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Introduction

Global sales of organic products have grown significantly, yet organic farming remains a small percentage of overall agricultural production with lower yields than conventional methods. Organic crop cultivation thus faces a range of challenges if it is to grow significantly. This volume reviews the wealth of research addressing these challenges. The volume surveys the key advances and best practice in cultivation techniques across the value chain of organic farming, as well as discussing ways of monitoring and improving the environmental impact of organic crop production. The book has a particular focus on ways of supporting organic farming in the developing world.

Part 1 Crop breeding and cultivation

The first part of the volume reviews developments in improving cultivation across the value chain, from breeding more robust, low input varieties to ways of maintaining soil health and improving crop nutrition. The theme of Chapter 1 is the key issues in breeding and trialling robust cereal cultivars for organic farming. The chapter examines desirable traits for new cultivars in organic farming systems, including seed saving for use in future crops, nutritional quality, plant architecture and health, the competiveness of crops against weeds, and the importance of maintaining genetic diversity. It then reviews how these aims can be achieved in breeding new varieties of organic wheat, oats and winter barley. Finally, the chapter looks at ways of balancing nutritional and other quality attributes.

Moving on from organic breeding to focus on seeds, Chapter 2 deals with organic seed production, certification and availability. Through evolution, plants produce seeds with variation in speed of germination and dormancy in order to spread the risk of germinating in the wrong season. Although domestication and breeding have created crops with more rapid germinating seeds (compared with their wild relatives), the variation in performance for many crops is such that seed treatments and other measures are needed to create starting material for commercial crop production. Further measures are also needed during cultivation, harvesting, cleaning and drying. The chapter looks at the various factors that influence organic seed quality and availability, methods for seed sorting, upgrading and storage, methods of seed sanitation that are applicable for organic seeds and seed certification systems. The chapter identifies research that has resulted in commercially-available methods for upgrading seed quality.

The subject of Chapter 3 is the challenge of maintaining soil fertility and health in organic crop cultivation. The chapter explores key themes in soil fertility and soil health, and describes ways of optimizing organic matter. The chapter considers the challenge of designing appropriate rotations, describes sustainable sources of nutrients in organic farming and looks at the importance of matching supply and demand for nitrogen in organic farming. The chapter includes a detailed case study of interactions between soil management and the delivery of soil functions/ecosystem services.

Building on the foundation of the previous chapter, Chapter 4 moves on to consider the use of cover crops in organic crop cultivation. Cover crops are close-growing crops providing protection for soil and seeding between periods of normal crop production. They are positioned in rotation between two main or cash crops, and not primarily grown for harvest. Although traditionally cover crops have been terminated and incorporated into the soil, the emergence of Conservation Agriculture and no-till systems has led to greater emphasis on retaining cover crop residues as a pre-crop mulch for the following crop. The chapter considers recent research on the benefits of cover crops in areas such as erosion and soil structure, nutrient cycling, and control of weeds, disease and pests. The chapter then looks at the broader role of cover crops in promoting biodiversity, and their role in carbon sequestration and reducing greenhouse gases. Finally, the chapter discusses some of the challenges in using cover crops to optimise crop yields, and presents a number of key questions for the future of this practice.

Following on from the previous chapter’s focus on cover crops, Chapter 5 considers the role of crop rotations in organic farming. Crop rotations are defined in terms of a number of crops organized in a specific order over a defined period of time in an individual field, and with specific distribution in a field and landscape, in a way that ensures the best growing conditions for all crops for the benefit of the whole farming system. The chapter examines the principles of crop rotation, precrop effects in crop rotations, and the nutrient effects of legumes and other key rotation crops. The chapter also considers the role of rotation crops in suppressing weeds, diseases and pests, as well as research on rotations and crop yields. The chapter also looks at measuring and modelling crop rotations, nutrient and humus balances, crop rotations on stockless farms, intercropping and crop rotations in tropical and sub-tropical conditions.

Chapter 6 examines the use of conservation tillage in organic farming. Conservation tillage combines the principles of organic farming with the benefits of soil erosion control achieved by the conversion from ploughing to either reduced tillage or no-tillage/direct-seeding. The chapter reviews more than two decades of on-station and on-farm research. The chapter outlines the main benefits of conservation tillage before considering its main challenges. The chapter also contains a number of detailed case studies from the field.

Moving from conservation tillage to manure management, Chapter 7 looks at the use of animal manure in organic farming. Animal manure is the most important source of nutrients applied in most organic farming systems. Nitrogen (N) is often the dominant yield-limiting factor in non-leguminous crops and lack of N may cause reduced yield and low protein content in many crops. In addition, N is easily lost, causing both reduced yields and serious environmental impacts from leaching. The chapter reviews the literature related to manure management and nutrient utilization, including ways to improve manure management in animal housing, during storage and after application in the field. The chapter considers anaerobic versus aerobic manure storage (composting), manure application methods and their effects on N utilization and soil carbon storage. The chapter explains how phosphorus and potassium applied in manure also contribute to crop nutrient supply, especially when nutrient availability in soil is low, as well as maintaining the soil fertility.

The subject of Chapter 8 is organic fertilizers and biofertilizers. An alternative to chemical fertilizers are products of natural origin, organic fertilizers, biofertilizers or natural growth bio-stimulants which increase plant growth, yields, resistance to pathogens and pests, and improve soil fertility, productivity and biodiversity. The chapter examines the role of biofertilizers to improve the effectiveness of organic fertilization, before moving on to consider the use of animal manures, slurry and guano. The chapter also considers the contributions of composts and biochar to crop and soil health.

The final chapter in the section, Chapter 9, looks at improving water management in organic crop cultivation. Managing water for crop production requires capture and storage of water in the soil, which must also be protected from damage by excess water. This protection is provided by increased soil organic matter content, harvest residues, living plants (e.g. cover crops) or a mulch of dead shoot material. The chapter describes actions to deal with excess water and offset water shortage through irrigation, and addresses issues concerning the water cycle, field water balances, soil evaporation, crop transpiration, and crop water use efficiency. The chapter considers new practices that allow soil organisms to protect crops from water shortage.

Part 2 Crop pests and diseases

The second part of the volume discusses the key topic of pests and diseases, with reviews of integrated pest and weed management as well as organic plant protection products. Chapter 10 makes the case for applied agroecology in disease and pest management in organic farming. After outlining the general principles of plant protection in organic agriculture, the chapter presents a detailed case study of soil regeneration and its effects on potato health. The chapter shows how diversity can be integrated through evolutionary breeding and outlines the requirements for agroecology-based ecological plant protection.

Staying with the theme of plant protection, Chapter 11 discusses direct plant protection in organic farming. In organic farming, plant health is maintained primarily through preventive management practices. Nevertheless, there are crops and situations where such measures alone do not provide sufficient protection, and direct plant protection is therefore necessary. The chapter focuses on substances which may be used for plant protection, as well as underlining the importance of indirect plant protection measures for organic farming systems. The chapter describes current practices in organic plant protection, identifies currently authorized materials and discusses the process of authorization of materials in the EU. The chapter examines efforts to find replacements for copper fungicides.

Concluding the section, Chapter 12 looks at integrated weed management in organic crop cultivation. Weed management is a key challenge for organic production. Integrated weed management (IWM), the combination of different tactics within a long-term management strategy, can keep weed abundance low. However, successful IWM relies on maximum diversification of the cropping system whichcan be hard to achieve in practice. The chapter presents examples of successful integration between preventive, cultural and direct tactics in an IWM strategy. It reviews IWM approaches for difficult cases such as intra-row weed control, the presence of problematic weeds, and reduced-tillage systems. Finally, the chapter discusses future advances which could promote adoption of IWM in organic systems.

Part 3 Standards and monitoring

The third part of the volume covers ways of monitoring organic farming, particularly its environmental impact. The theme of Chapter 13 is the setting and reviewing of clear standards for organic farming. There is concern that the current certification system does not fully safeguard the objectives and principles of the movement and encourage further improvements in sustainability. The chapter provides a brief history of organic standard development, and introduces the values and principles of organic farming that have guided this process. The chapter discusses advantages and disadvantages of the different types of rules currently used to achieve common objectives, such as prohibitions or obligations to use specified inputs and practices. The chapter explores whether trends in sustainability assessment could help to close the gap between ambition and rules, concluding that research can improve the evidence base, evaluate the impact of standards and produce a better understanding of the barriers that prevent new producers converting to organic farming.

Complementing the previous chapter’s focus on organic standards, Chapter 14 concentrates on measuring and improving the environmental performance of organic farming. There is a large and growing body of literature comparing the environmental impact of organic and conventional farming in specific settings, either on farm or at the product level. However, the question of how ‘environmental performance’ should be assessed is complex and multi-faceted, and simplistic indicators tend to neglect key aspects of production systems. The chapter evaluates a number of multidimensional methods of assessment, including Life Cycle Assessment, Productivity Analysis, multi-criteria assessment approaches and food systems modelling. The chapter concludes that the assessment of environmental performance must go beyond the level of production, and address consistency and sufficiency aspects that emerge at the consumption stage.

