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Abstract

:

Crop yield has been a major target of plant breeding, although resistance and quality have also been important. The current climate change is calling for breeding actions to mitigate greenhouse gas (GHG) emissions. The present review focuses on opportunities from plant breeding to mitigate climate change while simultaneously securing yield and food requirements, as exemplified by winter wheat cultivation in Northern Europe. Therefore, we review the history of traditional plant breeding, the impact of climate change on crops and implications for plant breeding, opportunities to use plant breeding as a tool to mitigate climate change, and then we assess the estimated mitigation effects from plant breeding and discuss their impact on climate effects. Nitrogen uptake efficiency (NUpE) was indicated as the character with the highest potential to contribute to climate change mitigation, with positive effects also from increased straw length and stubble heights, while increased total biomass yield (root or above-ground) showed less effect. In addition to contributing to climate change mitigation, NUpE might increase profitability for growers and decrease nitrogen leakage from agricultural fields. An increase in NUpE by 15% through plant breeding has the potential to result in reduced GHG emissions corresponding to 30% of the fossil fuel use in agriculture in Sweden.
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1. Introduction—Target and Aims of the Review


Plant breeding is, by definition, the art and science of changing the traits of plants through genetic improvements to produce desired characteristics for the benefit of humanity [1,2]. Thus, plant breeding strives to use diverse genetic material to change the genetic composition of desirable plants/crops and select and multiply those with the highest attributes, structure, and nutrient composition for the most suitable uses related to human requirements [3]. Plant breeding has been attributed to most crops grown today, although with substantially higher intensity in the major crops in terms of production and economic impact [4]. In all plant breeding activities, a major goal has been to target traits that contribute to a higher economic return from the cultivation of the crop [5]. Therefore, increased yield is an important trait, especially for staple crops, contributing to economic benefit for the producer and food security for the consumer [6]. A trait directly linked to yield is resistance to major diseases, which has therefore been an important breeding goal [7]. In certain crops, e.g., bread wheat and malting barley, end-use quality characteristics of importance for production have been included as breeding goals [8,9]. Breeding for environmental sustainability has been less targeted due to the lack of economic incentives, although such a target is becoming increasingly important due to ongoing climate change [10].



The present paper specifically targets the state-of-the-art knowledge on breeding for increased environmental sustainability and the opportunities that plant breeding contributes to that target. Thus, we will shortly describe the history, aims, and impact of plant breeding until the current stage. Thereafter, we summarize the current status of breeding related to climate change and estimate sustainable future opportunities, using winter wheat production in Southern Sweden as a model system.




2. Plant Breeding—History and Traditional Aims


2.1. The Historical Start of Plant Breeding and Its Current Status


Plant breeding has been a major tool for humanity since the start of the domestication of the first agricultural plants some 9000 to 11,000 years ago [11]. However, the first plant breeding activities were restricted to the selection of plants with the most desirable characteristics, such as a high yield or a good taste [12].



Modern agriculture developed rapidly from the 17th century to the mid-19th century, where the British agricultural revolution played a key role as a corner-stone for the industrial revolution [13]. Plant breeding was one, among others, of the important technologies that formed the basis for the development of modern agriculture. Plant breeding was driven by the increased growth of the human population, industrialization, and increased knowledge, development, and understanding of genetic principles [14]. The novel genetic principles were built on science by researchers such as Carl Linnaeus and Gregor Mendel. In the 1890s, the first commercial plant breeding activities started in England with the formation of Gartons Agricultural Plant Breeders, using cross-pollination of plants [15].



The next important step in plant breeding was the development of hybrid varieties, which use two inbred parental lines for crossing to result in outperforming offspring through the heterosis effect [16]. Maize was the first crop that was significantly improved using the hybrid technique in the USA, resulting in a large increase in yield at the beginning of the 20th century [17].



Currently, we see an outbreak of novel technologies in the area of plant breeding and research activities [18]. The emerging technologies are basically built on five important pillars, which include, (i) novel tools, including imaging techniques, to capture large amounts of phenotypic data, (ii) big data tools, including computer related space, power and capacity, allowing digital analyses of enormous amounts of data, (iii) novel genomic tools, revealing sequence information from the whole genome with an exactness not previously available, (iv) marker-related evaluations of traits, allowing speed breeding, where each generation only needs to produce few seeds in indoor conditions and selection is made from markers instead of from plant performance, and (v) gene editing tools, to determine specific traits, governed by certain genes to be particularly tailored. The current revolution of plant breeding tools and opportunities should thereby allow great changes in agriculture and the performance of crops, including opportunities to target more complex traits than in previous plant breeding activities. Thus, plant breeding might be a prioritized activity to solve challenging problems, such as the increasing global population and climate change, with additional threats such as pandemics and war outbreaks.




