,95N is the probability that all of the N plants of the next generation do not have the 

rare allele). Following Kimura and Ohta (1969) and applying Ne=5000, an allele with 5% fre-

quency would on average be lost due to drift only after as many as 3153 generations of main-

taining the population at that effective population size. With a constant Ne of 159, a 5% allele 

would be lost after an average of 100 generations through drift. Considering these populations, 

we have to anticipate that there will be tens of thousands of genes present; thus, our expectation 

is that with so many genes some rare alleles could be lost in earlier generations rather than after 

the expected time: As nothing is granted in nature, even within the generations of the study and 

even if drift was extremely unlikely, some of the wheat genes in the plants of the CCPs could 

theoretically have lost a rare allele. 
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4.5 Conclusions 

The first research question addressed in this study about the variation among populations and 

between generations can be clearly answered. Not only in the F7, but also five years later in the 

F12, variation in number of tillers, kernel weight and kernel number per plant among the differ-

ent populations and between generations was still high and the high initial variability of con-

tribution of single plants to the next generation even increased after the extreme winterkill 

2011/12. Genetic effects of this event are likely and the fact that all F12 populations were clearly 

different from the F7 to F9 regarding kernels per tiller, kernels per plant and Ne, suggests that a 

bottleneck effect has influenced all populations. 

The second question, about changes in the variability of yield components of the populations 

over the six years of study and whether a loss of diversity or a stabilizing effect can be observed, 

cannot be clearly answered. Nevertheless, the large degree of diversity still present within the 

CCPs ensures the adaptability of the populations to changing environmental conditions, as was 

reported by (Brumlop et al., 2017). The inconsistent differences among populations, including 

those between parallel populations, clearly suggest that random changes are of great im-

portance in evolutionary breeding. The calculation of N assuming an Ne of 5000, using the 

variance in the number of gametes contributed per parent based on the variance and mean of 

kernel number per plant is a useful tool to determine the number of individuals required to limit 

genetic drift in the populations. The calculation of this value using demographic data can only 

give general estimations. Nevertheless, it was well suited to show changes in the populations 

over generations and results show that the CCPs maintained at the University of Kassel in plots 

of at least 150 m² are large enough to limit genetic drift even under such disruptive climatic 

events as described for the winter of 2011/12. 
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Appendix A 

 

Tab. 4-A1: Descriptive summary of the kernel number per tiller for all conventional wheat populations 

and for each generation (n = 50 plants per population) 

 CCP Mean kernel 

no. per tiller 

 Standard 

deviation 

(SD) 

Min – Max 

(range) 

  F
7
 -

 2
0

0
8
 

CQ I 36  a* 16.5 3 – 64 

CQ II 43 a 19.1 12 – 84 

CY I 42 a 15.3 12 – 70 

CY II 41 a 15.3 8 – 84 

CYQ I 45 a 15.8 8 – 85 

CYQ II 39 a 17.1 4 – 82 

     

mean 41 A** 16.7 3 – 85 

  F
8
 -

 2
0

0
9
 

CQ I 40 a 8.9 25 – 63 

CQ II 39 a 9.1 16 – 66 

CY I 40 a 7.9 25 – 59 

CY II 42 a 13.3 22 – 87 

CYQ I 42 a 9.4 24 – 61 

CYQ II 41 a 8.2 24 – 62 

     

mean 50 A 23.2 15 – 186 

  F
9
 -

 2
0

1
0
 

CQ I 42 a 12.0 18 – 73 

CQ II 40 a 10.2 18 – 67 

CY I 45 a 11.8 27 – 69 

CY II 40 a 12.6 16 – 78 

CYQ I 41 a 8.4 23 – 57 

CYQ II 40 a 10.4 17 – 58 

     

mean 41 A 11.0 16 – 78 

  F
1

2
 -

 2
0

1
3
 

CQ I 34 b 12.4 6 – 65 

CQ II 34 b 15.3 11 – 73 

CY I 38 ab 14.0 6 – 69 

CY II 44 a 12.8 17 – 73 

CYQ I 36 ab 12.8 10 – 73 

CYQ II 34 ab 12.2 5 – 58 

     

mean 36 B 13.5 5 – 73 
* Within generation populations followed by different lower-case letters are significantly different at 

p≤0.05 using a Kruskal-Wallis test and a post-hoc pairwise Wilcoxon test with Bonferroni correction. 

 

**Generations followed by different upper-case letters are significantly different at p≤0.05 using a Kruskal- 

Wallis test and a post-hoc pairwise Wilcoxon test with Bonferroni correction. 
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Tab. 4-A2: Descriptive summary of the kernel number per tiller for all organic wheat populations and 

for each generation (n = 50 plants per population) 

 CCP Mean ker-

nel no. per 

tiller 

 Standard 

deviation 

(SD) 

Min – Max 

(range) 

  F
7
 -

 2
0

0
8
 

OQ I 36 a 13.8 11 – 87 

OQ II 37 a 10.9 14 – 62 

OY I 38 a 8.2 22 – 58 

OY II 42 a 13.6 21 – 80 

OYQ I 42 a 13.0 16 – 89 

OYQ II 41 a 11.3 22 – 68 

     

mean 39 B** 12.1 11 – 89 

  F
8
 -

 2
0

0
9
 

OQ I 36 a 8.0 23 – 63 

OQ II 37 a 9.5 19 – 56 

OY I 37 a 9.2 18 – 59 

OY II 36 a 9.1 17 – 57 

OYQ I 35 a 9.4 16 – 60 

OYQ II 37 a 9.1 6 – 60 

     

mean 37 B 9.0 6 – 63 

  F
9
 -

 2
0

1
0
 

OQ I 43 a 15.2 15 – 88 

OQ II 40 a 10.2 21 – 60 

OY I 47 a 11.1 23 – 71 

OY II 45 a 11.0 24 – 72 

OYQ I 46 a 12.3 21 – 79 

OYQ II 46 a 13.5 20 – 78 

     

mean 45 A 12.5 15 – 88 

  F
1
2
 -

 2
0

1
3
 

OQ I 30 a 11.9 8 – 68 

OQ II 34 a 11.5 13 – 66 

OY I 32 a 13.7 10 – 81 

OY II 35 a 12.3 12 – 74 

OYQ I 37 a 13.5 12 – 87 

OYQ II 32 a 9.2 13 – 51 

     

mean 33 C 12.3 8 – 87 
* Within generation populations followed by different lower-case letters are significantly different at 

p≤0.05 using a Kruskal-Wallis test and a post-hoc pairwise Wilcoxon test with Bonferroni correction. 

 
**Generations followed by different upper-case letters are significantly different at p≤0.05 using a Kruskal- 

Wallis test and a post-hoc pairwise Wilcoxon test with Bonferroni correction. 
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Tab. 4-A3: Descriptive summary of thousand kernel weight (TKW) for all conventional wheat popula-

tions and for each generation (n = 50 plants per population) 

 CCP Mean TKW  

[g] 

 Standard devi-

ation 

 (SD) 

Min – Max  

[g] 

F
7
 -

 2
0

0
8
 

CQ I 48.4 abc* 10.2 20.0 - 67.6 

CQ II 53.5 a 8.0 36.9 - 74.3 

CY I 48.6 bc 7.2 27.9 - 63.6 

CY II 45.3 c 10.2 11.8 - 60.3 

CYQ I 51.3 ab 6.7 29.6 - 67.1 

CYQ II 45.6 bc 12.7 8.4 - 67.4 

     

mean 48.8 A** 9.8 8.4 - 74.3 

F
8
 -

 2
0

0
9
 

CQ I 35.5 ab 6.0 22.4 - 51.4 

CQ II 38.0 a 6.9 18.4 - 50.0 

CY I 34.7 ab 6.0 23.9 - 46.8 

CY II 36.3 ab 5.7 12.8 - 48.1 

CYQ I 34.3 b 6.1 22.8 - 44.2 

CYQ II 37.3 ab 6.8 21.6 - 50.8 

     

mean 36.0 B 6.4 12.8 - 51.4 

F
9
 -

 2
0

1
0
 

CQ I 36.0 bc 9.4 19.1 - 50.9 

CQ II 41.9 a 9.1 23.8 - 49.1 

CY I 32.1 c 6.4 19.0 - 48.9 

CY II 33.9 bc 5.4 23.8 - 50.2 

CYQ I 36.4 b 5.7 22.4 - 46.1 

CYQ II 35.5 bc 6.7 23.2 - 51.7 

     

mean 35.1 C 7.8 19.0 - 51.7 

F
1

2
 -

 2
0

1
3
 

CQ I 39.9 ab 7.8 24.7 - 66.3 

CQ II 41.9 a 9.3 23.8 – 52.6 

CY I 34.3 c 8.3 9.2 - 46.6 

CY II 36.3 bc 4.5 27.7 - 46.2 

CYQ I 43.4 a 7.5 24.1 - 58.9 

CYQ II 38.7 bc 6.9 21.4 - 50.7 

     

mean 39.1 B 8.1 9.2 – 66.3 
* Within generation populations followed by different lower-case letters are significantly different at p≤0.05 using an analysis of variance 

(ANOVA) and a post-hoc Tukey-B/Games-Howell test. 
 

**Generations followed by different upper-case letters are significantly different at p≤0.05 using an analysis of variance (ANOVA) and a 

post-hoc Tukey-B/Games-Howell test. 
 

 

 



Brumlop et al., Effective Population Size (Ne) of Six Organically and Six Conventionally Grown Composite 

Cross Winter Wheat Populations in Generation F7, F8, F9, and F12 

95 

 

 

 

Tab. 4-A4: Descriptive summary of thousand kernel weight (TKW) for all organic wheat populations 

and for each generation (n = 50 plants per population) 

  CCP Mean  

TKW  

[g] 

 Standard de-

viation (SD) 

Min – Max 

[g] 

  F
7
 -

 2
0

0
8
 

 OQ I 51.6 b 7.3 35.4 - 66.6 

 OQ II 53.7 ab 5.7 42.9 - 70.5 

 OY I 53.3 ab 5.6 41.1 - 68.9 

 OY II 55.4 a 5.7 44.5 - 68.3 

 OYQ I 53.8 ab 7.3 28.8 - 71.0 

 OYQ II 52.9 ab 6.8 40.0 - 68.2 

      

 mean 53.4 A** 6.5 28.8 - 71.0 

  F
8
 -

 2
0

0
9
 

 OQ I 40.6 a 6.1 23.5 - 51.9 

 OQ II 40.9 a 7.7 18.2 - 56.1 

 OY I 39.4 a 4.9 28.9 - 51.1 

 OY II 36.0 b 6.3 20.0 - 51.1 

 OYQ I 39.1 a 6.2 18.8 - 51.6 

 OYQ II 40.2 a 6.4 24.3 - 58.7 

      

 mean 39.4 D 6.5 18.2 - 58.7 

  F
9
 -

 2
0

1
0
 

 OQ I 43.5 a 5.0 30.5 - 51.9 

 OQ II 40.2 b 4.9 25.8 - 49.6 

 OY I 41.5 ab 5.8 28.7 - 53.1 

 OY II 40.0 b 6.2 21.3 - 52.7 

 OYQ I 40.4 ab 7.0 22.6 - 51.4 

 OYQ II 41.1 ab 4.8 29.3 - 52.4 

      

 mean 41.1 C 5.7 21.3 - 53.1 

  F
1
2
 -

 2
0

1
3
 

 OQ I 43.6 ab 7.1 21.5 - 66.2 

 OQ II 41.9 b 6.2 22.4 - 53.2 

 OY I 42.9 ab 5.7 29.1 - 53.0 

 OY II 44.3 ab 5.9 25.3 – 59.1 

 OYQ I 45.6 a 5.1 34.6 - 57.4 

 OYQ II 43.8 ab 6.8 30.3 – 59.7 

      

 mean 43.7 B 6.2 21.5 – 66.2 
* Within generation populations followed by different lower-case letters are significantly different at p≤0.05 using an analysis of variance 

(ANOVA) and a post-hoc Tukey-B/Games-Howell test. 

 

**Generations followed by different upper-case letters are significantly different at p≤0.05 using an analysis of variance (ANOVA) and a 

post-hoc Tukey-B/Games-Howell test. 
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Appendix B 

Tab. 4-B1: Transformation of data to Poisson distribution and calculation of Ne for all CC popula-

tions with an inbreeding coefficient of α=1  
 

CCP 

 
Experimental results for num-

ber of kernels per plant 

Adjustment to a mean 

of 1 kernel per plant a) 

Adjusted 

variance plus 

sampling 

variance b)  

S²k 
c) 

 
N d) 

 Variance Average Adjusted variance    

F7-CQ-I 271.7 36.5 0.2040 1.2040 4.816 12040 

F7-CQ-II 298.3 46.9 0.1355 1.1355 4.542 11355 

F7-CY-I 235.4 41.6 0.1358 1.1358 4.543 11358 

F7-CY-II 817.7 51.8 0.3045 1.3045 5.218 13045 

F7-CYQ-I 742.1 57.7 0.2229 1.2229 4.892 12229 

F7-CYQ-II 292.8 38.6 0.1966 1.1966 4.786 11966 

F7-OQ-I 1185.3 64.3 0.2867 1.2867 5.147 12867 

F7-OQ-II 651.8 53.2 0.2306 1.2306 4.923 12306 

F7-OY-I 1204.8 67.2 0.2668 1.2668 5.067 12668 

F7-OY-II 618.2 56.8 0.1917 1.1917 4.767 11917 

F7-OYQ-I 397.0 48.8 0.1670 1.1670 4.668 11670 

F7-OYQ-II 579.4 58.3 0.1705 1.1705 4.682 11705 

F8-CQ-I 505.0 57.6 0.1520 1.1520 4.608 11520 

F8-CQ-II 1087.3 70.2 0.2205 1.2205 4.882 12205 

F8-CY-I 884.1 69.4 0.1838 1.1838 4.735 11838 

F8-CY-II 1784.6 78.8 0.2873 1.2873 5.149 12873 

F8-CYQ-I 909.3 69.7 0.1871 1.1871 4.748 11871 

F8-CYQ-II 1097.9 65.3 0.2578 1.2578 5.031 12578 

F8-OQ-I 724.1 62.0 0.1882 1.1882 4.753 11882 

F8-OQ-II 742.3 55.1 0.2445 1.2445 4.978 12445 

F8-OY-I 557.3 53.1 0.1975 1.1975 4.790 11975 

F8-OY-II 1165.7 68.0 0.2522 1.2522 5.009 12522 

F8-OYQ-I 482.7 52.1 0.1781 1.1781 4.712 11781 

F8-OYQ-II 1442.6 67.3 0.3181 1.3181 5.273 13181 

F9-CQ-I 843.5 67.3 0.1865 1.1865 4.746 11865 

F9-CQ-II 986.1 68.3 0.2114 1.2114 4.846 12114 

F9-CY-I 1008.8 78.6 0.1631 1.1631 4.652 11631 

F9-CY-II 908.9 68.1 0.1961 1.1961 4.784 11961 

F9-CYQ-I 608.0 65.9 0.1401 1.1401 4.560 11401 

F9-CYQ-II 1514.4 72.6 0.2872 1.2872 5.149 12872 

F9-OQ-I 864.0 64.7 0.2063 1.2063 4.825 12063 

F9-OQ-II 516.6 62.5 0.1322 1.1322 4.529 11322 

F9-OY-I 1655.1 82.4 0.2435 1.2435 4.974 12435 

F9-OY-II 1785.9 89.7 0.2218 1.2218 4.887 12218 
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F9-OYQ-I 1219.8 75.9 0.2116 1.2116 4.847 12116 

F9-OYQ-II 931.7 72.1 0.1790 1.1790 4.716 11790 

F12-CQ-I 499.1 43.6 0.2623 1.2623 5.049 12623 

F12-CQ-II 2308.7 53.6 0.8047 1.8047 7.219 18047 

F12-CY-I 2463.5 67.4 0.5418 1.5418 6.167 15418 

F12-CY-II 2270.8 74.2 0.4130 1.4130 5.652 14130 

F12-CYQ-I 543.7 44.1 0.2801 1.2801 5.120 12801 

F12-CYQ-II 1623.2 63.1 0.4079 1.4079 5.632 14079 

F12-OQ-I 1670.8 56.4 0.5251 1.5251 6.100 15251 

F12-OQ-II 1045.7 62.5 0.2674 1.2674 5.069 12674 

F12-OY-I 768.8 41.9 0.4371 1.4371 5.748 14371 

F12-OY-II 1555.6 54.1 0.5323 1.5323 6.129 15323 

F12-OYQ-I 1527.7 56.1 0.4847 1.4847 5.939 14847 

F12-OYQ-II 1147.9 47.1 0.5166 1.5166 6.066 15166 

 

a)  (Experimental variance for number of kernels per plant)/(Experimental mean number of kernels per plant)² 
b) Adjusted variance plus Poisson-derived sampling variance (which is 1.0) 

c) Multiplication by 2² to find  

d) Number of individuals required to achieve Ne=5000 is:  
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Tab. 4-B2: Transformation of data to Poisson distribution and calculation of Ne for all CC populations 

with an inbreeding coefficient of α=0.96 

CCP 

 
Experimental results 

for number of kernels 

per plant 

Adjustment to a 

mean of 1 kernel 

per plant a) 

Adjusted 

variance 

plus sam-

pling vari-

ance b) 

S²k 
c) 

 
N d) 

 Variance Average Adjusted variance    

F7-CQ-I 271.7 36.5 0.2040 1.2040 4.816 11902 

F7-CQ-II 298.3 46.9 0.1355 1.1355 4.542 11231 

F7-CY-I 235.4 41.6 0.1358 1.1358 4.543 11233 

F7-CY-II 817.7 51.8 0.3045 1.3045 5.218 12888 

F7-CYQ-I 742.1 57.7 0.2229 1.2229 4.892 12087 

F7-CYQ-II 292.8 38.6 0.1966 1.1966 4.786 11829 

F7-OQ-I 1185.3 64.3 0.2867 1.2867 5.147 12713 

F7-OQ-II 651.8 53.2 0.2306 1.2306 4.923 12163 

F7-OY-I 1204.8 67.2 0.2668 1.2668 5.067 12518 

F7-OY-II 618.2 56.8 0.1917 1.1917 4.767 11782 

F7-OYQ-I 397.0 48.8 0.1670 1.1670 4.668 11539 

F7-OYQ-II 579.4 58.3 0.1705 1.1705 4.682 11573 

F8-CQ-I 505.0 57.6 0.1520 1.1520 4.608 11392 

F8-CQ-II 1087.3 70.2 0.2205 1.2205 4.882 12064 

F8-CY-I 884.1 69.4 0.1838 1.1838 4.735 11704 

F8-CY-II 1784.6 78.8 0.2873 1.2873 5.149 12718 

F8-CYQ-I 909.3 69.7 0.1871 1.1871 4.748 11736 

F8-CYQ-II 1097.9 65.3 0.2578 1.2578 5.031 12429 

F8-OQ-I 724.1 62.0 0.1882 1.1882 4.753 11747 

F8-OQ-II 742.3 55.1 0.2445 1.2445 4.978 12299 

F8-OY-I 557.3 53.1 0.1975 1.1975 4.790 11838 

F8-OY-II 1165.7 68.0 0.2522 1.2522 5.009 12375 

F8-OYQ-I 482.7 52.1 0.1781 1.1781 4.712 11648 

F8-OYQ-II 1442.6 67.3 0.3181 1.3181 5.273 13021 

F9-CQ-I 843.5 67.3 0.1865 1.1865 4.746 11730 

F9-CQ-II 986.1 68.3 0.2114 1.2114 4.846 11974 

F9-CY-I 1008.8 78.6 0.1631 1.1631 4.652 11501 

F9-CY-II 908.9 68.1 0.1961 1.1961 4.784 11825 

F9-CYQ-I 608.0 65.9 0.1401 1.1401 4.560 11275 

F9-CYQ-II 1514.4 72.6 0.2872 1.2872 5.149 12717 

F9-OQ-I 864.0 64.7 0.2063 1.2063 4.825 11924 

F9-OQ-II 516.6 62.5 0.1322 1.1322 4.529 11198 

F9-OY-I 1655.1 82.4 0.2435 1.2435 4.974 12289 

F9-OY-II 1785.9 89.7 0.2218 1.2218 4.887 12076 

F9-OYQ-I 1219.8 75.9 0.2116 1.2116 4.847 11977 

F9-OYQ-II 931.7 72.1 0.1790 1.1790 4.716 11657 

F12-CQ-I 499.1 43.6 0.2623 1.2623 5.049 12474 

F12-CQ-II 2308.7 53.6 0.8047 1.8047 7.219 17791 
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F12-CY-I 2463.5 67.4 0.5418 1.5418 6.167 15214 

F12-CY-II 2270.8 74.2 0.4130 1.4130 5.652 13951 

F12-CYQ-I 543.7 44.1 0.2801 1.2801 5.120 12648 

F12-CYQ-II 1623.2 63.1 0.4079 1.4079 5.632 13901 

F12-OQ-I 1670.8 56.4 0.5251 1.5251 6.100 15050 

F12-OQ-II 1045.7 62.5 0.2674 1.2674 5.069 12523 

F12-OY-I 768.8 41.9 0.4371 1.4371 5.748 14187 

F12-OY-II 1555.6 54.1 0.5323 1.5323 6.129 15120 

F12-OYQ-I 1527.7 56.1 0.4847 1.4847 5.939 14654 

F12-OYQ-II 1147.9 47.1 0.5166 1.5166 6.066 14966 

 

 
a)  (Experimental variance for number of kernels per plant)/(Experimental mean number of kernels per plant)² 
b) Adjusted variance plus Poisson-derived sampling variance (which is 1.0) 

c) Multiplication by 2² to find  

d) Number of individuals required to achieve Ne=5000 is:  
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Tab. 4-B3: Transformation of data to Poisson distribution and calculation of Ne for all CC populations 

with an inbreeding coefficient of α=0.85 

CCP 

 
Experimental results 

for number of kernels 

per plant 

Adjustment to a 

mean of 1 kernel 

per plant a) 

Adjusted 

variance 

plus sam-

pling vari-

ance b) 

S²k 
c) 

 
N d) 

 Variance Average Adjusted variance    

F7-CQ-I 271.7 36.5 0.2040 1.2040 4.816 11518 

F7-CQ-II 298.3 46.9 0.1355 1.1355 4.542 10884 

F7-CY-I 235.4 41.6 0.1358 1.1358 4.543 10887 

F7-CY-II 817.7 51.8 0.3045 1.3045 5.218 12450 

F7-CYQ-I 742.1 57.7 0.2229 1.2229 4.892 11693 

F7-CYQ-II 292.8 38.6 0.1966 1.1966 4.786 11450 

F7-OQ-I 1185.3 64.3 0.2867 1.2867 5.147 12284 

F7-OQ-II 651.8 53.2 0.2306 1.2306 4.923 11765 

F7-OY-I 1204.8 67.2 0.2668 1.2668 5.067 12100 

F7-OY-II 618.2 56.8 0.1917 1.1917 4.767 11405 

F7-OYQ-I 397.0 48.8 0.1670 1.1670 4.668 11176 

F7-OYQ-II 579.4 58.3 0.1705 1.1705 4.682 11208 

F8-CQ-I 505.0 57.6 0.1520 1.1520 4.608 11037 

F8-CQ-II 1087.3 70.2 0.2205 1.2205 4.882 11671 

F8-CY-I 884.1 69.4 0.1838 1.1838 4.735 11331 

F8-CY-II 1784.6 78.8 0.2873 1.2873 5.149 12289 

F8-CYQ-I 909.3 69.7 0.1871 1.1871 4.748 11362 

F8-CYQ-II 1097.9 65.3 0.2578 1.2578 5.031 12017 

F8-OQ-I 724.1 62.0 0.1882 1.1882 4.753 11373 

F8-OQ-II 742.3 55.1 0.2445 1.2445 4.978 11894 

F8-OY-I 557.3 53.1 0.1975 1.1975 4.790 11458 

F8-OY-II 1165.7 68.0 0.2522 1.2522 5.009 11965 

F8-OYQ-I 482.7 52.1 0.1781 1.1781 4.712 11279 

F8-OYQ-II 1442.6 67.3 0.3181 1.3181 5.273 12575 

F9-CQ-I 843.5 67.3 0.1865 1.1865 4.746 11356 

F9-CQ-II 986.1 68.3 0.2114 1.2114 4.846 11587 

F9-CY-I 1008.8 78.6 0.1631 1.1631 4.652 11140 

F9-CY-II 908.9 68.1 0.1961 1.1961 4.784 11445 

F9-CYQ-I 608.0 65.9 0.1401 1.1401 4.560 10927 

F9-CYQ-II 1514.4 72.6 0.2872 1.2872 5.149 12288 

F9-OQ-I 864.0 64.7 0.2063 1.2063 4.825 11540 

F9-OQ-II 516.6 62.5 0.1322 1.1322 4.529 10853 

F9-OY-I 1655.1 82.4 0.2435 1.2435 4.974 11884 

F9-OY-II 1785.9 89.7 0.2218 1.2218 4.887 11683 

F9-OYQ-I 1219.8 75.9 0.2116 1.2116 4.847 11589 

F9-OYQ-II 931.7 72.1 0.1790 1.1790 4.716 11287 

F12-CQ-I 499.1 43.6 0.2623 1.2623 5.049 12058 

F12-CQ-II 2308.7 53.6 0.8047 1.8047 7.219 17081 
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F12-CY-I 2463.5 67.4 0.5418 1.5418 6.167 14647 

F12-CY-II 2270.8 74.2 0.4130 1.4130 5.652 13453 

F12-CYQ-I 543.7 44.1 0.2801 1.2801 5.120 12223 

F12-CYQ-II 1623.2 63.1 0.4079 1.4079 5.632 13407 

F12-OQ-I 1670.8 56.4 0.5251 1.5251 6.100 14492 

F12-OQ-II 1045.7 62.5 0.2674 1.2674 5.069 12105 

F12-OY-I 768.8 41.9 0.4371 1.4371 5.748 13677 

F12-OY-II 1555.6 54.1 0.5323 1.5323 6.129 14558 

F12-OYQ-I 1527.7 56.1 0.4847 1.4847 5.939 14118 

F12-OYQ-II 1147.9 47.1 0.5166 1.5166 6.066 14413 

 

 
a)  (Experimental variance for number of kernels per plant)/(Experimental mean number of kernels per plant)² 
b) Adjusted variance plus Poisson-derived sampling variance (which is 1.0) 

c) Multiplication by 2² to find  

d) Number of individuals required to achieve Ne=5000 is:  
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5 General Discussion 

 

Agrobiodiversity can be looked at on the scale of ecosystems where field crops are pro-

duced, on the scale of varieties, or on the scale of genetic variability within a variety. No 

matter which level we are focusing on, the topic of agrobiodiversity always requires think-

ing in contexts and networks rather than focusing on separate questions and problems. 

Modern agricultural land-use practice has not always accounted for the many interrelation-

ships and has had many negative impacts, such as environmental degradation (Tscharntke 

et al., 2012), persistent effects of pesticides (Geiger et al., 2010) or soil degradation 

(Banwart, 2011), to name just a few, and all have been reducing biodiversity levels. Modern 

agriculture has even been accused of trading short-term increases in food production for 

long-term losses in ecosystem services (Foley, 2005). There is a broad agreement that cli-

mate change and global food security are inextricably connected (Anwar et al., 2013; 

Chakraborty and Newton, 2011; Wheeler and von Braun, 2013). Agricultural food supply 

today is still very much dependent on high external inputs (Fess et al., 2011). To meet the 

growing demand for food despite decreasing petroleum reserves, scarcity of other re-

sources, the threat of increased weather variability, and the environmental pollution current 

levels of agricultural inputs are causing, food production must grow in a most efficient and 

sustainable way while at the same time ‘agriculture’s environmental footprint’ (Foley et al., 

2011) must shrink dramatically.  

In traditional agricultural and food systems, where the above mentioned negative impacts 

have not been as severe, it is of utmost importance to conserve and enhance the existing 

biodiversity and according to Johns and Sthapit (2004) this is ideally done “through rational 

use within a broad-based developmental focus on small-scale and low-input production”. 

The concept of evolutionary plant breeding is a strategy that aims at conserving and en-

hancing agrobiodiversity on the scale of varieties and on the scale of genetic variability 

within a variety. It is seen as an efficient breeding system suited to improve crop cultivars 

for organic and/or low-input farming systems (Murphy et al., 2005) because it is well suited 

to involve farmers – the true keepers of genetic diversity (Bretting and Duvick, 1997) in 

the breeding process and is thus likely to result in an increase of inter- and intravarietal 

diversity. Intervarietal diversity of experimental wheat CCPs was looked at in our study of 

effective population size (chapter 4) where variation of variation in number of tillers, kernel 
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weight and kernel number per plant within and among populations and between generations 

was measured. The high initial variability of contribution of single plants to the next gen-

eration in the F7 to F9 even increased after the extreme winterkill 2011/12. Thus, not only 

in the F7 but also five years later in the F12 variation among the different populations and 

between generations was still high. 

According to Allard and Jain (1962), the intravarietal diversity is especially high in the 

early generations after establishing composite cross populations while later generations 

show smaller variances (Goldringer et al., 2001a; Qualset, 1968), indicating a stabilizing 

effect within the populations in later generations. Where environmental variance is large, 

diversity will be kept longer in the evolving population (Patel et al., 1987). In our study, 

variance in TKW became smaller from the F7 to the F9 but had increased again by the F12. 

This might be the result of slower and less substantial changes in later generations (F7 to 

F9) but apparently enough diversity was kept in the populations to allow reactions to the 

very strong selection event of winterkill in the F11. The large degree of diversity still present 

within the CCPs which ensures continuous adaptability of the populations to changing en-

vironmental conditions is also reported in chapter 3.  

The topic of diversity of varieties and genetic variability within varieties is also closely 

connected with the topic of plant genetic resources. The conservation and sustainable use 

of the vast diversity contained in plant genetic resources has been recognized as an im-

portant strategy to meet the demands of a growing world population and is a main challenge 

for today’s plant breeding. Plant genetic resources are often poorly adapted which hampers 

their phenotypic characterization and positive traits are easily overlooked due to low herit-

ability or recessiveness (Gupta et al., 2010). Molecular markers and marker-assisted selec-

tion can be advantageous both for identifying beneficial genes in plant genetic resources 

and for following them in crosses (Tanksley and McCouch, 1997). Plant breeders inter-

viewed to the topic of marker application in plant breeding as reported in chapter 2 stated 

that markers are crucial when intercrossing plant genetic resources, because decent yield 

levels as required for modern production systems cannot be achieved without marker-as-

sisted selection. Hopes are high for genotypic screening of gene bank accessions to identify 

favorable alleles, followed by the laborious introduction of the identified genes into exist-

ing breeding material (Witcombe, 1999). However, such activities belong clearly to the 

realm of pre-breeding. Although pre-breeding activities are crucial for plant breeders, they 
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have been reduced worldwide and a serious lack of resources to support the necessary pre-

breeding programs has been stated by Hajjar and Hodgkin (2007). 

Breeders interviewed to the topic of marker application stated that marker assisted selection 

in breeding is very much focusing on the major crops while minor crops are increasingly 

neglected. This underlines the fact that marker application is more than everything else 

subject to economic considerations. Breeders and scientists also agreed that molecular 

markers are hardly used to exploit plant genetic resources at present and that until now it 

cannot be observed that variability in agricultural crops increases through the utilization of 

marker-assisted selection although this might change. But as long as the improved technol-

ogies are not applied to the minor crops the gap between major and minor crops will widen 

continuously and bring about a further reduction of diversity at the ecosystem and variety 

level. 

However, the marker-assisted identification and introduction of plant genetic resources 

does not need to be the only strategy to achieve more diversity through plant breeding. 

Evolutionary breeding and at the same time the participation of farmers in the breeding 

process involve less technological input and are in fact important pre-breeding activities 

while at the same time increasing the functional diversity in agroecosystems.  

A case study investigating and comparing two different ways of seed distribution for a 

historical French wheat population cultivar (‘Rouge de Bordeaux’) came to the conclusion 

that seeds informally exchanged between farmers over years contained considerably more 

genetic diversity than seeds of the same cultivar obtained from the national gene bank (En-

jalbert et al. 2011). This example illustrates that the ex situ approach is not necessarily ideal 

to conserve the intravarietal diversity. Evolutionary breeding approaches combined with 

participatory breeding might be similarly suited to conserve and enhance biodiversity. 

Where the general economic situation allows marker assisted selection it seems promising 

to combine the strategies of evolutionary breeding and marker selection. Even if evolution-

ary breeding is carried out in an organic agricultural context, standards do not exclude the 

use of molecular markers as such. It is often debated in the organic breeding context if too 

much focus on the molecular level could hamper the development of robust and flexible 

varieties. On the other hand the opinion has been expressed that there are clear strengths 

within the molecular breeding approach and “more interaction and mutual understanding 

between organic and molecular oriented breeders is necessary and can benefit both research 
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communities” (Lammerts van Bueren et al., 2010). Markers could be used to pre-select 

individuals carrying desired alleles and thus being well suited for establishing a population. 

Also, the marker-assisted selection of individuals from segregating populations and distri-

bution of the selected material to participating farmers has been expressed as a possible 

strategy (Barr, 2009).  

The establishment of a composite cross population suited for the growing conditions at a 

certain farm is also possible with very little technological effort. What seems to be most 

crucial in the establishment of new populations is the choice of parental varieties for inter-

crossing. Where growing conditions are at least predictable to a certain extent, where the 

genetic material for the establishment of a population is chosen carefully and purposefully, 

a well suited population can also be established from the intercrossing of several pure lines 

without initial selection of individual alleles.  

The study presented in chapter 3 showed for the CCPs studied at the University of Kassel 

that differences between populations were due to the parental background of the CCPs and 

not due to their conventional or organic selection history. With regards to baking quality 

traits, as well as with morphological parameters, grain yield and yield parameters it could 

be clearly shown for F11 populations that the parental selection had a much greater influence 

on the performance of populations than the growing and management conditions to which 

the populations were subjected.  

Of course, not all possible extremes in the growing conditions, which could theoretically 

comprise all kinds of biotic or abiotic stresses, can be foreseen and an initial choice of 

crossing partners to prepare for all possible conditions is not possible. But also in the event 

of unforeseen extremes there is a chance that CCPs will be able to react flexibly and buffer 

such extremes (Döring et al., 2011). The results presented in chapter 3 show that even pop-

ulations established for a maritime climate where winter hardiness is no selection criterion 

yielded reasonably well in a year with exceptional winter kill. The CCPs performed rea-

sonably well during and after the extremely cold winter. The reference pure line varieties 

recovered reasonably well from winterkill too while most of the varieties used to establish 

the CCPs could not cope with the severe winter conditions. Such strong selection events 

are likely to change the genetic composition of a population markedly and can result in 

clearly changed populations as our study of population size in the CCPs after the cold win-

ter of 2011/12 revealed (chapter 4). However, assuming that the populations are grown in 
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plots large enough to prevent genetic drift and the occurrence of bottleneck effects due to 

strong selection events, this high resiliency of CCPs is to be seen as their clear advantage 

in comparison to pure line varieties which on the one hand do not experience large shifts 

in their genetic composition but on the other hand can fail completely under growing con-

ditions they have not been bred for. In the past few years new races of stripe rust (Puccinia 

striiformis) have made a dramatic appearance throughout Europe (Hovmøller et al., 2016) 

and the main foliar pathogen observed since 2014 in the trial site is stripe rust. In compar-

ison to the susceptible varieties ‘Akteur’ and ‘Naturastar’, disease severity on the CCPs has 

been very low. Although their genetic background dates back to a time long before the 

occurrence of the new stripe rust races, a certain level of resistance is present in the popu-

lations and their general inhomogeneous nature acts as an efficient barrier against the 

spreading of pathogens, an effect that can be shown for variety mixtures too (Finckh et al., 

2000). 

Nevertheless, not every farmer will judge composite cross populations worth growing. In 

agronomic systems with predictable temporal biotic and abiotic stresses, the choice of pure 

line varieties that will perform best in the environment, is easily done. We know, however, 

that unpredictable growing conditions will not remain a problem of marginal areas only. 

Rising global temperatures will lead to increased weather variability and thus to increased 

biotic and abiotic stress levels in marginal as well as in resource-rich environments. It can 

be assumed that the advantages of CCPs that have been found in marginal areas are gener-

ally true and do not very much depend on farming systems. However, so far many experi-

ences with the growing of CCPs were made in environments with little or no predictability 

of temporal growing conditions, often coupled with low-input systems. It was shown that 

the growing of CCPs can be very effective under such conditions (Phillips and Wolfe, 

2005). In resource-limiting environments or under stress the benefits of heterogeneous ce-

real populations seem to be clearest. There are several studies reporting more yield stability, 

yield increase over time or even superior total yields of barley CCPs when compared to 

commercial varieties and grown in marginally productive environments or under stress. 

Under more favorable conditions this superiority of the CCPs was not observed (Danquah 

and Barrett, 2002b; Hockett et al., 1983; Rasmusson et al., 1967; Soliman and Allard, 

1991). Bulk F2 populations of wheat were found to yield up to 26 % more than the parent 
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varieties when grown in marginal areas (Qualset, 1968). Also for heterogeneous oat popu-

lations it could be shown that populations yielded better than pure oat cultivars as the en-

vironment became more stressed (Frey and Maldonado, 1967). 

So whenever small grain cereals are grown under marginal conditions or under stress, the 

evolutionary breeding approach can contribute to preservation and increase of biodiversity 

through its “rational use within a broad-based developmental focus on small-scale and low-

input production” as required by Johns and Sthapit (2004). A main result of this thesis is 

that we showed that CCPs have a very good buffering ability under unpredictable climatic 

conditions in all systems. Even eleven years after the release of the most recent of their 

parents they could keep up with modern germplasm (chapter 3).  

The plot size of 150 m², which was chosen for the maintenance of the CCPs, turned out to 

be sufficient to limit genetic drift (chapter 4). It is important to keep plot sizes large enough 

for maintenance of the populations, but problems with small population sizes will most 

likely only occur in experimental populations grown in experimental plots of limited size. 

For a final estimation to see if drift was indeed avoided in all cases by the large plots, a 

study of the populations based on molecular markers would be helpful. Nothing can replace 

the evolutionary processes which the populations are undergoing in the field, but for a most 

comprehensive understanding of the adaptation processes in CCPs, the application of mo-

lecular analytical tools seems promising. Based on a thorough understanding of the process 

of adaptation, selection strategies for further improvement of the populations can be de-

fined. Breeding progress leads to a continuous release of improved cultivars. CCPs, once 

established and maintained in the field, cannot incorporate this progress through adaptation 

processes alone. Therefore, the frequent incorporation of improved germplasm into CCPs 

seems to be essential. Also in this process of incorporation and selection the application of 

molecular markers can complement the evolutionary breeding approach. Although it is a 

clear advantage of the evolutionary breeding approach that it requires very little infrastruc-

ture, its complementation with more sophisticated technologies should be considered where 

knowledge and economic resources allow for a collaboration of the fundamentally different 

breeding approaches. 
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