The subject of Chapter 15 is eco-functional intensification of organic farming. Organic farming aims to increase productivity while maintaining a positive impact on biodiversity and using minimal resources. An urgent question of global importance is how organic agricultural systems can be improved with regard to the various functions of producing food, saving biodiversity and reducing resource use – in short, how organic farming can increase its multifunctional performance. The chapter discusses opportunities for and measures of eco-functional intensification (EFI) in organic farming, including material and energy flows, ecological regulation and technical developments. The chapter also summarizes general challenges associated with EFI.

Moving on to the subject of biodiversity, Chapter 16 considers biodiversity as a prerequisite of sustainable organic farming. Over the last century the intensification of agriculture with high inputs of synthetic pesticides and fertilisers, combined with monocrop specialization, has been detrimental to the diversity of genetic resources of crop varieties and livestock breeds, to wild flora and fauna species and to the diversity of ecosystems. Higher levels of biodiversity can strengthen farming systems and their resilience under changing environmental conditions. The chapter gives an overview of the impact of organic farming on biodiversity. The chapter considers land-use intensity, the impact of organic farming on biodiversity, biodiversity at different spatial scales and the impact of organic farming on selected functional groups. Finally, the chapter discusses some examples of the application of functional agro-biodiversity to boost key ecosystem services on organic farms.

The final chapter of the section, Chapter 17, looks at the impact of organic agriculture on diet and health. Consumers of organic vegetables tend to consume them in higher amounts and with more concentrated phytochemicals, so any benefits of phytochemicals for human health are doubled for a typical consumer of organic food. The chapter explores the associations between organic consumption and diet choices, addressing the claimed and perceived links between organic foods and health and assessing the combined nutritional impact of a diet based on organic food.

Part 4 Organic crop cultivation in the developing world

The fourth and final part of the book discusses ways of supporting organic cultivation in the developing world. The subject of Chapter 18 is supporting smallholders in organic crop cultivation, with a particular focus on East Africa. The chapter reports the outcomes of selected ProGrOV (Productivity and Growth in Organic Value Chains) case studies in East Africa involving farmers, students and scientists, together with advisors from organic organizations, in developing and testing agroecological practices for the intensification of kale, maize, sweet pepper and tomatoes for organic markets. After outlining the methodology of the field study approach, the chapter examines challenges and innovations in pest, weed and soil fertility management that can help smallholders.

As Chapter 19 points out, Africa accounts for 25 percent of the world’s arable land and yet produces just 10 percent of global agricultural output. Against the backdrop of the challenges to agriculture in Africa, the African Heads of States took a decision in 2011 to integrate organic agriculture into the mainstream agricultural systems of all member states by the year 2020. The chapter describes the current status of organic agriculture in Africa and sets out steps that need to be followed to improve organic agriculture in the continent, from advocacy to improved agricultural techniques and greater government investment.

Moving from Africa to Asia, Chapter 20 considers the improvement of organic agriculture on that continent. Traditional Asian farming methods are often seen as being close to organic production, but there is a need for considerable research and farmer education if the sector is to develop in accordance with scientifically-led organic knowledge and fulfil its potential. The chapter describes key crops grown in Asia and the current state of organic production in Asia, focussing particularly on rice production systems. The chapter examines types of diversified organic rice farming and organic vegetable production. Finally, the chapter deals with the challenge of improving organic agriculture in Asia.

The final chapter of the volume, Chapter 21, examines organic agriculture and agroecology in Latin America. The chapter provides an account of the development and current status of agroecology and organic agriculture in Latin America and the Caribbean (LAC). It highlights the main contributions made by LAC farmers, practitioners, researchers and value chain actors to the worldwide growth of agroecology and organic agriculture. It provides an overview of certified and non-certified organic agriculture in the region, the guarantee systems in place and the markets for such products. The chapter describes national standards and regulations for organic agriculture, as well as programmes for organic agriculture and agroecology which have been developed over the last twenty years. The chapter discusses numerous factors, including favourable policies, capacity building, provision of good quality public services and infrastructure development. All of these are key to promoting the transition of smallholders into more sustainable farming systems. The chapter concludes with a review of the performance of organic systems in the LAC region.
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1Introduction

Our global food system faces major challenges. A significant increase in crop yields is required in order to secure sufficient food supply for a growing world population. In the past 15 years, world population has grown from 6 billion to 7.5 billion, and according to the United Nations (2015) it is likely to increase up to about ten billion in 2050. The total yield output of our three major food crops has to double within the next 35 years in order to meet the food demand of such a population. According to a study of the research unit of Deutsche Bank, such an increase in production can only be realized when effective cultivation methods are introduced, more crop land is made available and high-yielding cultivars are developed (Schaffnit-Chatterjee et al., 2010). Three methods are discussed to reach these goals: First, the ‘biotechnology approach’ that relies on methods such as cell culture technologies as well as SMART breeding (selection with markers and advanced reproductive technologies), which is discussed controversially among organic breeders (Lammerts van Bueren et al., 2010). Second, the broader genetic engineering approach that uses different techniques which directly impact the DNA. In recent years the potential and risks of this approach have been vastly extended by the so-called ‘new breeding techniques’ entailing also new genetic techniques such as the CRISPR/CAS technology (Jinek et al., 2012). Finally, the ‘integrated-organic’ approach which promises to have the biggest potential to increase average crop yields in an environmentally sound approach. Methods that intervene at the subcellular or genomic level are not allowed for use in organic crop breeding (IFOAM, 2014, see also Box 1).


Box    1 New technologies in genetic engineering

In recent years, a suite of novel genetic engineering technologies – the so-called ‘new breeding techniques’ (NBTs) – have emerged in plant breeding. Considerable potential is ascribed in particular to the gene editing technique CRISPR/CAS (Jinek et al., 2012), which seems to be not only much more precise and reliable but also cheaper to use than previous technologies of genetic engineering.

Since some NBTs can be used to induce genetic modifications, which cannot be found in end products (or reliably distinguished from naturally occurring mutations), there is an ongoing political debate whether NBTs should be considered genetic engineering technologies. The organic sector, however, has a clear position in this issue (Nuijten et al., 2017): From the standpoint of the organic sector, a technology or process should always be evaluated in a process rather than a product-oriented framework. Organic produce, for instance, is certified based on the farming process rather than specific characteristics of end products. Therefore, the organic sector holds the view that crop cultivars derived with NBT should be defined as genetically engineered and subject to the mandatory risk assessments.

It remains a question whether the application of NBT should be allowed in organic crop breeding. In a comprehensive analysis, Nuijten et al. (2017) have summarized guiding principles of the organic sector for the evaluation of breeding techniques. In this study, it has been concluded (see also Wickson et al., 2016) that the application of NBT does not comply with the principles and values of organic farming as they are currently incorporated in position papers of IFOAM (2014, 2016) and the European Consortium for Organic Plant Breeding (ECO-PB, 2015). The value system of the organic sector described in these documents is based on a holistic worldview; new technologies have to be evaluated against a set of complexly interrelated agroecological, socio-economic and ethical principles (Verhoog, 2007; Nuijten et al., 2017). Genetic engineering techniques and NBT do not comply with these principles at all the three levels. In particular, NBTs are not compatible with the ethical principle of organic agriculture, which protects the basic integrity of living organisms (Lammerts van Bueren et al., 2003). In organic agriculture an intrinsic value is assigned to all living entities based on their autonomy, level of self-organization, wholeness and dignity. Therefore, breeding techniques that interfere at the subcellular level are not considered suitable for organic crop breeding as the cell can be seen as the lowest level of self-organized life.

Another ethical principle of organic agriculture, which NBTs do not comply with, is the principle of care or precautionary principle (Nuijten et al., 2017). As a consequence of its holistic worldview, the organic sector has a different risk perception than other sectors of society. Unfavourable side effects, including environmental and health risks, are considered inherent to reductionist technological approaches such as gene editing techniques interfering at the level of single nucleotide pairs.

In addition, the application of NBT is incompatible with agroecological and socio-economic principles of organic agriculture (Verhoog, 2007; Nuijten et al., 2017). One of the main concerns of the organic sector is the restriction of the breeder’s privilege and farmer’s rights to save their own seeds due to intellectual property rights and patents which seem to be inherent to genetic engineering technologies. Additional concerns include the problem of contamination with genetically modified organisms and limited options for breeders, farmers, processors and consumers. Alternative perspectives and development pathways are urgently needed in organic crop breeding (Nuijten et al., 2017; Ceccarelli, 2014).



Within the European Union, a number of conventional research projects to breed F1-hybrids have been proposed to reach the goal of nourishing a growing world population. For instance, the German Federal Ministry of Food and Agriculture has allocated a sum of 12 million Euros to eleven innovative and collaborative projects between 2014 and 2019 (BLE, 2014). In the case of bread wheat, the aim is to increase crop yields using F1 hybrids, intensify breeding for resistance to abiotic environmental stresses such as drought and heat stress and implement biotechnological methods. This approach only partially complies with the principles of organic agriculture (Gelinsky and von Frieling, 2016). In contrast to mainstream funding, financial resources for organic breeding are very limited (Kotschi and Wirz, 2015).