2.2. Traits of Focus in Traditional Plant Breeding


Plant breeding of crops has traditionally focused on human food security by increasing production as well as improving other traits that contribute to the economic return for the producers [19]. To increase productivity, the focus has been on increasing the yield potential (uptake, transport, and storage of metabolites such as starch and other polysaccharides and oil in the storage organs such as grains and tubers) and making the plant tolerant/resistant to biotic and abiotic stresses [20]. Among the biotic stresses, certain diseases and pests reduce the yield by up to 100%, thereby severely threatening human food security [21]. Another biotic stress that severely impacts the yield is weeds, which have the potential to compete with the crop for space, light, and soil resources [22]. Protection against biotic stress is often possible through chemical-based treatments, although breeding efforts to solve the issues are often more economically viable and ecologically friendly [23]. Most breeding efforts against biotic stresses have been carried out through the incorporation of a single dominant gene. However, the use of multiple broad-spectrum genes is known to contribute to more durable resistance/tolerance [24]. So far, breeding efforts have had a limited impact on crop architecture, a character known to be important in breeding for adaptation to environmental effects, especially abiotic stresses [25].



Abiotic stresses include all factors that are impacting crop performance based on non-biological inputs, such as, e.g., heat, drought (low precipitation), flooding, water logging (high precipitation), high CO2 concentration, soil nutrition, etc. [26]. Breeding efforts towards abiotic stress tolerance often focus on changing the plant architecture so that it can withstand the outer environment [27]. As an example, during the 1960s and 1970s, dwarfing genes were introduced in winter wheat to counter water logging problems in the UK. The plants responded with an average additional increase in wheat grain yield (up to 3 t/ha) and improved nutrient use efficiency (NUE) because of reduced susceptibility to water logging, wind, and rain [28,29,30]. The average height of wheat plants between the 1960s and 1990s was reduced by up to 23 cm, although no further reduction in plant height was observed between 1990 and 2013 [29]. Results from the Broadbalk Wheat Experiment (1843-ongoing) conducted in Rothamsted, UK, showed that the introduction of dwarfing genes in wheat had a significant impact on harvest index, grain yield, and the concentration of minerals in the grain [30,31]. Harvest index, i.e., the ratio of harvested grain to total aboveground biomass, is a measure connected to yield, and therefore, this index has been in focus for breeding, and for winter wheat varieties, it has shown a continuous increase of approx. 0.2% per year in the last century (Figure 1). Despite the change in harvest index, the total aboveground biomass has been relatively stable (Figure 2), due to an increase in grain yield and a simultaneous decrease in residual aboveground biomass. The effects of root biomass changes over the last century have been limitedly studied, although Bektas et al. [32] have shown a general decrease over the last hundred years (Figure 3), and aquaponics studies indicate a considerable decrease in root biomass for barley [33]. A recent study indicated increased early vigor and growth in roots from old genotypes in comparison with modern varieties [34]. The increase in grain yield has had limited effect on the thousand kernel weight, grain hardness, flour yield, gluten extensibility, and relative protein content [30,35].





3. Climate Change and Plant Breeding


3.1. Impact of Climate Change on Agricultural Crops and Implications for Plant Breeding


Climate change is one of the major global concerns, evident from observations of increasing atmospheric CO2 concentration and temperature, thereby resulting in melting glaciers and rising sea levels across the world [37]. Climate change is currently impacting a range of environmental factors that directly and indirectly influence crop adaptability and productivity. As a result, food production, food quality, and food security are severely influenced, not least in developing and vulnerable countries [38,39]. The increased frequencies and severity of abiotic and biotic stresses from climate change contribute to a change in the chemical and physical properties of the soil, plant nutrient uptake efficiency, soil microbial activity, and other biotic factors such as the activity of insects and pests [34,40].



Water deficiency in plants is known to induce changes in the physiological, morphological, biochemical, and molecular characteristics of plants. In wheat, drought stress is affecting the flag-leaf area, root and plant biomass, days to anthesis, and tillers per plant, which directly affect overall crop yield [34]. Similarly, high temperatures and drought stress during production negatively influence the yield, therefore changing the choice of areas suitable for rice production [41]. The current extremely rapid change in climate requires an upscaling of time-effective plant breeding, including the use of a wide array of genetic resources in combination with modern phenotyping and genotyping methodologies [42,43].




3.2. Opportunities of Using Plant Breeding of Agricultural Crops as a Tool to Mitigate Climate Change


Plant breeding has been identified not only as a sustainable method to address plant adaptability to a changing climate but also as a tool for its mitigation [44]. Efforts have been made to understand complex stress-adaptive mechanisms, stress uncertainty, and genotype-environment interactions in breeding for crops adaptable to the future climate [45]. Consequently, there is also a pressing need to accelerate the genetic gain of the major crops by taking into account gene x gene and genotype-environmental interactions. A comprehensive understanding of the above-mentioned factors can significantly enhance the adaptation of wheat cultivars and help in defining the goals for future wheat breeding strategies [46]. Currently, characters mitigating climate change are less studied, and breeding as a tool has been less utilized. Two crop characteristics that have an impact on climate change mitigation are (i) the ability of the crop to fix carbon dioxide and thereby contribute to the formation of soil organic carbon (SOC) [47] and (ii) the nutrient use efficiency (NUE) of the crop so that a high content of biomass is obtained with low input [48]. Modern plant breeding provides substantial opportunities for the introduction of these characters through speed breeding, bioinformatics, and big data phenomics/genomics-led approaches, together with the availability of relevant germplasm [49,50].



Both approaches above have their own systematic limitations. Modern agriculture has striven towards a lower total plant biomass production (at higher yields of harvestable product), thus the amount of plant residues potentially contributing to the SOC build-up has historically decreased, and with it, the amount of carbon potentially stabilized in the soil [29]. Currently, a return to an increase in the total plant biomass is not an aim for plant breeding, although coming requirements might lead to a shift. For NUE, a major limitation is how to make enough nutrients available in the soil with low additions of fertilizer [51].




3.3. Opportunities to Use Plant Breeding as a Tool for Carbon Sequestration by Agricultural Crops


Plant breeding efforts to increase carbon sequestration by agronomic crops have been limited until now. Carbon sequestration by crops will directly contribute to an increased SOC in the soil and thereby, a decrease in CO2 in the atmosphere [47]. Generally, SOC present in the soil is the result of two mechanisms: (i) the accumulation of organic matter through the humification of plant residues and (ii) organic compounds released from, e.g., roots during crop growth [52]. The potential to store carbon in the soil is tremendous, as most soils have the ability to store higher amounts than they do today [53]. However, differences in the degree of stabilization of carbon in the soil have been noted for above- and belowground biomass, where root biomass contributed three times more carbon to the pools than shoot [54]. Also, a higher stabilization degree was found for clay-rich soils (>40% clay), especially for the aboveground biomass and with increasing soil clay content [55].



Currently, crops such as cereals are known to contribute about 20–30% of the assimilated carbon to soil organic matter [52]. Based on the above, plant breeding activities to increase SOC are then related either to an increase in root and straw (for cereals) biomass to result in the addition of plant residues after harvesting or to exploring genetic differences in the release of organic compounds during plant growth. Until now, breeding activities for such characters have been basically lacking.




3.4. Opportunities to Breed for Nutrient Use Efficiency in Agricultural Crops


Increased NUE has not been considered a major breeding goal for agricultural crops, although some research and breeding activities have been carried out [56,57]. However, studies have also shown that the standardized selection of traits with a primary focus on yield has contributed to the loss of genes responsible for other characters such as efficient nutrient acquisition and adaptation to soil-related biotic and abiotic stresses [58]. Furthermore, old wheat cultivars, i.e., those developed before 1950, were shown to have superior mycorrhizal symbiosis, resulting in higher yields at low P availability and in acidic soils compared to modern varieties grown in similar conditions [59,60,61]. Previous studies have shown large genetic variation in phosphorus use efficiency (PUE) in wheat genotypes, which is largely related to their root architecture [62]. A recent meta-analysis has shown that mycorrhizal symbiosis can benefit the growth and yield of agriculturally significant crops by increasing phosphorus acquisition in plants [63]. However, to improve PUE in wheat, future breeding programs should include efficient screening/phenotyping for high PUE in different genotypes, identification of QTLs and genes responsible for specific root architecture for mycorrhizal symbiotic interactions, and marker-assisted selection of those specific traits [64].



The work on NUE has until now mainly focused on increasing yield and production per area [48], while reducing climate change effects has not been a major breeding target. NUE is known as a complex trait that is the result of a range of physiological characteristics [56]. Thus, the focus on breeding needs to be on a combination of effects from N regimes, genotypes, and several developmental stage traits of the plants [48]. Some of the more important characters are related to the uptake, transport, and transfer of N in the plant. The fast development of new methods allowing the determination and high-throughput screening of quantitative trait loci (QTLs) and major and minor genes involved in complex traits opens an avenue for breeding on NUE and other similar characters [56]. The fact that NUE is also related to yield would make this an important breeding objective for the future, also connecting it to climate change mitigation.





4. Assessment of Estimated Climate Mitigation Effects from Plant Breeding


4.1. Baselines for the Assessment


To understand the effects of potential breeding efforts on the GHG emission balance of wheat cultivation, an activity-based systems assessment was carried out. The applied life cycle assessment (LCA) methodology followed the standard for environmental management assessment [65]. A conventional wheat production system with a grain yield of 4 tons of dry matter (DM) per hectare was assumed as a reference system. The assessment accounted for inputs such as fertilizer, seeds, pesticide use, and other production means. Machinery operations (soil treatment, seeding, fertilizing, harvest, and transport operations) as well as the use of buildings (dryer, cereal silo) were accounted for.



Fertilization was assumed to follow a 25 kg/ha N base dose, which was complemented by additional nitrogen, potassium, and phosphorus corresponding to 2.33, 0.36, and 0.50% of grain DM yield, respectively. Greenhouse gas (GHG) emissions from N, P, and K were assumed to be 4.5, 2.3, and 0.70 kg carbon dioxide equivalents (CO2e) per kg of plant nutrient, respectively [66]. The same seeding rate of 180 kg/ha [67] was assumed for all tested alternatives, which corresponded to an energy consumption of 9 MJ/kg and a GHG emission from seed production of 50 g CO2e/MJ [68].



Working time for yield-independent operations has been estimated based on general recommendations [69]. Working time for yield-dependent operations was estimated based on the wet grain yield [t/ha] and the machinery capacity (combine harvester 33.8 t/h; capacity and the number of field trailers needed to allow a continuous combine harvest). Diesel use has been estimated from the working time [h/ha] and typical diesel consumption [L/h] [69]. Indirect energy considers energy used for material, manufacture, and maintenance [70] and is estimated based on total weight, economic lifetime, and annual use [69]. GHG emissions include emissions from diesel use (83.8 g CO2-equivalents/MJ; EC 2009 [71]) and indirect energy use (97.5 g CO2-equivalents/MJ; Börjesson and Tufvesson et al. [72]). The use of a 200 kW tractor for all field operations was assumed.



Field operations and corresponding emissions for crop cultivation were assumed to be the same for all alternatives (Table 1). Operations that depended on the grain yield, e.g., harvest, transport, and post-harvest processes, varied according to the assumed grain yield (Table 1).



The use of 3.08 kg/ha of pesticides (active substances) was assumed according to recommendations [67]. Energy use for and carbon intensity of pesticide manufacture were assumed to be 196–288 MJ/kg active ingredient [73] and 69 g CO2e/MJ [74]. The transportation distances of grains from the field to the drying facility and from the drying facility to storage were assumed to be 10 and 50 km, respectively.



Soil organic carbon (SOC) effects were estimated as potential contributions, with stable carbon originating from crop residues. The amount of crop residues was estimated from grain DM yield and a straw:grain ratio of 0.77 [75]. The total aboveground biomass (straw + grain) and an aboveground:belowground ratio of 6.07 [76] were used to estimate the belowground DM root biomass. The amount of straw at different stubble heights was estimated using data from Nilsson and Bernesson [75]. The moisture content of grains at harvest and in storage, as well as that of straw, was assumed to be 20, 14, and 18%, respectively.



Contributions to SOC were estimated based on the amount of crop residue left to be incorporated into the soil. A carbon content of crop residues of 42.5% was assumed [77]. The SOC contribution in the form of stable carbon from root biomass was estimated based on the amount of root biomass, the carbon content, and a humification coefficient of 0.35 [54]. Furthermore, root biomass was assumed to contribute stable carbon in the form of exudates, amounting to 65% of the stable carbon from root biomass [78]. The contribution of stable carbon from aboveground crop residues was estimated using a humification coefficient of 0.15 [54].



The application of mineral fertilizer contributes to emissions of nitrous oxide (N2O). These emissions were estimated to be 1% of the amount of applied nitrogen fertilizer [79]. However, nitrogen that was immobilized in soil organic matter, estimated based on a C/N ratio of 10 in soil organic matter [80], was assumed not contribute to N2O emissions. N2O emissions were recalculated as CO2-equivalents (CO2e) using an emission factor of 298 [81].



Post-harvest processes included drying the grains from a DM content at harvest of 80% to a DM content of 86% for storage. The use of fossil oil was assumed for heat generation, using 5.62 MJ of oil for the evaporation of 1 kg of water [69]. For each MJ of oil, 0.43 MJ of electricity is used in grain drying [82]. The carbon intensities of oil and electricity were assumed to be 83.8 and 10.1 g CO2e/MJ, respectively [71,83]. Emissions from cultivation, harvest, transport, and post-harvest processes were summarized as carbon dioxide equivalents (CO2e).




4.2. Impact on Climate Change Mitigation from Plant Breeding Derived Measures


Systems assessment on increases/decreases in grain yield, straw yield, and root yield, as well as changes in UpE and agricultural practices (Figure 4), showed that increasing NUpE resulted in the most significant decrease in GHG emissions as compared to changes in biomass or agricultural practices (Figure 4, section D). Also, increasing the straw length or stubble height resulted in a decrease in GHG emissions (Figure 4, section E,F). Previous studies have shown that straw management (i.e., reducing the amount of straw removed) could increase carbon sequestration, at least on soils with high clay content [55]. Our assessment also showed that differences in the straw:grain ratio, the cultivar, and the stubble height had a high impact on SOC contribution, i.e., approx. 250–570 kg of stable carbon per hectare for a wheat crop with a grain yield of 5 tons per hectare (Figure 5). Thus, crop management, besides plant breeding, has a large impact on SOC contribution and GHG emissions. An increase in grain yield, combined with keeping the total biomass yield constant (leading to a decrease in straw and/or root biomass), generally results in increases in GHG emissions (Figure 4, section A,B). However, when the straw (except for the stubble) is removed anyway, the GHG emissions are mostly unaffected by changes in grain yield (Figure 4, section A). This effect was even more pronounced when an increased grain yield would mean both less straw and root biomass since root biomass has a considerably higher impact on SOC compared to shoot biomass (Figure 4, section B). Should an increase in grain yield also increase total biomass yield (i.e., the straw and root biomass yield are kept constant), the changes in GHG emissions would be low (Figure 4, section C).



Thus, from the assessment carried out here, plant breeding to improve NUpE is an interesting approach to mitigating climate change. According to previous estimates, excessive application of nitrogen fertilizer accounts for ca. 70% of GHG emissions associated with wheat production, which is primarily due to nitrate leaching and N2O emissions [84]. Therefore, improvement in total NUpE will not only contribute to a reduction in GHG emissions but also increase profitability for the growers and reduce nutrient leakage. These results have led to a consensus that there is an increasing need for breeding wheat cultivars with increased NUpE to reduce the input of mineral fertilizers used to maintain high yield and grain quality [85]. Strategies have also been suggested on how to increase NUpE in crops on farms based on breeding activities and variety testing schemes, including measurements of canopy N, grain N, and N harvest index on a wider material [86].





5. Long-Term Sustainability Effects of the Use of Plant Breeding Strategies in Agricultural Crops


The use of fossil fuels is by far the largest contributor to GHG emissions on a global scale. In agriculture, the use of fossil fuels and the use of mineral fertilizers are the largest contributors to GHG emissions, and agriculture contributes ca. 20% of the GHG emissions in Sweden [87]. Here, we show that an improvement of the NUpE in winter wheat grown in Sweden would allow a reduction of GHG emissions of approx. 10,000 t CO2-equivalents per year and per %-unit of NUpE change. This corresponds to a 1.2–1.6% total GHG emission decrease from winter wheat production when all straw is removed or remains, respectively. An increase of 15% in NUpE would result in GHG emission decreases corresponding to approx. 30% of the GHG emissions from fossil fuel use in agriculture in Sweden [88]. Previous studies have shown that NUE has increased in wheat over time, e.g., both under Nordic and Chinese conditions [89,90]. In Chinese wheat, the annual genetic gain in NUpE was found to be 0.71–1.03% over a time scale from 1941 [90]. Most likely, NUpE has an upper limit, and the level that is reachable is currently not known. Thus, the possibility of reaching a NUpE increase of 15% is uncertain. However, novel studies on genomic associations of agronomic traits related to NUE [91] contribute additional opportunities to breed for increased NUpE.



In addition to breeding for increased NUpE, other breeding/cultivation strategies, not mentioned above, might be available to mitigate climate change. Thus, the development of perennial crops, e.g., wheatgrass, known to contribute to a reduction in water usage, soil erosion, nutrient leaching, increased retention of soil organic carbon, and other ecosystem services, might also have the potential to mitigate climate change [92,93]. Furthermore, the use of intermediate crops for producing additional biomass, e.g., when the field would be bare otherwise, has been shown to be an effective measure to sequester carbon and to compensate for the impact on SOC from straw removal [94]. