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Short Summary  

This thesis combines experimental work on heterogeneous crop populations (HP) and species 

mixtures (SM) with a social scientific and participatory approach. Chapter 1 introduces crop 

communities as a concept to integrate multiple approaches to diversify farming systems. HPs 

provide intraspecific and SM interspecific diversity in crop communities. A key challenge for the 

genetic improvement of HPs, especially for root traits is to combine effective selection to improve 

HPs while maintaining intraspecific diversity. In Chapter 2 a hydroponic system was tested for its 

suitability to non-destructively assess root traits on a population level in order to achieve genetic 

gain and maintain diversity. The hydroponic selection for long seminal roots led to an increase of 

seminal root length by 1.6 cm (11.6%) in a single generation with a heritability of 0.59, thus 

providing a method for population level selection of root traits. Chapter three reports on a 

multifunctional evaluation of SM. Seven wheat HP and eight line cultivars from central Europe 

and Hungary were tested as pure stands (100% sowing density) and in SM with a winter pea 

cultivar with 70% wheat and 50% pea sowing density under organic conditions. SM increased 

cereal grain quality, weed suppression, resource use efficiency, yield gain and reduced lodging 

relative to pea pure stands, indicating multifunctionality. Effects were greater in 2018/19, 

characterized by dry and nutrient poor conditions than in 2019/20 when nutrient levels were 

higher. Wheat entries varied considerably for protein content and yield in both, SM and 

monocultures. Under higher nutrient availability, entry-based variation was reduced in both 

systems and peas were suppressed. HPs were more stable across environments for yield and 

protein than line cultivars. Depending on year, different line cultivars outperformed the HPs for 

either protein content or yield. Results have to be interpreted with caution due to limited number 

of environments. Chapter 4 reports on a qualitative social scientific investigation. Socially shared 

models of SM adoption were built from interview data with farmers to identify the main factors 

for SM adoption: (1) perceived relative mixture performance, (2) suitability within the farm 

context, (3) challenges and opportunities in mixture management due to increased complexity, 

(4) knowledge and technology as resources to handle mixture management and (5) quality 

standards in the food value chain. The final chapter 5 engages in a broader discussion of the 

contribution of complementarity and facilitation to the studied systems and identifies the 

spatiotemporal design of crop communities and its interplay with agroecological interactions, 

farm management and economics as research priority. The thesis is concluded by delivering an 

explicit definition and conceptual model for crop communities and crop community systems. 
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Full Summary 

The entire food system, including plant breeding, agricultural technology and food processing 

technology has been optimized for large-scale monocultures. This resulted in harmful 

consequences for the environment and long-term sustainability of our food supplies. The 

monocultural paradigm severely reduces ecological interactions and diversity in cropping 

systems. 

This thesis combines experimental work on species mixtures (SM) and heterogeneous crop 

populations (HP) with a social scientific and participatory approach. Chapter 1 introduces crop 

communities – a term introduced to agroecology in 1987 – as a concept to integrate multiple 

approaches to diversify farming systems. SM and HP can be conceptualized as two levels of 

diversity of crop communities. HPs constitute intraspecific and SM interspecific diversity in crop 

communities. A crop community perspective makes ecological and evolutionary interactions an 

integral part of cropping systems at multiple levels of diversity. SM and HP are two promising 

approaches for diversified ecological cropping systems with increased resilience and reduced 

dependency on external inputs. Chapter 1 identifies key challenges for research and practice that 

are addressed by this thesis. 

A key challenge for crop communities at the intraspecific level is to combine effective selection 

to improve HPs while maintaining intraspecific diversity in the breeding process. Chapter 2 

reports on an experimental selection study addressing this challenge. A hydroponic system was 

tested for its suitability to non-destructively assess root traits on a population level in order to 

achieve genetic gain and maintain diversity. Forty wheat progenies were assessed non-

destructively and selected for long seminal root length (SRL) and 40 for short SRL from a wheat 

HP cultivated in a hydroponic system and grown to maturity. Their progenies were multiplied, 

and a subset evaluated again in a hydroponic system. Preliminary tests in soil and competition 

experiments with a model weed were performed. The hydroponic selection for long SRL led to an 

increase of SRL by 1.6 cm (11.6%) in a single generation. Heritability for selection of SRL was 

0.59. Selecting for short SRL had no effect. The preliminary soil-based test confirmed increased 

shoot length but not increased SRL. Preliminary competition experiments point to slightly 

improved competitive response of wheat progenies but no improved competitive effect on 

mustard. These results indicate a heritable selection effect for SRL on a population level, 

combining genetic gain and intraspecific diversity. Effects of a magnitude that can directly be 

harnessed in farming practice were not achieved, however. 
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Chapter 3 reports on the second experimental study focused on the challenge to investigate 

crop communities at the intra- and interspecific level of diversity simultaneously. Inter- and 

intraspecific diversity were evaluated in combination using 15 wheat entries in wheat-pea 

species mixtures and monocultures. Homogeneous line cultivars and HPs from central Europe 

and Hungary and one winter pea cultivar were tested under organic conditions. Monocultures 

and wheat-mixtures were evaluated multifunctionally for yield, quality, land use efficiency, crop 

protection and wheat entry traits. Mixtures increased cereal grain quality, weed suppression, 

resource use efficiency, yield gain and reduced lodging. Effects were stronger in 2018/19, 

characterized by dry and nutrient poor conditions than in 2019/20 when nutrient levels were 

higher. Wheat entries varied considerably for protein content and yield in both, mixtures and 

monocultures. Under higher nutrient availability, entry-based variation was reduced in both 

systems and peas were suppressed. Due to low disease pressure, mixture effects on disease were 

low and wheat entries varied little in disease protection services. The multicriteria framework 

identified stability of yields, yield gains and quality under high environmental variability of 

mixtures as clear agronomic advantages with HPs being considerably more stable than line 

cultivars. Some line cultivars outperformed heterogeneous populations for either protein content 

or yield across environments but not both simultaneously. Trait analysis revealed a possible link 

between harvest index and reduced competition in mixtures, which can increase yield 

performance in specific line cultivars. System-cultivar interactions were generally low but were 

highly dependent on the environmental conditions. Consequently, while cultivar breeding for 

mixtures can be successful in monocultures, high environmental variation highlights the 

necessity of evaluating wheat entries in mixtures. In addition, the use of intraspecific diversity 

within interspecific mixed cropping systems can be a valuable addition to further improve crop 

community performance and its stability under increasing environmental stresses due to climate 

change. 

Chapter 4 reports on a qualitative social scientific in-depth investigation focusing on challenges 

and opportunities of SM in farming practice. Many agronomic studies have shown the advantages 

of SM, but for food grain production they represent only a small niche. Empirical studies that 

investigate reasons for SM adoption in food grain production are scarce. Here I present an in-

depth study based on qualitative expert interviews with nine farmers. By means of interpretative 

analysis and reconstruction, socially shared models of SM adoption were built to identify the five 

main factors for SM adoption: (1) perceived relative mixture performance compared to sole 

crops, (2) suitability within the farm context, (3) challenges and opportunities in mixture 

management due to increased complexity, (4) knowledge and technology as resources to handle 
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mixture management and (5) quality standards in the food value chain. Relative performance was 

perceived as higher for SM than for sole crops for crop protection, nutrient efficiency, farm 

diversification, total yield stability and grain quality. The yield stability of individual crop species 

in SM was perceived as lower and grain impurities higher, requiring increased separation efforts. 

The economic potential of SM was perceived as highly variable, depending on crop value and post-

harvest efforts to attain food quality. Reconstructing the mixture management process revealed 

that the interspecific plant interactions and emergent mixture attributes increased the cropping 

system complexity and affected the entire farming process. Adopting SM required knowledge 

about species interactions, mixture attributes and equipment settings. Large knowledge gaps for 

food SM were identified. The complexity of SM also provided opportunities for farmers to design 

mixtures that allow competition control (alternate rows) or avoid separation (relay mixtures). 

The main conclusions are: (1) increased complexity is a basic property of SM compared to sole 

crops, enabling advantages and increasing the option space to develop new sustainable cropping 

systems, (2) specific knowledge and technology are required for SM and are not accessible for 

most farmers, requiring new information channels and (3) new food SM should be developed 

more systematically, taking into account mixture properties and their effects on the farming 

process, as well as needs from the food value chain. 

In chapter 5 I evaluate to what extent the identified challenges have been addressed. I discuss 

a community evolution perspective including diversity at the intra- and interspecific level as 

possible solution for challenges encountered in evolutionary breeding at the intraspecific level. I 

continue by discussing the contribution of complementarity and facilitation at the intra-, and 

interspecific level to the functions of the studied agroecosystems. To foster a strategic research 

approach for agroecology, I identify the spatio-temporal design of crop communities and its 

interplay with agroecological interactions, farm management and economics as a promising 

research priority. I conclude by delivering a – hitherto missing – explicit definition and conceptual 

model for crop communities and crop community systems to clarify terms and stimulate 

creativity of the future research process. 
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Kurzzusammenfassung 

Diese Dissertation verbindet experimentelle Arbeiten zu heterogenen Pflanzenpopulationen 

(HP) und Artenmischungen (AM) mit einem sozialwissenschaftlichen und partizipativen Ansatz. 

HPs stellen die intraspezifische und AM die interspezifische Vielfalt in 

Kulturpflanzengemeinschaften dar. Eine zentrale Herausforderung für die genetische 

Verbesserung von HPs im Wurzelbereich besteht darin, eine wirksame Selektion zur 

Verbesserung der HPs mit der Erhaltung der intraspezifischen Vielfalt zu kombinieren. Ein 

hydroponisches System wurde auf seine Eignung zur zerstörungsfreien Erfassung und Selektion 

von Wurzelmerkmalen auf Populationsebene getestet, um einen züchterischen Fortschritt zu 

erzielen und die Vielfalt zu erhalten (Kapitel 2). Die hydroponische Selektion auf lange Wurzeln 

führte zu einem Anstieg der Wurzellänge um 1,6 cm (11,6 %) in einer Generation bei einer 

Heritabilität von 0,59. Eine weitere Herausforderung ist die multifunktionale Evaluation von AM 

und die Eignung von HP und Sorten beim Weizen für den Anbau in AM. Der Effekt einer 

Beimischung einer Wintererbsensorte zu Weizen wurde mit sieben Weizen-HP und acht 

Liniensorten aus Mitteleuropa und Ungarn unter ökologischen Bedingungen im Verhältnis 50% 

Erbsen und 70% Weizen im Vergleich zu den jeweiligen Reinbeständen geprüft (Kapitel 3). Die 

AM erhöhten die Getreidequalität, die Unkrautunterdrückung und die Ressourceneffizienz. Im 

Vergleich zu Erbsen in Reinsaat gingen die Bestände kaum ins Lager. Die Effekte waren in der 

Saison 2018/19, die durch trockene und nährstoffarme Bedingungen gekennzeichnet war, 

stärker als in der Saison 2019/20, in der der Nährstoffgehalt höher war. Bei höherer 

Nährstoffverfügbarkeit wurde die Ertragsvariation in beiden Systemen reduziert und Erbsen 

wurden unterdrückt. HPs waren in Bezug auf Ertrag und Proteingehalte stabiler als Liniensorten. 

Abhängig vom Jahr übertrafen unterschiedliche Liniensorten die heterogenen Populationen in 

Qualität oder Ertrag. Um die wichtigsten Faktoren für die Nutzung von AM in der Praxis zu 

ermitteln, wurden auf der Grundlage von Interviewdaten mit Landwirten, die AMs anbauen 

soziale Repräsentationen erstellt (Kapitel 4). Sie umfassen (1) die relative Leistung von AM, (2) 

die Eignung im betrieblichen Kontext, (3) die Herausforderungen und Chancen beim 

Management aufgrund erhöhter Komplexität, (4) Wissen und Technologie als Ressourcen beim 

Management und (5) Qualitätsstandards. Das raum-zeitliche Design von 

Kulturpflanzengemeinschaften und die agrarökologischen Interaktionen mit der Praxis werden 

als Forschungsschwerpunkt diskutiert (Kapitel 5). Die Arbeit schließt mit einer Definition und 

einem konzeptionellen Modell für Kulturpflanzengemeinschaften. 
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Vollständige Zusammenfassung 

Das gesamte Lebensmittelsystem, einschließlich der Pflanzenzüchtung, der landwirtschaftlichen 

Technologie und der Lebensmittelverarbeitungstechnologie, wurde für großflächige 

Monokulturen optimiert. Dies hat schädliche Folgen für die Umwelt und die langfristige 

Nachhaltigkeit unserer Lebensmittelversorgung. Dieses Monokultur-Paradigma reduziert die 

ökologischen Wechselwirkungen und die Vielfalt in den Anbausystemen erheblich.  

Diese Arbeit kombiniert experimentelle Arbeiten zu Artenmischungen (AM) und heterogenen 

Pflanzenpopulationen (HP) mit einem sozialwissenschaftlichen und partizipativen Ansatz. In 

Kapitel 1 werden Kultur-Pflanzengemeinschaften - ein Begriff, der 1987 in die Agrarökologie 

eingeführt wurde - als Konzept zur Integration verschiedener Ansätze zur Diversifizierung 

landwirtschaftlicher Systeme vorgestellt. AM und HP können als zwei Ebenen der Vielfalt von 

Kultur-Pflanzengemeinschaften (KPG) betrachtet werden. HP stellen die intraspezifische und SM 

die interspezifische Vielfalt in KPG dar.  Ökologische und evolutionäre Interaktionen sind ein 

integraler Bestandteil von KPG. AM und HP sind zwei vielversprechende Ansätze für 

diversifizierte ökologische Anbausysteme mit erhöhter Resilienz und geringerer Abhängigkeit 

von externen Betriebsmitteln.  In Kapitel 1 werden die wichtigsten Herausforderungen für 

Forschung und Praxis abgeleitet, die in den folgenden Kapiteln bearbeitet werden. 

Kapitel 2 beschreibt eine experimentelle Selektionsstudie. Eine zentrale Herausforderung für 

KPG auf intraspezifischer Ebene besteht darin, eine wirksame Selektion zur Verbesserung der 

HPs mit der Erhaltung der intraspezifischen Vielfalt im Züchtungsprozess zu kombinieren. Ein 

hydroponisches System wurde auf seine Eignung zur zerstörungsfreien Erfassung von 

Wurzelmerkmalen auf Populationsebene getestet, um einen Zuchtfortschritt zu erzielen und 

gleichzeitig die Vielfalt zu erhalten. Vierzig Weizennachkommen wurden zerstörungsfrei 

phänotypisiert und auf lange Samenwurzellänge (SWL) und 40 auf kurze SWL aus einer Weizen 

HP selektiert, die in einem hydroponischen System kultiviert wurde. Die Nachkommen wurden 

vermehrt und eine Teilmenge erneut in einem hydroponischen System phänotypisiert. Es wurden 

Vorversuche im Boden und Konkurrenzversuche mit einem Modellunkraut durchgeführt. Die 

hydroponische Selektion auf lange SWL führte zu einem Anstieg der SWL um 1,6 cm (11,6 %) in 

einer einzigen Generation. Die Heritabilität für die Selektion der SWL betrug 0,59. Die Selektion 

auf kurze SWL hatte keinen Effekt. Der vorläufige Bodentest bestätigte eine erhöhte Trieblänge, 

aber keine erhöhte SWL. Vorläufige Konkurrenzexperimente deuten auf eine leicht verbesserte 

Konkurrenzreaktion der Weizennachkommen hin, jedoch nicht auf eine verbesserte 

Konkurrenzwirkung gegenüber Senf. Diese Ergebnisse deuten auf einen vererbbaren 
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Selektionseffekt für SWL auf Populationsebene hin, der Zuchtfortschritt und intraspezifische 

Diversität kombiniert. Die beobachteten Effekte reichen derzeit noch nicht für eine praktische 

Nutzung in der Landwirtschaft. 

Kapitel 3 beschreibt die zweite experimentelle Studie, die sich mit der Herausforderung 

befasst, KPG gleichzeitig auf der Ebene der intra- und interspezifischen Vielfalt zu untersuchen. 

Zu diesem Zweck wurden 15 Weizensorten und HP in Weizen-Erbsen-Artenmischungen und 

Monokulturen untersucht. Homogene Liniensorten und HPs aus Mitteleuropa und Ungarn sowie 

eine Wintererbsensorte wurden unter ökologischen Bedingungen getestet. Monokulturen und 

Weizenmischungen wurden multifunktional auf Ertrag, Qualität, Landnutzungseffizienz und 

Pflanzengesundheit hin untersucht. Außerdem wurden morphologische und phänologische 

Merkmale beim Weizen erfasst. Die AM steigerten die Getreidequalität, die 

Unkrautunterdrückung, die Ressourcennutzungseffizienz, den Ertragszuwachs und verringerten 

die Lagerbildung im Vergleich zu den Monokulturen. Die Auswirkungen waren in der Saison 

2018/19, die durch trockene und nährstoffarme Bedingungen gekennzeichnet war, stärker als 

2019/20, als der Nährstoffgehalt höher war. Die Weizensorten und HP unterschieden sich in 

Bezug auf Proteingehalt und Ertrag sowohl in Mischungen als auch in Monokulturen erheblich. 

Bei höherer Nährstoffverfügbarkeit wurde die Variation zwischen den Sorten und HP in beiden 

Systemen reduziert und Erbsen wurden unterdrückt. Aufgrund des geringen Krankheitsdrucks 

waren die Auswirkungen von AM auf Krankheiten gering, und die Weizensorten und HP 

unterschieden sich nur wenig in Bezug auf den Schutz vor Krankheiten. Der multikriterielle 

Bewertungsrahmen identifizierte die Stabilität von Erträgen, Ertragssteigerungen und Qualität 

bei hoher Umweltvariabilität als klare agronomische Vorteile, wobei HPs deutlich stabiler waren 

als Liniensorten. Einige Liniensorten übertrafen HP in Bezug auf den Proteingehalt oder den 

Ertrag unter verschiedenen Umwelteinflüssen, aber nicht für beide Parameter gleichzeitig. Eine 

Merkmalsanalyse ergab einen möglichen Zusammenhang zwischen dem Ernteindex und einer 

geringeren Konkurrenz in Mischungen, was die Ertragsleistung bestimmter Liniensorten 

erhöhen kann. Die Wechselwirkungen zwischen System und Sorte/HP waren im Allgemeinen 

gering, hingen aber stark von den Umweltbedingungen ab. Folglich kann die Züchtung von Sorten 

für Mischungen in Monokulturen zwar erfolgreich sein, aber die hohe Umweltvariabilität 

unterstreicht die Notwendigkeit, die Weizensorten und HP in Mischungen zu evaluieren. Darüber 

hinaus kann die Nutzung der intraspezifischen Vielfalt in AM eine wertvolle Ergänzung sein, um 

die Leistung der KPG und ihre Stabilität unter den zunehmenden Herausforderungen durch den 

Klimawandel weiter zu verbessern. 
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Kapitel 4 beschreibt eine qualitative sozialwissenschaftliche Untersuchung, die sich auf die 

Herausforderungen und Chancen von AM in der landwirtschaftlichen Praxis konzentriert. Viele 

agronomische Studien haben die Vorteile von Artenmischungen aufgezeigt, aber für die 

Nahrungsmittelproduktion im Ackerbau stellen sie nur eine kleine Nische dar. Empirische 

Studien, die die Gründe für den Einsatz von AM in der Nahrungsmittelproduktion detailliert 

untersuchen, fehlten bisher. In diesem Kapitel wird eine Studie vorgestellt, die auf qualitativen 

Experteninterviews mit neun Landwirten basiert. Mittels interpretativer Analyse und 

Rekonstruktion wurden qualitative soziologische Modelle (soziale Repräsentationen) erstellt, um 

die fünf wichtigsten Faktoren für die Implementierung von AM in der landwirtschaftlichen Praxis 

zu ermitteln: (1) die wahrgenommene relative Leistung von AM im Vergleich zu Monokulturen, 

(2) die Eignung von AM im betrieblichen Kontext (3), Herausforderungen und Chancen im 

Management der AM aufgrund der erhöhten Komplexität, (4) Wissen und Technologie als 

Ressourcen für das Management der AM und (5) Qualitätsstandards in der Wertschöpfungskette 

für Lebensmittel. Die relative Leistung von AM wurde in Bezug auf Pflanzenschutz, 

Nährstoffeffizienz, betriebliche Diversifizierung, Gesamtertragsstabilität und Kornqualität als 

höher eingeschätzt als bei Monokulturen. Die Ertragsstabilität der einzelnen Pflanzenarten in AM 

wurde als geringer und die Kornverunreinigungen als höher eingeschätzt, was einen erhöhten 

Trennungsaufwand erfordert. Das wirtschaftliche Potenzial von AM wurde als sehr variabel 

eingeschätzt, abhängig vom Marktwert der jeweiligen Kultur und dem Aufwand der Aufbereitung 

der Ernte zur Erreichung der Lebensmittelqualität. Die Rekonstruktion des Prozesses des 

Managements der AM in den Betrieben ergab, dass die interspezifischen Pflanzeninteraktionen 

und die emergenten Eigenschaften der AM die Komplexität des Anbausystems erhöhen und den 

gesamten Anbauprozess beeinflussen. Die Einführung von AM erforderte Kenntnisse über die 

Wechselwirkungen zwischen den Arten, die Eigenschaften der AM und die Einstellungen der 

landwirtschaftlichen Technik. Es wurden große Wissenslücken im Bereich der AM für die 

Lebensmittelproduktion im Ackerbau festgestellt. Die Komplexität von AM bot den Landwirten 

aber auch die Möglichkeit, AM zu entwickeln, die eine Kontrolle der Konkurrenz ermöglichen 

(abwechselnde Reihen) oder eine Trennung vermeiden (zeitlich gestaffelte AM). Die wichtigsten 

Schlussfolgerungen sind: (1) Die erhöhte Komplexität ist eine grundlegende Eigenschaft von AM 

im Vergleich zu Monokulturen. Diese ist die Grundlage der Vorteile von AM und erweitert den 

Optionsraum für die Entwicklung neuer nachhaltiger Anbausysteme, (2) für AM sind spezifische 

Kenntnisse und Technologien erforderlich, die für die meisten Landwirte nicht zugänglich sind, 

so dass neue Informationskanäle erforderlich sind, und (3) neue Lebensmittel-AM sollten 

systematischer entwickelt werden, wobei die Eigenschaften der AM und ihre Auswirkungen auf 
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den Anbauprozess sowie die Anforderungen der Wertschöpfungskette für Lebensmittel 

berücksichtigt werden sollten. 

Kapitel 5 der vorliegenden Arbeit greift die Ergebnisse der empirischen Studien auf und 

beschreibt in welchem Maße die identifizierten Herausforderungen gelöst wurden. Es wird ein 

Modell der Evolution von Kulturpflanzengemeinschaften eingeführt, die die Vielfalt auf intra- und 

interspezifischer Ebene einbezieht. Dies könnte eine mögliche Lösung für die Herausforderungen   

in der evolutionären Züchtung auf intraspezifischer Ebene sein. Im Folgenden wird die Rolle 

positiver und negativer ökologischer Interaktionen zwischen den Kulturpflanzenarten in AM und 

der intra- und interspezifischen Vielfalt für die Funktionen von Agrarökosystemen erörtert. Um 

einen strategischen Forschungsansatz für die Agrarökologie zu stärken, wird das räumliche 

Design von Kulturpflanzengemeinschaften und ihr Zusammenspiel mit agrarökologischen 

Interaktionen, landwirtschaftlicher Praxis und Ökonomie als ein vielversprechender zukünftiger 

Forschungsschwerpunkt herausgearbeitet. Abschließend wird eine – bisher fehlende – explizite 

Definition und ein konzeptionelles Modell für Kulturpflanzengemeinschaften vorgestellt, um 

diese grundlegenden Begriffe zu klären und die Kreativität des zukünftigen Forschungsprozesses 

zu fördern. 
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1 General Introduction 

“In nature, nothing exists alone” (Rachel Carson, Silent Spring 1962) 

 

In this thesis I follow the conjecture of Brooker et al. (2021) that agroecology can strongly profit 

from a stronger integration of modern plant ecology and agronomy. This approach enables to link 

recent insights on the interaction between crop species and populations such as facilitation and 

agricultural sciences focusing on the production function of crops. 

In chapter 1 I introduce key concepts and empirical results about approaches to diversify 

cropping systems to enable an integration of crop species interaction into cropping systems while 

also addressing agronomic questions. Throughout this chapter, I identify key challenges for 

diversification that have been addressed in this thesis and conclude with a thesis outline based 

on the identified challenges. 

1.1 From Monocultures to Multifunctional Crop Communities 

The entire food system, including agricultural technology, food processing technology and 

breeding has been optimized for the system of large-scale monocultures (Meynard et al., 2013, 

201, 2018; Magrini et al., 2016). Monocultures have some clear advantages such as economic 

scale effects enabling use of large machinery to reduce labor cost and increasing economic 

efficiency through specialization in knowledge and technology for production and processing. 

Monocultures can be considered at multiple levels of biological and ecological organization 

from the intra- to the interspecific and landscape level (Finckh and Wolfe, 2015).  Intensified 

breeding led to a dominance of  genetically homogeneous line cultivars, clone cultivars and hybrid 

cultivars  leading to intraspecific homogeneity (Becker, 2019). Large-scale single species 

cropping systems are the norm in conventional but also organic agriculture resulting in 

interspecific homogeneity (AMI, 2017). Finally, the production of crops and animals has 

increasingly become separated in central European landscapes. 

In research on arable farming the focus is to develop technology to eliminate organisms except 

the crop species. Species interactions, i.e. community ecology level aspects are studied under the 

framing of negative impacts on crops by weeds, herbivores and pathogens (Gliessman, 1987, 

2015). Crop management in this paradigm strives to eliminate ecological interactions between 

crops and other plants (weeds as competitors), crops and insects (herbivores, disease vectors) or 
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crops and microorganisms (pathogens) by chemical or mechanical means. The consequence of 

such an approach of elimination of ecological interactions in science and farming practice is a 

large scale monocultural production system that is designed for the purpose of industrial 

commodity production alone, ignoring other ecosystem functions. 

The agricultural system that praises monocultures at all levels for their economic and technical 

efficiency, increasingly shows its negative effects on biodiversity, soil, climate and human health. 

The latest synthesis report of the Intergovernmental Science-Policy Platform on Biodiversity and 

Ecosystem Service (IPBES) states that intensification of agriculture and use of agrochemicals are  

major causal factors leading to the loss of biodiversity and ecosystem functions - despite an 

increasing proportion of organic agriculture (IPBES, 2018). A recent report of the Scientific 

Council for Biodiversity and Genetic Resources summarized the impacts of high-input agriculture 

in Germany, such as declining bird and insect populations due to reduced diversity of wild flora 

and crop plants as food source and non-target-effects of insecticides  (WBBGR, 2018). The much 

cited “Krefeld-Study” discovered a massive decline of insect biomass by 75% over 27 years, 

although there are debates about the contribution of agriculture to this phenomenon (Hallmann 

et al., 2017). Intensive agriculture does not only negatively affect our environment but starts to 

undermine its very own basis, for example, by having major impacts on pollinators through toxic 

pesticides and reduced food resources caused by a simplified agricultural landscape (IPBES, 

2016). In addition, long-term effects of external inputs such as glyphosate could have significant 

repercussions for human health and microbial communities (van Bruggen et al., 2018, 2021). 

High-input single species cropping systems are highly vulnerable to unpredictable climatic 

conditions and extreme weather events that are the result of climate change (IPCC, 2021, Chapter 

11). Additionally, they rely on fossil fuel-based nitrogen fertilizers and plant protection chemicals 

for reliable productivity. Nitrogen fertilizer production requires 65-100 MJ per kg with associated 

emissions of 2.1-5.5 kg CO2 equivalents per kg (Jensen et al., 2020). 

Recognition of the relevance of biodiversity for increasing sustainability in agriculture is 

widespread in agroecological research (Altieri, 1999; Altieri and Nicholls, 2017; Finckh et al., 

2021) and the most recent report of the IPCC on impacts, adaptation and vulnerability recognized 

agricultural diversification as promising approach for effective climate change adaptation (IPCC, 

2022). Simply appraising biodiversity in agriculture falls short of the deep conceptual change 

required to make biodiversity an integral part of agricultural production systems and not only an 

associated element. 

Agroecology can be considered a contrasting paradigm to agriculture based on large-scale 

monocultures. Gliessman suggested a community ecology perspective on cropping systems and 
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highlighted the relevance of ecological interactions and their management for positive outcomes 

for agriculture instead of interrupting ecological interactions by chemical or mechanical means. 

Gliessman coined the term of crop communities by emphasizing “the value of the emergent 

qualities of crop communities as a result of species interactions” (Gliessman, 1987, p. 161, 

emphasis added). The concept of crop communities with its focus of ecological interactions as 

integral part of the cropping system is fundamentally different from a paradigm that strives to 

eliminate ecological interactions between different crop species and crops and other organisms 

such as microorganisms, insects, birds or mammals.  

By changing the perspective from elimination of ecological interactions to crop communities 

and embracing ecological interactions as a source of benefits for agriculture Gliessman changes 

the target of agricultural science as well as the unit of practical farm management. “With this 

understanding it becomes a question of how to arrange the mixtures, or design a crop community, 

so that a management strategy can be employed that is of benefit to the entire agroecosystem.” 

(Gliessman, 1987, p. 161). Such a crop community perspective opens the path towards managing 

species interactions for the benefit of the farm by reducing competition, increasing 

complementarity and fostering facilitation. 

The first challenge addressed in this work is to integrate the basic nature of biological diversity 

and crop communities into the frame of cropping system evaluation. In this case insights from 

fundamental research on biodiversity and ecosystem functioning is highly instructive. A major 

effect of plant species diversity in natural ecosystems and cultivated grass lands is an increase of 

ecosystem multifunctionality (Hector and Bagchi, 2007; Gamfeldt et al., 2008; Isbell et al., 2011, 

2017; Suter et al., 2021). Consequently, taking a multifunctional perspective on the performance 

evaluation of arable cropping systems is needed to fully appraise cropping system diversity 

(Huang et al., 2015; Schmidtke, 2021).  

Gliessman also already addressed another key attribute of crop communities, i.e. their multiple 

levels of diversity by stating that “Community ecology focuses on organisms as they function as 

members of populations or as interacting populations of different species” (Gliessman, 1987, p. 

160). This represents the second identified challenge and leads to the two levels of diversity in 

crop communities addressed in this thesis and their interaction, namely intraspecific and 

interspecific biodiversity. 
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1.2 Intraspecific Diversity in Crop Communities: 

Heterogenous Populations 

The first level of crop communities addressed in this thesis is intraspecific diversity. At this level 

of biodiversity in crop communities, key evolutionary processes take place either by means of 

plant breeding or/and natural evolution. 

Scientists in the United States pioneered the development of including biodiversity at the 

intraspecific level of crop communities through genetically diverse populations of barley (Harlan 

and Martini, 1929) followed by the work of Suneson who coined the term  “evolutionary 

breeding” (Suneson, 1956). In evolutionary breeding diversity is not reduced by means of human 

selection to a high level of homogeneity to maximize breeding progress but a combination of 

conscious selection and natural evolution (selection and drift) is allowed to act on complex crop 

populations to enable evolutionary adaptation. This line of work inspired European researchers 

to further investigate evolutionary breeding and to develop heterogenous populations (HP) of 

crops (Goldringer et al., 2001; Finckh, 2008; Wolfe et al., 2008; Döring et al., 2011; Ceccarelli and 

Grando, 2020). Considerable progress was achieved recently by means of long-term research on 

HPs. For example, contrary to the belief that diversity in self-fertilized crops decreases over many 

generations, hindering their further evolutionary adaptation, diversity remains high in wheat 

populations even after many years if effective population size is maintained sufficiently large 

(Brumlop et al., 2019, 2019). Analysis of yield data for up to 13 years provides robust evidence, 

that HPs are highly adaptive to environmental stress and provide higher yield stability than 

genetically homogeneous line cultivars in cereals (Weedon and Finckh, 2019, 2021).  To harness 

these advances in farming practice a HP that evolved at the University of Kassel under organic 

conditions for 13 years was licensed under an open source agreement under the name of 

‘EQuality' (OSS, 2020). The new EU Organic Regulation 2018/848 came into force in 2022 to 

provide a legal framework for heterogeneous organic materials, enabling their further 

mainstreaming. 

The third challenge addressed in this work in population breeding is to combine effective 

selection methods and breeding progress for key traits while maintaining intraspecific diversity 

that confers stress resilience. Thus far, studies in the field of wheat breeding focus either strongly 

on genetic gain (Rutkoski, 2019) or maintaining diversity (Brumlop et al., 2019). One strategy is 

to select lines that vary in a target trait while being homogeneous for traits influencing agronomy 

such as the time of ripening, the so-called multiline approach (Mundt, 2002). This approach is 

very resource-demanding due to multiple backcrosses that are required.  Another less resource-
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demanding approach is to build on HPs to carry out non-destructive mass selection that maintains 

population level diversity. This would allow to combine both aspects in a novel way, enabling the 

selection of new genetic material that is genetically diverse and carries highly valuable traits. 

1.3 Interspecific Diversity in Crop Communities: Species 

Mixtures 

The second level of diversification of cropping systems addressed in this work are crop species 

mixtures, also called intercrops, defined by their spatio-temporal overlap within a cropping 

system: “Intercropping, or crop mixture, is defined as the cultivation of two or more crops in the 

same space and for a significant part of their growing periods” (Willey, 1979). 

Species mixtures (SMs) or intercrops are a key diversification strategy in agriculture on the 

species level (Finckh and Wolfe, 2006, 2015). SMs can potentially increase resource efficiency 

with respect to light, nutrients and water due to complementary resource foraging traits, enabling 

crop species to access different resource pools (Bedoussac et al., 2015; Brooker et al., 2014). 

Facilitation, i.e. increased access for a crop species to a resource enabled by another crop species, 

is another mechanism contributing advantages of SM. For example, Poaceae including cereals, 

mobilize zinc and iron under alkaline soil conditions by exudating high-affinity Fe(III)-chelating 

phytosiderophores. The condition of Guave and peanut suffering from iron chlorosis in alkaline 

soils can be improved when grown in mixture with maize (Li et al., 2014). A range of legumes 

such as faba bean, pigeon pea and chick pea have a highly efficient mechanism to make 

immobilized phosphorus available for themselves and cereals (Li et al., 2014). Another potential 

advantage of SMs is increased yield stability due to different responses of the component species 

to environmental factors (Raseduzzaman and Jensen, 2017) although the component yields can 

even be more variable due to species interactions compared to monocultures. Species mixtures 

have specific epidemiological interactions with pathogens due to distance (or density) and 

barrier effects (Boudreau, 2013), i.e. a dilution of the host population for the pathogen. This can 

reduce the impact of pathogens and therefore also plant protection inputs. In addition, family-

level species mixtures can pose strong constraints on pathogen evolution and virtually no 

specialized pathogen can adapt to severely attack different plant species or families (Finckh and 

Wolfe, 2006, p. 275). 

Cereals and legumes have a large degree of complementarity with respect to their resource 

foraging strategies and respective functional traits and population structure (Abbo et al., 2009, 

table 1, p.33). Cereals are highly competitive for soil-nitrogen enabled by their filamentous root 
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system, form dense stands and have a self-supporting canopy architecture to compete for light 

and dispersal opportunities. In contrast, climbing legumes such as peas or lentils are much less 

competitive for soil nitrogen but access atmospheric nitrogen through their tap roots harboring 

nitrogen fixing rhizobia. Peas do not have a self-supporting canopy but tendrils to climb on 

neighboring plants (of another species) and lower population density. Tendrils are highly 

adaptive and allow to exploit investments of other species in mechanic structures to reach light 

and sufficient height for dispersal (Gianoli, 2004). This ecological and biological complementarity 

is due to their evolutionary history and ecology of their wild progenitors that still strongly affects 

the fundamental architecture and ecological adaptations of our contemporary crop legumes and 

cereals (Abbo et al., 2009). Wild progenitors of crop legumes and cereals shared a common area 

of distribution and type of ecosystem in the fertile crescent enabling co-evolution and likely were 

domesticated in close association to harness this complementarity in arable cropping systems 

(Zohary et al., 2012; Zohary and Hopf, 1973). 

Cereal-legume mixtures have been identified as a very promising type of mixture in agriculture 

due to increased weed suppression, protein contents and resource use efficiency (Bedoussac et 

al., 2015). Specifically, wheat pea mixtures could be promising either for fodder or baking wheat 

production (Mamine and Farès, 2020). 

There is a considerable amount of research on cultivar effects in cereal-legume mixtures 

(Hauggaard-Nielsen and Jensen, 2001; Annicchiarico et al., 2017, 2019; Baxevanos et al., 2017; 

Haug et al., 2021; Demie et al., 2022).  Hitherto, a systematic evaluation of cereal cultivar effects 

is missing, especially a comparison of homogenous line cultivars with HPs. Consequently, the 

fourth challenge for crop communities identified here is to assess wheat diversity in SMs. 
 

1.4 Making Crop Communities Relevant in Farming Practice 

Despite this potential of crop communities for farming, their adoption in practice is low, 

especially for food grain production. SM for grain production have nearly disappeared in 

industrialized agriculture (Anders et al., 1995). Grassland mixtures, cover crop mixtures and 

grass-clover mixtures are relatively common in organic agriculture but arable SM for food grains 

are a tiny niche even in organic agriculture.  All arable fodder grain intercrops represent only 

0,93% of the entire crop area in Germany dedicated to arable farming (AMI, 2017). No data are 

available for mixtures for food production. This raises the question of what is hindering adoption 

of species mixtures in farming practice for food grains and how these hindering factors can be 
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overcome. Empirical evidence for the adoption of SMs in German and European contexts is 

extremely scarce (Timaeus and Finckh, 2019). A range of studies that investigate the diffusion of 

mixtures in farming are available for tropical countries mostly addressing small-scale farming, 

e.g. tea-rubber mixtures in China (Leshem et al., 2010) or agroforestry systems in Brazil (Caviglia 

and Kahn, 2001). A focus of adoption studies on small-scale tropical agriculture is due to the belief 

that species mixtures are adapted for these agricultural systems (Brooker et al., 2014). 

Lemken et al. (2017) conducted a quantitative study to investigate the underlying causes 

hindering species mixture implementation in Germany. Due to the quantitative nature and the 

very low adoption rate of species mixtures in Germany their study sheds very little insights on 

the specific causes and processes influencing the diffusion of SM in practice. The fifth challenge 

addressed in this thesis is to shed light on the major factors that influence adoption of SM for food 

grains in farming practice.  

Lock-ins have often been diagnosed for diversification in agriculture in our contemporary 

agricultural system (Meynard et al., 2013, 2018). If lock-ins are caused at a systems level this 

requires a system perspective, taking the multiple levels of agriculture and the food system into 

account. A food system turn in agroecology was suggested to facilitate such a complex perspective 

and to harness system level levers for diversification (Francis et al., 2003; Gliessman, 2015, 2016). 

The sixth challenge for crop communities are therefore to take into account multiple levels of the 

food system. 

The approach taken for this thesis strove to achieve stakeholder inclusion and a 

transdisciplinary perspective to include rigorous scientific methods as well as experiential 

knowledge by practitioners to achieve real world relevance. This represents the seventh 

challenge addressed by this thesis (Table 1). A range of stakeholder workshops and on-farm 

experiments were conducted that are not part of the formal analysis of this work but were crucial 

to gain access to interviewees and to make the qualitative analysis and reconstruction more 

robust and reflexive. This process is documented in published articles (Hauggaard-Nielsen et al., 

2020; Salembier et al., 2021) and in a report available online1. 

 

 
1 biokulturorg.files.wordpress.com/2018/06/bericht-mischkultur-workshop14-4-18-
witzenhausen.pdf 
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1.5 Crop Community Challenges Addressed: Thesis Outline 

The research presented here aimed to increase our understanding and to critically assess the 

potential of species mixtures and crop populations and how they can be brought into farming 

practice and to identify potential routes for innovation. The research approach for this thesis was 

interdisciplinary by combining bio-ecological and agronomic experiments in the green-house, 

field experiments and qualitative social science methods. Table 1 summarizes the addressed 

challenges, the major insights and literature they are based on, the related thesis chapter, the 

empirical data used and the major analytical approach chosen. 

After having set the scene with a crop community perspective on multiple levels of crop 

diversity in chapter 1, chapter 2 reports on the non-destructive phenotyping and selection 

experiments of wheat HPs in a hydroponic system to evaluate the heritability of root selection 

and to combine genetic gain while maintaining intraspecific diversity. This work has been 

published in the journal Sustainability (Timaeus et al., 2021). 

Chapter 3 reports on field experiments for a multifunctional evaluation of wheat-pea mixtures 

including yield, grain quality, resource efficiency and plant health compared to the respective 

monocultures. To gain a deeper understanding of diversity in crop communities at multiple levels, 

wheat line cultivars and HPs were compared for their impact on mixture performance. In 

addition, key plant traits and their impact on mixture performance were studied, including 

harvest index and plant phenology. This work has been published in the journal Frontiers in Plant 

Science (Timaeus et al., 2022b). 

Chapter 4 reports on a qualitative and in-depth social scientific study that was conducted to 

explore key factors for the diffusion of SMs in farming practice for food grain production. The 

farming process from mixture design and cultivation to harvest and post-harvest processes is 

reconstructed in detail and the food system context is taken into account. Major levers to foster 

the diffusion of existing and innovation of new SM for food grain production were identified. This 

work has been published in the journal Agriculture (Timaeus et al., 2022a). 

Chapter 5 starts by discussing to what extent the outlined challenges have been addressed 

successfully. Then topics are discussed that transcend the individual studies to distill what their 

contribution is to the development of crop communities. I suggest solutions for some unresolved 

challenges. I conclude by identifying promising research priorities and delivering key definitions 

for future research. 

Within the frame of this dissertation seven project works/theses of students were supervised 

during which data collection and preliminary analyses were carried out. Specifically, chapter 4 is 
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based on data collected and some preliminary analysis carried out by Ties Ruigrok (Ruigrok, 

2019). Most of the work in this dissertation was part of the EU Horizon 2020 project ReMIX2. 

Further outreaching activities for crop communities and diversification approaches are available 

online in English3 and German4 language.  

  

 
2 www.remix-intercrops.eu 

3 www.agrodiversity.eu 

4 bio-kultur.org  
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Table 1 A summary of the identified challenges for crop communities addressed in this thesis. 
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2.1 Abstract 

To increase the resilience of agroecological farming systems against weeds, pests, and pathogens, 

evolutionary breeding of diversified crop populations is highly promising. A fundamental 

challenge in population breeding is to combine effective selection and breeding progress while 

maintaining intraspecific diversity. A hydroponic system was tested for its suitability to non-

destructively select root traits on a population level in order to achieve genetic gain and maintain 

diversity. Forty wheat progenies were selected for long seminal root length (SRL) and 40 for short 

SRL from a wheat composite cross population grown in a hydroponic system. Wheat progenies 

were multiplied, and a subset evaluated again in a hydroponic system. Preliminary tests in soil 

and competition experiments with a model weed were performed. The hydroponic selection for 

long SRL led to an increase of SRL by 1.6 cm (11.6%) in a single generation. Heritability for 

selection of SRL was 0.59. Selecting for short SRL had no effect. The preliminary soil-based test 

confirmed increased shoot length but not increased SRL. Preliminary competition experiments 

point to slightly improved competitive response of wheat progenies but no improved competitive 

effect on mustard. These results indicate a heritable selection effect for SRL on a population level, 

combining genetic gain and intraspecific diversity. 
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2.2 Introduction 

There is a strong need for cultivars that are bred and optimized for agroecological and organic 

farming systems (Lammerts van Bueren et al., 2011). An increasing organic sector requires 

cultivars adapted to organic farming (Winter et al., 2021). Reduced diversity in cropping systems 

is a major cause of their vulnerability to weeds, pests, and pathogens, requiring intense measures 

of plant protection either chemically or mechanically (Hallmann and von Tiedemann, 2019). In 

addition, homogeneous cropping systems can also be vulnerable to abiotic stresses such as 

increased weather variability under climate changes found in a recent study for wheat cultivars  

(Kahiluoto et al., 2019). Evolutionary breeding of composite cross populations (CCPs) has been 

developed to foster intraspecific diversity to enhance resilience against biotic and abiotic stresses 

that occur in organic and agroecologically managed farming systems (Suneson, 1956; Finckh, 

2008; Döring et al., 2011). Recent long-term studies provide robust evidence, by analyzing yield 

data for up to 13 years with stability indices, that CCPs are highly adaptive to environmental 

stress and provide higher yield stability than genetically homogeneous line cultivars in wheat 

(Brumlop et al., 2017, 2017; Weedon and Finckh, 2019, 2021). Diversity remains high in wheat 

populations even after many years if sufficient effective population sizes are maintained 

(Brumlop et al., 2019, 2019). Seeds of commercial wheat populations are already available (Spieß 

and Vollenweider, 2016). Recently, a CCP evolved at the University of Kassel under organic 

conditions for 13 years was licensed under an open source agreement under the name of 

‘EQuality'5. The new EU Organic Regulation 2018/848 will come into force in 2022 and will 

provide a legal framework for heterogeneous organic materials, enabling their further 

mainstreaming. 

A fundamental challenge in population breeding is to combine effective selection methods and 

breeding progress for key traits while maintaining intraspecific diversity that confers stress 

resilience. One strategy is to select lines that vary in a target trait while being homogeneous for 

traits influencing agronomy such as the time of ripening, the so-called multiline approach (Mundt, 

2002). This approach is very resource-demanding due to multiple backcrosses that are required. 

Another less resource-demanding approach is to carry out non-destructive mass selection of 

CCPs that maintains population level diversity. 

 

5 OSS Winterweizen “EQuality”. Available online: https://www.opensourceseeds.org/saatgut/winterweizen-equality 
(accessed on 15 February 2021). 
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Roots and their early development play a pivotal role in the efficient uptake of nutrients (An et 

al., 2006; Wang et al., 2016) and interaction with the soil microbiome (Reinhold-Hurek et al., 

2015; Hassani et al., 2018; Wille et al., 2019). Soil-less screening methods such as hydroponic 

systems allow for the efficient phenotyping of root traits in a non-destructive manner (Larsson, 

1982; Bertholdsson, 2011). A hydroponic system was successfully used to investigate changes in 

wheat CCPs root development after six and ten years of evolution in different farming systems 

(Bertholdsson et al., 2016; Vijaya Bhaskar et al., 2019a). In wheat CCPs evolving under organic 

farming conditions at the University of Kassel, seminal root length and root weight increased and 

total root length and specific root length decreased compared to CCPs evolving in a conventional 

system. Vijaya Bhaskar et al. (Vijaya Bhaskar et al., 2019b) showed that seminal root and shoot 

length of two-week-old plants in hydroponics was a good proxy for more complex plant traits 

such as total root length and early soil cover in the field. Seminal root length can easily be assessed 

in hydroponics in a non-destructive manner. This suggests that, provided enough individuals are 

selected to conserve population diversity, direct non-destructive selection for seminal root length 

in hydroponic conditions should speed up and complement evolutionary breeding. 

In this study, we tested whether a hydroponic system can be used to non-destructively select 

root traits from the wheat CCPs for high early vigor in order to increase genetic gain, while 

maintaining population diversity. Thus far, studies in the field of wheat breeding focus either 

strongly on genetic gain (Rutkoski, 2019) or maintaining diversity (Brumlop et al., 2019, 2019). 

This study aims to combine both aspects in a novel way, enabling the selection of new genetic 

wheat material that is genetically diverse and carries highly valuable root traits, while addressing 

the following research questions: Is selection for seminal root length in hydroponics heritable? 

How strong is the genetic gain achieved in one breeding cycle on a population level? 

To answer these questions, wheat plants were selected from a CCP for seminal root length in 

hydroponics and grown to maturity in soil substrate. Progenies of these plants were evaluated 

for selection effects in a hydroponic system. In addition, progenies with sufficient seed quantities 

available were additionally tested in soil substrate. Finally, the parental CCP and selected 

progenies were evaluated for their competitive effect on and competitive response to the model 

weed mustard. 
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2.3 Materials and Methods 

2.3.1 Plant Material 

The wheat composite cross population YQ used in this study was created in 2001 by the Organic 

Research Centre and the John Innes Institute in the UK. Out of a half-diallel cross of twenty wheat 

varieties, the progenies of the crosses of eight high-yielding (Y) x 11 baking-quality (Q) parents, 

plus all 19 parents crossed with cultivar Bezostaya, were combined (Döring et al., 2015). Since 

2005 (F5), the YQ CCP has been maintained at the University of Kassel under organic conditions 

as OYQ CCP without conscious selection, apart from removal of plants taller than 130 cm in the 

first three years. In 2006/07 (F6), it was split into two parallel non-mixing populations (OYQI and 

OYQII). Parallel populations allow for distinguishing random changes due to genetic drift and 

changes due to selective effects of the natural environment or farming systems (Weedon and 

Finckh, 2021). The OYQII F16 harvested in 2017 was used in this study. In addition, four 

contrasting commercial wheat cultivars were included as reference. Elixer is a short high-yielding 

cultivar, and Capo is a tall baking-quality cultivar. Kolompos is an early and fast-growing 

Hungarian baking-quality cultivar with high early vigor and early heading (Timaeus et al., 2021b). 

In addition to these conventionally bred cultivars, Butaro, an organically bred tall baking-quality 

cultivar, was included. 

2.3.2 Hydroponic System 

For the selection experiment, a hydroponic system based on Bertholdsson et al. (2016) and 

described in detail in Vijaya Bhaskar et al. (2019b) was used. A complete nutrient solution with a 

phosphate buffer (pH 6.5) was used. Stock solutions of macronutrients (for 2 L: Na2HPO42H2O - 

39 g, KH2PO4 - 68 g, KCL - 37 g, MgSO47H2O - 61 g, Ca(NO3)2 - 118 g) and micronutrients (for 1 L: 

FeCl36H20 - 27.53 g, MnCl24H2O - 1.39 g, ZnSO47H2O - 0.86 g, CuSO45H2O—0.20 g; H3BO3 - 0.099 

g and Na2MoO42H20 - 3.40 g) were prepared separately. Per 20 L container, 200 mL of the 

macronutrient and 100 mL of the micronutrient stock solution were added and filled with 

deionized water to achieve 2 mM N concentration. The nutrient solution was renewed after seven 

and ten days and aerated continuously by pumping air through the solution with a TetraTec APS 

(5l/min). The containers were placed in a greenhouse with 18/12 °C (day/night) temperature 

regime for 14 days at a photoperiod of 16 h day/8 h night. Seeds were placed in strips of 

cardboard with the embryo facing downwards. The lower part of the cardboard was ironed to 

prevent seeds from falling down, and filter paper strips were used as wicks and suspended over 
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special frames into the hydroponic containers. Per container, 14 rows with 12 seeds per row were 

accommodated. Row 1 and 14 as well as the outer plants of Rows 2 to 13 were sown with Capo 

as edge plants. 

2.3.3 Hydroponic Root Length Selection, Seed Propagation, and 

Evaluation 

On 4th November 2018, four containers were sown with OYQII F16 seeds. After 14 days, the 40 

individuals with the shortest seminal roots (Sel_S) and 40 individuals with the longest seminal 

roots (Sel_L) were selected out of 401 undamaged well-growing individuals. All 80 selected plants 

were immediately transferred into commercial peat-based potting soil without fertilizer in quick 

pots and vernalized for six weeks at 5° C with artificial lighting (photoperiod of 16 h day/8 h 

night) and then transplanted into 10 L pots. The pots contained a mixture of 30% C-horizon soil, 

60% commercial potting soil, 10% sand, and 20 g of hair meal pellets (14% N). Plants were grown 

for seed propagation in an unheated greenhouse without artificial lightning. Seeds of 78 plants 

could be harvested in June 2019, and thousand grain weight (TGW) and number of seeds 

produced were determined. Nine Sel_L and nine Sel_S progenies that produced sufficient seed for 

simultaneous evaluation in hydroponics and in pot tests while leaving enough seed for further 

propagation were evaluated in hydroponics in January 2020 with six replicates. Each half row per 

container was randomly assigned to a progeny or reference variety with six seeds each, resulting 

in a randomized complete block design. Replicates were sown consecutively every three days to 

allow sufficient time for handling and processing the plant samples after each harvest. Seminal 

root length (SRL) and primary shoot length (SL) were measured with a ruler. Fresh weights of 

roots (RFW) and shoots (SFW) were measured directly after harvest and dry weights (RDW and 

SDW) determined after drying at 105° C for 24 h. 

In a first preliminary study, the same selected progenies evaluated in hydroponics were grown 

in root training pots of 20 cm height to allow enough space for root growth. The soil substrate 

consisted of 40% C-horizon soil, 24% compost (1.1% N), 20% peat, and 16% sand. Biodegradable 

root sleeves were placed in the pots and then filled with the soil substrate. Two replicates with 

five plants per genotype were sown with genotypes randomized within each block. A single seed 

was sown per pot. The limited number of seeds available also constrained the number of 

replicates in this study. One row of Capo was sown in border pots to avoid edge effects. The plants 

were grown under the same conditions as the hydroponic experiment for four weeks. SRL, SL, 

RFW, RDW, SFW, and SDW were measured as in the hydroponic system after the careful cleaning 

of the roots. 
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2.3.4 Competition Experiment 

Of the eighteen progenies used in hydroponics, three Sel_S (213, 46, 37) and three Sel_L (145, 

191, 56) progenies were selected randomly for this experiment together with the parent OYQII 

CCP, Kolompos and Elixer. White mustard (Sinapis alba) was used as a model weed. Since white 

mustard is a domesticated plant, this model weed not only ensures homogeneous germination 

but also shares traits with relevant weeds in agriculture, such as wild mustard (Sinapis arvensis). 

The competition experiment was carried out with the same substrate as described above. Pot size 

was 60 × 17.5 × 14.5 cm, and 18.4 g (14% N) of hair meal pellets were added to each pot. The 

experiment included five replicates, each containing all genotypes randomly assigned to pots. 

Each pot was subdivided into two sections with a plastic barrier. In one section, two rows of seven 

wheat seeds were sown, while in the second section, two rows of wheat were sown, in between 

which one row of seven mustard seeds was sown. Sowing density was equivalent to standard 

sowing density for wheat in organic farming, i.e., 350 seeds/m2. Single mustard rows without 

wheat were included as reference. Plants were grown for six weeks. After carefully cleaning the 

roots, RFW, RDW, SFW, SDW, and SL were determined. In addition, leaf length and width for the 

youngest fully developed leaf and individual plant length were measured with a ruler. Leaf area 

(LA) was estimated by following Chanda and Singh (Chanda and Singh, 2002) as: 

𝐿𝐴 =  𝑤 × 𝑙𝑒 × 0.75 (1) 

where w is leaf width and le leaf length. Plant cover was estimated visually (%). 

2.3.5 Data Handling and Statistical Analysis 

All statistics were calculated in R (Team, 2020). Dplyr (Wickham et al., 2020b) was used for data 

aggregation and handling, ggplot2 (Wickham et al., 2020a) and ggpubr (Kassambara, 2020) for 

plotting. Normality was assessed by histograms and QQ-plots and variance heteroscedasticity 

was tested by Levene’s Test for model residuals and residual graphing methods. Linear mixed 

effects models were constructed with the lme4 package (Bates et al., 2020). Observed 

heteroscedasticity was accounted for by variance weighing in the nlme package (Pinheiro et al., 

2020). Estimated marginal means were calculated with the emmeans package (Lenth et al., 2020) 

followed by a post hoc test with pairwise comparison and Holm correction. Random effects were 

included to account for nested and non-random experimental structure such as replicate blocks 

or genotypes grown in rows/pots in each replicate. Where appropriate, models were made either 

for individual selected progenies or for all Sel_L and Sel_S progenies combined as genotype 

groups. For the hydroponic evaluation experiment, traits were measured for individual plants, 
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and we included replicates as fixed effects and plant rows as random effects nested into the 

replicate for the statistical model: 

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ~ 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 + 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒: 𝑟𝑜𝑤 (2) 

For the soil evaluation experiment, the model was: 

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ~ 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 (3) 

For the competition experiment, the model for wheat traits was: 

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ~ 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 x 𝑠𝑦𝑠𝑡𝑒𝑚 + 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒: 𝑝𝑜𝑡 (4) 

The model for mustard in the competition experiment was: 

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ~ 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 (5) 

To test differences in TGW for the different wheat genotypes, a Kruskal–Wallis test was applied. 

A full list of all models is given in the Supplementary Materials (Table S1), also documenting the 

use of lmes or nlmes based on the observed variance structure. Competitive interactions were 

divided into competitive effect of the crop plant on the weed plant (weed suppression) and 

competitive response of crop plant to the weed (weed tolerance) following Wang et al. (Wang et 

al., 2010). We calculated competitive response (Cr) of wheat as relative change of wheat in 

mixture compared to wheat in monoculture calculated as: 

𝐶𝑟 =  
𝑇

𝑇
− 1 ∗ 100 (6) 

where T is the respective trait in mixtures and monoculture. Spearman correlation coefficients 

were calculated with the GGally package (Schloerke et al., 2020). SRL, SL, RDW, and SDW were 

averaged for each genotype across the hydroponic experiment for correlation with TGW as this 

was determined from the seed bags and not for each replicate. For a more precise estimation, an 

additional correlation with individual plants was calculated between SL, SRL, RDW, and SDW. 

Heritability (h) for SRL was calculated following Becker (Becker, 2019, p. 148): 

ℎ =  
𝑅

𝑆
 (7) 

where S is strength of selection, i.e., the difference of the mean of the trait of the parental 

population (Tp) and the selected subpopulation (Ts): 

𝑆 =   𝑇 – 𝑇  (8) 

R is the breeding progress or genetic gain of a trait as difference of the mean of the parental 

population and the F1 of the selected subpopulation. 

𝑅 =   𝑇 – 𝑇  (9) 
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2.4 Results 

2.4.1 Hydroponic Selection for Root Phenotype and Soil Test 

TGW of the OYQII CCP, Sel_L, and Sel_S progenies did not differ significantly  

(Figure 1). Kolompos had the highest TGW (49 ± 1 g) and Capo the lowest (40 ± 1 g). Across all 

genotypes, there was no significant correlation between TGW and SL or SRL (both rs = −0.05). 

The correlations between TGW and RDW (rs = 0.62, p < 0.01) and SDW (rs = 0.43, p < 0.05) were 

moderate (Figure S 1). SRL and SL were moderately correlated with each other for OYQII (rs = 

0.67, p < 0.001) and for Sel_L (rs = 0.55, p < 0.001) but considerably less for Sel_S (rs = 0.30, p < 

0.001) (Figure S 2). 
 

 

Figure 1 Thousand grain weight (TGW) of the materials used for the experiments. Raw data are 

plotted (black dots) and estimated marginal means with standard error. Different letters indicate 

significant differences at p < 0.05 based on a Kruskal–Wallis test. 
 

Elixer had the shortest seminal roots (12.0 cm) and Kolompos the longest (16.3 cm). A significant 

population-level shift towards increased SRL from OYQII (13.8 cm) was achieved in the Sel_L 

progenies (15.4 cm, p < 0.05), but no significant changes became apparent in the Sel_S (13.6 cm) 

progenies (Figure 2 A, C). Increases in SRL compared to OYQII were statistically significant in 

four of the nine Sel_L progenies while SRL of only one Sel_S line was significantly shorter (Table 

2, Figure S 3). On average, the selection effect for increased SRL was thus 1.6 cm in a single 
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generation, i.e., an increase of 11.6%. Heritability based on means for SRL for Sel_L lines was 0.59 

and for Sel_S lines was 0.21. 

As was the case for SRL, SL of Elixer was shortest (SL = 8.1 cm) and the Sel_L progenies were 

tallest (14.3 cm), significantly taller than the OYQII CCP (11.7 cm). Shoot length increase for the 

Sel_L progeny compared to OYQII CCP was 2.6 cm (p < 0.05), i.e., a relative increase of 22.2% with 

a clear population shift and for Sel_S 1.5 cm, i.e., 11.3% (not significant) (Figure 2 B,D). Four of 

nine Sel_L progenies had significantly longer SL than the OYQII CCP. Additionally, one Sel_S grew 

taller than the OYQII CCP (Table 2, Figure S 3). 
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. 

 

Figure 2 Seminal root length (A) and shoot length (B) of four reference varieties, the parental 

OYQII CCP and progenies of 9 lines each selected under hydroponic conditions either for long 

(Sel_L) or short (Sel_S) seminal root length after 14 days in the hydroponic system. Raw data are 

plotted (black dots) and estimated marginal means with standard error from linear mixed effect 

models (lmes, red). Different letters indicate significant differences at p < 0.05 estimated from 

lmes with pairwise comparison and Holm correction. Plots for individual progenies are shown in 

Figure S 3. Density plots of seminal root length (C) and shoot length (D) for the parental 

Population OYQII the 9 Sel_L and Sel_S progenies. Dashed lines indicate means.  
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Table 2 Seminal root length (SRL) and shoot length (SL) increase relative to the mean of the 

parental OYQII CCP of nine progenies of plants selected for long (Sel_L) or short (Sel_S) seminal 

roots either tested under hydroponic conditions (SRL and SL) or in soil (SL only). Significant 

differences compared to the parental population are indicated with stars at p < 0.05 estimated 

from lmes with pairwise comparison and Holm correction. 
 Hydroponics Experiment Soil Experiment 

Progeny rel. increase SRL (%) rel. increase SL (%) rel. Increase SL (%)

Sel_L102 10.7 31.5 * 38.3 * 

Sel_L145 18.7 * 13.5 30.1 * 

Sel_L146 17.7 * 23.2 26.1 

Sel_L191 17 * 27.3 * 34.5 * 

Sel_L198 7.8 31.9 * 30.8 * 

Sel_L214 5.4 −1.3 −3.9 

Sel_L56 18.9 * 31.3 * 30.1 

Sel_L83 10.8 19.6 27.3 

Sel_L85 4.2 22.9 23.9 

Sel_S120 8.2 25.5 10.2 

Sel_S149 −5.8 16 15.1 

Sel_S187 5.8 8.9 17 

Sel_S213 −5.6 9.2 21.6 

Sel_S33 −3.1 2.2 4.4 

Sel_S37 −5.3 10.9 22.9 

Sel_S46 −20.5 * 27 * 35.2 * 

Sel_S57 1.3 4 6.5 

Sel_S58 10.8 7.9 25 

 

Comparing all entries, neither the Sel_L nor Sel_S progenies differed significantly from OYQII for 

RFW or RDW. Elixer had the lowest (0.064 g) and Kolompos the highest (0.112 g) RFW, while 

Sel_S37 had the lowest (0.005 g) and Kolompos the highest (0.009 g) RDW. The selected 

progenies also did not differ in SFW or SDW from the OYQII CCP. Elixer had the lowest (0.088 g) 

and Sel_S57 the highest (0.177 g) SFW. Butaro had the lowest (0.011 g) and Sel_L187 the highest 

SDW (0.014 g) (data not shown). 

In the soil evaluation experiment, the roots of the single plants were often entangled with the 

root sleeves, hampering the removal of the soil impeding root measurement. Consequently, there 
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was no discernible genotype effect on SRL in the soil evaluation experiment of single plants (data 

not shown). In contrast, the effects on SL were statistically significant and followed the same 

pattern as in the hydroponic evaluation (Figure 3, Table 2) with a correlation of rs = 0.85 of SL 

between hydroponic and soil data (p < 0.001, Figure S4). The mean SL of the Sel_L progenies (39.8 

cm) was significantly greater than that of the OYQII CCP (31.6 cm) and the Sel_S progenies (37.0 

cm). 
 

 

Figure 3 Shoot length of four reference varieties, the OYQII CCP, and progenies of nine lines each 

selected under hydroponic conditions either for long (Sel_L) or short (Sel_S) seminal root length 

when grown as single plants in pots with soil. Raw data are plotted (black dots) and estimated 

marginal means with standard error from linear mixed effect models (lme, red). Different letters 

indicate significant differences at p < 0.05 estimated from lmes with pairwise comparison and 

Holm correction. 

2.4.2 Competition Experiment with Mustard 

2.4.2.1 Soil Cover, Plant Length, Root and Shoot Biomass 

In the competition experiment, mustard soil cover was not significantly reduced in the mixture 

with wheat, and there were no wheat-genotype-based effects on mustard cover (Figure S 5 B) 

nor root and shoot biomass (Figure S 6 A, B). Wheat cover significantly differed among wheat 

genotypes and was the lowest for Elixer (14%) and highest for Kolompos (27.5%). Wheat cover 
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was significantly reduced in mixtures with mustard compared to monoculture with no 

differences between the Sel_S and Sel_L progenies and the OYQII CCP and no significant 

interactions (Figure S5A). 

Elixer grew shortest (15.7 cm) and Sel_L56 (25.7 cm) tallest. Overall, mixing with mustard had 

no statistically significant effects on wheat plant length; however, plant length in Elixer increased 

significantly, while it was significantly decreased in Sel_L191 in mixture (Figure S 7). As the 

plants had been grown for six weeks and pot depth was only 14.5 cm, only root weights could be 

determined. 

Fresh and dry weights of wheat and mustard corresponded well, and only dry weight data are 

presented. Elixer had the lowest RDW of 0.6 g and Sel_S213 the highest of 1,1 g. There were no 

significant differences among genotypes for RDW, and only a tendency for biomass reduction in 

mixture with mustard (0.9 g) compared to pure wheat (1.0 g) with no differences between Sel_L 

and Sel_S and OYQII CCP (Figure 4 A). In contrast, genotype and mixture effects were significant 

for SDW with a significant genotype–mixture interaction (Figure 4 B). SDW was lowest for Elixer 

with 1.4 g and highest for Sel_S213 with 3.0 g. In two of the three Sel_L progenies and one of the 

three Sel_S progenies, SDW was not significantly affected by the presence of mustard, and the 

OYQII-CCP was negatively affected (p < 0.05). 
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Figure 4 Root (A) and shoot (B) dry weights of six-week-old wheat plants grown either in pure 

stands or in the presence of mustard as a model weed. Raw data are plotted with dots for wheat 

monoculture and triangles for wheat in mixture with mustard, and overlapping data points are 

black. Estimated marginal means with standard error from linear mixed effect models are 

included for both pure wheat treatments (orange) and mixed wheat treatments (red). Different 

letters indicate significant differences between wheat genotypes across systems and stars 

between mixture and monoculture at p < 0.05 estimated from lmes with pairwise comparison 

and Holm correction. Sel_L are progenies of plants selected for long roots, and Sel_S are progenies 

of plants selected for short roots. 

2.4.2.2 Wheat Leaf Traits 

Elixer had the shortest leaves (12.0 cm) and Sel_L56 the longest (18.3 cm). While, overall, leaf 

length did not change significantly in the mixture compared to pure wheat, there was a significant 
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genotype–system interaction. Leaf length of the Sel_L_56 progeny increased significantly from 

17.3 cm in monoculture to 19.3 cm in mixture (this progeny was also not reduced in shoot 

biomass in mixture), while leaf length of the Sel_L_191 progeny decreased significantly from 16.2 

cm in monoculture to 14.6 cm in mixture. Leaf length of Elixer also increased significantly from 

11.3 cm in monoculture to 12.7 cm in mixture (Figure S 8 A). There was a significant genotype, 

but no system effect for leaf width, with the lowest leaf width found in Sel_S_46 (0.49 cm) and the 

greatest leaf width for OYQII (0.57 cm) (Figure S8B). Leaf area followed the same pattern as leaf 

length and tended to be reduced in mixtures. Elixer had the smallest leave area (4.5 cm2) and 

Kolompos the largest (7.8 cm2) (Figure S 8 C). 
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2.4.2.3 Competitive Response of Wheat 

Cr for wheat cover varied between -44.4% (Elixer) and −23.1% (Sel_S37), for plant length 

between −4.7% (Sel_S46) and +6.7% (Elixer), and for leaf length between −10.2 % (Sel_L191) and 

+11.7% (Elixer). There were no obvious differences among the Sel_L and Sel_S progenies (Table 

2). In contrast, Cr for RDW and SDW differentiated the two progeny groups with mean RDW and 

SDW reductions being greater for the Sel_S than for the Sel_L progenies. However, variation 

within the progeny types was very high (Table 3, Figure 5). 
 

Table 3 Observed competitive response (CR) of wheat as relative change of wheat in mixture 

compared to wheat in monoculture calculated as (traitmix/traitmono)-1*100. Stars indicate 

significant differences between mixture and monoculture at p < 0.05 estimated from two- 

factorial lmes with pairwise comparison and Holm correction. Statistical results are based on the 

model for absolute trait data. 
Genotype Cover Plant length Leaf length RDW SDW 

Elixer −44.4 * 6,7 * 11.7 * 10.0 −0.7 

Kolompos −33.3 * −2.0 −2.6 −4.2 −7.9 

OYQII −34.4 * −3.0 −3.2 −12.5 −12.6 * 

Sel_L145 −33.3 * −0.9 −3.4 −6.2 0.8 

Sel_L191 −38.5 * −4.5 * −10.2 * 5.7 −10.6 * 

Sel_L56 −29.2 * 2.6 11.1 * −2.4 0.2 

Mean Sel_L −33.7 −0.9 −0.8 −1.0 −3.2 

Sel_S213 −31.0 * −0.6 −4.1 −8.8 −10.3 * 

Sel_S37 −23.1 1.5 0.6 4.6 −6.6 

Sel_S46 −34.5 * −4.7 0.4 −15.8 −17.8 * 

Mean Sel_S −29.5 −1.3 −1.0 −6.7 −11.6 
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Figure 5 A: Competitive response (Cr) of wheat for shoot dry weight (SDW) and root dry weight 

(RDW). B: Cr of wheat for leaf length and plant length.  

2.5 Discussion 

2.5.1 Selection Effects on Root Vigor 

The significant increase of seminal root length (SRL) in a single generation indicates that non-

destructive selection under hydroponic conditions for a vigorous root phenotype is possible and 

feasible. This heritable trait change is a prerequisite for effective selection within a population 

but can also be useful for selection from crosses in early generations. A single round of selection 

for SRL under hydroponic conditions led to a statistically significant mean increase in SRL of 12%, 

while shoot length (SL) increased by 22%. In contrast, selecting for shorter SRL led to no change 

in SRL but an increase of 11% in SL. These data correlated well for SL when progenies were sown 

in soil, while data on SRL in soil could not be determined in this study, and seed needs to be 

increased before the experiments can be repeated with more genotypes and replicates to increase 

statistical power of the results. 

Little published information on genetic gain for early vigor is available. The selection effect for 

SRL in a single generation achieved in our experiments is within the range achieved by Zhang et 

al. (Zhang et al., 2014) for leaf width, leaf area, and biomass of 7.1%, 10.3%, and 5.3% per 

generation, respectively. Studies found that selecting with an electrical capacitance method for 

larger roots had a considerable effect, while selection for small roots had only a marginal effect 
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in wheat (Heřmanská et al., 2015) and barley (Svačina et al., 2014). Heřmanská et al. (2015) 

estimated that selecting for larger roots resulted in a heritability of 0.43 and for smaller roots of 

0.15, confirming our results of a heritability for SRL for Sel_L lines of 0.59 and for Sel_S lines of 

0.21. Natural selection of the YQ CCP (and other CCPs) from the F6 to the F11 under organic 

conditions resulted in significantly longer seminal roots compared to natural selection under 

conventional conditions (Vijaya Bhaskar et al., 2019a), and SRL in hydroponic conditions 

correlated well with early soil cover in the field (Vijaya Bhaskar et al., 2019b). However, overall 

changes in SRL were rather small over the 10 generations (Vijaya Bhaskar et al., 2019a). In 

contrast to the natural selection and adaptation in the field, the genetic gain and heritability for 

SRL achieved with non-destructive selection here is substantial and relevant for practical plant 

breeding. The significant but moderate correlation of SRL with SL suggests either a moderate 

degree of linkage of loci for both traits or pleiotropy. This indicates sufficient variation to select 

for different trait combinations such as high SRL and high SL or high SRL and low SL. If both early 

vigor in roots and long shoots are the target, then a simple strategy could be to select for increased 

seedling shoot vigor and indirectly for root vigor. 

Compared to German cultivars, Kolompos is an early maturing cultivar due to its Hungarian 

origin, and it performed well in dry springs in Germany (Timaeus et al., 2021b). Early plant 

development and maturity is a strategy in plants to escape summer drought and is used in wheat 

breeding for dry environments (Shavrukov et al., 2017). Therefore, screening for early vigor in 

hydroponics could be an efficient method to screen for genetic material that confers advantages 

under drought conditions, provided early vigor reliably results in earlier plant development. 

Multiple traits contribute to weed suppression with key traits including early vigor, final plant 

length, leaf area, and biomass (Mwendwa et al., 2020). In principle, it should be possible to 

combine all traits contributing to weed suppression in a single cultivar. Combining selection of 

early vigor of roots with early vigor of shoots might increase genetic gain for early vigor in 

general. Improving SRL has a great potential since a range of studies linked fast early root growth 

to improved uptake of nitrogen (An et al., 2006; Wang et al., 2016), phosphate, and magnesium 

(Liu et al., 2021), and it also positively impacts grain yield in the field (Atkinson et al., 2015). While 

plant length usually reduces harvest index in genetically homogeneous materials and therefore 

grain yield (trade-off effect), we have observed that harvest index and yield do not necessarily 

follow the same trajectory in CCPs (Baresel, Finckh et al., submitted). Early vigor in itself does not 

necessarily reduce harvest index. 

The parental OYQII CCP seeds had been in storage for two years before use in the hydroponic 

comparison with their selected progenies. This is within the five-year storage period that did not 
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affect performance of seedlings under hydroponic conditions (Vijaya Bhaskar et al., 2019b). 

Thousand-grain weight (TGW) did not play a role in the comparison between the parental 

population and the progenies, and despite the significantly lower TGW in the Sel_L progenies, 

measured traits were similar to Kolompos. Thus, we are confident that the results reflect true 

selection effects and therefore provide a proof of concept that non-destructive hydroponic root 

selection for early vigor can be applied. All selected progenies that produced seed in the 

greenhouse are currently being multiplied in the field for further testing as lines and as 

experimental populations. Conclusions with respect to the genetic basis of this observed 

phenotype shift will require genetic screening, for example, of known QTLs for seedling root vigor 

in wheat as described by Atkinson et al. (Atkinson et al., 2015). 

2.5.2 Competitive Response of Wheat and Competitive Effects on 

Mustard 

In our experiment, while wheat cover was reduced in the mixture, mustard cover was not, 

indicating that the competitive effects on mustard were negligible. White mustard is a strong 

competitor for wheat compared to other common weeds such as Lolium multiflorum, 

Chenopodium album, or Stellaria media due to its fast emergence and early growth (Olsen et al., 

2006), and higher soil nitrogen content has been shown to increase the competitive effect of 

mustard on wheat (Behdarvand et al., 2012). Nitrogen levels in our experiment were also 

extremely high (an equivalent of 339 kg ha−1) and as such may help to explain the results. 

Although wheat grew taller than mustard, this occurred only relatively late. Thus, mustard largely 

overgrew the wheat early on, and early light interference of mustard on wheat resulted in a strong 

negative competitive response of wheat with respect to soil cover. The lack of significant 

competitive effects of wheat on mustard and also no specific wheat genotype dependent 

competitive effects on mustard was thus likely due to asymmetric competition in favor of 

mustard. Abdolahi et al. (2018) showed that wheat genotypes vary in their competitive effect on 

mustard biomass, resulting in mustard biomass reduction between 14.4% and 67.4% with some 

genotypes showing superior effects, although no traits were mentioned conferring these 

advantages. Despite these suboptimal conditions, differences in competitive response for certain 

traits became evident in our experiment. Thus, despite the fact that Elixer grew taller with 

increased plant length (Figure S 7) and leaf size (Figure S 8 A), it still had the greatest reduction 

in soil cover when grown with mustard (Table 3). Absolute values for RDW, SDW (Figure 4), 

plant length (Figure S 7), leaf length, and leaf area (Figure S 8 B, C) were smallest for Elixer, 

characterizing it as a conventional ideotype. This is in line with field results where Elixer showed 



 

35 
 

similarly poor early soil cover compared to the YQ CCP (Vijaya Bhaskar et al., 2019b), and it was 

considerably less suppressive to weeds on-farm (Finckh, 2008). 

The competitive response of wheat in general was small and highly variable. Only for SDW, the 

Sel_L lines seem to have a slightly reduced Cr compared to the Sel_S lines. The overall observed 

effect of selection on the competitiveness of wheat progenies was weak. In part, this is likely due 

to the low numbers of progenies studied, the high nutrient levels, and the fact that only one round 

of selection was carried out. However, the behavior of individual wheat progenies delivers some 

interesting insights. Sel_L56 increases its leaf and plant length in mixture with mustard similar to 

Elixer but in contrast to other progenies. This could be due to a variation in shade avoidance 

strategies that was demonstrated previously for wheat with consequent yield impacts (Li et al., 

2010). Shade avoidance allows plants to detect competitors by a changed red/far-red ratio due 

to surrounding competitors and stimulates growth in plants to avoid shading (Franklin, 2008). 

Shade avoidance can be maladaptive in wheat monocultures in terms of population yield (Wille 

et al., 2017) but adaptive in terms of community yield if the cropping system is diversified and 

plasticity aids optimal niche complementarity, e.g., in grassland species mixtures (Meilhac et al., 

2020). Hypothetically, this could hold true for crop species mixtures (Brooker et al., 2021). 

Consequently, genotypes such as Sel_L56 that might have increased shade avoidance and show 

high absolute early vigor in SL, SRL, leaf, and plant length might be promising in diversified 

cropping systems. The lack of changes in leaf width of all cultivars and progenies confirms a very 

high narrow sense heritability of this trait (Rebetzke and Richards, 1999) and hence low plasticity 

in response to environmental factors. 

2.5.3 Outlook for Future Breeding 

Breeding approaches that combine efficient selection methods for genetic gain and maintain 

intraspecific diversity for stress resilience of crops are highly needed. Results from the 

hydroponic experiments demonstrate the potential of this system for non-destructive selection 

of root vigor, allowing for a substantial genetic gain for SRL on a population level, provided a high 

enough number of seedlings are selected. To enhance the effects, additional rounds of selection 

could potentially be useful to increase genetic gain to a magnitude that results in practically 

relevant increases in competitive ability. For this purpose, an additional selection tool for roots 

is selection by means of electrical capacitance, as this allows non-destructive field sampling 

(Středa et al., 2020). However, this method also has limitations such as the influence of soil 

moisture on electrical capacitance. Modern image-based methods to measure early vigor in the 

field could also be promising (Prey et al., 2018). Such selection methods could be combined to 
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inform the selection process of genetic materials for crossings, selected for both early vigor of 

roots and shoots. An interesting approach could be to combine hydroponic-based root selection 

with field- based evaluations of reassembled populations, as well as admixtures to existing 

populations. 

Long-term breeding strategies would need to monitor and manage both genetic gain and 

intraspecific diversity. As selection decreases diversity, which would be the case if only selected 

lines are reassembled into a population, multiple populations could be maintained that are 

selected for a certain trait similar to the approach of group selection suggested by Wuest et al. 

(2021). 

The genetic material evaluated in this study together with the additional lines that are to be 

evaluated are a starting point for further breeding programs. Thus, the best Sel_L progenies for 

SRL and SL could be crossed with chosen pure lines and with progenies of the original population 

with additional traits of interest for improved competitive response to enrich alleles for early root 

vigor. For example, Sel_L56 seems to combine some interesting traits, including a high genetic 

gain for SRL (18.9%) and SL (31.3%) compared to OYQII (in hydroponics), increase of leaf length, 

and area in mixture with mustard (shade avoidance). Sel_L56 is also the genotype with the 

greatest plant length and (apart from Kolompos) the largest leaf area. Kolompos is also promising 

in terms of yield and land use efficiency in species mixtures under dry conditions (Timaeus et al., 

2021b). 

To confirm changes in competitive response and competitive effects, additional experiments 

are needed under more realistic N-levels including a higher number of progenies and also 

multiple weed species or additional crop species suitable for a cereal mixed cropping system. 
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2.7 Supplements  

 

Figure S 1 Correlations for various measured traits from the hydroponic experiment. Spearman 

correlation for SRL and SL with TKG. SL and SRL are averaged across replicates for each genotype. 

Stars significant differences at p<0.0 (*), p<0.01 (**) and p<0.001 (***).
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Figure S 2 Spearman correlation with individual plants for shoot and root length and dry weights 

in the hydroponic experiment. Stars significant differences at p<0.0 (*), p<0.01 (**) and p<0.001 

(***). 
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Figure S 3 Root length (A), shoot length (B) and root plus shoot length (C) for individual 

progenies in the hydroponic experiment. Plotted are raw data for individual lines (black dots) 

and estimated marginal means with standard error from linear mixed effect models (lme, red). 

Letters indicate significant differences at p<0.05 estimated from lmes with pairwise comparison 

and Holm correction. Sel_L includes all progenies selected for long roots and Sel_S all progenies 

selected for short roots. 
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Figure S 4 Spearman correlation between traits in hydroponics and soil. Stars significant 

differences at p<0.0 (*), p<0.01 (**) and p<0.001 (***). 
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Figure S 5 Soil cover for wheat (A) and Mustard (B). Plotted are raw data (dots) and estimated 

marginal means with standard error from linear mixed effect models. Letters indicate significant 

differences at p<0.05 estimated from lmes with pairwise comparison and Holm correction. Sel_L 

includes progenies selected for long roots and Sel_S progenies selected for short roots. 
 

 

Figure S 6 Mustard root and shoot dry weight. Plotted are raw data (black dots) and estimated 

marginal means with standard error from linear mixed effect models (lme, red). Letters indicate 

significant differences at p<0.05 estimated from lmes with pairwise comparison and Holm 

correction. Sel_L includes progenies selected for long roots and Sel_S progenies selected for short 

roots. 
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Figure S 7 Length of six-week-old wheat plants grown either in pure stands or in the presence of 

mustard as a model weed. Raw data are plotted with dots for wheat monoculture and triangles 

for wheat in mixture with mustard, overlapping data points are black. Estimated marginal means 

with standard error from linear mixed effect models are orange for pure and red for mixed wheat. 

Different letters indicate significant differences among genotypes and stars between mixture and 

monoculture at P<0.05 estimated from lmes with pairwise comparison and Holm correction. 

Sel_L are progenies of plants selected for long roots and Sel_S are progenies of plants selected for 

short roots. 
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Figure S 8 Leaf length (A), leaf width (B) and leaf area (C) of six weeks old wheat plants grown either in 
pure stands or in the presence of mustard as a model weed. Raw data are plotted with grey dots for wheat 
monoculture and grey triangles for wheat in mixture with mustard and black color indicates overlapping 
data points. Estimated marginal means with standard error from linear mixed effect models are orange for 
pure and red for mixed wheat. Different letters indicate significant differences between genotypes across 
systems and stars between mixture and monoculture at p<0.05 estimated from lmes with pairwise 
comparison and Holm correction. Sel_L are progenies of plants selected for long roots and Sel_S are 
progenies of plants selected for short roots. 
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Table S 1 List of statistical models used. Treatment refers to the two-level treatment factor (mono 

wheat/wheat mixed with mustard), row refers the experimental unit including multiple 

measured plants and rep refers to the experimental replicate. 

Experiment 
Response 
variable 

Model 
Weighed 
variances 

Used R 
package 

Hydroponic 
Wheat root 
length 

response ~ genotype + box + 
(1|box:row) 

no lme4 

Hydroponic 
Wheat shoot 
length 

response ~ genotype + box + 
(1|box:row) 

no lme4 

Hydroponic 
Wheat total 
length 

response ~ genotype + box + 
(1|box:row) 

no lme4 

Hydroponic 
Wheat root 
length 

response ~ genotype_group + box + 
(1|box:row) 

no lme4 

Hydroponic 
Wheat shoot 
length 

response ~ genotype_group + box + 
(1|box:row) 

no lme4 

Hydroponic 
Wheat total 
length 

response ~ genotype_group + box + 
(1|box:row) 

no lme4 

Soil 
Experiment 

Wheat RDW response ~  entry + (1|box) no lme4 

Soil 
Experiment 

Wheat SDW response ~  entry + (1|box) no lme4 

Soil 
Experiment 

Wheat RFW response ~  entry + (1|box) no lme4 

Soil 
Experiment 

Wheat SFW response ~  entry + (1|box) no lme4 

Soil 
Experiment 

Wheatt root 
length 

response ~  entry + (1|box) no lme4 

Soil 
Experiment 

Wheat shoot 
length 

response ~ entry + box + (1|box:entry) no lme4 

Competition Wheat RDW 
response ~ genotype * treat + 
(1|rep:pot) 

no lme4 

Competition Wheat SDW 
response ~ genotype * treat + rep + 
(1|rep: pot) 

no lme4 

Competition Wheat SFM 
response ~ genotype * treat + rep + 
(1|rep: pot) 

no lme4 

Competition Wheat RFM 
response ~ genotype * treat + rep + 
(1|rep: pot) 

no lme4 

Competition Mustard RDW response s~genotype,random = ~1|rep yes nlme 

Competition Mustard SDW response ~ genotype + (1|rep) no lme4 

Competition Mustard RFW response ~genotype,random = ~1|rep yes nlme 

Competition Mustard SFW response ~ genotype  + (1|rep) no lme4 

Competition 
Wheat plant 
length 

response ~treat*genotype,random = 
~1|rep/ pot 

yes nlme 

Competition 
Mustard plant 
length 

response ~  genotype + rep + (1|rep: 
pot) 

no lme4 

Competition Wheat leaf length 
response ~treat*genotype,random = 
~1|rep/ pot 

yes nlme 

Competition Wheat leaf width 
response ~treat*genotype,random = 
~1|rep/ pot 

yes nlme 

Competition Wheat leaf area 
response ~treat*genotype,random = 
~1|rep/ pot 

yes nlme 

 

 

 



 

49 
 

3 Harnessing the Potential of Wheat-Pea Species 

Mixtures: Evaluation of Multifunctional 

Performance and Wheat diversity 

Authors: Johannes Timaeus (J.T.), Odette Denise Weedon (O.D.W.) and Maria Renate Finckh 

(M.R.F.) 

Published in: Frontiers in Plant Science, 13, 846237, doi: 10.3389/fpls.2022.846237 

Author Contributions: M.R.F., O.W. and J.T. conceptualized the study and contributed to 

methodology, validation, and writing, reviewing, and editing. J.T.and O.W. contributed to formal 

analysis. MF contributed to resources, project administration, and funding acquisition. J.T. 

contributed to data curation and visualization. J.T. and MF wrote the original draft. M.R.F. and 

O.W. contributed to supervision.  

3.1 Abstract 

Species mixtures and heterogeneous crop populations are two promising approaches for 

diversified ecological cropping systems with increased resilience and reduced dependency on 

external inputs. Inter- and intraspecific diversity were evaluated in combination using 15 wheat 

(Triticum aestivum) entries including line cultivars and heterogeneous populations (HP) from 

central Europe and Hungary and one winter pea cultivar under organic conditions. Monocultures 

and wheat-mixtures were evaluated multifunctionally for yield, quality, land use efficiency, crop 

protection and wheat entry traits. Mixtures increased cereal grain quality, weed suppression, 

resource use efficiency, yield gain and reduced lodging. Effects were stronger in 2018/19, 

characterized by dry and nutrient poor conditions than in 2019/20 when nutrient levels were 

higher. Wheat entries varied considerably for protein content and yield in both mixtures and 

monocultures. Under higher nutrient availability, entry-based variation was reduced in both 

systems and peas were suppressed. Due to low disease pressure wheat entries varied little in 

disease protection services and mixture effects on disease were low. The multicriteria framework 

identified stability of yields, yield gains and quality under high environmental variability of 

mixtures as clear agronomic advantages with HPs being considerably more stable than line 

cultivars. Some line cultivars outperformed heterogeneous populations for either protein content 

or yield across environments but not both simultaneously. Trait analysis revealed a possible link 
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between harvest index and reduced competition in mixtures, which can increase yield 

performance in specific line cultivars. System cultivar interactions were generally very low but 

were highly dependent on the environmental conditions. We conclude that, while cultivar 

breeding for mixtures can be successful in monocultures, high environmental variation highlights 

the necessity of evaluating cultivars in mixtures. In addition, the use of intraspecific diversity 

within interspecific mixed cropping systems can be a valuable addition to further improve 

mixture performance and its stability under increasing environmental stresses due to climate 

change. 

3.2 Introduction 

High-input single species cropping systems are very vulnerable to unpredictable climatic 

conditions that are the result of climate change (IPCC, 2021, Chapter 11). Additionally, they rely 

on fossil fuel-based nitrogen fertilizers and plant protection chemicals for reliable productivity. 

Nitrogen fertilizer production requires 65-100 MJ per kg with associated emissions of 2.1-5.5 kg 

CO2 equivalents per kg (Jensen et al., 2020). There is an urgent need for highly resilient and 

resource efficient cropping systems that contribute simultaneously to climate change adaptation 

and mitigation. Intra- and interspecific diversification of cropping systems has been identified as 

one of the important building blocks of such agricultural systems (Østergård et al., 2009; Finckh 

et al., 2021). 

Intraspecific diversity enhances resilience against biotic and abiotic stress and can be achieved 

through evolutionary breeding approaches resulting in heterogeneous populations (HPs) 

(Suneson, 1956; Finckh, 2008; Döring et al., 2011). HPs are highly adaptive to environmental 

stress and provide higher yield stability than genetically homogenous line cultivars in wheat 

(Brumlop et al., 2017, 2019; Weedon and Finckh, 2019, 2021). In recognition of the valuable 

contribution of intraspecific diversity to crop resilience the new EU Organic Regulation 2018/848 

that will come into force in 2022, will provide a legal framework for HPs enabling further 

mainstreaming6 .  

Intraspecific diversity in cropping systems can be further enhanced by adding interspecific 

diversity. A key lever to harness interspecific diversity in agriculture is to use the 

complementarity in nitrogen acquisition strategies of cereals and legumes (Bedoussac et al., 

2015). A recent global study estimated that intercropping cereals and legumes could decrease the 

 
6 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32018R0848, accessed 30.11.2021 
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required fertilizer globally by 26% compared to sole crops (Jensen et al., 2020). In addition, 

cereal-legume species mixtures in arable cropping systems provide services such as improved 

crop quality, weed suppression, improved land use efficiency (Bedoussac et al., 2015), crop health 

(Finckh et al., 2000; Boudreau, 2013; Finckh and Wolfe, 2015) and lodging resistance (Kontturi 

et al., 2011; Podgórska-Lesiak and Sobkowicz, 2013). Species mixtures also provide ecosystem 

services such as soil (Stefan et al., 2021) and water conservation (Yin et al., 2020). 

A major effect of plant species diversity in natural ecosystems and cultivated grass lands is an 

increase of ecosystem multifunctionality (Hector and Bagchi, 2007; Gamfeldt et al., 2008; Isbell 

et al., 2011, 2017; Suter et al., 2021). Consequently, taking a multifunctional perspective on arable 

cropping systems is needed to fully appraise cropping system diversity (Huang et al., 2015; 

Schmidtke, 2021). Studies that assess genotype effects in species mixtures on yields, quality, 

resource efficiency and crop protection in a multifunctional perspective are missing, while many 

studies focus on a few aspects of cropping system performance.  

Species mixtures of wheat (Triticum aestivum L.) and pea (Pisum sativum L.) are touted as a 

model species mixture (Pelzer et al., 2012; Mamine and Farès, 2020) as these two species are 

complementary for many needs and in combination may help to mitigate climate change related 

challenges. Wheat protein content and baking quality strongly depend on timely plant available 

soil nitrogen (Wieser and Seilmeier, 1998; Xue et al., 2016). However, high-input fertilization 

practices to improve wheat quality provide nutrients throughout the season, which is only 

partially utilized by the crop often resulting in nutrient leaching into the environment 

(Häußermann et al., 2019). Nitrogen (N) uptake by winter wheat in the fall is minimal, however, 

the sufficient availability of N during grain filling is critical to achieve good baking quality (Xue et 

al., 2016). Multiple mechanisms can contribute to improved wheat grain quality in species 

mixtures, the most often cited being reduced competition for nitrogen in mixtures compared to 

wheat mono cultures (Bedoussac et al., 2015; Stomph et al., 2020) but other mechanisms such as 

a transfer of nitrogen from legumes to non-legumes have also been discussed for pasture 

ecosystems (Thilakarathna et al., 2016). Winter peas with determined growth flower and mature 

earlier than most winter wheat cultivars (Bioland, 2021). Biological nitrogen fixation of legumes 

ceases after flowering and N is released from the nodules. If this coincides with the N requirement 

during grain filling of wheat, grain protein content should be improved. This may interact with 

water use efficiency in mixtures that can be higher than in monoculture due to several 

mechanisms, including change of evapotranspiration, hydraulic lift and spatio-temporal 

differentiation of water use. For example, Daryanto (2020) found that moisture in deeper soil 

levels can be reduced while increased in shallower soil levels in mixtures compared to 
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monocultures. Peas can shade the ground in between the wheat plants which, besides 

suppressing weeds help to reduce soil temperature and evaporation, potentially mitigating soil 

drought conditions that hamper soil mineralization processes and reduce nitrogen availability. 

On the other hand, pea monocropping systems face a range of challenges including lodging, pests 

and diseases, and high weed pressure causing strong yield fluctuations (Watson et al., 2017), 

which can potentially be mitigated by mixed cropping. In contrast, in single-species cropping 

systems these challenges can only be controlled by increased external inputs hindering climate 

change mitigation. Most empirical research on cultivar effects in legume-cereal mixtures so far 

has focused on legume cultivars such as pea cultivars in mixtures with cereals (Hauggaard-

Nielsen and Jensen, 2001; Annicchiarico et al., 2017, 2019; Baxevanos et al., 2017; Haug et al., 

2021) . A broader and systematic evaluation of cereal cultivar effects is missing so far. Considering 

the value of intraspecific diversity, it is of interest to assess both, homogeneous line cultivars as 

well as HPs in this context as suggested by Saxena et al. (2018) and by Annicchiarico et al. (2019) 

for legumes. The addition of HPs can contribute to improve species mixture performance and to 

integrate biological diversity at multiple levels of cropping systems including diversity at the 

inter- and intraspecific level. 

This study addresses two main research goals. First, an overall multifunctional performance 

evaluation of wheat-pea species mixtures is conducted by comparing them to pea and wheat 

monocultures for yields, crop quality, resource efficiency and crop protection services. Second, 

wheat cultivars – including line cultivars and HPs – are evaluated addressing three secondary 

aims: (a) study the magnitude of cultivar effects and system-cultivar interactions to evaluate the 

need to specifically breed for species mixtures, (b) compare the performance and stability of line 

cultivars and HPs, (c) identify candidate traits including phenological and yield traits such as 

harvest index that explain system-cultivar interactions and performance in mixtures. The 

secondary aims are crucial to improve breeding for species mixtures. 

In the experiments presented here, sowing densities were partially additive (70% of wheat 

pure stands and 50% of pea pure stands) with the explicit aim to enhance wheat performance 

especially with respect to baking quality. Total density (pea + wheat) in mixtures was therefore 

83% (290 seeds / m2) of the wheat pure stand (350 seeds / m2) and 322% of the pea pure stand 

(90 seeds / m2). Additive designs make it difficult to distinguish density from mixture effects in 

contrast to replacement designs where total densities are held constant (Harper, 1977; Bybee-

Finley and Ryan, 2018). However, additive designs are used more often in practice as opposed to 

replacement designs (FiBL, 2017). Our main research question addresses therefore mixture 

effects under realistic farming conditions and wheat cultivar effects on mixture performance. 
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3.3 Materials and Methods 

3.3.1 Study Site and Design 

Experiments were conducted in 2017/18, 2018/19, and 2019/20 at the University of Kassel 

research station in Neu-Eichenberg (51°22’24.7” N and 9°54’12.5” E, 247 m asl). The soil is 

classified as Haplic Luvisol with 76 soil points according to the German soil classification system 

(0–100). Mean annual temperature from 2000 to 2020 was 9.1 ° C and mean annual precipitation 

626 mm. The site has been managed organically since 1982 without the addition of synthetic 

fertilizers or pesticides. In 2019/20, 20 t ha-1 vetch-rye silage was added to the field as a routine 

nutrient amendment. Weeds were controlled through harrowing and hoeing at tillering. A split-

plot design with four replicate blocks with mixtures/monocultures as main plots and randomized 

cultivar plots nested within the main plot for each block was used. Plot size was 13 x 1.5 m2 with 

five rows at 28 cm distance. Wheat and pea monocultures were sown with 350 and 90 seeds m-2, 

respectively. Sowing rates in mixtures were 70 % for wheat and 50 % for pea, in order to increase 

protein values in wheat. Weather data were recorded by the weather station located at the 

experimental site. 

Soil N levels were 17, 25, and 42 kg N ha -1 in a depth of 0-60 cm in February 2018, 2019, and 

2020, respectively. In June (BBCH of wheat 70-80) nitrogen levels were 11 and 22 kg in 2019 and 

2020, respectively. Data for 2018 could not be taken due to extreme drought. 

Mean temperature in the season 2017/18 was 10.5 °C and total precipitation 471 mm and 

deviated considerably from the long-term annual mean. Black frost in February 2018 killed nearly 

all winter peas, which was followed by extremely dry conditions throughout the critical 

developmental phases of wheat. These dry conditions persisted until late November 2018, also 

affecting the second season at sowing (Figure 6). In 2018/19 and 2019/20, mean temperatures 

were 10.4°C with warm winters but less extreme summers. The total annual precipitation of 583 

mm in 2018/19 did not compensate for the 2017/18 drought but it was adequate for wheat 

growth. In May 2019, torrential rain of 70 mm in three hours resulted in heavy lodging of pea 

monocultures. In 2019/20, total precipitation was similar to the long-term average with 671 mm. 
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Figure 6 Monthly mean precipitation and temperature for three experimental seasons, and the 

long-term means (2002/2003 – 2016/17). Weather data were obtained from the weather station 

located at the research station. 

3.3.2 Plant Material 

In 2017/18, the winter pea cultivar ‘Dexter’ (white flowers, determinate short stature) was sown 

but killed in February 2018 by black frost. Therefore, in 2018/19 and 2019/20 the more frost 

tolerant winter pea cultivar ‘Fresnel’ was chosen. ‘Fresnel’ is a French winter pea cultivar with 

determinate growth, short stature and early maturation suited for mixtures with barley 

(Petersen, 2021).  

Wheat entries consisted of line cultivars and heterogeneous populations (HPs). The year 2018 

was extremely hot and dry. Therefore, a HP (H-HP) and four cultivars from Hungary (H-Lines) 

were included in 2018/19 and 2019/20 to include more adapted materials to summer heat and 

increase the trait variation of the wheat (Table 4). The line cultivars ‘Butaro’ and ‘Wiwa’ were 

bred organically by the Dottenfelderhof and Getreidezüchtung Peter Kunz, respectively 

(Bioverita, 2020). ‘Achat’ and ‘Capo’, both bred by Probstdorfer Saatzucht, Austria, are baking 

cultivars popular in organic farming with relatively good foliar health (Naturland, 2018). The 

Hungarian line cultivars ‘Nemere’, ‘Toborzo’, ‘Kolompos’ and ‘Karizma’ were bred by the 

Agricultural Research Center of the Hungarian Academy of Science, Martonvásár. 

The HPs from the University of Kassel (K-HP, Table 4) evolved from HPs created in 2001 by 

the Organic Research Centre and the John Innes Institute in the UK (Döring et al., 2015). ‘OYQI’ 

and ‘OYQII’ are the result of crossing 8 high yielding (Y) x 11 baking quality (Q) parents, plus all 

19 parents crossed with the cultivar ‘Bezostaya’, while ‘OQI’ and ‘OQII’ resulted from a half-diallel 

cross of 12 baking quality cultivars. Since 2005 (F5), these HPs have been maintained under 
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organic (O) conditions as parallel non-mixing (I, II) populations at the University of Kassel 

without conscious selection, apart from removal of plants taller than 130 cm during the first three 

years (Brumlop et al., 2019). ‘OYQII’ is registered in Germany under the name of ‘EQuality' (OSS, 

2020). In the F8, pooled seed of ‘OYQI’ and ‘OYQII’ was sown broadcast and maintained without 

mechanical weed control in two non-mixing populations since the F9 (‘BSFI’, ‘BSFII’) (Döring et 

al., 2015; Brumlop et al., 2017, 2017). ‘Brandex’ and ‘Liocharls’ are recently released German 

organic baking quality HPs bred by Dottenfelderhof (D-HP, Spieß and Vollenweider, 2016), ‘Elit 

CCP’ is a Hungarian HP (H-HP) made of 7 high-yielding and high-quality Hungarian cultivars for 

which the F4 was available (Costanzo and Bàrberi, 2016). 

 

Table 4 Wheat entries used, grouped by type (HP = heterogeneous population, Line = line 

cultivar) and origin: C = central Europe, H = Hungarian, K = Kassel University, D = Dottenfelder 

Hof.  
Group Entries (origin) 

C-Lines Achat (DE), Butaro(DE), Capo (AU), Wiwa (DE),  
H-Lines 

Karizma, Kolompos, Nemere, Toborzo, (HU)  

K-HPs2 OYQII, OQII, BSFI, BSFII (2001 in UK, since F5 at Univ. of Kassel, used    

generations ≥F16 ) 
D-HPs Brandex, Liocharls, (DE)  
H-HPs 

Elit CCP (HU) 
 

3.3.3 Data Collection 

All assessment dates are summarized in Table S 2. Plant emergence was determined along three 

row sections of 0.5 m on the three inner rows of each plot to avoid edge effects (BBCH 10). BBCH 

growth stages (Lancashire et al., 1991) were assessed at each field visit and every second day 

starting at the end of booting to determine heading dates. Weed cover (%) was estimated visually 

before booting (BBCH 20-25) six times per plot on an area of 0.1 m2 using a metal sampling frame. 

Lodging was estimated as percentage of the plot area (BBCH 70-80). At maturity, three 0.5 m rows 

(0.42 m2) were cut and wheat and pea plants separated. Total dry biomass, grain weight and 

thousand grain weight (TGW) were measured and number of ear-bearing tillers were counted.  

Non-green leaf area (NGLA, %) due to disease and senescence was assessed visually twice per 

season starting when diseases became relevant in early / mid-June, at beginning / end of 

flowering until end of milk stage (BBCH 50-70) The two most important causes of NGLA were 
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recorded. Foot diseases were assessed in year two and three for 8 entries in early July (BBCH 70-

80) (‘Achat,’ ‘Butaro’, ‘Capo’, ‘Kolompos’, ‘Nemere’, ‘Toborzo’, ‘Elit CCP’ and ‘OYQII,’). Per plot, a 

total of 30 tillers were pulled out with the root crown from five to six places within the plot. The 

outer stem sheaths were removed and symptoms of Fusarium spp., Oculimacula yallundae and 

Ceratobasidium cereale identified on the stem base using a pictorial key (Bayer, 2013)  and scored 

on a 0 to 3 scale (Bockman, 1963), where 0 indicates a healthy stem, 1 (<50%) and 2 (>50%) of 

the stem diameter show symptoms, and 3 indicates broken stems (O. yallundae only). 

Grain yield was obtained by combine harvesting and subsequent separation of pea and wheat 

grains and yields and adjusted to 14 % moisture. NIRS-based analysis of wheat grains for protein, 

gluten and water content, sedimentation and hectoliter weight were conducted with a Foss 

Infratec 1241 Grain Analyzer. NIRS results were used to categorize entries into wheat quality 

groups based on the thresholds given for protein, where protein content of <10 % is classified as 

fodder, 10-11 % as second class baking quality and >11 % as first class baking quality 

(Drangmeister, 2011).  

3.3.4 Data Processing and Statistical Analysis 

Area under the curve for non-green leaf area (AUNGLA) was calculated as described by Shaner 

and Finney (1977) for AUDPC based on NGLA . A foot disease index (DIA) was calculated 

according to Bockmann (1963) for all three foot pathogens individually and combined as 

described in detail by Weedon and Finckh (2021). Harvest index (HI) was calculated as ratio of 

grain to total biomass. Days to heading (DTH) was calculated from the sowing date. 

To assess cropping system performance, yield gain (YG) and land equivalent ratio (LER) were 

calculated. Yield gain (YG) quantifies the differences of the yield of mixtures (𝑌 ) compared to 

the expected mixture yields (𝑌 ) calculated from pure stands adjusted by sowing densities (Li 

et al., 2020): 

𝑌𝐺 = 𝑌 − 𝑌  (eq 1) 

𝑌 = (𝑌 ∗ 𝐷 + 𝑌 ∗ 𝐷 ) (eq 2) 

where Dn are the relative densities of the species in mixture compared to monoculture. LER 

quantifies the land area required in mixture relative to the area that would be required to obtain 

the same yield in pure stand and is defined as the sum of the yield ratios of both crop species in 

mixture and pure stands (Mead and Willey, 1980): 

𝐿𝐸𝑅 =
𝑌  

𝑌  
+

𝑌  

𝑌  
 (eq 3) 

Where Yn mon and Yn mix are the yields of species n in monoculture and mixture, respectively.  
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Relative mixture effects (RME) were calculated based on response ratios (Hedges et al., 1999) for 

each individual plot:  

𝑅𝑀𝐸 = (
𝑅 

𝑅 
− 1) × 100 (eq 4) 

where Rn refers to the response variable (yield, protein) in the respective system.  

A mixed model approach was taken to account for the nested structure of the split-plot 

experiment (Piepho and Edmondson, 2018). Additionally, due to significant interactions between 

year and system for wheat and pea for the experimental seasons 2018/19 and 2019/20 (Table S 

5), experimental years were analyzed separately. For the response variables (R) for yield, protein 

and diseases, two factorial models were built with system, entry and replicate as fixed effects and 

main plot nested in replicate as random effect: 

 𝑅 ~ 𝑠𝑦𝑠𝑡𝑒𝑚 ∗ 𝑒𝑛𝑡𝑟𝑦 + 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒: 𝑚𝑎𝑖𝑛𝑝𝑙𝑜𝑡 (model 1) 

For YG and LER models were constructed with wheat entry as fixed and replicate as random 

effect: 

 𝑅 ~ 𝑒𝑛𝑡𝑟𝑦 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 (model 2) 

If confidence intervals did not cross zero for yield gain and did not cross one for LER, mixture 

effects were judged as robust. For lodging data with many zero values a glm with a poisson family 

distribution was fitted. The response ratio model to estimate relative mixture effect (RME) means 

and confidence intervals was specified as: 

 𝑅𝑀𝐸 ~ 𝑅 + 1|𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 (model 3) 

Relative mixture effects are present if estimated confidence intervals do not cross zero. Mixture 

effects could not be calculated for lodging data as this would result in a denominator of zero. 

Response ratios were divided between four classes indicating multifunctionality: yield (pea, 

wheat and total yield), resource use efficiency (yield gain), crop protection (weeds, disease, 

lodging) and wheat grain quality (content of water, protein, gluten, hectoliter weight and 

sedimentation).  

The linear mixed models were complemented by a genotype main effect plus genotype-by-

environment interaction analysis and biplots as visual tool for analysis (GGE, Yan et al., 2007; Yan, 

2014). GGE is a principal component analysis optimized for the analysis of genotype suitability 

across environments and focuses on entry and entry-environment interaction effects. First, the 

GGE was applied to assess entry association with cropping system and seasons defined as 

environments. In a further genotype by trait (GT) analysis relations between performance 

indicators (LER, protein, YG) and traits (HI, kernels per ear, tillers m-2, TGW, DTH) were analyzed 

to identify trait profiles of entries.  
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All statistics were calculated using R (Team, 2020). Dplyr (Wickham et al., 2020b) was used for 

data aggregation and handling, ggplot2 (Wickham et al., 2020a) and ggpubr (Kassambara, 2020) 

for plotting. Normality was assessed by histograms and variance heteroscedasticity was tested 

by Levene’s Test for model residuals and visual methods. The package lme4 (Bates et al., 2020) 

was used for mixed effects models for absolute performance data and nlme (Pinheiro et al., 2020) 

for mixed effect models with weighted variances to account for heteroscedasticity of response 

ratios. Estimated marginal means and confidence intervals (CI) were calculated with the 

emmeans package (Lenth et al., 2020) followed by a post hoc test with pairwise comparison and 

Holm correction. GLMs were constructed with base R. The GGE and GT analyses were performed 

using the metan package (Olivoto and Lúcio, 2020).  
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3.4 Results 

In 2018/19, mean pea emergence rate was 100 % in mixtures and 97 % in monocultures. Pea 

winter survival was 55 and 107 seedlings m-2 in mixtures and monoculture, respectively. Mean 

emergence rates of wheat were 74% and 75% in mixtures and monocultures, respectively. In 

2019/20, mean pea emergence rates were 82% in mixtures and 72% in monocultures. Respective 

survival rates were 33 and 51 seedlings m-2 in mixtures and monoculture. Mean emergence rates 

of wheat were 86% and 80% in mixtures and monocultures, respectively. 

3.4.1 Multifunctional Evaluation of Relative Mixture Effects 

Due to failure of peas in the season 2017/18, relative mixture effects could only be analyzed for 

2018/19 and 2019/20 (for the statistical summary see Table S 3, Table S 4). Based on sowing 

frequencies, expected wheat yields were 70 % and pea yields 50 % of the respective pure stands. 

Yields of wheat compared to pure stands at full sowing density were 75.7 % in 2018/19 and 92.4 

% in 2019/20 and for peas 77.2 % in 2018/19 and 18.9 % in 2019/20. The relative mixture effects 

of total yields compared to wheat monocultures were close to 100 % in both years while 

compared to peas in monoculture they were 139 and 120 % in 2018/19 and 2019/20, 

respectively (Figure 7 A). Relative yield gain was 20.8 % in 2018/19 and 8.1 % in 2019/20 

(Figure 2 B, Table S 3). Sedimentation, protein and gluten content of wheat were considerably 

higher in mixtures in both years with greater effects in 2018/19 (Figure 7 C, Table S 4). Relative 

mixture effects for weed cover were especially high compared to pea in monoculture but 

agronomically irrelevant with respect to wheat as the weed levels in wheat were very low (Figure 

7 D). Relative mixture effects for AUNGLA and DIA on wheat were moderate to low in both years 

except for a 19% reduction in AUNGLA in 2019/20. 
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Figure 7 Mixture effects on yields (A), yield gain as measure of resource efficiency (RE) (B), 

quality parameters of wheat (C), and crop protection (D). Red bars indicate expected yield levels 

of wheat and pea based on sowing densities in mixtures compared to pure stands. Estimated 

marginal means and 0.95 confidence intervals were derived from nlmes. Total yields and weeds 

are referred to either relative to wheat monocultures (mix|mon w) or relative to pea 

monocultures (mix|mon p). 

3.4.2 Wheat Entry and Interaction Effects 

Lodging in wheat monocultures and mixtures was also low in both seasons (max 3.8 % in 

‘Liocharls’ monoculture 2020). In pea monocultures, however, lodging was significantly higher 
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than in all mixtures in both years (75.0 % versus 0.3 % in 2018/19 and 29 % versus 1.6 % in 

2019/20). 

Growing system (mixed versus monoculture) and wheat entry indicated significant system x 

entry interaction effects for yield, total mixture yield, wheat protein content, AUNGLA and weeds 

in at least one of the two seasons 2018/19 or 2019/20. However, main effects were usually more 

than one order of magnitude greater than the interaction effects. Relatively strong system x entry 

interactions occurred for total yield in 2018/19 with insignificant system effects. Similarly, the 

system x entry interaction was significant for weed cover in wheat in 2019/20 (Table S 7). 

3.4.3 Crop Protection 

Weed pressure in wheat was generally low in 2018/19 and 2019/20 with 1.8 and 2.3 % weed 

cover in mixtures and 1.9 and 2.5% in pure stands, respectively. While wheat entry x system 

interacted, at such low weed pressure this is biologically irrelevant. In pea monocultures, weed 

cover was also relatively low in both years but significantly higher than in wheat and in 

comparison to all mixtures with 7.3 and 9.2 % (P<0.01) in the two respective seasons (Data not 

shown). 

In 2018/19, the mean NGLA at the first assessment date was 4.2 % in monoculture and 3.6 % 

in mixture. At the second assessment date mean NGLA was 17.7 % in monoculture and 13.2 % in 

mixture. In 2019/20, the mean NGLA at the first assessment date was 7.4 % in monoculture and 

6.5 % in mixture. At the second assessment date the mean NGLA was 37.3 % in monoculture and 

29.6 % in mixture. For both years and assessment dates NGLA was mainly caused by senescence 

and Drechslera tritici-repentis (DTR) with respective incidences of nearly 100 %. In very few cases 

(2-3 % in 2019 and 13 % at the first assessment in 2020), stripe rust (Puccinia striiformis) was 

more prevalent than DTR. The mean AUNGLA for wheat in mixtures was 23 and 19 % lower than 

in monoculture in 2019 and 2020, respectively (Figure 8). Wheat entry interacted significantly 

with system in 2018/19 (F14/87 = 4996, P = < 0.01) but not in 2019/20. In both years, main effects 

of entry and system were highly significant (P < 0.01) and in 2019 considerably larger than the 

interaction (Table S 6), warranting a closer look at the main effects. However, there was no 

discernable pattern among or within entry groups within or across years (Figure 8). 

Overall, cereal foot disease pressure was similar in both seasons with no discernable mixture 

effect and no lodging that could be associated with it. Incidence of O. yallundae was highest with 

0.77 and 0.82 in 2019 and 2020, respectively while incidences of Fusarium spp. (0.27 and 0.11, 

respectively) and C. cereale (0.10 and 0.0, respectively) were rather low. The joint disease indices 
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in 2018/19 were 47.6 in monoculture and 47.3 in mixtures, indicating moderate severity. In 

2019/20, they were 46.7 in monocultures and 44.8 in mixtures. No mixture effects were detected. 
 

 

Figure 8 Area under the curve for non-green leaf area (AUNGLA). Wheat-pea mixtures are 

indicated in green and monoculture treatments in yellow. Estimated marginal means and 

standard error for the seasons 2018/19 and 2019/20. Asterisks indicate significant differences 

at p<0.05 between mixture and monoculture within wheat entries estimated from lmes followed 

by pairwise comparison with Holm correction. Error bars indicate standard error. 
 

3.4.4 Grain Yields and Quality 

Overall mean wheat yields in monocultures and mixtures were 4.2 and 3.2 t ha-1 in 2018/19 and 

5.8 and 5.3 t ha-1 in 2019/20, respectively. In both seasons, mean wheat yield in pure stands was 

significantly higher than in mixtures that had been sown at 70 % seed density (Figure 9). The 

respective mean pea yields in monoculture and mixtures were 2.0 and 1.5 t ha-1 in 2018/19 and 

2.7 and 0.5 t ha-1 in 2019/20. While significant system x entry interactions were found, main 

effects were considerably greater than the interactions (Table S 6). 

Despite the lower monoculture yields of peas in 2018/19, the contribution of peas to total 

mixture yield was considerable in that year (1.2-2 t ha-1), with no significant reductions in pea 

yield through mixing in 10 out of 15 cases. In response, almost all wheat cultivars except 

‘Kolompos’ indicated significantly lower yields in mixture compared to monoculture (Figure 9). 

Wheat yields in monoculture ranged from 3.6 (‘Toborzo’) to 4.9 t ha-1 (‘Achat’) and in mixtures 

from 2.3 (‘Toborzo’) to 4.6 t ha-1 (‘Kolompos’, Figure 9). The ranks in monoculture for total yield 

were different to the ranks of wheat yields in mixtures with the lowest total yield of 3.6 t ha-1 in 

the ‘Butaro’-pea mix and highest in the ‘Kolompos’-pea mix (6.0 t ha-1). Mixtures with ‘Elit CCP’, 
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‘Kolompos’ and ‘Nemere’ had significantly higher total yields compared to the wheat 

monocultures (Figure 9). 

In 2019/20, wheat yields in monoculture ranged from 4.6 (‘Toborzo’) to 7.3 t ha-1 (‘Kolompos’) 

and in mixture from 4.4 (‘Wiwa’) to 6.9 t ha-1 (‘Kolompos’). While pea monoculture yield was 

higher than in 2018/19, the contribution of peas to total mixture yield was very low in 2019/20 

(0.3 – 0.9 t ha-1) and peas yielded significantly less in all mixtures in comparison to the 

monoculture (Figure 9). ‘Achat’, ‘Elit CCP’, ‘Karizma’ and ‘Wiwa’ yielded significantly lower in 

mixture compared to monoculture (Figure 4), resulting in rank changes between systems and 

thus interaction effects. Total yield (wheat + pea) was significantly affected by wheat entry (F14/84 

= 22.4, P < 0.01) and ranged from 5.0 (‘Toborzo’-pea) to 7.1 t ha-1 (‘Kolompos’-pea). With the one 

exception of ‘Liocharls’ in mixture, total pea-wheat yields did not differ from wheat monoculture 

yields (Figure 9). 

In 2018/19, mean protein content in mixtures was 12.3 % (range: 10.8, ‘Capo’ - 14.3 %, 

‘Toborzo’) and 10.8 % in monocultures (range: 9.4, ‘Achat’ - 12.6 % ‘Toborzo’). All wheat entries 

significantly increased their protein content in mixture compared to monoculture and apart from 

those entries that had already reached the baking quality class in monoculture (‘Wiwa’, ‘Karizma’, 

‘Nemere’, ‘Toborzo’), the remaining wheat entries increased their protein ranking class from 

fodder to baking wheat or from intermediate baking to top baking quality (Figure 10). Although 

a significant but weak interaction occurred between system and wheat entry (F14/84 = 2.0, P = 

0.025), main effects of entry and growing system were much greater (Table S 9). In 2019/20, 

wheat grain protein content in mixtures was 13.7 % and in monocultures 12.9 %, ranging in 

mixtures from 12.0 (‘Kolompos’) to 15.8 % (‘Wiwa’) and in monocultures from 11.7 (‘Kolompos’) 

to 14.3 % (‘Butaro’). As all entries were classified as top baking quality in monoculture, no 

improvement in baking quality classification was found between the two growing systems.  

In the genotype main effect plus genotype-by-environment interaction analysis (GGE) the GGE 

explained 95 % of the wheat yield variation and 96 % of the variation for wheat grain protein 

(Figure 11 A, B). First, the GGE was applied to assess entry association with cropping system and 

seasons defined as environments. For yield, the HPs (except ‘Elit CCP’) clustered close to the 

biplot origin, indicating less yield variability across all environments (Figure 11 A). ‘Kolompos’ 

showed the strongest association with all environments, while Achat had a strong yield advantage 

under both monoculture environments and ‘Capo’ and ‘OYQII’ in mixtures. Yield performance of 

‘Wiwa’, ‘Elit CCP’, ‘Toborzo’, ‘Butaro’ and ‘Brandex’ were not associated with any specific 

environment.  
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The mean vs. stability plots (Figure 11 B, D) allow for the assessment of genotype performance 

and stability ranking across environments. The green horizontal axis is called the average 

environment axis (AEA) and ranks genotypes by their yield performance. The AEC (average 

environment coordination) axis is the second green axis that runs through the biplot origin and 

perpendicular to the AEA. The greater the distance away from the origin of the biplot along this 

line, the greater the instability of the genotype. That means the length of the line or vector 

connecting the genotype to the AEA, the higher the GE interaction and the greater the instability 

of the genotype over all environments. Overall, it is conspicuous that almost all HPs with the 

exception of ‘Liocharls’, display greater yield stability compared to the majority of the line 

cultivars (Figure 11 B). 

In the protein-GGE, the experimental seasons were not associated with each other, however, 

both cropping systems within each experimental season were similar for protein. Additionally, 

different entries were strongly associated with the two experimental seasons for protein content 

(Figure 11, C). The entry pattern for the protein GGE is opposite to that of the yield analysis. Here 

‘Butaro’ and ‘Wiwa’ are associated with both systems in 2019/20, while ‘Toborzo,’ ‘Nemere’, 

‘Elit CCP’ and ‘Karizma’ are associated with both systems in 2018/19. With the exception of 

‘Elit CCP’, the HPs displayed the highest stability in protein content with some of the line cultivars 

indicating strong association to specific environments (Figure 11 C/D). 
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Figure 9 Yields in mixtures and monocultures 2018/19 and 2019/20. Estimated marginal means 

and standard error for from linear mixed effect models are plotted. Significant differences at 

P<0.05 estimated from mixed models with pairwise comparison and Holm correction are shown. 

Small blue letters indicate significant differences among wheat entries in monocultures and blue 

capital letters among wheat cultivar mixtures. Red letters indicate significant differences for pea 

yield. Asterisks indicate significant differences of wheat yield (blue) and total yield (wheat + pea) 

(black) between systems. 
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Figure 10 Wheat grain protein content (%) in mixtures (green) and monoculture (yellow). 

Estimated marginal means and standard error for from linear mixed effect models are plotted. 

Asterisks show significant differences at p<0.05 estimated from mixed models with pairwise 

comparison and Holm correction between mixtures and monocultures within wheat entries. 

Dashed lines indicate quality thresholds for protein given by BLE (2011). Red dashed line marks 

10 % and the blue dashed line 11 % protein content. Quality classes are as follows: fodder wheat 

<10 %, baking wheat = 10-11 % and high-quality baking wheat >11 %. 
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Figure 11 GGE biplots for wheat yield (A) and stability (B) and protein content (C) and stability 

(D) across the seasons 2018/19 and 2019/20. For the symmetrical (SVP = 3) GGE biplot entries 

are indicated in blue and environments in green. For the mean versus stability biplot, entries are 

black and environments grey. 
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3.4.5 Yield Gain and LER 

In 2018/19, yield gain (YG) was 0.8 t ha-1, equaling a relative yield increase compared to 

monoculture of 19% with significant wheat entry effects (F14/42 = 5.7, P = 0.000, Table S 10). YG 

ranged from 0.1 (2.4 %, ‘Butaro’) to 1.6 t ha-1 (38 % ‘Kolompos’, Figure 7 A) and it differed 

significantly from zero for ‘Kolompos’ (1.6 t ha-1), ‘Nemere’ (1.2 t ha-1) and ‘Elit CCP’ (1.2 t ha-1), 

all from Hungary. 

In 2019/20, mean YG across entries was only 0.4 t ha-1 (7 % yield increase) with no significant 

differences between entries nor from zero (Figure 12 A). Relative yield gain ranged from 0.3 % 

(‘Elit CCP’) to 16.7 % (‘Liocharls’). In contrast to 2018/19, when the Hungarian entries dominated 

the top ranks, no specific group dominated in 2019/20. Conspicuously, the D-HP and K-HP-based 

mixtures resulted in similar YG in both years, which was not the case for the H-HP or Hungarian 

cultivar mixtures. For example, ‘Elit CCP’ overyielded in 2018/19 by 1.2 t ha-1 but not in 2019/20. 

Thus, the range of overyielding in these two contrasting seasons was 1.2, i.e. twice as high as the 

mean YG (0.6 t ha-1). In contrast, mixtures with ‘OYQII’ overyielded by 0.75 and 0.7 t ha-1 in the 

two years, thus overyielding varied by only 0.05 t ha-1 albeit with different fractions of wheat and 

peas in the different years (Figure 12).  

Although all LER values were >1 in both years, the effects were considerably greater in 

2018/19 (Figure 12 B) and entry effects significant (F14/42 = 6.5, P = 0.000, Table S 10), with 

almost the same ranking as for the YG. In 2019/20, LER ranged from 1.0 (‘Elit CCP’) to 1.2 

(‘Liocharls’) (mean 1.1), with no significant entry effects explaining the apparent dissimilarity in 

the ranks of YG and LER in that year. Most conspicuously, while YG in mixtures with ‘Kolompos’ 

was second highest, LER of this mixture was second lowest (Figure 12 B). Nevertheless, LER and 

YG were highly correlated in both 2018/19 (r = 0.90, P < 0.01) and 2019/20 (r = 0.86, P < 0.01). 

Effects of wheat on peas and peas on wheat were visualized by plotting the partial LERs per 

species against each other (Figure 13). For peas at sowing density of 50 %, a pLER > 0.5 is 

indicative of overyielding, while for wheat (sowing density 70 %), a pLER > 0.7 indicates 

overyielding. In both seasons, wheat entries significantly varied for their pLER and their effects 

on pLER of peas (Table S 10). However, while wheat and pea pLERs in 2018/19 were greater 

than the expected pLER with few exceptions, in 2019/20 pLERs of wheat were greater and peas 

lower than the expected values (Figure 12 C). 
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Figure 12 Estimated marginal means and standard error for yield gains (A), Land equivalent ratios (LER) 
(B) of the seasons 2018/19 and 2019/20. Significant differences at p<0.05 estimated from mixed models 
with pairwise comparison and Holm correction are shown. Letters indicate significant differences between 
wheat entries. Stars indicate significant differences of yield gain from zero. The vertical dashed line in C 
represents sowing ratio of wheat (mix/mono) and the horizontal line sowing ratio of pea (mix/mono). 
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Figure 13 Estimated marginal means of partial LER of wheat and peas of the seasons 2018/19 

and 2019/20. The vertical dashed line in C represents sowing ratio of wheat (mix/mono) and the 

horizontal line sowing ratio of pea (mix/mono). 
 

3.4.6 Wheat Traits 

In the set of evaluated entries there was considerable variation of days to heading (DTH, BBCH 

50) due to the inclusion of Hungarian and central European entries. Mean DTH in the season 

2018/19 was 224 days and 208 days in 2019/20 corresponding to the fact that the experiment 

was sown two weeks earlier in 2018/19. Entry had by far the strongest effect on DTH in both 

years. A significant systems effect was found in 2019/20, while in 2018/19 the system x entry 

interaction was small. The system x entry interaction effects were one or two orders of magnitude 

smaller than entry effects (Table S 6). The relative ranking of the entries was consistent across 

both years (Table S 13). The Hungarian entries were earliest, the organic line cultivars and 

‘Achat’ latest. The K-HP entries and ‘Capo’ constituted a group of mid-early entries relative to the 

entire entry set. ‘Kolompos’ was the latest Hungarian entry and grouped with the mid-early 

entries in 2018/19.  

Changes in HI were generally small and mostly non-significant. The reactions of the wheat 

entries were very variable and sometimes contrasting in the two seasons. In monocultures, the 

ranking of the entries differed between years, e.g. ‘Nemere’ and ‘Kolompos’ were intermediate in 

2018/19 but highest in 2019/20. In mixture with pea, the HI of ‘Nemere’ was significantly lower 
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in 2018/19 (mix: 0.33, mono: 0.38) and 2019/20 (mix: 0.39, mono: 0.44 ), while ‘Kolompos’ was 

significantly higher in 2018/19 (mix 0.44, mono 0.38) but was reduced in 2019/20 (mix: 0.41, 

mono: 0.43 ). For ‘Wiwa’ and ‘OQII’, HI showed a similar pattern to ‘Kolompos’ and contrasting to 

the ‘Elit CCP’ (Figure 14 A). 

In mixture with pea, the different wheat entries indicated high variability for kernel number 

per ear dependent on experimental year. Entry responses indicated a similar pattern to HI with 

the exception of ‘Wiwa’, which despite a significant reduction in HI in mixture in 2019/20, slightly 

increased the number of kernels per ear in that year. ‘Kolompos’ indicated an increase in kernel 

number per ear in mixtures in 2018/19 (Figure 14B,  Table S 14). 

The GT biplot (genotype by trait) explained 68 % of total trait variation in 2018/19 and 61 % 

in 2019/20 (Figure 15). The interpretation is similar to that of the GGE biplot of yield and protein, 

in that the cosine of the angle between two traits approximates the correlation between them. 

Additionally, the length of the vectors, indicates the closeness of association with other traits. 

Traits with shorter vectors tend to have weaker associations with other traits. The same is true 

for genotypes and traits in terms of the cosine of the angle between the genotypes and the traits. 

Genotypes found closely located (<90°) to specific traits indicate a high propensity to the trait or 

traits, referred to as a genotype trait profile. If trait profiles between genotypes are different, they 

represent contrasting trait profiles. 

Of interest is the question how the measured traits (HI, kernels per ear, ears m-2 and DTH) 

interact and how they affect the yield and quality performance of the entries in mixtures (LER, 

YG, TGW and protein). The number of kernels per ear and HI had vectors of similar length in both 

years and the cosine angle indicates that they were correlated in 2018/19 but not in 2019/20. 

DTH was correlated with both kernels per ear and HI in 2018/19, however, ears m-2 was not 

associated with these traits. In 2019/20, DTH was still correlated with kernels per ear. In 

addition, HI and ears m-2 were positively correlated, however, these two traits were negatively 

correlated to the former two (Figure 15). 

With respect to yield performance, it is not surprising that wheat pLER, YG and LER are all 

closely associated. However, while pea pLER grouped with the aforementioned traits in 2018/19, 

it was weakly correlated with LER and negatively with YG in 2019/20, the year when more 

nitrogen was available in the soil. Nevertheless, with respect to quality, protein content was 

always closely associated with pea pLER. In contrast, HI was always negatively related to protein 

content, while it correlated strongly with wheat pLER in 2019/20. This indicates that HI directly 

enhanced wheat competitiveness. The negative effect on pea pLER is the logical consequence. In 

contrast to HI, kernels per ear and days to heading were negatively associated with protein 
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content in the first, and positively associated in the second year. In 2019/20, both TGW and ears 

m-2 correlated with wheat pLER. 

As depicted by the longer blue vectors, entry trait associations were stronger in 2019/20 than 

in 2018/19. Three Hungarian pure line cultivars and ‘Butaro’ indicated stronger associations to 

plant traits in the first year. In 2019/20, most pure line cultivars, H-HP ‘Elit CCP’ and the D-HP 

‘Liocharls’ indicated stronger associations to specific traits. The K-HPs in general tended towards 

the GT biplot origin in both years (Figure 15). 
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Figure 14 Interaction plots for harvest index (A) and kernels per ear (B). Estimated marginal 

means from linear mixed effect models are plotted. Small stars indicate significant differences of 

entries between systems and large stars between systems across entries and ‘i’ indicates 

significant interactions at p<0.05 estimated from mixed models with pairwise comparison and 

Holm correction. 
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Figure 15 Genotype by trait biplots for two seasons. Entries are indicated in blue and traits in 

green. 
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3.5 Discussion 

The mixture effects found in this study are confirmed by previous reports on cereal-legume 

mixtures with respect to improved cereal grain quality, weed suppression, resource use efficiency 

(Bedoussac et al., 2015), yield gain (Li et al., 2020) and lodging resistance (Kontturi et al., 2011; 

Podgórska-Lesiak and Sobkowicz, 2013). The two cropping seasons 2018/19 and 2019/20, when 

pea-wheat mixtures could be realized were relatively similar with respect to moderate to low 

water availability and temperature conditions but differed mostly for nitrogen availability. In 

2018/19, when nitrogen was deficient, wheat baking quality could be improved to high-quality 

baking standard. In 2019/20, when nitrogen provision was more adequate, standard high baking 

quality could be already achieved in pure stands while in mixtures protein content was increased 

even further. Weeds and foliar diseases were generally reduced, albeit only moderately, due to 

low weed and disease pressure and no specific resistance related differences to foliar pathogens 

became evident in wheat under these conditions. The fact that senescence overall was delayed in 

mixtures, reducing the area under the non-green leaf area curve (AUNGLA) points to beneficial 

interactions due to changes in wheat density and the addition of peas with respect to resource 

use dynamics over time. No effects on foot diseases were found as is often the case when studying 

mixtures (Finckh and Wolfe, 2015). 

In reaction to the differing nitrogen supply, wheat entries displayed a broad range of reactions 

to growing in pure stands and wheat-pea mixtures with respect to yield and quality on the one 

hand. For example, in 2018/19, earliness could be one explanation for high YG in some Hungarian 

entries, except ‘Toborzo’ that seemed to be too early while ‘Butaro’, the latest entry, had the 

lowest YG in this season. Earliness was strongly associated with kernels per ear and HI in 

2018/19, however, in 2019/20, HI was affected negatively by earliness. Depending on year, 

different traits such as harvest index (HI), days to heading (DTH) and ears m-2 correlated with the 

performance traits of wheat and peas such as LER or partial LER, yield gain (YG) and wheat grain 

protein content. Nevertheless, in both experimental years, HI of wheat appeared to be a robust 

measure to predict effects on pea performance (pea pLER) and subsequently on wheat quality in 

mixtures as protein content was negatively correlated with HI and positively with pea pLER.  

With the exception of the Hungarian ‘Elit CCP’, independent of growing season, the 

heterogeneous populations (HP) displayed the highest stability with respect to yield and quality 

and no specific trait profiles. This indicates that while selection of specific traits might be of use 

when selecting pure line cultivars for mixtures, this avenue might not be the best when dealing 

with HPs. The high stability of the HPs was at an overall intermediate level for yield and protein 
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values. Some of the Hungarian line cultivars achieved either high yield or protein content in the 

two experimental years. This was due to the fact that weather conditions overall were very warm 

and similar to more continental summers. Increased environmental variability and weather 

extremes challenge future agricultural production and need to be mitigated. Therefore, HPs can 

add an additional level of environmental stress buffering capacity to that of wheat-pea species 

mixtures.  

The multicriteria evaluation confirms the relevance of inter- and intra-specific diversity for 

multifunctionality as was previously reported for multifunctional grasslands (Isbell et al., 2011, 

2017). Such a multifunctional perspective in agriculture is by no means established in practice. 

Rather, the focus, even in organic agriculture, is on yields of single crop species. This is in large 

part due to a lack of established value chains based on mixed cropping (Kiær et al., 2022, this 

volume).  

3.5.1 Entry Effects and System x Entry Interactions of Performance 

Although system x entry interactions were mostly weak compared to main effects of the wheat 

entries, they were generally greater in 2018/19 than in 2019/20. Water availability was likely 

somewhat lower in 2018/19 than in 2019/20 due to the extreme drought in 2017/18. 

Complementarity with respect to water use between wheat and pea likely played a role. Thus, 

differences in YG and LER between wheat entries were only significant in 2018/19.  

The complementarity of legumes and cereals with respect to nitrogen pools accessible by 

cereals (soil) and legumes (soil and atmospheric nitrogen) and the different competitive abilities 

with respect to soil nitrogen of cereals (high) and legumes (low) depends on these resources 

being limiting (Bedoussac et al., 2015), which was most likely the case in the season 2018/19. 

Under the relatively low nutrient levels in 2018/19, peas were more competitive and contributed 

with 33 % more than expected to total yields in mixture compared to monoculture. In contrast, 

in 2019/20 total yields were 20% higher than in the previous year but peas were suppressed by 

wheat and their contribution to the total yields was only 9 % with strong effects of the wheat 

entry on pea performance. The fact that wheat yield, growing system and entry had similarly 

strong effects in 2018/19, but entry effects were stronger than system effects in 2019/20 confirm 

other studies (Moutier et al., 2021) that competitive interactions among peas and wheat were 

strongly driven by nitrogen availability. The spatial and temporal dimensions of niche 

differentiation such as differing rooting patterns or plant phenology are here of particular 

relevance (see next section). It should be noted, that even the higher N-levels in the second year 

were relatively low compared to conventional farming systems. The K-HPs that were bred for and 
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selected in organic systems often outperform line cultivars under organic but not under 

conventional conditions (Weedon and Finckh, 2019, 2021). Nevertheless, wheat yields are more 

predictable under high nutrient conditions. LER seems more sensitive to cultivar variation, 

however, the overall picture is similar to YG. Leveling of cultivar-based performance differences 

also makes it challenging to make robust statements with respect to different entry groups and 

relationships between traits and performance. 

The GGE analysis revealed that the K-HPs and ‘Brandex’ had lower variation for grain yield and 

protein compared to ‘Elit CCP’, C-Lines and H-Lines. With respect to yield performance in mixture 

with the pea cultivar ‘Fresnel’ and monoculture ‘Kolompos’, ‘Achat’ and ‘Capo’ – the former two 

conventional relatively short cultivars compared to the other entries evaluated – performed best 

in monocultures. In mixtures, they also performed well, however ‘Achat’ less so. The other line 

cultivars varied greatly among years in their relative performance. In contrast, with the exception 

of the Hungarian ‘Elit CCP’ in 2018/19 the HPs were only outperformed in pure stands by ‘Achat’ 

and in mixtures by ‘Kolompos’. In 2019/20, the HPs were mostly outperformed by ‘Achat’, ‘Capo’ 

and ‘Kolompos’ in pure stands while in mixtures only ‘Kolompos’ outyielded all HPs. Thus, while 

most of the HPs with the exception of ‘Elit CCP’ were well suited for mixtures, among the pure 

line cultivars, ‘Kolompos’ and ‘Capo’ appeared particularly well suited with respect to yield.  

Using the 4C approach (Justes et al., 2021), the pLERs allow to draw conclusions with respect 

to competition, complementarity, compensation and cooperation. In 2018/19, all wheat entries 

except ‘Toborzo’, ‘BSFII’ and ‘Butaro’ fall in the top right sector in the pLER plot, indicating that 

complementarity and cooperation were stronger than competition. In 2019/20, competition was 

stronger than cooperation and complementarity and wheat suppressed the peas. Still, in 

2018/19, pea pLER was highest in combination with four of the five best performing entries 

(‘Karizma’, ‘Elit CCP’, ‘Nemere’ and ‘Brandex’). Pea pLER was somewhat reduced with ‘Kolompos’, 

but the latter had the highest wheat pLER . All other wheat entries indicated a greater reduction 

in yield in response to pea. This points to overall asymmetric competitive interactions depending 

on wheat entry (Weiner, 1990). In parallel to the pLERs, HI varied considerably. In 2018/19, most 

entries did not differ significantly for HI between systems, indicating similar competition within 

mixtures and monocultures, while in 2019/20 some interactions occurred. In contrast, HI of 

‘Kolompos’ increased in mixture compared to monoculture in 2018/19 but not in 2019/20 while 

HI of ‘Nemere’ decreased in mixture in both years. All other entries did not change their HI 

significantly. This confirms a differential competitive response of wheat entries with respect to 

resource allocation and depending on environment, indicating different routes to high LER or YG 

values that ideally should be exploited. 
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In contrast to yield, the most important factor affecting protein content of wheat within year 

was growing system (i.e. mixed cropping) but the increase in protein content in mixture with pea 

was almost twice as high under low nitrogen levels (+1.5 %) compared to the higher nitrogen 

levels (+0.7 %) and significant system x entry interactions only occurred in 2018/19. The line 

cultivars ‘Wiwa’, Toborzo’ outperformed heterogeneous populations for protein content but not 

yield across environments. The reversed pattern of the yield and the protein GGEs confirm the 

well-known trade-off between yield and quality in wheat (Michel et al., 2019) and the fact that 

the effect of cereal-legume mixtures on wheat quality is almost entirely due to nitrogen 

(Bedoussac et al., 2015). Nevertheless, the increase in protein content in both years, particularly 

2019/20, was greater for the pure line cultivars than for the HP entries, except ‘Elit CCP’. The fact 

that HP entries are heterogeneous results in higher variation for protein potential. The German 

HPs bred for good baking quality (‘Brandex’, ‘Liocharls’, ‘OQII’) had higher protein content in pure 

stands under high N-input in the second year compared to the more diverse HPs ‘OYQII’ and the 

two ‘BSF‘-HPs. However, in mixtures these differences were no longer evident suggesting greater 

plasticity of the HPs for that trait. Thus, it appears that under high nitrogen input levels relative 

yield performance of wheat when mixed with a determinate pea cultivar is quite predictable from 

the wheat pure stands. In contrast, selection for improved mixture performance and improved 

protein levels of wheat in mixtures with peas may only be useful under low nitrogen levels to 

identify entries highly efficient for nitrogen use. 

While foliar disease levels were very low in our experiments, leaf senescence played a more 

prominent role and was the main factor contributing to non-green leaf area. AUNGLA as an 

indicator for leaf senescence was reduced in mixtures compared to monocultures in 2018/19 and 

2019/20. Delayed senescence could be a possible explanation for higher protein contents since 

onset of senescence explained up to 86% of variation in nitrogen utilization efficiency in wheat 

(Gaju et al., 2011). 

In contrast to yield and protein effects, with respect to weeds, system x entry interactions were 

high under higher nitrogen levels, even if absolute weed levels were low. Weed pressure is 

increased by high nutrient levels and is an important issue not only in organic growing systems, 

but particularly in species mixtures as herbicides are usually incompatible with such mixtures. 

Thus, improved weed suppression and management through the optimization of weed 

suppressive crop mixtures and associated breeding programs should be highlighted as important 

aims to improve crop mixtures and their wider application.  
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3.5.2 Wheat Trait Effects on Mixture Performance 

Increased competition through increased plant density or reduced resources in monocultures 

increases the allocation of resources to vegetative relative to reproductive plant organs, leading 

to a lower HI in wild plants (Keddy, 2017, p. 128), but also in arable crops (Li et al., 2015). Chen 

et al. (Chen et al., 2020) found a greater increase in total biomass than in grain yield in mixtures 

because in mixtures reproductive effort is reduced (lower harvest index) relative to 

monocultures due to increased competition. Nevertheless, this does not necessarily indicate a 

trade-off as was demonstrated with diversified wheat populations (Weedon and Finckh, 2021), 

and HI may therefore be a valuable indicator of reduced competition and increased 

complementarity in mixtures. Exploiting reduced competition and increased allocation to grains 

in mixtures may be a route for breeding to increase mixture performance in terms of grain yields 

(Chen et al., 2020).  

The significantly increased harvest index for Kolompos in 2018/19 coincided with increased 

kernels per ear in mixture, the reverse being true for Nemere. Even though these changes in 

kernels per ear were not statistically significant, the coherent contrasting pattern of both entries 

for the two variables suggests they might explain the changes in HI. It is possible that the reduced 

investment in competition of Kolompos in mixture resulted in more kernels per ear, increasing 

its HI, while the presence of pea apparently played no significant role. Likely, the phenology of 

the mid-early Kolompos, relative to the set of evaluated entries, is complementary to the pea 

cultivar ‘Fresnel’ contributing to (temporal) niche differentiation and thus reduced competition. 

Interestingly, ‘Kolompos’ also had the longest seminal roots in a recent hydroponic study, even 

longer than wheat plants selected specifically for long roots (Timaeus et al., 2021). As noted 

before, in our experiment mixture effects are due to species mixing and density effects in an 

absolute sense but comparing different entries within the same experimental set-up still enables 

some insights. Temporal niche differentiation as indicated by differences in maximum daily 

growth rates of component species is an important driver of yield gain in mixtures of canola with 

soybean or maize (Dong et al., 2018) and mixtures of maize with small-grain cereals or legumes 

(Li et al., 2020). These studies compared different crop species combinations. Only few studies 

have at least in part attempted to investigate the effect of intraspecific variation of crop species 

phenology on mixture performance as pointed out by Dereje et al. (2022, this volume). To breed 

new line cultivars or HPs should systematically exploit the positive effects of temporal niche 

differentiation. 

Experimental studies show that early vigor has a positive impact on nitrogen use efficiency 

(Liao et al., 2004) and therefore also likely on protein content. As pointed out above, earliness 
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was not always beneficial among the wheat entries. In contrast to Moutier et al. (Moutier et al., 

2021) who found that wheat cultivar earliness significantly correlated with wheat protein 

content increase we did not detect a significant correlation between DTH and protein. Thus, in 

2018/19, the very early cultivar ‘Toborzo’ had by far the highest protein content followed by 

‘Nemere’, ‘Karizma’ and ‘Elit CCP’. The mid-early cultivar ‘Kolompos’ had rather low protein 

content values, likely due to its high yield, while ‘Wiwa’ - a late cultivar - had comparatively high 

protein values. The interactions between a range of different factors such as DTH, speed of leaf 

senescence, yield level and their effect on protein content are not well explored.  

3.5.3 Future Avenues for Breeding Research 

The magnitude of stresses on cropping systems will have strong impacts on the relevance of 

cropping systems diversified on multiple levels. Increased frequencies of extreme weather events 

(IPCC, 2021) and additional socio-economic factors such as increasing market price and 

regulation for synthetic nitrogen fertilizers could lift these systems to high relevance for farming 

practice. This would justify increased efforts in breeding programs and breeding research for 

diversified cropping systems. 

Both, wheat line cultivars bred for monocultures and HPs that evolved in single species 

populations can be used to harness the advantages of cereal-legume mixtures as indicated by the 

multifunctional evaluation. HPs add additional performance stability to species mixtures under 

environmental stress but their genetic background and selection environment used for their 

evolution need to be taken into account (Weedon and Finckh, 2019, 2021). Interaction of diversity 

on the intra- and interspecific level on cropping system performance need further study, 

particularly under different environments. Research on species mixtures in multiple 

environments might profit from a stronger link to crop community ecology. Gliessman introduced 

the concept of crop communities for cropping systems and community ecology as a discipline to 

refocus agricultural management and research to harness emergent effects and properties of 

plant communities that can be used in agriculture (Gliessman, 1987, p. 161). Systematic empirical 

research of species mixtures combined with plant ecology might contribute to develop crop 

community ecology as a basis for multifunctional cropping systems, as described by Litrico and 

Violle (2015).  

Upscaling experimental research across environments and the integration of new conceptual 

perspectives from ecology need to be complemented by experiments that investigate 

diversification mechanisms and interactions related to plant traits in more detail, particularly 

those related to the 4C approach (Justes et al., 2021). Traits should not only be studied as targets 
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for breeding but also as indicators of competition/complementarity and adaptation to species 

mixtures. For example, genotypes can systematically be screened for maintenance or even 

increased HI in mixtures indicating reduced susceptibility to competition. Some key results such 

as the differences in variation in harvest index of ‘Kolompos’ and ‘Nemere’ were detected by 

combining the results of post hoc tests and visual interaction plots. Elucidating such variation in 

system comparisons can help to pin-point mechanistic relationships between reduced 

competition between peas and specific wheat entries (increased HI in mixture), plant traits 

(phenology) and performance advantages under certain environmental conditions. Such 

experiments can support future breeding efforts to more systematically study traits and how they 

are influenced by the 4Cs to further reduce competition and increase complementarity in 

mixtures. Hitherto, intraspecific variation of phenology as a source of variation of niche 

differentiation between crop partners seems to be largely unexplored. Exploring variation in 

temporal niche differentiation, could increase resource efficiency and yield gains also in high 

input farming systems (Li et al., 2020).  

Despite the many well-known advantages of mixed cropping, many obstacles for species 

mixtures currently preclude their adoption in general (Kiær et al., 2022). With respect to wheat-

pea mixtures for food products, market and processing opportunities are rare to non-existing. 

Innovations in cropping system design may help to address practical challenges. In relay 

mixtures, for example, sowing of the crop species and their harvest is done in a staggered fashion, 

avoiding the issue of grain separation prevalent in other mixture designs. This is especially 

relevant since some specialized food processors require highest grain purity due to consumer 

allergies. This highlights the importance of specific mixed cropping system designs and the need 

for their systematic investigation and development, while integrating plant ecology and 

agronomy (Brooker et al., 2021).  

Harnessing the advantages of species mixtures in farming practice needs to go beyond the 

cropping system perspective. The multifunctional agronomic advantages identified here can only 

be harnessed in practice for food crops if major obstacles for food grain mixtures are addressed 

downstream in the food supply chain (Meynard et al., 2013, 2018). This includes the need for 

public support to establish sufficient grain sorting facilities, storage and logistics in an emerging 

sector that needs to scale up. Lack of infrastructure may slow down or even impede the adoption 

of such farming practices (Mamine and Farès, 2020). Failing to account for these challenges in the 

food system will result in a failure to harness mixture advantages as emphasized in the food-

system turn in agroecology (Francis et al., 2003; Gliessman, 2015). For this reason, tailored 
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research strategies are urgently needed that integrate plant ecology, agronomy, breeding science 

and practical value chain aspects. 
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3.7 Supplements 

Table S 2 Data collected during two experimental seasons. NGLA: non-green leaf area, WAS: 

weeks after sowing. 
Data Season 2018/19 Season 2019/20 
 Date Cereal BBCH Date Cereal BBCH 

Sowing 16.10.2018 0 31.10.2019 0 

Emergence [plants / m2] 23.11.2018 9 05.12.2020 9 

Weed cover [%] 27.03.2019 23 27.03.2019 20-25 

Foliar disease [AUNGLAC , %] 04.06., 17.6.2019 50-61, 71-77 16.06., 13.07.2020 71-73, 73-85 

Foot disease [DI] 03.07.2019 70-81 7.7.2020 77-83 

Wheat biomass cuts 01.08.2019 85 22.07.2020 85-87 

Lodging [%] 02.08.2019 80-85 17.06.2020 71-73 

Grain harvest pure peas [t ha-1] 23.07.2020 89 23.07.2020 89 

Grain harvest mixtures/pure wheat [t ha-1] 06.08.2020 92 06.08.2020 92 

Protein content by NIRS [%] 1.-10.9.2019 92 20.-24.8.2020 92 

Heading 15.5.-5.6.2019 51-59 11.5.-6.6.2020 51-59 

 

Table S 3 Anova table from non-linear mixed effect models (nlmes) to estimate relative mixture 

effects. Numerator degrees of freedom (DF), response variable refers to the relative changes in 

mixture performances. 
Year Model Element DF F-value P-value 

2018_19 intercept 1 13.8 0.000 

2018_19 response variable 13 764.5 0.000 

2019_20 intercept 1 94.7 0.000 

2019_20 response variable 13 591.3 0.000 
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Table S 4 Relative mixture effects. Emmeans: Estimated marginal means; DF: degrees of freedom; 

CL: lower and upper 0.95 confidence limits. Derived from nlmes with pairwise comparison and 

Holm correction. 
Year Variable Variable Type Emmeans DF lower.CL upper.CL 

2018_19 AUNGLAC (foliar) Crop Protection -18.4 3 -47.5 10.6 

2018_19 DIA (foot) Crop Protection 8.6 3 -44.8 62.0 

2018_19 Gluten Quality: wheat grains 19.5 3 11.4 27.6 

2018_19 Hectoliter Quality: wheat grains -1.7 3 -5.7 2.3 

2018_19 Pea Yield Yield -22.8 3 -40.8 -4.8 

2018_19 Protein Quality: wheat grains 15.2 3 8.6 21.9 

2018_19 Sedimentation Quality: wheat grains 28.9 3 16.3 41.6 

2018_19 Total Yield: mix|mono pea Yield 139.2 3 93.0 185.3 

2018_19 Total Yield: mix|mono wheat Yield 14.9 3 -5.5 35.2 

2018_19 Water Quality: wheat grains -0.6 3 -4.8 3.6 

2018_19 Weeds: mix|mono pea Crop Protection -73.5 3 -81.5 -65.4 

2018_19 Weeds: mix|mono wheat Crop Protection -7.0 3 -33.8 19.8 

2018_19 Wheat Yield Yield -24.3 3 -37.9 -10.6 

2018_19 Yield Gain RE 20.8 3 4.4 37.2 

2019_20 AUNGLAC (foliar) Crop Protection -18.6 7 -36.2 -1.1 

2019_20 DIA (foot) Crop Protection -1.5 7 -20.8 17.8 

2019_20 Gluten Quality: wheat grains 7.9 7 3.4 12.4 

2019_20 Hectoliter Quality: wheat grains 0.0 7 -1.1 1.1 

2019_20 Pea Yield Yield -81.1 7 -85.7 -76.4 

2019_20 Protein Quality: wheat grains 6.1 7 2.1 10.0 

2019_20 Sedimentation Quality: wheat grains 14.4 7 6.3 22.5 

2019_20 Total Yield: mix|mono pea Yield 120.3 7 95.5 145.1 

2019_20 Total Yield: mix|mono wheat Yield 1.2 7 -4.3 6.7 

2019_20 Water Quality: wheat grains -2.2 7 -3.5 -0.9 

2019_20 Weeds: mix|mono pea Crop Protection -72.4 7 -81.0 -63.9 

2019_20 Weeds: mix|mono wheat Crop Protection 9.1 7 -19.2 37.5 

2019_20 Wheat Yield Yield -7.6 7 -13.5 -1.7 

2019_20 Yield Gain RE 8.1 7 2.2 14.1 
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Table S 5 Anova for two-year models (2018_19/2019_20) for LER, yield gain and wheat and pea 

pLER. MS: Mean square error; DF: Numerator degrees of freedom; F: F – value; P: P- value from 

the linear mixed effects models for different agronomic traits of cereal entries. Entry represents 

the cereal entries. 
 MS DF F P 

Yield Gain [t ha-1] 
  

Year (Y)  0.6 1 3.3 0.00 

Entry (E) 4.2 14 24.8 0.00 

Y x E 0.3 14 1.9 0.04 

LER    

Year (Y)  0.04 1 3.6 0.00 

Entry (E) 5.19 14 474.5 0.00 

Y x E 0.04 14 3.6 0.00 

Pea pLER    

Year (Y)  0.05 1 6.5 0.00 

Entry (E) 10.19 14 1356.9 0.00 

Y x E 0.02 14 2.9 0.00 

Wheat pLER 
   

Year (Y)  0.024 1 2.4 0.01 

Entry (E) 0.835 14 85.0 0.00 

Y x E 0.018 14 1.9 0.04 
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Table S 6 Ratios of mean squares of significant interaction effects (int) relative to the main effects system 
(S) or entry effects (E). Ns refers to non-significant interactions. 
 Lodging Weeds AUNGLA DIA 
 int/S int/E int/S int/E int/S int/E int/S int/E 

2018/19 ns ns 0.08 0.16 ns 

2019/20 ns 4.00 0.57 ns ns 
 Wheat yield Total yield Protein   

 int/S int/E int/S int/E int/S int/E   

2018/19 0.10 0.11 1.50 0.19 0.02 0.02   

2019/20 0.17 0.09 ns ns   

 

Table S 7 Anova tables 2019/20 for foliar disease and weeds. MS: Mean square error; DF: 

Numerator degrees of freedom; F: F – value; P: P- value from the linear mixed effects models for 

different agronomic traits of cereal entries. Entry represents the cereal entries, System the 

cropping system (monoculture and mixture). 

Season Parameter Factor MS DF F P 

2018/19 AUNGLA System (S) 1031644 1 65396 0,00 
 Entry (E) 493947 14 31311 0,00 
 SxE 78813 14 4996 0,00 

Weeds in wheat [%] System (S) 0,64 1 4,5 0,13 
 Entry (E) 0,37 14 2,6 0,00 
 SxE 0,11 14 0,8 0,70 

Weeds in pea [%] System (S)     

 Entry (E) 8,0552 15 53,826 0,00 
 SxE     

2019/20 AUNGLA System (S) 1803202 1 43,5 0,00 
 Entry (E) 1575836 14 79,7 0,00 
 SxE 29638 14 0,9 0,46 

Weeds in wheat [%] System (S) 0,4 1 0,5 0,50 
 Entry (E) 2,8 14 3,1 0,00 
 SxE 1,6 14 1,8 0,05 

Weeds in pea [%] System (S)     

 
 Entry (E) 13,3 15 16,7 0,00 

 
 SxE     
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Table S 8 Anova tables for grain yields for two seasons. MS: Mean square error; DF: Numerator 

degrees of freedom; F: F – value; P: P- value from the linear mixed effects models for different 

agronomic traits of cereal entries. Entry represents the cereal entries, system the cropping 

system (monoculture and mixture). 

  2018/19 2019/20 

Wheat yield [t ha-1] 

 MS DF F  P MS DF F  P 

System (S) 2.1 1 22.4 0.01 1.8 1 12.5 0.04 

Entry (E) 1.8 14 19.5 <0.01 3.2 14 22.5 <0.01 

SxE 0.2 14 2 0.03 0.3 14 2.2 0.01 

Pea yield [t ha-1] 

Entry 0.2 15 5 <0.01 0.2 15 13.2 <0.01 

Total yield [t ha-1] 

System (S) 0.2 1 3.2 0.17 0 1 0.1 0.76 

Entry (E) 1.6 14 22.9 <0.01 3 14 22.4 <0.01 

SxE 0.3 14 3.9 <0.01 0.2 14 1.4 0.19 

 

Table S 9 Anova tables for wheat grain proteins for two seasons. MS: Mean square error; DF: 

Numerator degrees of freedom; F: F – value; P: P- value. Derived from the linear mixed effects 

models for different agronomic traits of cereal entries. Entry represents the cereal entries, system 

the cropping system (monoculture and mixture). 
 2018/19 2019/20 
 MS DF F value Pr(>F) MS DF F value Pr(>F) 

System (S) 11.1 1 109 0.00 15.8 1 50.3 0.00 

Entry (E) 8.2 14 79.9 0.00 5.5 14 17.7 0.00 

SxE 0.2 14 2 0.03 0.4 14 1.3 0.24 

 

Table S 10 Anova for wheat entry effects on LER, pLER and yield gain (YG) for two seasons.  MS: 

Mean square error, DF: numerator degrees of freedom, F: F – value, P: P – value, estimated from 

the linear mixed effects models. 
 2018/19 2019/20 
 MS DF F P MS DF F  P 

LER  0.07 14 6.5 0.00 0.01 14 1.4 0.22 

Wheat pLER  0.02 14 3.4 0.00 0.02 14 6.5 0.00 

Pea pLER  0.05 14 4.3 0.00 0.02 14 10.8 0.00 

Yield Gain [t ha-1] 0.57 14 5.7 0.00 0.32 14 2.0 0.04 
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Table S 11 Comparison of cropping systems. Estimated marginal means (Emmeans), standard error (SE), degrees of freedom (DF) and lower and 

upper limits for the 0.95 confidence interval derived from lme/nlmes with pairwise comparison and Holm correction. Group refers to statistically 

significant differences at P < 0.05. 
Year Variable type Variable System Emmean SE DF lower.CL upper.CL .group 

2018_19 Crop protection AUNGLAC mix 611.00 87.2 3.1 256.00 966.00 b 

2018_19 Crop protection AUNGLAC mono 796.00 87.2 3.1 442.00 1151.00 a 

2019_20 Crop protection AUNGLAC mix 666.15 28.6 3.0 546.87 785.43  a  

2019_20 Crop protection AUNGLAC mono 819.21 28.6 3.0 699.93 938.48   b 

2018_19 Crop protection DIA mix 47.30 4.0 3.4 31.90 62.70 a 

2018_19 Crop protection DIA mono 47.60 4.0 3.4 32.20 63.00 a 

2019_20 Crop protection DIA mix 44.75 1.4 43.9 41.56 47.93  a 

2019_20 Crop protection DIA mono 46.65 1.4 43.9 43.47 49.84  a 

2018_19 Crop protection Lodging (mix|pea mono) mix 0.33 0.1 - 0.22 0.52 a 

2018_19 Crop protection Lodging (mix|pea mono) mono 75.00 4.3 - 66.98 83.99 b 

2019_20 Crop protection Lodging (mix|pea mono) mix 1.58 0.2 - 1.29 1.94 a 

2019_20 Crop protection Lodging (mix|pea mono) mono 29.00 2.7 - 24.17 34.79 b 

2018_19 Crop protection Lodging (mix|wheat mono) mix 0.33 0.1 3.0 -0.09 0.75  a 

2018_19 Crop protection Lodging (mix|wheat mono) mono 0.40 0.1 3.0 -0.02 0.82  a 

2019_20 Crop protection Lodging (mix|wheat mono) mix 1.23 1.4 3.4 -2.91 5.38  a 

2019_20 Crop protection Lodging (mix|wheat mono) mono 3.81 1.4 3.5 -0.18 7.81  a 

2018_19 Yield Pea yield mix 1.57 0.2 3.0 1.01 2.13  a  

2018_19 Yield Pea yield mono 2.01 0.2 7.7 1.49 2.53   b 

2019_20 Yield Pea yield mix 0.50 0.0 3.3 0.40 0.59  a  

2019_20 Yield Pea yield mono 2.69 0.1 61.0 2.46 2.92   b 

2018_19 Yield Total yield mix 4.74 0.2 3.0 4.07 5.41  a 

2018_19 Yield Total yield mono 4.20 0.2 3.0 3.53 4.88  a 

2019_20 Yield Total yield mix 5.78 0.1 3.0 5.54 6.03  a 

2019_20 Yield Total yield mono 5.74 0.1 3.0 5.50 5.99  a 

2018_19 Crop protection Weeds (mix|pea mono) mix 1.76 0.1 3.1 1.48 2.05  a  
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Year Variable type Variable System Emmean SE DF lower.CL upper.CL .group 

2018_19 Crop protection Weeds (mix|pea mono) mono 7.33 0.2 49.4 6.87 7.79   b 

2019_20 Crop protection Weeds (mix|pea mono) mix 2.34 0.2 3.2 1.80 2.87  a  

2019_20 Crop protection Weeds (mix|pea mono) mono 9.17 0.5 57.6 8.12 10.21   b 

2018_19 Crop protection Weeds (mix|wheat mono) mix 1.76 0.1 3.0 1.57 1.95  a 

2018_19 Crop protection Weeds (mix|wheat mono) mono 1.94 0.1 3.0 1.75 2.13  a 

2019_20 Crop protection Weeds (mix|wheat mono) mix 2.34 0.1 3.0 1.95 2.73  a 

2019_20 Crop protection Weeds (mix|wheat mono) mono 2.45 0.1 3.0 2.06 2.84  a 

2018_19 Quality Wheat protein mix 11.99 0.1 3.0 11.65 12.33   b 

2018_19 Quality Wheat protein mono 10.42 0.1 3.0 10.08 10.76  a  

2019_20 Quality Wheat protein mix 13.42 0.1 3.0 13.18 13.65   b 

2019_20 Quality Wheat protein mono 12.69 0.1 3.0 12.46 12.92  a  

2018_19 Quality Wheat TGW mix 45.80 0.2 3.0 45.12 46.47  a 

2018_19 Quality Wheat TGW mono 44.98 0.2 3.0 44.29 45.66  a 

2019_20 Quality Wheat TGW mix 51.64 0.2 3.0 51.11 52.17   b 

2019_20 Quality Wheat TGW mono 50.66 0.2 3.0 50.12 51.19  a  

2018_19 Yield Wheat yield mix 3.17 0.2 3.0 2.69 3.66  a  

2018_19 Yield Wheat yield mono 4.20 0.2 3.0 3.72 4.69   b 

2019_20 Yield Wheat yield mix 5.28 0.1 3.0 4.99 5.58  a  

2019_20 Yield Wheat yield mono 5.74 0.1 3.0 5.45 6.04   b 

2018_19 Crop protection O. yallundae  mix 38.4 3.75 3 22.8 54.1 a 

2018_19 Crop protection O. yallundae  mono 39 3.75 3 23.3 54.7 a 

2018_19 Crop protection C. cereale  mix 2.2538 0.7944 4.3109 -0.4233 4.9308  a 

2018_19 Crop protection C. cereale  mono 3.1992 0.7944 4.3109 0.5221 5.8762  a 

2018_19 Crop protection Fusarium spp. mix 7.7278 1.7835 4.7553 1.9714 13.4842  a 

2018_19 Crop protection Fusarium spp. mono 5.9810 1.7835 4.7553 0.2246 11.7374  a 

2019_20 Crop protection O. yallundae  mix 41.1214 1.4747 47.8367 37.7087 44.5341  a 

2019_20 Crop protection O. yallundae  mono 43.1430 1.4747 47.8367 39.7303 46.5557  a 

2019_20 Crop protection C. cereale  mix 1.1588 0.4523 4.5990 -0.3218 2.6395  a 

2019_20 Crop protection C. cereale  mono 1.4486 0.4523 4.5990 -0.0321 2.9293  a 
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Year Variable type Variable System Emmean SE DF lower.CL upper.CL .group 

2019_20 Crop protection Fusarium spp. mix 2.2538 0.7944 4.3109 -0.4233 4.9308  a 

2019_20 Crop protection Fusarium spp. mono 3.1992 0.7944 4.3109 0.5221 5.8762  a 

2017_18 Yield Wheat yield mix 3.3131 0.0842 3.0000 3.0452 3.5810  a 

2017_18 Yield Wheat yield mono 3.2532 0.0842 3.0000 2.9853 3.5211  a 

2019_20 RE Yield Gain - 0.4152 0.1690 3.3218 -0.2425 1.0729  a  

2018_19 RE Yield Gain - 0.7905 0.1690 3.3218 0.1328 1.4483   b 

2019_20 RE LER - 1.1133 0.0414 3.3462 0.9529 1.2736  a  

2018_19 RE LER - 1.5293 0.0414 3.3462 1.3689 1.6897   b 
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Table S 12 Anova tables wheat heading. MS: Mean square error; DF: Numerator degrees of 

freedom; F: F – value; P: P- value. Derived from the linear mixed effects models. Entry represents 

the wheat entries, cropping systems are monoculture and mixture and replicate represents the 

four replicate blocks in the experiment. 
  2018/19       2019/20       
 MS DF F P MS DF F P 

System (S) 7.5 1 7.3 0.07 22.5 1 17.4 0.00 

Entry (E) 207.8 14 199.9 0.00 351.3 14 270.7 0.00 

SxE 3.0 14 2.9 0.00 2.1 14 1.6 0.09 

 

Table S 13 Wheat DTH for entries. Estimated marginal means and standard error for of the 

seasons 2018/19 and 2019/20 from linear mixed effect models are shown. Significant differences 

at p<0.05 estimated from mixed models with pairwise comparison and Holm correction are 

shown. Significant differences are indicated by letters. 
2018/19 2019/20 

Entry Group Emmean  Entry Group Emmean  

Toborzo H-Line 213.5 a Toborzo H-Line 191.8 a 

Nemere H-Line 216.9 b Nemere H-Line 198.8 b 

Karizma H-Line 219.8 c Karizma H-Line 202.3 c 

Elit CCP H-HP, 220.0 c Elit HP H-HP 203.5 c 

Kolompos H-Line 223.1 d Kolompos H-Line 204.0 c 

OYQII K-HP 224.3 de OYQII K-HP 208.8 d 

Capo C-Line 225.6 ef Capo C-Line 209.5 d 

BSFI K-HP 226.0 ef OQII K-HP 209.5 d 

BSFII K-HP 226.3 f BSFI K-HP 210.0 de 

OQII K-HP 226.3 f BSFII K-HP 211.5 e 

Liocharls D-HP 228.4 g Liocharls D-HP 211.8 e 

Brandex D-HP 228.5 g Brandex D-HP 213.8 f 

Wiwa C-Line 229.3 gh Achat C-Line 214.0 f 

Achat C-Line 230.4 h Wiwa C-Line 214.3 f 

Butaro C-Line 231.0 h Butaro C-Line 215.3 f 
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Table S 14 Anova tables for wheat biomass for two seasons. MS: Mean square error; DF: 

Numerator degrees of freedom; F: F – value; P: P- value. Derived from the linear mixed effects 

models for different agronomic traits of cereal entries. Entry represents the cereal entries, the 

cropping system (monoculture and mixture) and replicate represents the four replicate blocks in 

the experiment. 
  2018/19 2019/20 

  MS DF F P  MS DF F P  

Wheat biomass [t ha-1] 

System (S) 44.1 1 17.5 0.03 11.9 1 2.7 0.2 

Entry (E) 4.2 14 1.7 0.08 30.8 14 7.1 0 

SxE 2.1 14 0.8 0.64 1.5 14 0.3 0.99 

Wheat ears [1/m2] 

System (S) 85216 1 46.6 0.01 55764 1 12.7 0.04 

Entry (E) 4269 14 2.3 0.01 15664 14 3.6 0 

SxE 2788 14 1.5 0.12 4455 14 1 0.44 

Wheat harvest index 

System (S) 0.003 1 2.7 0.1 0.001 1 16086 0.21 

Entry (E) 0.006 14 6 0 0.006 14 123467 0 

SxE 0.001 14 1.2 0.31 0.001 14 2013 0.03 

Wheat kernels per ear 

System (S) 0.1 1 0 0.95 54.5 1 4.2 0.04 

Entry (E) 156.2 14 13.4 0 76 14 5.9 0 

SxE 8.6 14 0.7 0.73 19.7 14 1.5 0.12 

Wheat TGW [g] 

System (S) 6.9 1 7.3 0.07 29 1 17.3 0 

Entry (E) 147.6 14 156.9 0 74.5 14 44.4 0 

SxE 2.4 14 2.6 0 3.8 14 2.2 0.01 
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4.1 Abstract  

Many agronomic studies have shown the advantages of species mixtures (SM), but for food grain 

production, they represent only a small niche. Empirical studies that investigate reasons for SM 

adoption in food grain production are scarce. Here we present an in-depth study based on 

qualitative expert interviews with nine farmers. By means of interpretative analysis and 

reconstruction, socially shared models of SM adoption were built to identify the five main factors 

for SM adoption: (1) perceived relative mixture performance compared to sole crops, (2) 

suitability within the farm context (3), challenges and opportunities in mixture management due 

to increased complexity, (4) knowledge and technology as resources to handle mixture 

management and (5) quality standards in the food value chain. Relative performance was 

perceived as higher for SM than for sole crops for crop protection, nutrient efficiency, farm 

diversification, total yield stability and grain quality. The yield stability of individual crop species 

in SM was perceived as lower and grain impurities higher, requiring increased separation efforts. 

The economic potential of SM was perceived as highly variable, depending on crop value and post-

harvest efforts to attain food quality. Reconstructing the mixture management process revealed 

that the interspecific plant interactions and emergent mixture attributes increased the cropping 
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system complexity and affected the entire farming process. Adopting SM required knowledge 

about species interactions, mixture attributes and equipment settings. Large knowledge gaps for 

food SM were identified. The complexity of SM also provided opportunities for farmers to design 

mixtures that allow competition control (alternate rows) or avoid separation (relay mixtures). 

The main conclusions are: (1) increased complexity is a basic property of SM compared to sole 

crops, enabling advantages and increasing the option space to develop new sustainable cropping 

systems, (2) specific knowledge and technology are required for SM and are not accessible for 

most farmers, requiring new information channels and (3) new food SM should be developed 

more systematically, taking into account mixture properties and their effects on the farming 

process, as well as needs from the food value chain. 

4.2 Introduction 

Species mixtures (SM) or intercrops are a key diversification strategy in agriculture to reduce 

external inputs for fertilization and crop protection (Bedoussac et al., 2015; Finckh et al., 2021). 

Legume-cereal SM in temperate agroecosystems increases the use of soil-derived and biologically 

fixed nitrogen, reducing the need for energy-intensive synthetic fertilizer production (Rodriguez 

et al., 2020). Yields of legume-cereal SMs can be more stable than yields of the respective sole 

crops (Weih et al., 2021) and considerable yield gains of mixtures were found in low and high-

input farming systems (Li et al., 2020). In a recent experimental study, wheat-pea mixtures 

outperformed the respective sole crops within a multifunctional evaluation framework, including 

yields, resource efficiency, crop quality and crop protection, especially under challenging 

environmental conditions (Timaeus et al., 2022). Despite this potential, in industrialized 

agriculture, SM are mostly confined to the niches of grassland and cover crop mixtures (Bybee-

Finley and Ryan, 2018). SM for food grains are a small niche even in organic agriculture. Lentil-

cereal mixtures represent a noticeable exception, being one of the few food grain SMs used in 

agricultural practice in Europe (Viguier et al., 2018). This raises the question of what is hindering 

the wider adoption of species mixtures in food cropping and how these barriers can be overcome 

in a European farming context. 

On the one hand, economic and public policy aspects (Mamine and Farès, 2020), and, on the 

other hand, plant traits relevant for breeding SM in a food supply chain context have been 

identified, for example, the susceptibility of pea cultivars for grain splitting, enforcing increased 
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separation efforts (Kiær et al., 2022). Bybee-Finley and Ryan (2018) review SM advances in a 

European industrial agricultural context but focus on experimental methodology. Hauggaard-

Nielsen et al. (2020) explore experiences and opportunities of participatory multi-actor 

approaches to foster SM adoption. However, social scientific studies that investigate the process 

of adoption of SM for food grain production from a farmers’ perspective are missing.  

In Germany, Lemken et al. (2017) conducted a quantitative survey to investigate the underlying 

causes impeding species mixture implementation. According to this study, psychosocial factors, 

such as the perception of technical barriers and advantages of the mixtures are important. Due to 

the quantitative nature and the very low adoption rate of species mixtures in Germany, their study 

neither provides deeper insights into the specific causes and processes influencing the diffusion 

of SM in practice nor about the levers fostering SM implementation and innovation. The processes 

leading to the adoption of innovations are intricate and conditioned by the subjective realities of 

farmers, as well as the broader socio-economic conditions (Rogers, 2003). Explorative and 

interpretative approaches in social sciences are able to reconstruct social processes in detail 

(Flyvbjerg, 2006; Corbin and Strauss, 2008) and identify levers to foster mixture adoption. Thus 

far, we are not aware of any interpretative, in-depth reconstruction of the adoption of SM for food 

grains in Germany. 

Three main research questions were addressed in this study: (1) What are the underlying 

factors influencing mixture adoption, and how do they interact from a farmer’s perspective? (2) 

How do SM influence the farming process from sowing to post-harvest procedures? (3) Based on 

the main factors for SM adoption and the farming process, what are the main levers to foster 

adoption and innovation? 

Following Corbin and Strauss (2008), an empirically grounded approach allowed us to 

reconstruct the processes of mixture implementation in-depth and to construct qualitative 

socially shared models of these processes (Flick and Foster, 2008), enabling a deeper 

understanding of mixture adoption in complex contexts. The research presented here was part of 

the EU project ReMIX aimed at integrating multiple actors in research and practice into the 

research process (Hauggaard-Nielsen et al., 2020; Salembier et al., 2021). 
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4.3 Research Process, Materials and Methods 

4.3.1 Participatory Process 

The participatory multi-actor process created access to experience-based knowledge and social 

communication networks. Our first step was a workshop with farmers, advisors and technicians 

to discuss the main challenges and opportunities for SM in Germany to establish first contacts for 

on-farm experiments and for interviews with farmers experienced in SM. On-farm experiments 

with species mixtures were conducted on four farms, establishing a stronger link to farmers and 

resulting in fruitful informal discussions about challenges and strategies for mixtures in practice. 

Here we tested wheat-pea species mixtures that are promising in terms of yield gains and 

increased protein contents of wheat grains. This allowed us to enter the social research field of 

practical mixture farming and adoption and learn, understand and analytically reconstruct the 

processes from the farmer’s perspectives and gain openness and trust for exchange (Corbin and 

Strauss, 2008).  

4.3.2 Interview Guide Development and Data Gathering 

Formal narratives were written each season, documenting the multi-actor process. Further 

empirical data were gathered by semi-structured expert interviews (Flick, 2002). Expert 

interviews draw on the experience-based knowledge of interviewees to uncover mechanisms of 

social processes (Gläser and Laudel, 2010), here the diffusion of SM in practice. In these 

interviews, cereal-grain mixtures for food were focused on.  

The interview guide addressed the following main themes: (1) opening and motivation for 

mixture adoption, (2) characteristics of SM compared to sole crop, (3) sources of information 

used, (4) special cultivation and processing aspects of mixed cropping cultivation, (5) use of SM, 

quality aspects and economic efficiency and (6) conclusion of the interview. The full interview 

guide can be found in the supplementary materials. The interview topics were formulated as open 

questions to allow the experts to provide their knowledge and experience. If required, more 

focused questions were posed to more deeply explore the detailed expert knowledge and 

perspective (Flick, 2002). A pilot version of the interview guide was developed within the research 

team, it was tested and further refined to improve its reliability as a research tool, balancing the 

focus on the addressed research questions while maintaining openness for the experiential 
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knowledge and perspectives of the farmers. The prerequisite for a farmer to be an expert and to 

qualify as an interviewee was experience with food grain mixtures for at least three years. All 

farmers designed and mixed their food SM on their own since they are not commercially available 

as ready-made mixtures. 

The interviews were conducted in 2019 and 2020. As farmers with experience in food grain 

mixture cultivation are rare and difficult to find, they were identified following the snowball 

principle (Helfferich, 2010). In total, nine farmers were interviewed, wight organic and one 

conventional (Table 5). Organic farmers farmed according to EU organic standards set by 

Regulation (EC) No 834/2007. While the number of farmers sampled is low compared to 

quantitative methods, the interview analysis showed considerable theoretical saturation as a key 

quality standard in qualitative research (Corbin and Strauss, 2008). This was indicated by 

decreasing new insights and the repetition of factors for SM adoption during the last interviews 

conducted. An overview of the cultivated mixtures and seed traits is provided Figure 16.  

4.3.3 Interview Analysis and Reconstruction of Socially Shared 

Representations 

Interview data were recorded, transcribed verbatim and analyzed in MAXQDA with qualitative 

coding methods (Flick, 2002) to identify the factors for the diffusion of SM and the impact of SM 

on the farming process. In the iterative coding process, new codes were developed deductively to 

better fit the specific context and reality of the farmers and to develop empirically grounded 

categories and concepts (Corbin and Strauss, 2008). The codes were developed in a collaborative 

process of constant feedback in the research group to enable its intersubjectivity. For factors of 

high relevance and where the empirical material was rich and “thick” (Geertz, 1973) we 

analytically zoom in on detail, e.g., for mixture attributes, while for some factors that were 

identified as crucial, but the material was limited, we remain on a more birds-eye perspective. The 

main findings were visualized in diagrams constituting social representations, i.e., socially shared 

models (Flick and Foster, 2008) of the mixture adoption process that were reconstructed from 

the interviews. The empirical material (narratives, interviews, notes on on-farm experiments and 

conversations) from multiple resources allowed us to investigate the adoption phenomenon from 

multiple perspectives and to implement a triangulation approach suited to study complex socio-

economic phenomena (Flick, 2011).
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Table 5 Overview of the farms of the interviewees. F: farmer, S: federal state, FA: farming area, FS: farming system (O: organic, C: 

conventional), SQ: soil quality in bp based on the German soil classification system ranging from 1 to 100 bp, ME: mixture 

experience, SCT: specific cultivation technology refers to cultivation equipment specifically designed for species mixtures, SHT: 

specific post-harvest technology refers to post-harvest equipment specifically designed for species mixtures, B: Bavaria, BW: 

Baden-Württemberg, H: Hessen, LS: Lower Saxony, NRW: North Rhine-Westphalia, NA: missing information. 

F S FA (ha) FS SQ (bp) 
ME 
(Years) 

Species Mixture Used SCT SHT Customers 

1 LS 140 O 49 28 

winter rye-vetch, 
lentil-barley, linseed-
barley, oat-pea, barley 
pea 

none 

Pre-cleaning, drying, fine 
cleaning, optical separation 
technology, weight 
selector, contract 
processing for food 
purposes 

Natural food wholesale, mills, 
oil mills, seed distribution, 
livestock farmers 

2 H 67 O 30–65 31 linseed-false flax none 
Pre-cleaning and drying 
technology, fine screen 
cleaning technology 

Bakers, oil mills, seed 
companies 

3 NRW 110 O 11–42 48 canola-vetch 
modified seeder, 
cage roller, roller 
hoe 

Pre-cleaning, mobile 
drying, fine cleaning 

Oil mills 

4 BW 20 C 27–32 7 lentil-false flax none Done by contractor Food retailer 

5 BW 350 O 40–70 8 winter wheat-pea none 
Pre-cleaning, drying, 
screen cleaning 

Producers’ association 

6 BW 82 O 25–50 15 lentil-barley none 
Drying and separation 
technology, contract drying 
and separation 

Producer group, brewery 

7 B 20 O 30–40 14 false flax-oat none 
Drying and fine 
sieves/screens 

Oil mill selling to regional 
market 

8 B 60 O 60 3 lupin-barley none Pre-cleaning, car drying Producer association 

9 BW 95 O 15–45 9 lentil-oat none 

Pre-cleaning, drying, fine 
cleaning: weight and 
optical separation 
technology, 

NA 



 

105 
 

 

Winter Canola-Vetch-

Grass (F3) 

Linseed-False Flax (F2) 

Winter Rye-Vetch (F1) 

Lentil-Barley (FF1, F6) 

Lentil-Oat (F9) 

Lentil-False Flax (F4) 

Linseed-Barley (F1) 

Oat-Pea (F1) 

Winter Wheat-Pea (F5) 

Winter Wheat-Pea (F1) 

Barley-Pea (F1) 

Lupine-Barley (F8) 

False Flax-Oat (F7) 

Figure 16 Mixtures sampled from the interviewed farmers. Photo by Ties Ruigrok. 
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4.4 Results 

From farmers’ perspectives, SM adoption was influenced by four main groups of factors and their 

interactions at the farm level: (1) perceived relative performance (PRP) of mixtures compared to 

sole crops, (2) suitability of mixtures for the specific farming system, (3) management challenges 

from mixture design to post-harvest procedures and (4) knowledge and technology as resources 

deployed for mixture management at the farm level. While the farm level was the focus of the 

study, clearly, interactions with actors in the value chain for food and the contextual food system 

had strong influences on mixture adoption on-farm, representing the fifth main factor for mixture 

adoption (Figure 17). 

4.4.1 Perceived Relative Performance of Mixtures 

Compared to sole crops, the PRP of SM was a key motivation for the integration of mixtures into 

the farming system. PRP was perceived higher for SM than sole crops for (1) improved nutrient 

efficiency and acquisition through biological fixation in the case of legumes, (2) crop protection 

and (3) overall higher system diversity. PRP for mixtures was assessed much more critically and 

mixed for (4) food grain quality, yield stability and (5) economic potential. Frequently, a mixed 

crop was integrated into the farm because of negative experiences with or assessments of a sole 

crop (F1, F3, F2, F6, F7, F8). PRP interacts with the suitability of mixtures to the farming system 

as only under specific conditions was PRP considered to be in favor of mixtures. 

4.4.2 Nutrient Efficiency and N-Fixation 

In the context of very nutrient-demanding crops, legume mixtures were considered a good 

strategy for improved nitrogen supply. Frost-sensitive vetch was used by F3 in a SM with winter 

oilseed canola, whose high nitrogen requirements are otherwise difficult to supply in organic 

farming. The organic cultivation of canola as a sole crop was considered a challenge, especially 

with respect to crop health that could be strengthened in mixtures (see below). The incorporation 

of legumes into a cereal crop to increase nitrogen availability was similarly seen as a key 

advantage (F1, F3, F5, F6, F9). According to farmers, nitrogen fixation by legumes is enhanced 

because the non-legumes compete for mineral nitrogen from the soil pushing the legume to rely 

more on biological nitrogen fixation. Compared to cereal sole crops, the pre-crop effect of SM with 

legumes was perceived as advantageous (F9, F8). Furthermore, the possibility of using milled 
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unseparated mixtures of oats and pea as forage for livestock-keeping farms was mentioned as a 

possible fallback strategy to use the mixtures if food-grade quality could not be achieved (F2). 

4.4.3 Crop Protection 

Farmers considered reduced weed pressure and simplified weed control a relative advantage of 

mixtures (F1, F2, F3, F5, F7, F8). “the false flax with its initial rosette can cover much more ground 

and thereby prevents seed weeds from germinating.” (F2). Predominantly, the good health of 

plants and low pathogen pressure in mixtures were mentioned (F1, F2, F3, F4, F7, F8, F9). For F9, 

fungal diseases had never “been an issue”, or they were considered “minor” in organic farming by 

F1. Farmers had cognitive models for underlying mechanisms to support their assessment of 

relative performance advantages of mixtures, including, e.g., distractive effects of the mixed crop 

partner on pests of the main crop (F2), a higher attraction of pest insects to the mixing partner 

vetch in canola mixtures (F3) and reduced spreading of diseases in mixtures (F8). 
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Figure 17 Social representation of the main factors and their interactions influencing species mixture adoption for food grain production within a broader food 

system context. The social representation was interpretatively reconstructed from the interviews with farmers. 
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4.4.4 Food Grain Quality and Yield Stability 

The quality of grains for food was judged to be better in mixtures due to reduced lodging of 

legumes and/or improved nitrogen supply to the cereals in mixtures. Due to the supporting effect 

of the mixtures, less soil, dust and sand were visible on the grains in lentil mixtures (F1, F4). The 

requirements for legumes in the organic food market (F1) or for malting barley (F6) were met 

with SM after separation. However, attaining food grain quality from mixtures was regarded as a 

considerable challenge in many cases. F9 reported that due to low hectoliter weight, the food-

grade requirements for hulled oats from lentil mixtures were not fulfilled. Quality standards are 

very high (free of foreign odor or bitter substances) for cold-pressed rapeseed oil, and 

contamination with weed seeds or mixture partners, such as vetch surviving the frost, are not 

tolerated by the oil mill as this can influence the sensory characteristics (F3).  

Wheat from wheat-pea mixtures did not always meet the demanding quality criteria for baking 

with respect to remaining impurities after separation (F1). A strategy to meet this challenge was 

to pre-separate mixtures on-farm while food processors, such as mills, conducted the food-grade 

separation (F5, F7). The effort required for good separation and purity was estimated to be higher 

for mixtures than for sole crops. Here, the effort was due to multiple passes of the batches in the 

cleaning machines (F2, F5, F6, F7, F9). In the case of poor separability, a “disproportionate effort” 

was to be made with weight and color separators (F9), which was associated with higher costs 

(F1). In this case, batches had to be sold as animal fodder resulting in critical economic loss (F1). 

A higher PRP of mixtures in terms of stability of total yield resulted in a reduced production 

risk (F1, F2, F3, F5, F7, F8). According to F6: “An advantage is mainly the risk balance. In the 

species mixture … the whole crop stands on two legs, not just one. That means that if something 

happens to the crop [...] the other partner can thrive all the better. That is simply safer “. Due to 

current weather extremes, the benefits of mixtures were considered evident and to be “exciting” 

(F5). Self-critically, the lack of long-term experience with peas as a sole crop and the associated 

yield fluctuations were mentioned by one farmer (F7). In contrast, partial yields of the respective 

mixture partners were reported to be highly variable (see below Section 3.1.5). 

4.4.5 Diversification of Crops and Associated Organisms 

Mixtures enrich the cropping system by extending the rotation with additional crops that were 

not or hardly ever grown as a sole crop (F1, F3, F7, F9). This includes lentils and peas of the 

indeterminate growth type, both highly vulnerable to lodging and weeds. F1 explained about 
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mixtures that “it gives you the opportunity to cultivate crops that could not be cultivated at all. So 

a lentil alone does not work. A long-stemmed winter or spring pea doesn’t work either, because 

the stuff lies flat on the ground.” (F1). In this case, the PRP of the mixture is infinitely better than 

the sole crop. Lupin that was cultivated by F8 in a mixture with barley was also a challenge as a 

sole crop as well as canola sole crops. In organic agriculture, canola-vetch mixtures facilitated the 

inclusion of canola into the rotation (F3).  

Another perceived relative advantage of mixtures was the promotion of habitats for 

biodiversity associated with diversified cropping systems. Worth mentioning are rare insect and 

bird species, as well as the promotion of soil life (F5). This benefit was considered an “additional 

yield” (F5). Explicitly, the flowering aspect of the mixed-species was mentioned (F5). Phacelia for 

bees in barley had no negative consequences for separation due to large seed size differences 

according to F1. In mixed crops, more room for weeds was perceived (F6). “Lentil fields are such 

ecological highlights, even on our farm, and on our lentil fields there are specimens from the red 

list. And especially on the lentil fields the biodiversity is huge. In our case there were between 60 

and 80 different plant species on one lentil field” (F6).  

4.4.6 Economic Potential 

Altogether, the perception of economic potentials varied with some opportunities being 

mentioned but also higher costs compared to sole crops for seeds, cleaning and separation, and, 

in part, additional efforts required to find customers in the value chain for the product. For F1, 

the economic efficiency of wheat-pea mixtures was perceived better than the wheat sole crop. 

While the wheat yield was similar to the sole crop, “a few decitons of peas” are harvested in 

addition, leading to greater profitability (F5). The mixed crop cultivation of lentil and linseed was 

rated as “much better” than the sole crop (F4). Barley-lentil was described as “[...] the crop with 

the highest contribution margin [...] and with low input.” (F6). In contrast, the highest cultivation 

risk was attributed to lentil mixtures by F1, F4 and F9 due to weather-related fungal diseases and 

high yield fluctuations observed over several seasons. Lentil mixtures are counted among the 

expensive crops due to high seed costs (F1). Here, the separation effort must also be put in 

relation to the total revenue (F1). The cleaning of small quantities was “more labor-intensive” 

(F1). Compared to a lupine sole crop, the lupine mixture with barley resulted in higher seed costs 

and lower yields for F8, leading to lower economic efficiency. The reason is that uniform maturing 

varieties suitable for mixing are lower yielding than unevenly maturing lupin varieties that are 

also more competitive. Thus, there, the sole crop is more profitable (F8). 
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A failure to reach food grade quality is not unlikely and reduces mixture profitability. In 

principle, the value chain was seen as an important factor for the profitability of mixtures by all 

farmers (F1–F9). This was especially recommended for newcomers. A purchase guarantee (F2) 

with a fixed price for lentil contract cultivation resulted in a high attractiveness of the cultivation 

(F6). For further assurance of purchases, active customer loyalty was cultivated. This was done, 

e.g., by inviting buyers to field visits (F2). The exchange of expertise with the processing baker or 

the oil mill and personal relationships were found to be important (F2). One of the farmers 

interviewed founded an oil mill in 2004 in order to be able to make product refinement more 

independent (F7). The strategy of direct sales without on-farm processing of mixtures leads to a 

moderate return on investment, while if packaging and distribution of the mixture partners are 

on-farm, there is a higher potential of added value (F4). A forward vertical integration to secure 

the value chain through product refinement with its own sales in small containers was sometimes 

chosen as a strategy (F1, F4, F9). This highlights the challenges of mixtures and their profitability 

due to downstream value-added flows in the food supply chain. 

4.4.7 Suitability for Farm-Specific Context 

With the exception of F4, all interviewees farm according to organic principles and use measures 

that aim at aspects of closed nutrient cycles and minimized external inputs. Consequently, in 

these farms, PRP with respect to nutrient supply was clearly increased in favor of mixtures since 

ecological processes could substitute farming inputs, such as fertilizer and crop protection 

measures. Mixtures are grown on the farms visited at different locations with soil quality ranging 

from 11 (F3) to 70 (F5) soil points, according to the German soil classification scheme, where 100 

soil points refer to the best soil. Particularly noteworthy is the suitability of mixtures for low-

yielding soils with light sandy structure (F3, F7). In addition, the location was mentioned as a 

reason for dissatisfaction with the previously implemented sole crop and its grain quality, so the 

cultivation of winter wheat-pea was adopted. However, winter wheat-pea is also cultivated on 

deep soils with up to 70 soil points (F5). Suboptimal conditions of shallow soils prone to silt and 

north-exposed slopes were also mentioned as good locations for mixtures (F1). Soil warming and 

thus nutrient mineralization are delayed in such cooler sites, making the provision of biologically 

fixed N during the flowering phase of wheat especially attractive. Other reasons for mixture 

advantages include reduced risk of nutrient leaching where annual precipitation is high (>850 

mm (F1)). 
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4.5 Mixture Management Process: Challenges of Species 

Interactions, Mixture Attributes and Resources for 

Adaptation 

The cultivation of species mixtures impacted the whole farming process, highlighting the need to 

look at multiple steps in the farming process but also downstream needs in the value chain 

beyond the farm. Here, we address mixture design and cultivation harvest and post-harvest 

procedures for food grain quality (Figure 18). It became evident that food grain mixtures cannot 

be treated all the same in the adoption process as they differ with respect to their attributes 

influencing the management process and their adoption.  

4.5.1 Rotation and Mixture Design 

Crop rotation planning is considered an important building block for mixtures, especially from a 

plant health perspective, as the frequent occurrence of legumes in mixtures was viewed critically, 

potentially leading to legume fatigue and yield depression (F1, F4, F6). Self-compatibility of the 

brassica species false flax (Camelina sativa) was also raised as an open question (F7). In high-risk 

crop mixtures (e.g., with lentils), mechanical weed control is hardly possible and needs to be dealt 

with through crop rotation (F6, F9). If fertilization was not used, the focus was on planning the 

green manure crops before the mixed crop (F6, F9). 

A broad range of traits and features were considered crucial for successfully combining crop 

species, varieties and their ratios in species in mixtures. These traits are a means to influence the 

species interactions that need to be managed in mixtures, especially competition, but also 

harvestability due to variation in maturity. 

In the selection of varieties of organic canola-vetch mixtures, special attention is paid to the 

frost sensitivity of the vetch (F3). Oats as a supporting crop for lentils were considered too 

competitive (F4). To reduce competition with wheat, short pea cultivars with determined growth 

were selected (F5). The unavailability of uniformly maturing high-yielding lupine varieties for SM 

poses a problem (see above) (F8). Similarly, a French lentil variety used for culinary reasons is 

found to have very uneven maturity (F4), making the determination of harvest timing, as well as 

the required post-harvest management for wet-harvested batches, a challenge. In contrast, the 

non-simultaneous maturity between the oil flax and false flax is considered to be less problematic, 

as the low risk of shattering, as a characteristic of false flax, leads to high harvest elasticity (F2). 
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Another advantage of false flax is its high plasticity in mixtures with respect to its plant height, 

with 0.6 m in oil flax to 1.20 m in oats (F2). Instead of vetch, buckwheat was used as a weed-

suppressing mixture partner in winter canola (F3), but this mixture deprived plants of nutrients, 

making it vulnerable to canola pollen beetle (F3). 

Optimizing the mixing ratio was crucial to managing species interactions. In mixtures, there is 

a trade-off between a dense cereal stand to reduce weed pressure (F2, F7) and the goal of high 

yields of valuable legume mixing partners (F6), high amounts of biologically fixed nitrogen (F8) 

and the lodging susceptibility of legumes (F1, F5). Knowledge about the site-specific sowing ratio 

that can only be achieved by experience was considered crucial (F1, F2, F8, F9), and test plots 

were established to determine this by F8, e.g., competition for growth factors considerably 

influenced optimization of the seed rate (F2). Thus, reducing the seed rate of oats in mixtures (10 

kg/ha) has a positive effect on food grain quality as high hectoliter weights are achieved in 

mixtures at lower densities (F7). 
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Figure 18 Social representation of the mixture management process in the context of the farming and food system. Colored frames show the steps in the management 

process and how choices in each step influences steps downstream in the process. Black frames show how species interactions, mixture attributes and resources 

influence mixture management. The social representation was interpretatively reconstructed from the interviews with farmers. 
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4.5.2 Cultivation 

Sowing Technique and Equipment 

The requirements for the sowing equipment were considered unproblematic by F1 if grain size 

differences between the crops were small since they are drilled in one pass at the same depth, 

and the same cultivation machinery can be used for staggered or combined sowing operations, 

and the mixed cultures are in the same rows. A complicating factor when sowing mixtures are 

grain size and shape differences (Figure 16) and different sowing depth requirements of the crop 

species (F1, F4, F6, F7, F8). Nevertheless, almost all of the interviewees sow fully mixed with 

conventional technology. In the case of simultaneous sowing from a seedbox, the laborious 

handling of the mixing (F1, F2, F5, F6, F9) and the risk of segregation during sowing (F8) is an 

issue. In order to meet the requirements of the different sowing depths, staggered sowing, 

associated with more effort, was adopted (F7, F8, F9). Experience with false flax emergence after 

spreading it on the surface into the already sown crop was rated as either too strong or very weak 

(F9). This application method has been associated with uncontrollable field emergence, as noted 

before due to water-logging or dry soil (F7, F2). 

Several farmers had already informed themselves about special seeding techniques for 

mixtures that are available for purchase and could name the advantages (F2, F5, F6, F7, F8). 

Nevertheless, no special seeding technology for the mixed culture was available on any of the 

farms as low-cost technical solutions for mixtures were preferred. Strategies, such as several 

successive sowing passes or manual application of fine-grained seeds, made it possible to forgo 

the need for special seeding equipment. The investment in technology was not made because it 

was perceived as “not profitable” or because the extra effort was possible due to small field sizes. 

Only F3 adapted an existing pneumatic seed drill with two seed tanks to enable species-separated 

row placement as this was not available for purchase. This allowed species-separated double 

rows of winter canola and a double row of freezing vetch. Compared to the combined within-row 

sowing, this optimizes the individual plant–plant spacing in the mixture. With this pattern, 

interspecific competition was enabled by mechanical competition control (see below). 
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Fertilization and Competition Control 

Four farmers did not use fertilizer in the mixtures (F1, F7, F8, F9) except sulfur fertilization to 

enhance nodulation in lupin (F8). The remaining farmers used standard organic fertilizers, such 

as compost. A condition for successful canola cultivation is to meet the high nitrogen requirement 

in the fall that fosters strong plants, reducing the need for crop protection (F3). A further measure 

to regulate the growth of the mixed crop and manage interspecific competition was a one-time 

targeted fertilizer application to barley-lentils in spring. Using biogas slurry, weak barley was 

strengthened as a support crop in spring without causing damage to the lentils (F6). With regard 

to seedbed preparation for the mixtures, no special soil cultivation was performed. 

 

 

Figure 19 Social representation of the influence of spatial design of mixtures on competition 

management, interpretatively reconstructed from the interviews with farmers. 
 

The alternate row design of the canola-vetch mixture of F3 allowed for mechanical competition 

control. A standard bar roller was used to roll the entire surface of overly tall canola plants 

underneath. When vetch plants are too vigorous, the rotary hoe is used as a precise row regulator. 

This is used to selectively intervene in the growth of vetch as a mixing partner. With the help of 

both special devices in crop management, the purpose of regulating interspecific competition in 

the winter canola-vetch SM was considered a good strategy (Figure 19).  
 

Weed Control 

All mixtures for food grains are grown without herbicides on the farms surveyed. Therefore, only 

mechanical weed control is used (F1, F4), and the perceived attractiveness of mixtures was due 
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to reduced weed pressure or simplified weed control. “That is also an advantage of the mixtures, 

that you don’t have to do anything on the one hand, but, on the other hand, you can’t do anything 

either” (F1). “For cultivation per se, the technical equipment is rather less critical than in the case 

of the sole crop. Because simply the weed control takes place much easier” (F8). 

Winter mixtures are classified as relatively “clean” (F3, F5). In summer mixtures, such as lentil 

mixtures, there is a high weed pressure (F4). False flax is popular because of the rosette formation 

at the beginning of the plant growth as a “placeholder” instead of weeds (F2). Typical were 

statements about the “3-G” principle for SM: “gesät, geschaut, geerntet” (“sown, looked at, 

harvested”, F6, F9) or “2-D” method: “drillen und dreschen” (“drill and thresh”, F8). “The more 

mixture, the less harrow.” (F1). Crop management was also considered “simple” (F6, F8) because 

SM required reduced mechanical weed control (F2, F7), thus saving time (F3). For example, F3 

observed that late weed infestation, which makes technical harvesting impossible, would not 

occur in the canola-vetch mix if the soil was not moved after sowing. Nevertheless, where 

mechanical control is needed, especially in mixtures with grain legumes, such as peas (F5) and 

lentils (F1, F4, F6, F9), harrowing is demanding or a “tricky thing” (F9) and 10% damage to the 

crop must be accepted. Still, harrowing lentils was considered by one farmer (F4) as more 

relevant than the resulting losses. 
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4.5.3 Harvest Procedure and Equipment 

Important challenges in the management of mixtures are the adjustment of the combine 

harvester and the timing that is usually based on the main crop (F5, F6, F7, F8, F9). In terms of 

adaptability for threshing close to the ground, a narrow combine was considered an advantage 

over wider ones for lentil mixtures (F4, F6). Challenges include damage to the equipment by 

stones, as well as the risk of stones in the threshed crop (F4). Grain loss at the cutter-bar was one 

of the risks mentioned when harvesting mixtures with grain legumes (F1, F6), which can be 

somewhat alleviated by earlier harvest (F1, F8). Thus, frequently, very valuable crops were 

harvested earlier and wetter to avoid losses due to weather and shattering (F1, F5, F6, F8, F9). 

For example, wheat-pea at 18–19% (F5) and lentil-oats at 25% (F9) moisture. Higher 

contamination (F5) and increased moisture content (F1, F5) require drying and pre-cleaning in 

mixtures. Especially in dry conditions, reduced speed (F1, F4) can prevent grain loss (F6). 

The greater the grain size differences, the more compromise has to be found in the combine 

settings (F2, F7, F8), which are time-consuming (F7). They influence the separability of the 

mixtures, especially if broken grains are the result (F8). The settings for mixtures with pea or 

lupin were described as relatively straightforward (F1, F5, F8), while lentil-barley is considered 

difficult (F6). 

Experiences with contracted harvesters by the interviewed farmers were predominantly 

negative. “It’s not just because of the technology, it’s because of the mixture between technology 

that is too modern and that is self-adjusting, supposedly self-adjusting, and the drivers who just 

don’t have the nerve” (F1). The special demands of mixtures with species susceptible to lodging 

could not be met and the modern electronic automatically adjusted technology can “hardly be 

outwitted” (F1). As pointed out above, wide machines with high speed are not suitable for 

mixtures from the farmers’ point of view (F6). 

4.5.4 Post-Harvest Procedures and Equipment 

Due to the compromise during harvest with regard to the higher moisture content of the grains 

and the possible presence of weeds, pre-cleaning and drying were crucial in mixture 

management. The screen change between batches, monitoring of the product flow, control of the 

cleaning result and monitoring of the grain moisture in the drying process were explicitly 

mentioned as crucial for mixtures by all farmers. If these post-harvest management procedures 

are not conducted in a timely manner, losses in food quality can occur. “And it has to work quickly, 

so not threshing today and tomorrow or the next day also think about how to dry. Threshing 
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today, drying today, first priority.” (F1). Food quality with heterogeneous dry matter in mixtures 

is achieved by pre-cleaning and multiple passes in the drying process (F6), as well as aeration and 

cooling (F2, F5). In terms of grain moisture, the requirements in the food sector are more 

demanding than those for feed mixtures (F5, F6, F7). Grain moisture of both mixture partners 

should be determined separately (F6) and, e.g., in the case of oat-linseed, drying of the two 

mixture partners even takes place separately (F7). Particularly in the case of oilseed crops for 

food use, immediate cleaning and drying are needed at >9% moisture (F7). The free fatty acid 

content is used as a measurable quality parameter for edible oils (F3, F7). Green weed seeds (F7) 

or undersown clover (F3) could have a negative influence on the taste of the oil. 

A success factor for SM is the investment in special post-harvesting technology. Thus, pre-

cleaning and on-farm drying facilities for food crops are considered to be necessary and were 

present at all farms (F1, F2, F3, F5, F6, F7, F8, F9) except F4. This equipment is relatively 

inexpensive and similar to that used for sole crops (F1). In the separation and processing of the 

false flax mixtures, only seed cleaning technology is used, whereby a combination of “sieve 

cleaning” with “pressure wind” or “aspiration” (F2, F7) without using weight and color separation 

(F7) is sufficient. An extension of the sieving equipment was also considered an important 

investment by F2, F7, F8 and F9. During the separation and cleaning of mixtures, there are several 

outlets from the “top sieve” or the “bottom sieve” containing valuable fractions. If these are not 

combined but discharged separately, it requires several conveying elements (F2). If low partial 

yields are expected from a mixing partner, special drying is used for small batches, e.g., a mobile 

truck drying system (F1, F3, F8). For pre-cleaned false flax batches, drying was set up for small 

batches in order to ensure food quality for as little as half a ton of harvest quantity (F7).  

Over time, the complete equipment for ready-to-food products was established on four farms 

(F1, F2, F7, F9) or available through the lease of a second farm site (F5). F2 did not invest in 

special cleaning technology, such as “vibrating screen [...] table separator or gravity separator”, 

but costs were incurred due to increased logistic effort for processing by experienced colleagues. 

Optical sorting technology, in particular, was regarded as a “clever idea” but “capital-intensive” 

(F2). Failed marketing attempts occurred due to impurities or lack of a separation facility for the 

food grains (F2, F3). For the separation of lentil-oats, sieve cleaning, rotary cleaner (F1) and 

gravity separator were considered decisive (F9).  

“So an example: Wheat with pea. You can get the pea out of the mixture by cleaning generously 

and leaving a few percent peas in the wheat. Then you have more or less pure peas. But then there 

are still five percentage points of peas in the wheat and then, of course, you can no longer sell the 

wheat as baking wheat.” [...] “It doesn’t work to clean it apart so well that the customer, i.e., the 
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mill, which now wants to have the baking wheat, accepts the batches, because there are just … 

something is always in there” (F1). This phenomenon can be observed with broken peas and 

baking wheat (F1, F2), lentils and naked barley (F9), false flax with Rumex (F7), false flax with 

Chenopodium seeds (F4) and canola with Galium (F3). For better separability by grain size 

differences, lentils were combined with false flax, despite the better reduction of weed pressure 

by oats (F4). 

F6 provides drying and separation services for a group of about 90 lentil producers in southern 

Germany. When batches could not be sufficiently cleaned, long distances were traveled by 

experienced colleagues to ensure successful reprocessing (F2). For contract drying, a minimum 

quantity of 20 tons is required to operate the drying technology (F4). 

4.5.5 Food Grain Mixture Attributes 

In this section, we zoom in on mixture attributes that influence mixture adoption and were 

reconstructed in the interpretative analysis of PRP and the mixture management process. 

Mixtures varied considerably with respect to their attributes, influencing the adoption process. 

The mixture attributes cannot be considered totally fixed but are socially constructed and vary 

over time and social context. For example, the crop value depends on the market conditions in 

the larger food system and the risk attributed to a mixture depends on the available management 

knowledge. In addition, attributes should be considered not as binary or discrete but as rather 

continuously distributed (Figure 20). 
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Figure 20 Social representation of mixture attributes and their influence on the adoption process 

in a farming system context, interpretatively reconstructed from the interviews with farmers. 
 

An essential mixture attribute was grain size differences in mixtures (Figure 16). Sufficient grain 

size differences enabled the successful separation of mixtures for food quality. Easiest to separate 

were lentil-false flax (F4), canola-vetch (F3) and barley-phacelia (F1). Furthermore, grain 

differences facilitate the adjustment of the rotary cleaner for lentil and barley (F6) and for lupine-

barley mixtures (F8). With small grain differences, separation became more difficult. Another 

important mixture attribute was the degree of dependency of the crops on the mixed cropping 

system. Some crops have a nearly total dependency on the mixed cropping system and, therefore, 

constitute obligatory mixtures. This includes lodging-susceptible crops, such as lentils (F1, F4, F6, 

F9), long-stemmed peas and vetch (F1). In contrast, crops of optional mixture types can be grown 

as a sole crop as well. The crop value of the component crops has a major influence on the 

economic potential of the considered mixture in the farming system. Lentils are a high-value crop 

in contrast to wheat, and, therefore, this increases its economic potential even under increased 

efforts of cleaning and separation (F6). 

The associated risk was a further key attribute of mixtures. The highest cultivation risk was 

attributed to lentil mixtures (F1, F4). In addition, lentil mixtures are counted among the expensive 
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crops due to high seed costs (F1). The management challenges associated with this mixture were 

the increased risk of crop damage from weed control, the determination of harvest timing, 

combine harvester setting and the required pre-cleaning/drying of immaturely harvested 

mixtures. Another risk was the high fluctuation of the partial yields of lentils “because lentil is 

uncertain.” (F4). The high perceived risk for some mixtures was, in part, due to the lack of 

available knowledge. Regarding yield reliability, the winter wheat-pea mixture was mentioned as 

a less risky or safer or even an easier mixed crop type (F1). This mixed crop was recommended 

for newcomers: “So my mixture, I rate it very safe and very simple. In my opinion, everybody can 

start with it. You can’t do much wrong with it” (F5). Higher yield reliability was also associated 

with this mixed crop type (F1, F5). “Whereas with winter pea and the winter cereals you always 

harvest something.” (F5) This mixture was simpler to manage due to the similar cultivation 

technique for sole crops and the reduced weed control compared to pea sole crops (F2, F3, F5, F7, 

F8). Further, the uncomplicated adjustment of the combine (F1, F3, F5, F8) was mentioned. 

However, these assessments did not include the challenge of obtaining food-grade wheat from 

the mixture. Another less-risky mixed crop type was with false flax with regard to reduced weed 

control. False flax reached the optimal harvesting time earlier than its mixture partner (F2) with 

low risk of pod shattering, leading to high harvesting elasticity, so the cultivation of this mixed 

crop type is considered safe (F2, F7). 

Spatial arrangement is also important, as demonstrated by the canola-vetch mixture by F3 

described above, which enabled specific control of competition but also required adapted sowing 

equipment. 

4.5.6 Information Needs and Availability 

A deficit of sources for specialized knowledge of the mixed culture was found in almost all 

interviews, except in F2. Sources of information on research conducted by a college or university 

on the increased promotion of biodiversity in lentil fields were mentioned (F6) or the latest 

French technical articles that mention cultivation variants with canola and vetch (F3). In order to 

find out the variety parameters for false flax, research results from an experimental farm are 

currently being used for the false flax variety comparison (F7). F2 learned about the advantages 

of mixtures as a cultivation strategy as part of university education; however, there is the 

impression that the entire potential of possible combinations in mixtures has not yet been 

exhausted (F6). Consequently, experience-based knowledge was mentioned in all interviews as 

crucial but varied widely from 3 (F9) to 48 (F3) years (Table 1). During a test phase, it was 

examined to what extent the mixed culture was suitable for the operational farm conditions, and 
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the benefits and effects of mixtures became visible because “own experience plays the biggest 

role” and “after two, three years [...] you know how it works” (F1). Especially in the case of the 

mixed crop winter canola-vetch, it was necessary to collect one’s own experiential knowledge 

because no contact person was known. There were no fields that could be visited and no 

consultants or publications that could be consulted in the development of mixtures (F3). “Yes, 

very weak. So that’s where you actually hardly get information, even if the topic is so exciting, but 

I do not know any reliable sources of information. I don’t know any sources of information there” 

(F5). Through years of experience, F6 perceived the development of the barley-linseed mixture 

as a “completely blind hinting” with “trial and error”.  

In all interviews, the network of colleagues experienced with mixtures was pointed to as a 

relevant source of information that had the potential to speed up adoption by avoiding “initial 

mistakes” and “If you have to work out everything yourself, you lose three or four years until you 

have experience of how it works.” (F7). Topics that were explicitly mentioned in the exchange 

with experienced colleagues were variety and species selection (F4, F7), sowing ratios (F7), weed 

control (F9), adjusting the combine for fine-grained mixture partners (F7) and separation 

equipment (F2, F9), indicating a strong need for mixture-specific knowledge in cultivation. The 

information situation about lentil cultivation in SM is “very good” in southern Germany, as the 

farmers are networked (F9) and could be readily supplied from a producer association with 

information (F6). F4 observed that the literature described oats as a standard mixing partner for 

lentils, but they turned out to be too competitive. It was colleagues that suggested false flax as a 

suitable support crop. This hints toward context-sensitivity of mixture knowledge since the best 

fitting partners for lentils vary.  

Organic advisors were considered to have expertise for simple/easy mixtures, such as winter 

wheat-pea, but not for “tricky” mixtures, such as lentil mixtures or oil flax-spring barley (F1). F2 

consulted organic farming manuals, and another source of information was the website on 

organic agriculture. Farm managers from F3, F4 and F5 do not use official advice at present or 

when adopting mixtures on the farm. As further sources of information, several times articles in 

technical journals that attracted the farmer’s interest in mixtures (F8) or gave hints to 

experienced colleagues (F2) were mentioned. The need for networking on the specific topic of 

mixtures was confirmed by the active participation in the mixture association in southern 

Germany that organized annual meetings with lectures and discussions and practical trials (F2, 

F7, F8). However, at the time of the interviews, the association was no longer active (F2, F8). 

Uncertainty existed with respect to legume self-compatibility. Research and experiences of 

colleagues on this topic “simply do not exist” (F6). “One example, we are trying right now maybe 
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lupin-oat mixtures … I know a colleague who has tried it for a year, but I don’t know at all how 

lupins and lentils behave in the crop rotation” (F6). 

4.6 Discussion 

This qualitative study of SM adoption enabled reconstruction of the main factors for food SM 

adoption in Germany. Ideally, the number of interviewed farmers would be higher, especially with 

respect to conventional farmers. However, no more conventional farmers could be identified 

meeting the criteria of at least three years of experience in food SM practice, as the use of food SM 

is even rarer in conventional farming. The aim was to identify experts in growing food SM that 

had at least three years of experience. Qualitative research standards, such as theoretical 

saturation (Corbin and Strauss, 2008), have largely been met for food SM adoption for organic 

farms. Including conventional farmers’ perspectives could be highly relevant to mainstream 

agroecological approaches beyond organic farming (Tittonell et al., 2020). This would require 

another social science approach than expert interviews, e.g., agroecological design studies 

(Ditzler and Driessen, 2022). Future qualitative studies on food SM could include farmers from 

more European countries and actors in the food value chain. Whether a quantitative survey on 

food SM adoption meeting quantitative sampling standards is possible remains open since the 

adoption rate of food SM in Europe is unknown, to our knowledge. Despite some limitations, this 

study provides valuable new insights on food SM adoption relevant for Germany, Europe and 

beyond.  

4.6.1 Conditions for Relative Mixture Advantages and Economic 

Challenges 

Similar to general results from the innovations literature (Rogers, 2003), perceived relative 

performance was the main reason for mixture adoption for the farmers interviewed. The broad 

range of aspects of PRP of mixtures indicates that SM performance was perceived 

multifunctionally. This is supported by empirical multifunctional SM evaluation (Timaeus et al., 

2022). Farmers that work under nutrient-limited conditions, especially in organic farming, focus 

on nutrient cycling and enhancing biological nitrogen fixation. That is why the focus was mainly 

on SM with nitrogen-providing legumes. Thus, the suitability of the farm structure is a 

precondition for mixtures to unfold their advantages relative to sole crops, as otherwise, nitrogen 

can be supplied from synthetic sources. Economic conditions, such as fertilizer prices, influence 

the attractivity of increased nitrogen efficiency enabled by mixtures. A shift towards higher 
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energy costs for nitrogen fertilizers produced by highly energy-demanding chemical synthesis 

could increase the relative advantage of legume mixtures. Some legume species, such as soy and 

mung bean, are better adapted to droughts that are becoming more frequent in temperate regions 

due to climate change (Arunrat et al., 2022) and could contribute to improved resilience of food 

SM under increased environmental stress. 

Relative mixture performances were described as very nuanced from the farmer’s 

perspectives, and especially yields and food grain quality were considered critically. The 

additional steps necessary to meet the purity requirements of the downstream value chain 

strongly affect the economic potential. Thus, while a farm structure amenable for SM production 

is a necessary condition for mixture advantages within the farm, this is not sufficient for the whole 

value chain requirements that are determined outside of the farm. The results are similar to the 

findings by Rodriguez et al. (Rodriguez et al., 2021), who found diversification practices to be of 

stronger advantage in ecological service dimensions but challenging in terms of economic 

viability with consequences for the need to support these practices by incentives and regulations 

(Rosa-Schleich et al., 2019). While some advantages of SM, e.g., crop protection or efficient 

nitrogen use and provision, may in themselves provide economic advantages depending on the 

cost of these inputs, enhanced habitat for wildlife and other ecological services have no market 

value and currently do not enhance the economic potential. Aare et al. (Aare et al., 2021) also 

confirmed that farmers have to face economic challenges caused by their diversification practices. 

High separation efforts can only be justified for very valuable crops such as lentils (Viguier et 

al., 2018). In contrast, for organic wheat, the revenue is much lower. Viguier et al. (2018) 

calculated separation costs would consume the entire revenue of the wheat. This explains why 

mixtures are an established approach for lentils in Europe, while only a tiny niche for baking 

wheat in Europe (Mamine and Farès, 2020). However, addressing crop value as a key attribute of 

mixtures opens exciting possibilities. For example, additional high-value crops, such as spices, 

should be considered for species mixtures. Some farmers in Germany already grow caraway with 

barley in a relay cropping system, exploiting the high crop value of caraway with the mixture 

advantage of weed suppression (J.T., personal communication). 

A fundamental economic challenge that is introduced by increased cropping system 

diversification is due to economies of scale (Benston, 1972) with respect to an increased number 

of crops in variable quantities requiring drying, separation, cleaning, storage and sales. In 

addition to higher costs per unit and reduced economies of scale, additional storage or transport 

facilities needed for small batches have adverse effects on profitability. A study investigating 

diversification practices in France also found that factors opposing diffusion of diversification 



 

126 
 

practices are economic scale effects, especially for logistics and grain processors (Meynard et al., 

2013). However, economies of scale could be harnessed in diversified production systems by 

increasing the scale of diversified production systems, including centralization of post-harvest 

processing of mixtures as described for F6, who collects and cleans the produce for a multitude 

of partners. A key challenge seems to be the efficient combination of the ecological mixture 

advantages by diversification with economic viability that is conditioned by downstream needs 

in the food sector, which is highly dominated by economies of scale. 

4.6.2 Handling Increased Cropping System Complexity to Harness 

Advantages 

By reconstructing the mixture farming process, we showed that, compared to sole crops, SM adds 

complexity to the cropping system within a farm that affects the entire practical farming process 

from rotation planning, mixture design, cultivation, harvest and post-harvest, confirming the 

observations of Rodriguez et al. (2021). Several types of plant interactions, including competition, 

cooperation, compensation and complementarity – the 4C (Justes et al., 2021) – need to be 

managed in rotation planning, mixture design (choice of cultivar, species sowing ratios and 

patterns) and cultivation (fertilization, crop protection). Since ecological interactions, such as 

competition in mixtures, depending on local environmental factors, this adds another layer of 

complexity and is expressed in the challenge of highly variable partial yields in mixtures observed 

by farmers. In addition, mixture attributes, such as differences in seed size and maturity, as well 

as sensitivity in handling (e.g., broken grain), were reconstructed as emergent properties of SM 

that add further complexity to the cropping system. According to Rogers (2003), the complexity 

of innovations is a main factor hampering their diffusion in society. The adoption of more complex 

innovations requires more knowledge, practical skills and adaptation with respect to the working 

process. These requirements can slow down the adoption process. 

Increased cropping system complexity due to mixtures required specific knowledge by the 

farmers. This includes knowledge of suitable crop species and varieties, sowing ratios, weed 

control, fertilization, effects of mixtures in rotations on crop health, regulation of interspecific 

interactions and grain separation. Not only because of the many possible crop/variety 

combinations and context-sensitivity of this knowledge but also because extension and education 

largely neglect the topic, there seems to be a strong gap of information highlighted by all farmers, 

especially for the more sophisticated and new mixture combinations (vetch-canola, linseed-false 

flax/barley) and cleaning/separation issues, confirming earlier results (Aare et al., 2021; 

Rodriguez et al., 2021). To enhance mixture diffusion, there is a dire need to document and make 
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mixture experiences available and integrate knowledge on mixtures into the education of farmers 

and advisors. Aare (2021) suggested a farmer-to-farmer approach towards learning and 

knowledge for diversified cropping systems, recognizing farmers’ potential as mixture experts.  

Technological challenges were mostly overcome by the very creative farmers. While, in some 

cases, increased complexity reduced the required cultivation efforts, especially with respect to 

weed management, in order to enhance mixture performance, sowing and harvesting equipment, 

in particular, may need to be adapted. For sowing, mostly existing equipment for sole crops was 

used. To avoid multiple passes or unpredictable crop emergence due to the wrong sowing depth, 

as well as to optimize sowing patterns, adapted machinery for simultaneous sowing at different 

soil depths and/or alternating rows/strips is currently missing or too costly, again due to a lack 

of market size. The same applies to harvesting equipment capable of harvesting narrow strips or 

to adjust to mixtures of different seed sizes and sensitivities to avoid loss of or breaking seed. 

Taking both together, the economic challenges for mixtures with their increased complexity 

and (technical) resources required to handle them explains the magnitude of challenges faced by 

species mixtures for food.  

4.6.3 Moving beyond Current Practice: Farm and Food System Level 

Innovations  

The increased complexity of a cropping system based on SM is the foundation for ecological 

interactions that provide relative advantages compared to sole crops. Therefore, the increased 

cropping system complexity and relative advantages are two sides of the same coin. Farmers have 

recognized that this broadens the option space for new mixture innovations on a crop system and 

harness mixture advantages better. Consequently, they have developed new mixtures that 

include high-value crops, such as spices, and spatial designs that decrease separation efforts, e.g., 

relay systems, or allow for better control of crop competition, e.g., alternate row design. 

Lock-ins have often been diagnosed for diversification processes in our contemporary 

agricultural system (Meynard et al., 2013, 2018). If lock-ins are caused at a systems level, this 

requires a system perspective taking the multiple levels of agriculture and the food system into 

account. A food system turn in agroecology was suggested to facilitate such a complex perspective 

and to harness system level levers for diversification (Francis et al., 2003). According to 

Gliessman (2016), five levels need to be considered for a food systems turn: (1) increased 

resource efficiency, (2) substitution of conventional with alternative inputs, (3) redesign based 

on diversity and ecological processes, (4) establishing new links between agriculture and 

consumers via the value chain on regional levels and (5) a global systems perspective. 
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However, it is misleading to assume that these different levels of challenges need to be 

addressed in a stepwise fashion; rather, they need to be approached simultaneously (Aare et al., 

2021). For example, for food grain mixtures, only addressing the increased complexity in the 

cropping system (level 3) while disregarding the need to also address challenges in the 

downstream value chain for food grains, i.e., food processing and consumer perceptions (level 4), 

is likely to fail and might lead to the inappropriate conclusion that species mixtures are not 

economically viable beyond a tiny niche of special crops. From a food system perspective, it makes 

sense to address a higher level 4 (food processors) while the lower level is still not entirely 

optimized (managing cropping system complexity, level 3).  

A prime example are wheat pea mixtures that are rarely used in practice (Mamine and Farès, 

2020) despite their manifold advantages, such as increased protein content in wheat and an 

additional yield of peas (Timaeus et al., 2022). The usually discussed conundrum is the separation 

of baking wheat from mixtures. Bread baking usually relies on high-purity ingredients combined 

in precise recipes. Further, purity from allergens, such as gluten or legume proteins, may play a 

role in specialty markets. Specifically, half peas require a high separation effort due to their 

similarity in size and shape to wheat grains. Due to the relatively low revenue for wheat, such 

separation efforts can lead to prohibitively high costs. To reduce the separation effort, the key is 

to optimize the threshing process to avoid broken peas or to breed peas that do not break as 

easily. Taking the bakers into the equation can be an additional lever. Up to 10% peas in a baking 

mixture still result in good baking and taste properties (Dabija et al., 2017). Allowing for pea 

residuals of a defined proportion could decrease separation efforts and deliver a product with a 

defined composition without interfering with baking quality. Another potential added value 

would be a local, high-quality protein source. For example, in Germany, recently, the admixing of 

faba beans to improve the protein value of bread is being promoted with success, and faba bean 

flower is added to high-quality French baguettes to improve crust properties. Taking into account 

different quality standards for food can drastically reduce the required steps and effort in the 

separation process. 

4.7 Conclusions 

Species mixtures provide a range of advantages compared to sole crops from a farmers’ 

perspective, but challenges remain with respect to the economic potential and food grain quality. 

Therefore, the adoption of food grain SM is highly dependent on very specific conditions, such as 

high-crop value, specific knowledge and technical equipment. To step out of the niche, the 
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adoption of food grain SM needs to surpass these constraints. Here, we suggest three conclusions 

that could pave the way for food species mixtures in the future: 

1. Increased complexity of cropping systems based on species mixtures is a basic property 

and needs to be recognized. This causes challenges in mixture management, such as 

required knowledge and technology, but is also the foundation of their advantages due 

to ecological interactions. The complexity of mixtures also enables the broadening of the 

option space for new cropping system design in terms of species combinations and 

spatiotemporal design. Recognizing this is a basic precondition to developing species 

mixtures for food beyond their current niche. 

2. Following this prerequisite, education and learning on SM through various channels is 

one step forward for the adoption of SM for which knowledge already exists but is hardly 

accessible. Hitherto, farmers attempting to change towards more agroecological 

production principles are basically left alone. Specific knowledge provided by farmer-to-

farmer learning, agricultural advisors and the practical literature is key lever to foster 

mixture adoption for food grains. New digital tools for mixture design could help to 

handle the increased option space of species mixtures. Knowledge of food SM could also 

be provided by public agencies or companies providing innovative SM products, such as 

seeds of cultivars adapted for SM. 

3. To develop new species mixtures for food, a more systematic approach is needed that 

takes into account emergent properties of species mixtures and how these affect the 

practical farming process and crop profitability. Therefore, it is crucial to include farmers 

as well as the actors in the food system from the start. Promising food species mixture 

candidates, including crop species choice, spatiotemporal design and sowing ratios, 

would have to be designed based on agronomic and ecological principles, but always with 

the effects on the downstream processes in mind. 
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4.9 Supplements 

Interview guide 

AQ refers to additional question that was posed to increase the focus if needed.  

1. Opening and motivation; innovation adoption and risk assessment. 

a. Thinking back, how did you get started working with mixed cultures? 

AQ: Were there specific events, experiences, or moments that led you to start mixed cropping? 

b.  How risky does a farmer have to be to start mixed cropping compared to 

monocropping? 

2. Characteristics of mixed culture compared to monoculture from the expert's point of 

view. 

a. What are the advantages and disadvantages of mixed culture compared to 

monoculture based on your experience using a specific example? 

b. In which areas can mixed culture be of particular advantage compared to 

monoculture? 

AF: What advantages or disadvantages do you perceive with regard to plant protection, plant 

health (fungal attack, viral diseases, pests) in mixed culture? 

AF: What advantages or disadvantages do you perceive regarding yield stability? 

AF: What advantages or disadvantages do you perceive in terms of yield? 

AF: What crop production advantages do you perceive? 

c. What are the effects of mixed cropping on the farm? 

NF: What changes do you perceive regarding diversity e.g. species diversity, insects or birds? 

d. How do you estimate the complexity of mixed culture compared to monoculture 

in practical implementation? 

3. Sources of information on mixed cropping 

a. What sources of information did you use when implementing mixed cropping on 

the farm? 

NF: Which colleagues, newspaper, conference, advice did you consult for mixed crop 

cultivation? 

NF: Was mixed crop cultivation your own idea? 

NF: What advice for mixed crop cultivation do you actively use today? 

NF: What source of information did you consult to design your receiving-pre-cleaning, drying, 

and fine-cleaning system to be economical? 
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b. How would you rate the information available on mixed crops for today's farming 

practices? 

4. Special cultivation and cleaning aspects of mixed crop cultivation 

a. What are the most important aspects of crop management practices in your mixed 

crop compared to monoculture? 

AF: What are the main tillage operations you can explain for mixed crops? 

AF: What are the fertilizer management requirements for your mixed crop? 

AF: How is seeding done (seedbed, temperature, moisture, timing)? 

AF: What mix ratio do you use to make the mix and why? 

AF: How has the ratio of the mixture changed over the years? If so, why? 

AF: What varieties do you use that can grow optimally in the mixed crop? 

AF: What crop protection measures do you implement during the growing season? 

AF: What influence does the mixed culture have on weed pressure? 

AF: What crop management measures do you carry out during the growing season? 

b. Which technical equipment is crucial for your mixed crop cultivation compared to 

monoculture? 

AF: What specialized machinery for seeding, rolling, harrowing, weeding, threshing, pre-

cleaning, drying, and fine cleaning do you use and why? 

AF: What steps do you leave to contractors in cultivation? 

AF: What steps in processing do you leave to contractors? 

AF: Which steps in the preparation do you carry out yourself? 

5. Use of mixed cultures, quality aspects and economic efficiency. 

a. What is crucial for successful implementation of mixed culture compared to 

monoculture? 

AF: How do you use mixed culture? 

AF: What quantities do you harvest per hectare and to what quality? 

AF: At what step in the value chain do you sell the produce? 

AF: What quality criteria do you have to comply with in mixed cropping? 

b. 5How do you estimate the profitability of mixed culture compared to 

monoculture? 

6. Conclusion of the interview 

a. What recommendations and advice do you give to colleagues who want to take 

the step to mixed cropping or preparation and marketing? 

b. Are there any issues that are critical to mixed cropping that were not discussed in 

the interview? 
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5 General Discussion: Towards Crop Communities 

Seven challenges were addressed in this thesis (Table 1), in part successfully but not completely 

due to resource and time limitations of the conducted studies. Especially the limited time-frame 

of the conducted experiments limits the strength of the conclusions and highlights the need to 

strengthen long-term strategic research in agroecology. The multifunctional evaluation of SM 

(challenge 1) was successfully applied in the SM experiments (Chapter 3, Timaeus et al., 2022b) 

but needs to be further improved by including - inter alia -  the efforts of the technical 

management required for SM (Khanal et al., 2021). Studying multiple levels of diversity in crop 

communities (challenge 2) was also approached successfully in the mixture experiments but to 

clearly disentangle the underlying mechanisms and contributions of the two diversity levels 

remains a challenge. The possibility of combining genetic diversity and breeding progress at the 

intraspecific level (challenge 3) was demonstrated in the hydroponic study (Chapter 2, Timaeus 

et al., 2021). Effects relevant for the functioning of agroecosystems such as weed suppression 

were not achieved in the pot experiments using one model weed, however. I will discuss an 

alternative approach integrating diversity at multiple levels for evolutionary breeding. Assessing 

wheat diversity and traits in species mixtures (challenge 4) was partially successful (Chapter 3). 

Especially identifying traits conferring mixture advantages requires experiments that are better 

tailored to answer this question. Identifying factors influencing adoption of SM for food grains 

(challenge 5) was successful but mostly organic farmers were included in the adoption study due 

to their experience with food SM (Chapter 4, Timaeus et al., 2022a). Taking multiple levels of the 

food system into account (challenge 6) was partially achieved in the adoption study for food SM 

(Chapter 4, Timaeus et al., 2022b) and conducting mixture separation tests at a professional 

separation facility (Saathoff, 2021 unpublished bachelor thesis). Food processing actors could not 

be included due to limited resources. Including stakeholder knowledge and taking a 

transdisciplinary approach (challenge 7) was achieved only partially. Farmers were strongly 

integrated through on-farm experiments but a joint design of SM strongly building on the 

perspectives of farmers was not achieved in Germany (Salembier et al., 2021). Due to the limited 

resources the SM system was designed by scientists and implemented by farmers instead of 

achieving a real co-design. Future research would need to invest more resources to really co-

design SM systems. 

In the following sections I discuss the contribution of the conducted studies for research and 

practical development of crop communities. I discuss a crop community evolution perspective as 

possible solution for challenges in evolutionary breeding. I continue by discussing the 
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contribution of facilitation and intra- and interspecific diversity to the functions of 

agroecosystems investigated in this thesis and beyond. To foster a long-term strategic research 

approach for agroecology, I identify spatio-temporal variation of crop communities and its 

interplay with agroecological interactions, farm management and economics as a possible 

research priority. I conclude by delivering a definition for crop communities and crop community 

systems to clarify terms and stimulate creativity of the future research process. 

5.1 Including Multiple Levels of Diversity into Evolutionary 

Breeding: Towards Crop Community Evolution? 

A key question for evolutionary breeding and HPs is how to most effectively harness the 

advantages of evolutionary processes, to achieve genetic gain and to maintain diversity. The 

hydroponic selection study showed that root length can be selected within wheat HP with 

considerable genetic gain while maintaining a considerable diversity in root length distribution 

(Chapter 2, Timaeus et al., 2021). There were no competitive effects of progenies selected for 

longer roots on mustard and only a weakly reduced competitive response of wheat towards 

mustard. The statistical power of the competition experiment might have been too weak to detect 

competitive effects on mustard. However, this suggests weak effects of the selected traits and it 

would be questionable to invest more resources for more powerful experiments to detect weak 

effects.  Consequently, while genetic gain and intraspecific diversity were achieved 

simultaneously, this work did not directly result in effects that can be harnessed in practical 

farming, e.g. for weed management.  Another approach would be to carry out additional rounds 

of selection to strengthen the competitive effect. Multiple rounds of selection, however, increase 

the risk of reducing intraspecific diversity. 

The question is whether other options exist in evolutionary breeding that are more promising. 

One major step forward might be to take into account contrasting processes in plant evolution on 

the intraspecific versus the interspecific level. Natural evolution occurs in ecosystems that are 

composed of multiple levels of biological diversity including intraspecific, interspecific and 

broader phylogenetic diversity, such as plant families. Evolutionary processes at these different 

levels strongly interact. For example, species evolution is driven by a combination of intraspecific 

gene flow and selection interacting with somewhat stable but changing boundaries for gene flow 

between species (Ridley, 2004). Taking a multilevel evolutionary perspective on evolutionary 

breeding can shed light on some challenges faced by this approach. The intra- and the 
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interspecific level of diversity are also both crucial for plant health in practical agroecological 

farming approaches (Finckh et al., 2021).  

A key challenge in evolutionary breeding at the intraspecific level is that CCPs may evolve due 

to light competition towards more competitive phenotypes, i.e. taller plants. This can be 

counterbalanced by selecting for plant height below a certain threshold (e.g.<130cm) while not 

interfering with natural selection on all other traits (Brumlop et al., 2019). Increased plant height 

can pose a problem since it can reduce overall grain yields and therefore community level 

performance (Knapp et al., 2020). This is due to the general plant ecological phenomenon of 

increased allocation of resources to vegetative instead of reproductive organs under increased 

competition (Keddy, 2017). This type of population level evolution may also not increase 

complementarity within the population. In response to Knapp et al., Beaugendre et al. (2022) 

suggested that lower sowing densities are required for HP as well as a different and more 

competitive wheat ideotype. However, in single species cropping systems reduced sowing 

densities can pose a challenge as competition for weeds is reduced at early growth stages. In SM, 

wheat density can be reduced if another crop species is added, alleviating this issue. 

On a more fundamental level, evolution directed by competition can be profoundly different at 

the species level compared to intraspecific evolutionary dynamics. For grassland species there is 

good empirical evidence of adaptation of plant species towards mixtures improving community 

performance in terms of biomass yields (Zuppinger-Dingley et al., 2014; van Moorsel et al., 2018, 

2019). Moreover, there is evidence of the underlying evolutionary mechanism of adaptation. 

Zuppinger-Dingley et al. (2014) found that increased niche differentiation and character 

displacement for plant height and specific leaf area evolved in SM. In contrast to monospecific 

populations, in SM each species has its own evolutionary constraints and potential and is 

genetically isolated from the other species. This can facilitate adaptive genetic divergence to 

reduce competition, a common phenomenon observed in natural evolution of biological species 

(Ridley, 2004). In contrast, in HP while there is genetic variation, competition may drive the 

whole population in one direction of phenotypic evolution towards taller plants as demonstrated 

by Knapp et al. (2020). Stefan et al. (2022) demonstrated  that rapid adaptation of crop 

populations is possible in crop species mixtures over only two generations. They found that 

community overyielding and facilitation were higher and competition lower in crops that evolved 

in mixtures in contrast to mixtures assembled from crops that did not evolve in mixture. 

Surprisingly, in this case there was character convergence, i.e. all plant species evolved towards 

a taller phenotype in contrast to theory that predicts stronger character displacement, i.e. plant 

species evolving towards diverging heights. 
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One possible reason for the diverging results of both studies is the different species 

composition in  the two experiments addressing SM co-evolution (Zuppinger-Dingley et al. 2014; 

Stefan et al 2022). The study of Zuppinger-Dingley et al. (2014) included four functional groups: 

grasses (Festuca pratensis, Festuca rubra, Poa pratensis), small herbs (Plantago lanceolata, 

Prunella vulgaris, Veronica chamaedrys), tall herbs (Crepis biennis, Galium mollugo, Geranium 

pratense) and legumes (Lathyrus pratensis, Onobrychis viciifolia, Trifolium repens). These 

functional groups represent very different plant shoot growth types possibly facilitating 

divergent evolution due to selection by competition. The study of Stefan et al. (2022) included 

cereals (Avena, Triticum), a legume (Lens), a Brassicacea (Camelina), a Lineacea (Linum) and an 

Apiacea (Coriandrum). Precise species names were not given in this study. While these species 

represent a phylogenetically broad sample, their shoot growth types were possibly too similar 

and did not facilitate divergent evolution with character displacement of shoots. However, strong 

conclusions would require further experimental testing. Such experimental studies, combined 

with modeling approaches might enable to distill general rules for crop community assembly that 

facilitate divergent evolution and adaptation to crop communities increasing their performance. 

Similar studies could be conducted to discover principles for enhancing evolution towards 

character displacement for plant root systems. For food grain SM it is necessary to not only look 

at biomass yields but also at grain yields and quality as done in our SM field experiments (see 

below). 

Schöb et al.  (2018) showed that improved performance of coevolved communities compared 

to naïve communities was not only due to reduced competition/complementarity but due to 

facilitation. This suggests facilitation and its evolution in crop communities as a promising and 

hitherto uncharted territory (Verdú et al., 2021). A potential target could be to study evolution of 

the climbing behavior of legumes in communities with cereals or other crop plant species. 

Research on natural plant communities showed that climbing behaviour of the climbing species 

is adapted to traits of the host plant, e.g. host-stem diameter (Dewalt et al., 2000).  

Plant community evolution seems to be promising beyond overyielding effects. According to 

van Moorsel et al. (2021), grassland plant species communities that coevolved for several 

generations are more stable in terms of biomass and recover better after flooding than 

communities that did not coevolve. Chen et al. (2021) found that communities that were grown 

under drought conditions for multiple generations were more complementary and stable in 

terms of biomass when subjected to drought again. 

Targeted breeding requires the identification of plant traits of the cultivars contributing to SM 

performance (Barot et al., 2017). Due to the very high number of combinations of crop cultivars 
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and species, this requires efficient experimental set ups, for exampleincomplete factorial designs 

(Haug et al., 2021). Evolutionary breeding in species mixtures could circumvent the challenge of 

finding the best traits and cultivars in complex experiments by evolving multiple populations 

simultaneously and to harness co-adaptive evolutionary processes to find mixture adapted traits 

and cultivars or HP  (Wuest et al., 2021).  

To conclude, future research could further investigate the potential of evolutionary breeding 

by combining ecological and evolutionary processes at the intra- and interspecific level to develop 

sustainable crop communities. This would require a long-term research approach that needs 

support by funding institutions. A future research program to develop crop communities could 

focus on legume-cereal crop community coevolution. While first studies for crop  species mixture 

evolution are available (Stefan et al., 2022), the bulk of published research investigates grassland 

species. Experiments would be needed comparing communities that coevolved with communities 

without a shared evolutionary history. At least two generations would be needed as 

demonstrated by Stefan et al. Ideally, treatments for environmental stressors such as drought and 

challenging nutrient levels would be included since hitherto community performance of cereal-

legume mixtures  often is best under challenging environmental conditions (Chapter 3, Timaeus 

et al., 2022b). Coevolution of root traits in species mixtures could also be a promising research 

target. 

 

5.2 Understanding Specific Functions and Mechanisms of 

Intra- and Interspecific Diversity to Enhance Crop 

Community Performance 

Evaluating the effects of different levels of diversity on crop community performance is crucial to 

further develop diversified farming systems. In this respect two questions are of primary concern: 

(1) What is the contribution of each level of diversity to crop community performance and (2) 

what are the underlying mechanisms, including ecological processes and plant traits? 

Experiments conducted in this thesis showed that not only do SM increase resilience in terms 

of yields and crop quality but that diversity at the intraspecific level further adds to this resilience 

(Chapter 3, Timaeus et al., 2022b). This demonstrated a net advantage of combining both levels 

of diversity in crop communities. We did not study directly the underlying mechanisms 

contributing to the advantages at both levels of diversity. However, the mechanisms in cereal-
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legume mixtures are hitherto most often attributed to contrasting nitrogen acquisition strategies 

resulting in reduced competition (Bedoussac et al., 2015) and complementary shoot growth 

habits (Kontturi et al., 2011). Delayed senescence of wheat in SM compared to sole crops in our 

experiments is a good indicator of increased nutrient supply for wheat due to reduced 

competition in mixtures. Recently, Hupe et al. (2021) demonstrated that direct N-transfer from 

peas to triticale can occur via direct root contact. 

The stress gradient hypothesis (SGH) predicts a shift towards more facilitative plant 

interactions under higher environmental stresses (Maestre et al., 2009). In our wheat-pea 

experiments the mixture advantages in terms of LER, yield gain and protein content were 

stronger in the season strongest affected by water and nutrient limitations (Timaeus et al., 

2022b). This is in line with the SGH and would suggest a role for facilitative effects in the wheat-

pea system. In the case of species level diversity in wheat-pea mixtures a combination of 

complementarity and facilitation might be responsible for mixture advantages.  

To strategically harness positive crop-crop interactions between crop plant species, i.e. 

facilitation, more efforts are required to clearly distinguish facilitation from other mechanisms 

such as reduced competition. In the context of restoration ecology this knowledge is already more 

advanced in science and practice. For example, so called nurse plants are more resistant towards 

environmental stresses such as intense radiation, heat and drought and provide shelter for 

beneficiary plant species and this is used in landscape restoration (Padilla and Pugnaire, 2006). 

For example, sage (Salvia lavandulifolia) markedly improved the survival of Scots pine (Pinus 

sylvestris) and European black pine (Pinus nigra) compared to plants in control gaps (Castro et 

al., 2002). 

In grass land ecosystems seed traits have been identified to influence the balance of facilitation 

and competition. For example, facilitation and competition are both stronger in small seeded 

compared to large seeded plants (Zepeda and Martorell, 2019). However, stressful conditions 

such as drought and low nutrient supplies might shift the interactions towards facilitation as 

suggested by the SGH (Maestre et al., 2009). This suggests interesting avenues for future research 

such as testing SM with different seed size combinations (both small, both large, one large/one 

small etc.) combined with different water supply treatments such as droughts and heavy rainfall. 

This would enable to uncover facilitation processes between crop species under conditions that 

are highly relevant under future climate scenarios. 

Whether facilitation occurs between species might not be entirely fixed for each species 

combination but might develop dynamically throughout the season. Cameron et al. (2019) 

showed that interaction can shift from facilitation towards competition when the benefactor (the 
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plant that is the facilitator) increases its size during the season. This opens strategies to better 

manage facilitation in SM. For example, the benefactor crop could be left to grow freely early in 

the season to facilitate early growth of the beneficiary crop species (the plant that is being 

facilitated) while later in the season when the benefactor increases in size and threatens the 

beneficiary with competition, crop plant management is carried out to suppress the benefactor. 

In fully mixed systems this could be done by fertilization (if the beneficiary plant is more 

competitive than the benefactor for nutrient uptake) or mechanical competition control if the SM 

is sown in alternate rows or strips. In our adoption study this was done by a farmer in the vetch-

canola SM in alternate row design (Timaeus et al., 2022a).  

The additional resilience in terms of grain yield and quality observed for SM combined with 

HPs compared to SM combined with line cultivars is less likely to be explained by 

complementarity for nutrient acquisition. This is due to the limited niche breadth of T. aestivum, 

especially with respect to soil nitrogen. Variation in plant height in HPs – readily observable in 

field experiments - causing complementarity for light capture could be one explanation. Another 

likely mechanism is the contribution of intraspecific diversity to crop health that is well 

established (Finckh et al., 2000; Wuest et al., 2021; Gibson, 2022). However, the results from the 

field experiments conducted for this thesis do not provide clear support for this mechanism in 

terms of leaf or foot health of wheat entries as pathogens only played a minor role (Timaeus et 

al., 2022b). To clearly identify the underlying mechanisms with respect to plant health more 

focused experiments with pathogen inoculation would be needed. 

This discussion hints toward different but also partially overlapping contributions of crop 

diversity at the intraspecific versus the interspecific level. Some effects are different and 

complementary while other effects might be similar and additive. How these contributions are 

distributed might be highly dependent on the specific cropping system. In the wheat-pea and 

more broadly cereal-legume SM system, intraspecific diversity certainly can contribute to 

improved crop health. Interspecific diversity contributes to complementary resource use 

especially in terms of nitrogen. In addition, interspecific diversity can add to crop system 

performance by facilitation due to species specific adaptations and functional groups, e.g. 

phosphorus acquisition of legumes and support for climbing legume species or nurse-plant 

effects. If species level diversity crosses family boundaries this also has a well-established effect 

on crop health, further adding to crop health provided by intraspecific diversity. 

There are some studies investigating intra- and interspecific diversity and their contribution 

to (crop) plant community performance in and beyond cereal-legume arable cropping systems. 

According to Schöb et al. (2015) intraspecific diversity of barley increased biomass by 
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complementarity effects while increased species diversity of weeds increased biomass through 

selection effects (highly productive species increasing mixture productivity). Prieto et al. (2015) 

found in grassland experiments that increased species diversity contributed to higher 

productivity under droughts compared to monocultures while intraspecific diversity increased 

the temporal stability of productivity, concluding that both levels of diversity contribute in 

complementary ways to resilience of plant communities.  Another study also found that cultivar 

diversity in grassland mixtures increased productivity and production stability (Meilhac et al., 

2019). According to Darch et al. (2018) barley-legume mixtures increased phosphorus 

availability but not barley cultivar mixtures. Another experiment showed opposing effects of 

inter- and intraspecific diversity on tree growth. Interspecific diversity increased tree growth 

while intraspecific diversity reduced tree growth within mixtures (Hahn et al., 2017). According 

to Guo et al. (2016) intraspecific diversity of Trifolium pratense increased plant productivity but 

only in the presence of root-knot- nematodes. Allover, there seems to be good evidence for the 

potential of a net advantage of a combination of intra- and interspecific diversity. Ideally, the 

complementary or additive contributions of intra- and interspecific diversity would be optimized 

in crop communities. 

To further disentangle the contribution of diversity to crop community performance more 

precise and information rich indicators of diversity should be investigated. Garnier and Navas 

(2012) highlight the relevance of functional traits of plant traits for agroecology in their review. 

For example, functional groups (such as presence of nitrogen fixing legumes, climbers etc.) and 

phylogenetic diversity (diversity above the species level) were the strongest factors explaining 

biomass productivity while species richness contributed less to explained variation in a long-term 

grass-land experiment (Cadotte et al., 2009). Phylogenetic as well as functional trait diversity 

could be used in crop community modelling approaches to predict the outcome on various 

agroecosystem functions as reviewed by Gaudio et al. (2021a). According to Finney et al. (2021), 

species identity rather than richness had the strongest influence on root biomass and soil 

microbial communities. 

We could show that under certain environmental conditions such as low water and nitrogen 

supply there is variation for harvest index in wheat entries (Chapter 3, Timaeus et al., 2022b). 

Harvest index can be interpreted as an indicator for competition. Most entries decreased their 

harvest index in mixture, leading to decreased grain yields. Wheat entry Kolompos increased its 

harvest index in mixtures compared to monocultures in the second experimental season 

indicating reduced competition in mixtures. Kolompos is a mid-early Hungarian entry and had 

the highest root early vigor in entries evaluated in our hydroponic experiments (Chapter 2, 
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Timaeus et al., 2021). Gaudio et al. (2021b) studied reproductive effort of cereals and legumes in 

SM and found that plant allometry (resource allocation in productive versus vegetative organs) 

is influenced by the strength of competition in SM. Therefore, if grain yields are the cropping 

system goal, then managing competition is a key to control the magnitude and balance of legume 

and cereal grain yields in SM. 

Brooker et al. (2021) call for an intensified collaboration between ecologists and agronomists 

to harness the potential of facilitation for diversified cropping systems. A first step would be to 

disentangle facilitation mechanisms and then to use the identified traits via “ecological functional 

selection”. While breeding for mixtures can be a crucial instrument to further develop crop 

communities, often other aspects of cropping system design are easier to achieve. Moore et al. 

(Moore et al., 2022) suggest to first screen for other solutions beyond breeding before a breeding 

program is started. 
 

5.3 Spatio-temporal Design of Crop Communities and its 

Interplay with Agroecological Interactions, Farm 

Management and Economics 

A major leap for crop communities and agroecology could be to focus on the spatio-temporal 

design of crop communities because this has impacts on three core factors in agroecological 

systems: (1) agroecological interactions between multiple crop species and crops and other 

organisms, (2) practical farm management and (3) economic aspects. 

To get a more complete picture of crop communities in farming practice, it can be very valuable 

to look at contrasting farming systems in different countries, economies and cultures. SM for food 

represent a small niche in Germany as indicated by the challenge to find farmers experienced in 

food SM. And most food SM practiced by farmers in our adoption study were fully mixed systems 

except the row SM of canola-vetch (Chapter 4, Timaeus et al., 2022a). In Europe, there seems to 

be a paradigm of unstructured large-scale fields that is transferred from the sole crop to the SM 

approach. This might indicate a need for a disruptive cognitive and cultural challenge to fully 

harness the potential of SM for sustainable cropping systems. 

A completely different picture compared to Germany emerges in the review of Chinese SM 

cropping systems by Knoerzer et al. (2009). In China between 28 million and 34 million ha are 

intercropped representing 20-25% of all arable farm land in China. A large share of this area are 
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very small farms (<1 ha) and the main reason for SM is efficient use of land since this is very 

limited in this country. This clearly highlights the different agricultural systems in China and 

Germany. With a careful approach still some aspects of Chinese SM can be a rich source to develop 

SM adapted to European conditions. 

SM in China are largely designed as strip SM or as relay SM in strips or rows of varying width 

and food – including grain crops and vegetables - is commonly grown in Chinese crop 

communities. Feike et al.  (2012) describe the traditional SM systems in China such as winter 

wheat-maize, soy-maize, onion-cotton or chili-maize. This system is highly productive but 

requires high labor inputs which is a challenge with rising labor costs also in China. They suggest 

to either change the row relays to strips that can be managed with existing machinery or develop 

new machinery for row ICs. By surveying 231 farmers in Gansu Province, China, Hong et al.  

(2019) found that the technical efficiency (observed/maximum feasible production) of these 

farms was positively influenced by the proportion of land assigned to relay SM. This indicates that 

higher labor requirements of SM are more than offset by its higher land-use efficiency compared 

with monocropping. 

A key question is whether the Chinese SM systems are also compatible with more mechanized 

and larger farming systems, higher labor costs and what can be learned for European conditions. 

Hong et al. (2020) investigated the use of relay systems in China and found that larger farms are 

more likely to adopt novel SM types (water melon – maize and cumin-maize) and that mechanized 

agriculture is not at odds with SM. This highlights that large scale-farming can be combined with 

SM systems highlighting the potential of food SM for Germany and Europe in general. 

Khanal et al. (2021) suggest that most SM evaluations fail to take into account the differences 

in management efforts required for SM compared to sole crops, the production cost and the value 

differences of crop components and this is fully confirmed by our study for food mixture adoption 

in Germany (Chapter 4, Timaeus et al., 2022a). Therefore, to evaluate SM in a way that is relevant 

in farming practices, these factors have to be taken into account in future studies, for example by 

a combination LER, value ratio and net gross margin as suggested by Khanal et al. (2021). 

Most authors studying Chinese SM systems confirm that a high and specific expertise is needed 

to manage SM (Knoerzer et al., 2009; Feike et al., 2012; Hong et al., 2020) confirming our results 

for Germany (Timaeus et al., 2022a). This indicates that an agroecological transition including SM 

for food requires a change in educational institutions. Tittonell et al. (2020) also highlighted 

complexity as a main challenge towards an agroecological transition and emphasized the need to 

support farmers to cope with these challenges. Potentially, much can be learned from other 
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cultures but a simple transfer will fail due to the specific economic, ecological and cultural 

conditions in Europe. 

According to an experimental study in Germany, alternate row SM of maize with Phaseolus 

vulgaris or Tropaeolum majus are similar for biomass yields compared to sole maize with the 

added benefit of a flowering aspect for insects (Schulz et al., 2020). Moreover, Tropaeolum majus 

as crop partner could enable to produce grain maize since its low growth habit allows a separate 

harvest. The authors highlight that for maize-SM, site adapted weed control and practicable 

sowing technique are crucial and already exist for P. vulgaris and T. majus. Alarcón-Segura et al. 

(2022) studied  strip SM of conventionally managed winter wheat with oilseed canola in 

Germany, managed with common machinery in 27–36 m broad strips. They found a significant 

reduction in the densities of wheat aphids (50% decrease) and pollen beetle larvae (20% 

decrease). Ditzler et al. (2021) tested strips and mixtures nested in strips in the Netherlands for 

late blight control in potato and biocontrol in wheat.  They found that strips reduce late blight and 

this effect is improved by mixing within strips but for wheat biocontrol natural enemies were 

only facilitated by strips. 

Salama et al. (2022) tested different fertilization treatments and spatial arrangements of maize 

and forage cowpea on ridges. A double row pattern combined with a starter fertilization 

performed best in this study. Martin-Gorriz et al. (2022) studied the integration of arable crops 

into an mandarin orchard in southern Spain and found that it may cause additional production 

costs but with the optimal choice of intercrops, here purslane and faba bean, can reduce the 

market risks for farmers. 

Iqbal et al. (2019) suggest that soy-maize SM can be improved and made compatible with 

mechanized approaches by increasing the distance between soybean and maize rows and 

decreasing the spacing of maize rows. Raza et al. (2020) conducted experiments for strip width 

(180, 200, 220 cm) in a soy-maize relay system and found that medium strip width  (200cm) 

optimized LER and improved the competitive balance between soy and maize. Raza et al. (2021) 

showed the advantages of soy-maize row SM compared to sole crops in terms of LER (1.31-1-45) 

and water equivalent ratio (1.32-1.49). This highlights the potential of SM not only to improve 

land use efficiency but also efficiency with respect to other scarce resources such as water under 

future climate change scenarios. Stefan et al. (2021) parameterized a spatial model with results 

from density and distance experiments to find the optimal spatial configuration for a mixture with 

three species (oat, camelina and lupin). In this modeling study alternating rows had higher LER 

values than fully mixed systems. 
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Drawing on the discussed literature and the research in this thesis, future research could focus 

on the spatio-temporal design of crop communities and how this interacts with (1) crop-crop 

interactions (facilitation, competition), (2) biotic interactions of crops with pests, pathogens and 

beneficial organisms (insects, microorganisms), (3) abiotic stresses such as heavy rain and 

droughts, (4) practical farm management and (5) economic aspects. The spatial structure of 

communities must allow for positive ecological interactions and the technical farming 

management simultaneously. Therefore, intensified research on the spatio-temporal structure of 

food SM combined with testing adapted management and stresses could be highly promising. 

With respect to the two preceding chapters, the impact of the spatio-temporal design of crop 

communities could be investigated with respect to facilitation and the contribution of diversity at 

the intra-, the interspecific and the plant family levels. 

5.4 Defining, Modeling and Developing Crop Communities 

In addition to a research agenda focusing on the spatio-temporal design of crop communities, two 

further steps can be made to strengthen crop diversification in agriculture and to make the 

development of diversification approaches more systematic. First, a clear definition of what is to 

be developed is needed. Second, based on the definition, a conceptual model can be constructed, 

specifying system components and their putative interactions building on the insights of this 

thesis. This draft conceptual model can be a foundation for future research and crop community 

design. 

Hufnagel et al. (2020) suggested that there is a lack of a general concept for diversification 

approaches in agriculture. For intraspecific diversity in cropping systems the simplicity of 

understanding crops as “mixtures” has been surpassed by the concept of composite crosses and 

evolutionary breeding (Harlan and Martini, 1929; Suneson, 1956; Döring et al., 2011) and was 

explored more recently in long-term research (Weedon and Finckh, 2019, 2021). This research 

extends beyond pure agronomy to include evolutionary principles. In contrast, intercropping 

research so far was mostly conducted by agronomists and therefore suffers from a lack of building 

on established empirical findings and concepts in plant community ecology (Brooker et al., 2021) 

and also from general science on biodiversity patterns and processes (Loreau and Hector, 2001). 

A first step would be to recognize the complexity of diversified cropping systems by not only 

addressing them as “mixtures” as this falls short of the intricate ecological interactions occurring 

in such systems. Gliessman (1987) suggested that crop communities should be the focus of 

agroecological research and cropping system design. Gliessmanns idea of crop communities is an 
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umbrella for diversity in cropping systems from the intra- to the interspecific level. By looking at 

multiple levels of crop diversity more systematically, long-standing challenges for the 

improvement and integration of diversity into practical farming could be overcome as outlined in 

the preceding chapters. While Gliessman introduced the term crop community in his original 

paper in 1987 and the meaning is conveyed by his use of the term, he did not present a precise 

definition of crop communities. Inspired by Gliessmans work and the empirical studies of this 

thesis I strive to give an explicit definition here to facilitate a more systematic and rich 

development of SM. 

I define a crop community (CC) as a cropping system that is (1) diversified at the intra-, the 

interspecific or at the plant family level, characterizing the crop community composition and (2) 

has a specific spatio-temporal design that (3) aims at facilitating positive ecological interactions, 

optimizing agronomy, practical farm management and economic aspects. For research, such a 

definition can be fruitful to integrate thus far related but not really integrated lines of research 

on diversification at different crop community levels. In addition, this definition can be a 

foundation to develop a conceptual model of CC. 

Crop communities are not a sufficient concept since they do not exist on their own but are 

cultivated in agroecosystems by humans. Chapter 4 clearly showed that CC have a strong impact 

on the whole farming process and this in turn requires adapted management resources. 

Therefore, I extend the definition of CC to crop community system (CCS) that includes the CC and 

the means to manage the crop community such as knowledge, technology and energy for the 

farming process. The CCS also includes less tangible aspects of culture such as beliefs about how 

agriculture works and even aesthetic preferences for what managed cropping systems should 

look like. This also means that the CCS is embedded into a larger system of culture, education, 

technology supplies and of course the food system. A draft conceptual model of the CC and the 

CCS is presented in Figure 21.  

Another key component of this model is the crop management process that requires resources 

(machinery, knowledge, resources) but also controls the flow of external resources for the growth 

of the CC into the system, for example by fertilization and irrigation. In addition, the crop 

management process also controls the process of nutrient cycling by mulching and composting.  

Crop management can of course not completely control these flows as CCS constitute open 

systems with uncontrolled inputs of solar radiation and precipitation.  

The heuristic value of such a conceptual model can be to focus empirical research on key 

variables and their interaction. For example, composition and spatio-temporal design of CCS can 

be considered as independent variables that have impact on the dependent variables such as 
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agroecological interactions, agronomy, practical farm management and economic aspects. This 

represents a conceptual model that can be further specified and operationalized down to testable 

hypotheses. I suggest that the spatio-temporal variation of CC might be a particular promising 

independent variable to explore in the future. Since the conceptual model integrates crop 

diversity and flows of nutrients and energy – although in a very basic way – this opens the path 

to integrate the rich perspective of ecosystem ecology into the crop diversification discourse. The 

conceptual model could also be used as a first step in the process to construct a quantitative 

model of CCS. 

Another application of the conceptual model is to structure controversial debates that suffer 

from conceptual ambiguity such as the discourse about resilience of agroecological systems, i.e. 

their ability to resist to or recover from external disturbance. The conceptual model enables to 

distinguish different sources of resilience of cropping systems. In the resilience literature there is 

a debate about whether sources of resilience have to be internal to the cropping system, such as 

crop diversity, or also include external sources such as curative crop protection measures (Döring 

et al., 2015). The presented conceptual model makes clear that the answer to this question 

depends on the scale at which resilience is considered. If only CC are addressed, crop diversity is 

the main source of resilience, while curative crop protection is not included as a source of 

resilience since it is not part of the considered system. If CCS are addressed, curative crop 

protection is part of the system and therefore a valid source of resilience of the considered 

system. System boundaries are crucial if attributes such as resilience are assigned to systems and 

explicit conceptual models can help to clarify such debates. 

The conceptual model can also increase reflexivity with respect to social values that shape the 

CC and open the research process to a broader society. The two first parts of the definition of the 

CC (crop community composition and design) are descriptive, while the third part (optimizing 

facilitation, agronomy and economics) has a normative aspect by setting system goals. Therefore, 

research on crop communities is an applied science but with a clear normative stance by being 

based on values that need to be made explicit. The idea of normative and mission-driven science 

comes from the literature on conservation biology (Meine et al., 2006). Different stakeholders 

might define different goals for the CC, as I did here, based on my own limited perspective. This 

also opens research on crop communities to include a broad diversity of stakeholders and adds a 

potential rich avenue for participative research and crop community design. 



   

149 
 

  Figure 21 A draft conceptual model for crop communities and crop community systems. Yellow arrows: flows of nutrients and energy; 
black arrows: impacts caused by system components; large blue arrows: control function of system components on other system 
components; colored boxes represent the different type of system components. 
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