In addition to the nutritional gap, another major challenge for agriculture will be climate change. Its impacts range from changing precipitation patterns and more extreme weather events to different and higher disease and pest pressure (Lamichhane et al., 2015). Again, great hope rests on crop breeding to adapt plants to those changing climatic conditions. For example, many scientists attributed the rapid spread of yellow wheat rust (Puccinia striiformis f. sp. tritici, Fig.   1) that caused major yield losses in Western Europe within the past few years, especially under organic conditions, partially to milder temperatures in winter (Hovmøller et al., 2015). More resistant cultivars have to be developed while keeping pace with rapidly evolving rust strains.

The above-mentioned approaches to face these challenges share the problem of a single-directional perspective. Simple technological solutions to complex problems are proposed, often with no regard to the larger socio-economic, political and legal context. Insufficient food supplies in many developing countries, for instance, often originate from socio-economic problems, such as income insecurity (FAO, 2015). Other factors, in addition to new breeding approaches, like proper food waste management and a reduction of world meat consumption, have been inadequately taken into consideration, as nearly one-third of the food production in developed countries is lost (Gustavsson et al., 2011) and about one-third of the total agricultural cropland is meanwhile used for the production of animal feed (Alexandratos and Bruinsma, 2012). Further, the privatization of water, soil and seeds restricts the availability of these factors to many people and increases global inequity (Rulli et al., 2013).
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Figure     1 Yellow stripe rust (Puccinia striiformis) on winter wheat.

In order to meet future challenges of food security, food safety and food sovereignty the World Agriculture Report, initiated by the World Bank and the United Nations, demands a systemic transformation of the agricultural sector (Kiers et al., 2008). According to the report, agricultural policy proposals should focus on the availability of resources and infrastructure for local food supply chains rather than maximum output. Small-scale and peasant farming systems are seen as the best choice for national and regional food security and sovereignty. The report highlights the importance of these systems for social and ecological services and welfare and as a basis for a more sustainable food system. Plant breeding and the development of publicly available cultivars suitable for local farming systems are considered important for the development of local, small-scale agriculture.

Despite these findings, multinational seed and agrochemical corporations propose genetic engineering as a panacea for solving the problems of world hunger and agriculture. Consequently, a prominent focus of these companies has been on the development of herbicide-resistant crops, which allow farmers to kill the weeds in their fields while leaving the crop unharmed. Herbicide-resistant crops have the benefit of saving labour costs but encourage the use of herbicides and are therefore associated with a wide range of environmental and health problems. In general, genetic engineering poses systemic risks for natural and agricultural ecosystems that are difficult to estimate. For this reason this technique does not comply with the principles of organic farming (Jacobsen et al., 2013).

2The origins and aims of organic crop breeding

Aims quite similar to those of the World Agriculture Report served as the motivation for the first organic crop breeding programmes. The origins of organic crop breeding are deeply intertwined with the emergence of biodynamic agriculture in the first half of the twentieth century. It was Rudolf Steiner, the founder of biodynamic agriculture, who proposed in 1922 in a conversation with the farmer Ernst Stegemann that new cultivars should be developed and breeders may resort to wild plants, and in particular wild grasses, in order to achieve this (Mos and Heyden, 2006). Ever since, biodynamic farmers and breeders have been engaged in organic crop breeding and seed conservation (Steiner, 2004; Vogt, 2007).

The aim of organic crop breeding is to develop cultivars suited for the conditions in organic farming systems (Kristiansen et al., 2006; Lammerts van Bueren et al., 2011; Lammerts van Bueren and Myers, 2012). Organic cultivars should possess traits that cannot be found in conventional cultivars (Wolfe et al., 2008). These include the ability to withstand weed competition and mechanical weed control, plant health and natural resistance to seed-borne diseases, as well as excellent nutritional quality. Organically bred cultivars should be open-pollinated, enabling farmers to produce their own seeds. Moreover, organic cultivars should contribute to a higher genetic and biological diversity in agriculture.

3Key issues for new cultivars in organic farming systems

3.1Seed saving

Closed nutrient cycles are a key element of organic agriculture. According to Steiner (2004), farms may be considered as self-contained, individual organisms. It seems plausible to extend the concept of ‘closed cycles’ by including the production and conservation of seeds. Ideally, in organic agriculture, seeds should be produced on-farm. Thus, it is an important aim of organic crop breeding to develop cultivars which allow farmers to save their own seeds. In addition, it is an ideal of many organic crop breeding initiatives that the practical breeding work takes place on-farm and that farmers participate in the breeding process. The advantages of on-farm breeding include improved cooperation with farmers as well as better adaptation to site-specific environmental and socio-economic conditions (Lammerts van Bueren et al., 2011). Strong evidence for the value of closed (nutrient) cycles at the farm level has been put forward by Rashid et al. (2013). This group found that soil organisms on a specific site benefit from using manure from cows whose fodder has been grown on the same site rather than on some other farm. This ‘home field advantage’ effect resulted in a conversion rate of manure and nitrogen 20% and 14% higher, respectively, compared with the purchased manure from outside the farm site. In other studies, it has been suggested that selection under organic conditions may generally lead to healthier and more robust plants (Burger et al., 2008; Messmer et al., 2009). The Mandaamin Institute in Wisconsin, USA, is currently developing N-efficient/N2 fixing maize cultivars from landraces (Goldstein, 2015, 2016), and even conventional breeders now acknowledge the advantage of selecting N-efficient plants under organic and low input conditions (Presterl et al., 2002). 

3.2Nutritional quality

Organic produce should deliver excellent nutritional quality and contribute to the mental and physical well-being of consumers. Thus, the improvement of nutritional qualities of cultivars is one of the main goals of organic crop breeding (Zdravkovic et al., 2014). However, increases in crop yields and improvements in nutritional quality are often conflicting goals. Indeed, while crop yields have increased dramatically during the past 100 years due to an intensification of agricultural practices and intensive fertilization, this process frequently went along with a lower concentration of major and minor nutrients, proteins and secondary metabolites in agricultural produce, which is called the ‘dilution effect’ (Simmonds, 1995). A standard example is given by the negative correlation between yield and gluten content in bread wheat grains (Fig.   2). Nevertheless, there are some lines/strains that combine a (relatively) high gluten content and a high yield potential, possibly as a result of a more efficient nitrogen transfer from vegetative to generative parts of the crop.

3.3Plant health

Natural morphological and physiological traits, which lead to resistance or tolerance against a wide range of pests and diseases, can be found in all plants. However, there are numerous specific requirements for crop resistance, which are of particular importance under specific environmental and agronomical conditions. As a general principle, it is essential that organic farmers implement preventive steps within their agronomical practice before they resort to resistance breeding programmes. This is especially important in the case of crop diseases which either are difficult to treat or involve the formation of toxins. Examples of cereal crop diseases that involve toxin formation include the well-known ergot (Claviceps purpurea), smuts and bunts (Ustilago spp., Tilletia spp.) and Fusarium (Fusarium spp.).

While leaf and spike diseases are of minor concern, the development of cultivars resistant to seed-borne diseases is considered important in organic seed breeding (Lorenz et al., 2006). The application of synthetic seed treatment compounds is prohibited in organic agriculture and, therefore, there is a lack of efficient control measures against diseases such as dwarf bunt (Tilletia controversa), loose smut of wheat, barley and oats (Ustilago tritici, U. nuda and U. avenae), barley leaf stripe (Pyrenophora graminea), leaf blotch of oats (Drechslera avenae) and covered smut of barley (Ustilago hordei). It is important to note that the cultivars in many national performance trials, for example, those conducted by the German Federal Plant Variety Office (Bundessortenamt), are not routinely screened for these diseases. It is only through the pioneering work of biodynamic crop breeders in Germany that we have knowledge about resistant cultivars (Müller, 2004; Schmehe and Spieß, 2011, 2015). This knowledge is undoubtedly an important basis for successful future organic crop breeding programmes.
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Figure     2 Winter wheat: correlation between total grain yield and gluten content. Source: Winter wheat cultivar trials, Dottenfelderhof 2016.


Another important difference between leaf and spike diseases and seed-borne diseases is that in case of the former category, crops are usually endowed with quantitative, horizontal and polygenic resistance, while resistance against seed-borne diseases seem to require qualitative, vertical and mono- or oligogenic resistance mechanisms. Mono- and oligogenic resistance are usually fully effective. However, it is relatively easy for pathogens to overcome the resistance (Robinson, 1996). For this reason, breeders try to combine many different monogenic resistances in a single plant.

3.4Competitiveness against weeds

Compared with mainstream agriculture, less efficient weed control is one of the main limitations in organic agriculture, resulting in yield losses and higher weed abundance, which may, on the other hand, increase the associated biodiversity. However, competition for light is a key element for weed suppression. Thus, an effective strategy for weed control in organic agriculture is the restriction of light penetration through crop shading. Rademacher (1950) investigated the species- and cultivar-specific weed suppression ability through light absorption in crops. Ammon and Kunz (1982) used the same methodology to compare wheat cultivars and showed that by selection for special plant morphology, especially plant height and planophile instead of erectophile leaf position, the weed suppression was increased. The use of modern short wheat cultivars from conventional breeding programmes under organic conditions can lead to increasing problems, for example, with couch grass (Elymus repens). In organic agriculture low crop density and wide row spacing are typical for cereal crops. Thus, shading ability has to be increased by morphological features adapted to these conditions (Eisele and Köpke, 1997a). Important traits are early crop vigour, ground cover and light interception (Drews et al., 2009), high season ground crop cover (Hoad et al., 2012), high tillering ability, prostrate growth, plant height (taller types), high leaf area index (LAI) as well as leaf posture (Eisele and Köpke, 1997b; Hoad et al., 2012). Cultivars with planophile leaf inclination can reduce weed growth significantly, especially at wide row spacings that may be necessary for allowing additional harrowing when pressure of perennial and climbing weeds is high (Eisele and Köpke, 1997b; Drews et al., 2009). Hoad et al. (2012) suggested a method for the assessment of leaf angles and growth habit ideotypes. In practice, measuring the LAI and other plant features is a time-consuming process. However, as these traits are closely correlated with shading ability, that is, crop ground cover, it is sufficient for practical breeder’s selection processes if a visual assessment of the crop ground cover at different stages of plant development is made to fulfil the aim of high competitiveness against weeds (see Fig.   6). It was interesting to learn that commercial breeding for nitrogen efficiency resulted in a winter wheat cultivar ‘Pegassos’ (breeder: Spanakakis, Strube, Germany) that displayed the morphological features which enhance weed competitiveness as outlined above (Neuhoff et al., 2005).

3.5The importance of biodiversity

A high level of genetic diversity constitutes the foundation of crop breeding. Of particular importance for organic breeders is a diverse gene pool of varieties and lines endowed with various morphological features, disease and pest resistance as well as specific quality traits.

Organic farmers and breeders strive to preserve and enhance the diversity of natural and agricultural ecosystems. There are several ways organic breeders contribute to an improved, planned and associated biodiversity. An integral part of most breeding projects is the in situ conservation, which breeders use in order to examine and preserve varieties and breeding lines on their research stations (Fig.   3 and Box    2). Moreover, in recent years, efforts have been made to supplement breeding nurseries and gene banks with more decentralized conservation strategies. In 2008 the European Commission passed new legislation which facilitates the approval of landraces and varieties, which are naturally adapted to local and regional conditions and threatened by genetic erosion. The European Directive 2008/62/EC allows farmers and breeders to grow and market seeds of these ‘conservation varieties’, which would otherwise not comply with the requirements for cultivar approval (Commission Directive, 2008). An important improvement of the new seed legislation has been to lower the costs and administrative efforts for the approval of these cultivars. In Germany, for instance, the costs to approve conservation varieties amounts to only 30 Euros/year. Thanks to this regulation, it has been possible to popularize a number of German landraces and heirloom varieties on the seed market.
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Figure     3 Genetic diversity in wheat. Field trials at Forschung und Züchtung Dottenfelderhof, Bad Vilbel, Germany.


Another important contribution to biodiversity is expected from the introduction of so-called Composite Cross Populations (CCPs) in organic agriculture, a concept which was originally introduced by Harlan and Martini (1929) and Suneson (1956). CCPs are formed by mating groups of parents of self-pollinating plants. Subsequent generations are then grown and harvested as bulk populations. The key idea of CCPs is to create genetically diverse populations, which are then improved by means of natural selection and supervised selection by breeders. CCPs may offer several potential advantages for farmers and ecosystems, including better site adaptation, higher yield stability and increased and more durable disease and pest resistance (Finckh and Wolfe, 2015; Murphy et al., 2004; Paillard et al., 2000a,b; Rhoné et al., 2007), as well as an ability to adapt to changing and increasingly unstable environmental conditions. The latter trait is of particular importance with regard to climate change. In developing countries CCPs may offer great potential to increase biodiversity and improve food security and food sovereignty, especially when there is a strong focus on farmers’ participation.

Until recently, it has not been possible to introduce CCPs on the European seed market since cultivars have to be distinct, uniform and stable as a prerequisite for official registration (UPOV, 1991). However, new regulations were passed in 2014 with the specific purpose to allow the introduction of heterogeneous plant material on the market (European Commission, 2014). Currently, the permission is restricted to four species: wheat, barley, oats and maize. It should be noted that the legislation includes one outcrossing species with maize. Both CCPs and random mating maize populations are referred to as ‘populations’ in these regulations.



Box    2 Examples of organic breeding initiatives and 
networks

Onsite breeding: On the biodynamic farm ‘Dottenfelderhof’, the organic research and breeding of cereal and vegetable cultivars (Forschung und Züchtung Dottenfelderhof, ‘FZD’) has been integrated in the farm’s crop rotation for the last 40 years, resulting in cultivars that are adapted to the conditions and practices of organic agriculture.

The ‘Keyserlingk Institute’ at Lake Constance has built a regional network of breeders, farmers and bakers. Locally adapted cultivars are selected by breeders from landraces, grown by farmers and used by bakers to produce bread and other products. Bakers and farmers return some of their surplus to finance organic breeding programmes.

In the Netherlands, a cooperation between ‘FZD’, the ‘Louis Bolk Institute’ and local farmers resulted in the release of two spring wheat CCPs with good yield potential and improved baking quality. In this project breeders worked closely with farmers and used on-farm selection methods to improve the populations for local conditions in the Netherlands.

Farmers also participate in organic breeding activities. Organic farmer Wolfgang Kampmann from Germany, for instance, developed a winter wheat cultivar from own crosses within 10 years and released a conservation variety in 2015 (‘Jagsttaler’).

In Bavaria, Germany, the organic growers association ‘Tagwerk’ with more than 700 members produces oats for the company ‘Barnhouse’. The association is growing a loose smut-resistant oat cultivar developed at Dottenfelderhof. The ‘Barnhouse’ company is financially supporting organic oat breeding.

Organic vegetable breeders in Germany from the ‘Kultursaat’ association developed an extra-occupational trainee course for people interested in organic breeding. The cereal breeding company ‘Peter Kunz’ (GZPK) initiated a vocational training for active breeders where breeders of different crop species share experience and knowledge.

Even large-scale breeding companies such as KWS show interest in promoting organic breeding. On the ‘Klostergut Wiebrechtshausen’ estate, which is managed according to the certified organic label ‘Naturland’, field trials for winter wheat are conducted in cooperation with ‘FZD’.

In 2017 the first national organic field day was held in Frankenhausen, Germany, which was a great opportunity to bring all stakeholders of the organic sector together. Farmers could see and compare the cultivars bred for organic agriculture.




A number of European countries, including Denmark, France, Germany, the United Kingdom, Italy and the Netherlands, have implemented the new legislation at the national level. In Germany the first populations of wheat, barley and maize have been approved in 2016 (Fig.   4; Spieß et al., 2017). Because of its temporal status, the new legislation will expire at the end of 2018. Since populations are promising to be particularly suited for the conditions of organic farming, organic growers and breeders should demand an extension of this legislation.
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Figure     4 Winter wheat CCPs developed by Forschung und Züchtung Dottenfelderhof, Bad Vilbel, Germany.


3.6Social aspects

Within the last 40 years the commercial seed industry has undergone profound changes, which resulted in a concentration of the global seed market on a few global players (Howard, 2009). For the great part of human history, however, crop breeding and seed conservation were seen as tasks for society as a whole. Ever since the advent of agriculture about 10 000 years ago, crop varieties have had the status of a common good and seeds were devolved freely from one generation of farmers to the next.

It is important that farmers and breeders continue to have unrestricted access to seeds and crop varieties. As part of global and transgenerational justice, seeds should be preserved in their diversity and distributed freely. Patents and other intellectual property rights that prevent free access to genetic resources for breeders and farmers are therefore not permitted in organic plant breeding. Ensuring transparency is an important aim of organic crop breeding. Organic breeders must provide all the relevant information for the development of new cultivars. Ideally, the breeding targets are set in consultation with farmers, processors, traders and consumers. The inclusion of all the stakeholders in the breeding process is the foundation for the trust of farmers and consumers alike (IFOAM, 2014, see also Box    2).

4Breeding targets

The aim of this section is to illustrate particular breeding targets in cereals and, in particular, bread wheat. It is important to keep in mind that the ranking of breeding targets depends on various factors including species and variety of the cultivar, growing region, crop management system and marketing requirements. In addition, breeding objectives may be strongly influenced by government policy and seed regulations.

In the case of the organic bread wheat ideotype, the relevant breeding targets have been summarized by Köpke (2006). In total, the targets include 34 traits (see Fig.   5). For the sake of argument, let us assume that we have a plant which already incorporates ‘optimal trait values’ for 17 of the 34 traits. If we cross this plant with a second plant which incorporates ‘optimal trait values’ for the remaining 17 traits, there is only one plant in about 17.2 billion plants in the segregating generations with ‘optimal trait values’ for all traits. Or, to put it differently, there is only one ‘optimal’ plant in an area of about 4300 ha. This demonstrates that it is very difficult to breed ‘ideal’ cultivars which incorporate many favourable characteristics. A realistic aim of a breeder will always be to approach ‘the ideal plant’ as closely as possible.

The traits which influence the very early stages of crop growth include health of the seed grains, germination ability and germination power. The influence of breeders on these traits is limited since different crop management practices and storage conditions tend to mask genetic differences between cultivars. Yet, there are traits with a high heritability (e.g. a high thousand-kernel mass) which support germination and a vigorous early plant growth (Korkut et al., 2001). Breeders may also influence seed quality by endowing the plants with resistance against seed-borne diseases.
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Figure     5 Requirements for the organic crop ideotype in winter wheat. Source: Köpke, 2006 with modifications from H. Spieß.


In the early stages of crop development, it is important that breeders pay adequate attention to traits such as robustness and winter hardiness. It is plausible that mild winters have led many breeders to neglect these traits in recent years. This may be part of an explanation for the high rates of winter-kill in the growing season 2011/2012 in Germany and other parts of Western Europe. Little is known about phenotypic properties of wheat plants which influence winter hardiness. According to some ancient literature the trait might be linked to the number of low-lying shoots at the tillering stage (Fowler et al., 1981). Breeders’ varieties with this property performed well in field trials in 2011/2012.

For vigorous young plant growth, it is important for the seedlings to develop an efficient root system. Embryonic roots (and crown roots at later growth stages) take up water and nutrients and anchor the plant in the soil. A strong root system is of particular importance in organic farming since the plants have to withstand mechanical weed control in the three-to-five leaf stage (Rasmussen, 2004). Resilience to mechanical weed control measures is considered an important objective in organic plant breeding.

Due to a generally lower nutrient availability, high nutrient uptake capacities and nutrient use efficiencies of crop cultivars are particularly relevant in organic agriculture. An effective and vigorous root system is a determining factor for these traits. Nevertheless, assimilates bound in the root systems compete with shoot assimilates as well as a high harvest index. Thus, the ideal root architecture entails a dense fine root system with a maximized root surface, instead of binding assimilates in thick roots and a high total root biomass (Athmann et al., 2013). Field screening for root architecture and root growth might therefore still be a promising strategy (Lammerts van Bueren et al., 2014).

The ability of seedlings to withstand weed competition is another important consideration during early stages of plant growth. Improving weed suppression ability is one of the main objectives of organic crop breeding. Accordingly, breeders prefer cultivars with high soil surface coverage (Fig.   6) and prostrate growth. At the stage of tillering, shoots should cover some ground surface by growing horizontally along the ground.

At later stages of plant growth, organic breeders tend to favour plants with leaves stretching in a more horizontal rather than vertical direction (Eisele and Köpke, 1997a,b). Figure   7 shows the organic cultivar ‘Jularo’ directly next to a conventional cultivar with poor weed suppression.

Figure   8 depicts the relationship between the traits ‘ground coverage at the stage of bolting’ and the breeder’s visual assessment of the state of the crop before winter. The results clearly show that varieties suited for organic production score well for both traits.

Another important factor, which contributes to the ability of crops to suppress weeds, is plant height. It should also be kept in mind, however, that wheat cultivars with longer stalks offer additional advantages for organic production: High straw yields provide bedding material for livestock farms and help organic farmers to maintain soil organic matter.
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Figure     6 Early ground coverage results in a high weed suppression ability and protects the soil. There are considerable varietal differences (from left to right: the biodynamically bred cultivar ‘Jularo’ and two conventional cultivars often used in organic agriculture).
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Figure     7 High weed suppression ability due to a planophile leaf position of the biodynamic cultivar ‘Jularo’ (on the right) relative to a check variety (left) in the example of common poppy (Papaver rhoeas L.).
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Figure     8 Correlation between the traits ‘ground coverage at the stage of bolting’ and the breeder’s ‘visual assessment of the state of the crop before winter’. Trait levels are rated on a scale from 1 to 9, 1 = no expression of the respective trait level, 9 = maximum expression. Source: Research trials Forschung und Züchtung Dottenfelderhof 2016.


5Plant health

5.1Wheat

It is important to note that plants with longer stalks benefit from better plant (ear) health in a more favourable microclimate. In fact, dwarf varieties suffer from fungi in the humid milieu closer to the soil surface, even under otherwise favourable growing conditions. Figure   9 shows the negative correlation between Fusarium infection and plant length of different winter wheat varieties. Moreover, longer upper internodes tend to reduce the risk of fungal infections such as Fusarium head blight (Fusarium spp.) or septoria disease (Septoria nodorum). The transport of spores via rain drops from the upper leaves to the ear is hindered by longer distances (Schauder et al., 1995). In this context, it should also be mentioned that many breeders prefer ears which are less compact since they dry off more quickly, thus offering better protection from fungal ear and grain infections.

To summarize, cultivars with less susceptibility to Fusarium disease are characterized by the following morphological features:


1tall types with long culms,

2long distances between flag leaf and ear,

3awnless with not too dense ears and

4closed flowering and short flowering phase (Köpke et al., 2007).
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Figure     9 Correlation between culm length and infection with Fusarium spp. (on a scale from 1 to 9, where 1 corresponds to a minimal plant length/no infection and 9 to maximum plant length/infection levels). Organic cultivars (green): ‘Aristaro’, ‘Aszita’, ‘Butaro’, ‘Clivio’, ‘Govelino’, ‘Graziaro’, ‘Jularo’, ‘Naturastar’, ‘Philaro’, ‘Pizza’, ‘Poesie’, ‘Royal’, ‘Scaro’, ‘Tengri’, ‘Tilliko’, ‘Trebelir’, ‘Wiwa’ can be found at the bottom right. Source: Bundessortenamt (2016) and Agroscope Posieux (2014, 2015).


Indeed, due to potentially significant mycotoxin risks, organic breeders screen their breeding material systematically for lines susceptible to Fusarium. For that purpose wheat plants may even be artificially inoculated with spores of Fusarium culmorum or F. graminearum. Nevertheless, critical values of Fusarium toxins (Deoxynivalenol, Zearalenone) have been rarely measured under normal cultivation conditions in organic farming (Rembiałkowska, 2007) presumably also as a function of microclimate and low soil nitrogen availability (Köpke et al., 2007).

In recent years, rust diseases such as wheat leaf rust (Puccinia recondita) and stripe rust (P. striiformis) started to play a more prominent role. Due to warmer winters, it is expected that stem rust (P. graminis) will become more relevant in the intermediate term (Junk et al., 2016). In the past, the rule of thumb has been that stripe rust occurs only once in a decade. However, new aggressive strains (Hovmøller et al., 2015) have caused massive yield losses in three consecutive years, 2014–16, throughout Western Europe. Fungicides in mainstream farming are (partially) effective at controlling stripe rust, but in organic agriculture, hopes rest on developing resistant cultivars. Due to rapidly evolving strains, resistance breeding is a challenge. Fortunately, organic and biodynamic breeders have been working on rust resistance for some time and are therefore well prepared. In recent field trials organically bred cultivars have shown breeding success under moderate disease pressure (Fig.   10).
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Figure     10 Correlation between total grain yield and infection levels with yellow stripe rust (Puccinia striiformis) in a winter wheat trial. Infection levels are rated on a scale from 1 to 9, where 1 indicates no infection and 9 maximum infection levels. Source: trials at Forschung und Züchtung Dottenfelderhof 2016.

As mentioned earlier, seed-borne diseases such as common bunt of wheat play a more important role in organic agriculture than leaf diseases. This is primarily due to the toxic effects of many seed-borne diseases, the problem of seed contamination, limited disease control measures and the lack of implementation of commercial resistance breeding programmes during the past decades (Hagenguth, 2016; Matanguihan et al., 2011).

In mainstream agriculture, the problem of seed-borne diseases has been solved by applying synthetic seed treatment compounds. In contrast, the options in organic agriculture are limited to prophylactic measures. Organic seed treatment preparations, such as Tillecur® or Cerall®, or mechanical seed treatments show varying degrees of effectiveness and increase production costs to the edge of acceptability. In organic production, it would therefore be a significant crop health and economic advantage to develop cultivars with resistance to seed-borne diseases.

One of the most damaging seed-borne diseases occurring in organic cereal cultivation is common bunt of wheat (Tilletia caries) (Kristensen and Borgen, 2001; Matanguihan et al., 2011; Spieß, 2014). Common bunt infects all wheat types, including einkorn and spelt wheat, as well as triticale, and can cause yield losses up to 90%. Another seed-borne disease, called dwarf bunt (Tilletia controversa), seems to have spread recently to areas of lower altitude in Central Europe (Spieß, 2014). Farmers are particularly concerned about this disease due to the possibility of soil infections and the fact that dwarf bunt spores can survive for about 10 years in the soil. A high contamination with common or dwarf bunt spores may result in a total loss of the crop. Infested grains can be processed into neither flour nor animal feed due to the presence of the toxin Trimethylamine and the typical fishy smell. In Germany, for example, wheat cannot be brought onto the market as certified seed if there are more than five infested plants on an area of 150 m² and more than 20 spores/grain. Waldow and Jahn (2007) suggested a threshold of one spore/seed for susceptible wheat cultivars and 20 spores/seed for less susceptible cultivars.

As a first step towards the goal of establishing a successful resistance breeding programme, organic breeders have screened a wide range of wheat cultivars and breeding lines for their susceptibility to common bunt. The results from one of these long-term field trials are depicted in Fig.   11. In a four-year trial, only three out of 177 registered wheat cultivars were visibly free from infestation. Nine cultivars have shown low susceptibility, while the vast majority of the testing material (about 85%) proved to be susceptible to common bunt. Therefore, breeders found it necessary to supplement their breeding material with landraces of international origin as an additional source of resistance. However, this meant that the development of a bunt resistant cultivar suitable for the agricultural and climatic condition of Western Europe would require years of backcrossing. For example the introduction of landraces (of foreign origin) delays the development process by at least five years to about 15 years. Nevertheless, first successes have already been achieved in recent years. Officially registered bunt resistant cultivars include the winter wheat cultivars ‘Aristaro’, ‘Butaro’, ‘Graziaro’, ‘Trebelir’ and ‘Tilliko’, as well as the dwarf bunt tolerant winter wheat cultivars ‘Wiwa’, ‘Aristaro’, ‘Graziaro’ and ‘Philaro’.
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Figure     11 Susceptibility to common bunt of 177 officially registered winter wheat varieties from Germany, Austria and Switzerland. The seeds were inoculated with a dose of 0.2 g common bunt teliospores per 100 g of seeds. Source: Spieß (2014).


Organic breeders have also implemented breeding programmes for loose smut of wheat (Ustilago tritici), which are just as ambitious as those for common bunt. These programmes have already resulted in the introduction of several loose smut resistant cultivars on the market, which include the winter wheat cultivars ‘Jularo’, ‘Govelino’, ‘Tilliko’ and the spring wheat ‘Heliaro’. Similar resistance breeding projects are carried out for loose smut-resistant cultivars of oats (Avena sativa) in Central Europe.

In contrast to the aforementioned ear diseases, under present climatic conditions, the resistances incorporated in modern wheat cultivars seem to be sufficient to control leaf diseases such as mildew, Septoria or Drechslera spp. (Przystalski et al., 2008). However, there are other leaf diseases such as yellow stripe and leaf rust (Puccinia striiformis, P. recondita), net blotch (Pyrenophora teres) or ramularia leaf spot of barley (Ramularia collo-cygni) which seem to be more difficult to control due to their extremely versatile nature and are therefore (potential) targets of resistance breeding programmes.

5.2Oats

Although the nutritional value of oats is high in comparison to other cereals, oats is considered to be a minor crop due to its shrinking cultivation area. Consequently, the number of oat breeders worldwide is relatively small and the organic oat breeding programmes with the goal of releasing registered cultivars for commercial production are currently limited, to one in Canada and two in Germany, only. In Canada in 2014 the organically bred spring oat ‘AAC Oravena’ was released (Mitchell Fetch et al., 2014). In Germany a naked oat cultivar ‘Talkunar’ was released in 2017 and two spring oat varieties ‘Kaspero’ and ‘Sinaba’ were released in 2018.

Loose smut (Ustilago avenae) resistance plays a major role in organic breeding (Schmehe et al., 2016). The latest comprehensive overview about testing for resistance to smut diseases was given by Menzies et al. (2009). In most countries loose smut does not play a role in the process of cultivar registration, but it can be a severe problem for seed certification. In Canada the Prairie Recommending Committee for Oat and Barley (PRCOB) collects data on the reactions to smuts (Ustilago spp.), oat crown rust (Puccinia coronata) and oat stem rust (Puccinia graminis sp. avenae). Entries need to meet a minimum level of resistance to each disease over a period of three years in order for the PRCOB to support the cultivar for commercial production or sale in Canada.

Figure   12 shows the results of an evaluation of oat accessions for resistance to loose smut after artificial inoculation in Germany from 2009 to 2016. Most of the entries with a good level of resistance are varieties with poor agronomic traits that need backcrossings in order to develop cultivars with suitable agronomic traits combined with loose smut resistance. On the other hand, in the group of highly to very highly susceptible entries, a relatively high percentage of cultivars with good agronomic performance can be found. This may result from the fact that under mainstream conditions, loose smut can be controlled with chemical seed treatments and resistance breeding is therefore considered unnecessary.
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Figure     12 Classes of resistance levels to loose smut (Ustilago avenae) as percentage of smutted panicles – lower values represent the fraction of varieties with good agronomic traits. Evaluation from 2009 to 2016, entries tested total n = 379.


5.3Winter barley

Barley leaf stripe (Pyrenophora graminea) does not play a role in VCU tests (value for cultivation and use, Rey et al., 2008) in Europe but can lead to significant yield losses. The disease is strictly seed-borne (Platenkamp, 1976; Delogu et al., 1989). The percentage of ears with symptoms correlates with yield loss in a ratio of 1:0.5–1 (Porta-Puglia et al., 1986; Skou et al., 1992). At present, there is no effective treatment in organic agriculture against stripe disease; thus, resistant varieties are urgently needed in order to avoid severe yield losses.

Artificial inoculation in the laboratory becomes difficult for a large number of entries. Consequently, spreader varieties with a high infection level were used for field infection (cultivars ‘Alpaca’, ‘Etrusco’ and ‘Landi’). The infection level can then be determined in the following season in the field. Figure   13 shows the results of an evaluation of 192 winter barley entries for resistance to leaf stripe. The number of entries with good agronomic traits (registered cultivars) and low susceptibility seems to be sufficient; however, because of the high yield loss, the tolerable level of infection is much lower than that for loose smut.

In the beginning of the evaluation, winter barley varieties mainly of East Asian origin and those listed in the GENRES final report (Enneking, 2002) with highest levels of resistance were discarded from the test due to poor winter hardiness and weak agronomic traits in Central Europe (Schmehe and Spieß, 2015). Nonetheless, they may perform better in other climates.
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Figure     13 Barley leaf stripe (Pyrenophora graminea): classes of resistance levels as percentage of ears with symptoms after field infection – the ordinate shows the number of tested barley entries and lower values indicate the fraction of registered cultivars. Evaluation from 2013 to 2015, entries tested total n = 192.


6Quality requirements

Organic breeders usually place great emphasis on the physical appearance of kernels. Their bias can be partly explained by a tight correlation between the size of seed kernels and their germination ability and power. In addition, it is assumed that there is a correlation between certain characteristics of their shape and texture and good nutritional and baking qualities (Knott and Talukdar, 1971). Breeders usually select for large, round-oval-shaped, smooth-shelled, fleckless and vitreous kernels. Additional selection criteria for organic breeders include a narrow crease as well as short seed hairs so that fungus spores (e.g. Tilletia caries) cannot adhere.

In the case of bread wheat, in mainstream agriculture markets nutritional quality traits are still considered less important than technological baking properties. In conventional as well as organic farming systems, wheat prices are determined by the total (wet) gluten content of the produce, which is supposed to be correlated with a good baking quality. However, new research shows that rather than total gluten content, for bread baking, it is essential that the milled grain contains specific amounts of high-quality gluten with an optimal ratio of glutenin and gliadin. In fact, a well-balanced protein composition tends to lead to a high baking volume due to the formation of cross-link molecules (Wieser, 2007).

These findings suggest that it might still be possible to combine (to some extent) a high yield potential and a good baking quality in a single wheat cultivar despite the negative correlation between yield potential and wet gluten content. In organic breeding programmes, it has been demonstrated that by using the so-called ‘sedimentation value’ based on the SDS method as a selection criterion, it is possible to breed cultivars with a relatively high yield potential, high baking volume and low total gluten content (see Fig.   2 and 14).

In addition, it should be mentioned that superfine and whole wheat flours display different baking characteristics. Whereas a high wet gluten content of >27% is a basic requirement for achieving a good baking quality in the case of superfine flour, the same is not true for whole wheat flour. This difference is particularly relevant under organic conditions since sufficient wet gluten contents can often not be achieved under organic conditions due to limited N availability.

Large annual fluctuations make it important that all technological baking properties, including total gluten content, gluten-index, sedimentation value based on the Zeleny- (Zeleny, 1947) or the SDS-method (McDonald, 1985), or falling number, are determined as early as possible in the selection process. This is also true for alternative methods that determine baking quality properties, which include a direct measurement of baking volumes using a standardized baking test (Linnemann, 2011), the measurement of the content of so-called ‘glutenin macropolymers’ or GMP (Marti et al., 2015), which seems to be positively correlated to a high baking volume, or a direct evaluation of the taste and consistency of the dough and crumb of bread samples.

The nutritional value of wheat has been recently critically assessed in popular publications with rather sensational titles such as Wheat Belly (Davis, 2014) and Grain Brain (Perlmutter, 2013). It has been proposed that wheat may cause diabetes, heart diseases, dementia and other illnesses. Yet, there is no scientific evidence for any of these claims. Of greater importance to breeders is the so-called ‘non-celiac gluten sensitivity’ (NCGS). NCGS is among the most common gluten-related disorders with a prevalence rate between 5 and 10% in the general population. It has been suggested that this disease is caused by specific proteins called amylase trypsin inhibitors (ATIs) (Fasano et al., 2015). Another possible activator for the irritable bowel syndrome could be the so-called ‘FODMAPs’. These are fermentable oligo-, di- and monosaccharides and polyols, that is, sugars containing 1–14 sugar molecules, which cannot be fully digested in the small intestine. Ziegler et al. (2016) showed that the content of FODMAPs can be reduced significantly with a longer preparation time of the dough. From a broader perspective, it seems plausible that gluten-related disorders are related to unbalanced dietary habits based on highly processed foods prevalent in most industrialized nations. And indeed, it has been demonstrated that longer preparation times that are necessary for sourdough fermentation can decrease celiac-disease-inducing effects (M’hir et al., 2012). Hence, gluten-related disorders are probably a problem more related to the processing of wheat and not wheat itself.
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Figure     14 Total grain yield, baking volume and gluten content of selected organically bred cultivars and breeding lines. The cultivar ‘Graziaro’ combines a high yield potential and a high baking volume. A lower total gluten content is compensated by a high gluten quality. Trials at Forschung und Züchtung Dottenfelderhof 2015 and 2016.


Today, more than 200 food additives are permitted in commercial baking. Industrially processed dough may contain more than 20 of these compounds including various synthetic enzymes. Moreover, gluten is used as a food supplement to many sweets, desserts and ready-made meals. Thus, the omnipresence of gluten in modern diets might well be part of an explanation for gluten-related disorders including NCGS (Lionetti et al., 2015). Also the abundant use of glyphosate-based herbicides in conventional agriculture is discussed to induce gluten sensitivity (Samsel and Seneff, 2013).

7Conclusions

Organic crop breeding and organic crop breeding research have entered scientific discourse on IFOAM, ECO-PB and other conferences. Organic breeding is chosen as a central theme for discussion and new breeding methods and ideas as well as breeding successes are presented at these conferences (IFOAM, 2009; Pedersen, 2015).

The general public also increasingly perceives and values the importance of organic crop breeding. This can be seen, for instance, in the example of growing financial support for the ‘Seed Fund’ of the ‘Future Foundation for Agriculture’ in Germany, where organic breeders can apply for financial support for their breeding projects (http://www.zukunftsstiftung-landwirtschaft.de/saatgutfonds/).

European seed registration authorities meanwhile offer value for cultivation and use (VCU) tests specifically for cereal crops under organic conditions (Loeschenberger et al., 2008). These allowed private organic breeding initiatives to introduce a number of new cultivars on the European seed market in recent years. Biodynamic crop breeding initiatives from Germany and Switzerland play a leading role in these developments. Among them are cereal breeding initiatives [Cereal Breeding Research Darzau, www.darzau.de, Forschung und Züchtung (Research and Breeding) Dottenfelderhof, www.forschung-dottenfelderhof.de, Keyserlingk-Institute, www.saatgut-forschung.de and Cereal Breeding Peter Kunz, www.getreidezuechtung.ch] as well as vegetable breeding initiatives (Kultursaat, www.kultursaat.org, Dreschflegel, www.dreschflegel-saatgut.de and saat:gut, www.saat-gut.org).

Due to the limited scale of the organic seed sector, all of these initiatives depend upon financial support from charitable organizations as well as publicly or privately funded research programmes. In order to preserve and expand the organic crop breeding sector, it is necessary to significantly increase awareness among the whole value chain from organic farmers, processors, retailers to end-consumers.

8Future trends

At the beginning of this chapter, we outlined key future challenges for agriculture including (1) the improvement of global food security and food sovereignty, (2) conservation and enrichment of biodiversity in crop plants and (3) development of strategies for adaptation to the adverse impacts of climate change. We shall complement our introductory remarks with some thoughts and ideas pointing to possible future perspectives for organic plant breeding in these areas:

1Organic plant breeding seems perfectly capable of making a significant contribution to feeding a growing world population by developing high-yielding crop cultivars without having to rely on (novel techniques of) genetic engineering or F1-hybrids. However, in order to make a lasting contribution to the improvement of global food security and food sovereignty, it is essential that organic breeding programmes take the larger socio-economic context of agriculture and the needs of all stakeholders into account (see e.g. Löwenstein, 2011). Moreover, the enhancement of the nutritional quality of food crops should become an essential consideration in organic plant breeding.

2The largest symbiotic association on earth is the interlinked, mutually supportive community of crop plants, domestic animals and human beings. This association led to an abundant diversity of crop plants and domestic animals; yet, large portions of this diversity were lost during the past 150 years. The continued existence of crop plants critically depends on the caring hand of mankind. Thus, it is the duty of modern crop breeders to act as a custodian of the symbiotic relationship of crop plants, domestic animals and man and to foster and develop this important foundation of civilization. Food security and food sovereignty cannot be achieved on a global scale unless biodiversity is accessible at the local level. Therefore, regional and local breeding initiatives should be strengthened and locally adapted cultivars made available. Efforts by organic breeding programmes are already contributing to an enrichment of local seed diversity by developing locally adapted conservation-, amateur- and niche-varieties.

3Global food security for both animals and human beings is threatened by the impacts of climate change ranging from changing precipitation patterns and extreme weather events to higher disease and pest pressures. In September 2017 one of the strongest ever recorded hurricanes, ‘Irma’, left a trail of destruction in the Caribbean, which affected both people and agriculture. Climatologists expect extreme weather events to become much more frequent in the future, which will have severe negative consequences for agriculture as modern crop plants lack the ability to adapt to rapidly changing conditions. Again, organic breeding might offer a candidate for a viable adaptation strategy with the introduction of so-called ‘CCPs’. Due to their high degree of genetic diversity, it is expected that CCPs can adapt simultaneously to multiple environmental stressors including extreme weather events and higher levels of disease and pest pressure (Ceccarelli et al., 2010; Spieß and Vollenweider, 2017). CCPs should be tested extensively in field trials and practical agriculture.


The enormity of the challenges facing agriculture and the vast scope of possible areas of activity make it clear that sufficient private and public funding for organic breeding programmes should be made available. Only a range of diverse approaches and efforts for continuous improvements will guarantee that organic crop breeding continues to thrive in the near and long-term future, meeting the needs of plants, animals, human beings and nature as a whole.

Contemporary organic crop breeding initiatives are built upon the ancient heritage of human breeding efforts and natural biodiversity. Varieties and their seeds are a cultural treasure from which we develop the plants we are consuming. This cultural asset has to be preserved by everyone who benefits from its yields. Thus, organic crop breeding is a task for society as a whole.

9Where to look for further information

Organic plant breeding initiatives throughout Europe are working on the improvement and release of organic crop cultivars. The following initiatives are mentioned in this chapter: 


•Cereal Breeding Peter Kunz, www.getreidezuechtung.ch,

•Cereal Breeding Research Darzau, www.darzau.de,

•Research and Breeding Dottenfelderhof, www.forschung-dottenfelderhof.de,

•Keyserlingk-Institute, www.saatgut-forschung.de,

•Kultursaat association of vegetable breeders, www.kultursaat.org,

•saat:gut, www.saat-gut.org,

•Louis Bolk Institute, http://www.louisbolk.org/sustainable-agriculture/plant-breeding,

•https://culinaris-saatgut.de/en/

•https://www.seedcooperative.org.uk/

•http://organic-plant-breeding.org/


These initiatives have set a wide range of different (and often complementary) breeding aims and research objectives. General guidelines and principles for organic plant breeding have been developed at the level of IFOAM and by the European Consortium for Organic Plant Breeding (ECO-PB):


•https://www.ifoam.bio/en/sector-platforms/ifoam-seeds-platform

•http://www.eco-pb.org/home.html


Organically bred seeds are supplied by:


•Bingenheimer Saatgut AG, https://www.bingenheimersaatgut.de,

•Sativa Rheinau AG, http://www.sativa-rheinau.ch/

•Dreschflegel, www.dreschflegel-saatgut.de.
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1Introduction

After preparing the land, organic farmers start crop production by sowing seeds or planting vegetative propagation materials. The quality of organic plant propagation materials has a significant influence on the development of the crop, the final yield and quality. Rapid establishment of seedlings increases their competitiveness with weeds, an important issue for organic farming. A fast-growing root system eases the uptake of nutrients, which is particularly relevant when using organic fertilisers. It is also important to start with seeds free from seed-borne pathogens to reduce the risk of an outbreak of plant disease in the early crop.

Often neither organic nor conventional seed production result in 100% healthy and rapidly germinating seeds. Indeed, through evolution, plants produce seeds which vary in speed of germination and dormancy to spread the risk of germinating in the wrong season. Although domestication and breeding have created crops with more rapidly germinating seeds than their wild relatives, for many crops the variation in performance is such that seed treatments are needed to create appropriate starting materials for commercial crop production. Measures are also needed during seed production, harvesting, cleaning and drying. To increase seed lot quality, sorting and upgrading techniques are employed, from simple sieving through to seed sorting by density or using image analysis to select seeds with the highest quality. Seeds can be primed to improve field emergence and pelleted to improve mechanical sowing.

Many plant pathogens such as viruses, bacterial or fungal pathogens or nematodes have evolved to infect seeds and survive desiccation. As so-called seed-borne diseases, they can be transmitted to the next generation (Fig.   1). Seed production measures are needed to detect potential plant pathogens and to prevent or reduce seed infection. When seeds are infected with seed-borne diseases, sanitation treatments are required to eliminate the pathogens.

Most seed sorting and upgrading techniques can in principle also be applied to organic seeds. Processes where chemicals are employed, such as liquid density sorting and certain priming recipes, are not suited for organic seeds. In the case of organic seeds, disinfection largely relies on physical treatments or the use of natural products with antifungal or antibacterial activity. With the increasing awareness of environmental risks from chemical pesticides and fungicides, physical treatments are also becoming an important alternative for conventionally produced seeds.

In this chapter we will review various factors that influence organic seed quality and availability; methods for seed sorting, upgrading and storage; methods of seed sanitation that are applicable for organic seeds; and seed certification systems. We will assess recent research that has resulted in commercially available methods for improving seed quality and on promising new research lines.
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Figure   1 Infected wheat seedlings with a Fusarium fungus. The fungus infected the seeds during seed production, survived the drying and storage and infected the emerging seedlings as seed-borne pathogen (Photo: Wageningen UR, NL).

2Organic seed quality control issues: seed maturity

An important difference between crop production and seeds for propagation is the optimal harvest moment. Seed development has three phases: embryogenesis, seed filling and maturation. Agronomists refer to cereal and legume seeds as ‘physiologically mature’ when the seeds have reached their maximum dry weight (TeKrony et al., 1979). That moment is the end of the seed filling phase when the production of starch, oil and storage proteins has ceased. Waiting longer to use these seeds results in drier seeds but does not result in higher yield on a dry weight basis. However, in the physiology of seed development this is the moment when the seeds have initiated their maturation process to acquire tolerance for survival after shedding. Finalising this maturation phase is very important for seed quality in the case of propagation material (Zanakis et al., 1994; Bewley et al., 2013). Processes during maturation include the production of soluble sugars, such as sucrose, raffinose and stachyose, as well as the so-called late embryogenesis-abundant proteins. These sugars and proteins are assumed to play a role in the protection of membranes, structural proteins, RNA and the DNA during storage of the seeds under dry conditions. Acquiring true seed maturity by establishing these protection mechanisms is therefore essential to reduce damage occurring during seed drying and storage and physical sanitation treatments.

Most crops flower over an extended period of time and as a consequence the plant simultaneously produces seeds at different developmental stages. With crops such as tomato the seeds are harvested by picking individual mature red fruits, most often coinciding with true seed maturity. But with crops such as cabbages (Brassica oleracea) it is not possible to harvest individual fruits. In these cases the oldest fruits (siliques) are already shattering, while the plant is still flowering at the top of its inflorescence. The seed producer has to pick a time to start harvesting the seeds. When the crop is dried fast, seed development is fixed in the maturation status at the moment of cutting. After threshing the really immature seeds can easily be removed by sieving. However, the seeds that have just finished the phase of seed filling, but have not acquired full stress tolerance, are full sized and cannot be separated from the true mature seeds with the highest quality.

Many seeds are green during seed development, because they contain chlorophyll. One of the processes initiated at the end of seed filling is the degradation of chlorophyll, a process that continues during seed maturation. The content of chlorophyll is therefore inversely correlated with seed maturity. The amount of chlorophyll can very sensitively be measured using its fluorescence properties. With this principle, a non-destructive method has been developed to analyse the relative amount of chlorophyll in individual seeds (Jalink et al., 1998). Analysis of a Brassica oleracea seed lot sorted in maturity fractions using chlorophyll fluorescence demonstrated the importance of seed maturation (Fig.   2). The initial seed lot had a germination frequency of 80%, too low for a commercial use. The two most mature fractions germinated at 100% or 95%, while the two least mature seed fractions germinated in only about 15% or 50% of cases. Removing the worst performing seeds, with higher chlorophyll levels, will result in upgrading the seed lot from animal feed to one with commercial quality. Upgrading of seed lots using chlorophyll fluorescence works for seeds from many crops and the invention has resulted in commercial seed chlorophyll analysers and related sorter technology.
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Figure   2 Seed maturity analysis of cabbage seeds using chlorophyll fluorescence. Top left: RGB image; top right: fluorescence image; bottom: germination performance of seeds with a low, intermediate or high level of chlorophyll fluorescence. The top pictures were made with the ‘CF Mobile’ instrument (www.seqso.nl) (Photo: Wageningen UR, NL).


3Seed disease and pathogen control

Plant diseases during seed production can reduce the yield and quality of the seeds to be harvested, but also provide a risk for the next crop when the pathogen infects the seeds to be used for propagation. For some pathogens, even low levels of seed infection can result in severe crop losses (Pellegrino et al., 2010). An example of diseases that can be seed-borne is Alternaria radicina, a fungal pathogen that can cause black rot in carrots (Fig.    3). To reduce the risk of seed lot contamination with infected seeds, seed producers can take several measures. The first is the choice of production location, taking environmental conditions as well as humidity and temperature into consideration. Next is the use of healthy basic seeds at the start. Thirdly, during seed production the risks of contamination can be reduced as much as possible, and as a last measure, sanitation treatments are used when infection occurs.

It is important to determine the critical control points in preventing pathogen contamination. This requires knowing how the pathogen is transmitted and how it survives in the environment. For example, Xanthomonas campestris pv. campestris (the causal agent of the bacterial disease black rot) can survive up to two years in plant debris in the soil (Alvarez, 2000), and seeds from Brassica crops can acquire infection via pollinating flies carrying the bacterium on their feet (van der Wolf and van der Zouwen, 2010). Because the occurrence of a highly infectious black rot disease in a Brassica crop can cause such large economic losses, seed health tests are performed using samples of 10 000 seeds to reduce the risk of selling seeds with even very low frequencies of infection. Frequent field inspections during seed production are essential to take measures in case infections occur.


[image: ]

Figure   3 Spore-forming structure from the Alternaria radicina, a fungal pathogen that can cause black rot in carrots (Photo: Wageningen UR, NL).


3.1Control of pathogens

It is not always possible to produce organic seeds without pathogens and it is therefore essential to test new seed harvests for the presence of pathogens. When pathogens are detected, disinfestation, disinfection or protection treatments are needed. Seed disinfestation involves the control of spores and other forms of disease organisms on the seed surface (Mancini and Romanazzi, 2014). Seed disinfection is the elimination of a pathogen that has penetrated into the living cells of the seed, infected it and become established. Seed protection is the application of a treatment to protect the seed from diseases caused by seed-borne or soil-borne organisms.

For conventional farming the use of chemical fungicides is still the main method to combat fungal pathogens, but an increasing awareness of the potential negative effects of chemical fungicides has created a demand for non-chemical alternatives. Moreover, fungicides do not act against bacteria and viruses. As a result, older physical seed sanitation treatments have been revived in recent decades, often combined with new technologies for process control, as well as use of novel approaches (Mancini and Romanazzi, 2014). Research has resulted in a multitude of non-chemical methods. These include physical methods, seed treatment or coating with plant or animal extracts, or addition of living microorganisms to the seeds. Those non-chemical treatments are most often applicable for use in organic farming (Koch et al., 2010; Koch and Groot, 2015).

It should be noted that physical sanitation treatments and treatments with antimicrobial compounds are not selective. They have the disadvantage that non-pathogenic microorganisms are also removed from the seeds. Naturally occurring microorganisms in and on seeds create a kind of buffer against some pathogens in the soil, by occupying the space in and on the seed. When these are killed, there is far less competition against microorganisms from the soil, including pathogens. This can make the seedling more vulnerable to soil-borne pathogens. A potential solution might be to apply beneficial microorganisms to the seeds after the sanitation treatment.

3.2Physical seed sanitation

There are many physical seed sanitation methods. Most of them are based on heat, with or without moisture, and can be used in organic seed production. For several decades commercial cucumber seed lots have received a standard thermotherapy treatment under dry conditions at 72°C for three days to eradicate the cucumber green mottle mosaic virus (Kim et al., 2003). The efficiency of the treatment is debated and its effectiveness in deactivation of the virus in seeds needs to be confirmed through a bioassay (Reingold et al., 2015).

Treating seeds by dipping them for a short period in hot water can effectively eradicate several pathogens in the seed and is commercially practised on seeds and bulbs of several crops. An example being Brassica crops, where it is used to reduce risks of seed infection with the Xanthomonas bacterium (causal agent of black rot disease). As with many other sanitation treatments, it is important to find a treatment window that eradicates the pathogen, but does not cause too much damage to the germination ability of the seeds. Ideally, for each seed lot it is important to test variations needed in the water temperature and treatment duration, as seed lots may differ in their response. In the EU-financed research project ‘STOVE’ (Seed Treatments for Organic Vegetable Production, see Schmitt et al., 2006), potential causes for this variation in sensitivity were studied. It was shown, for instance, that less mature cabbage seeds are more sensitive to a hot water treatment, compared with mature seeds (Groot et al., 2006), while seeds that have started their germination processes before harvest (Fig.   4) are also more sensitive to hot water (Groot et al., 2008). A disadvantage of hot water treatment is the need to dry the seeds afterwards, making it unsuitable for high volume seed lots such as cereals.
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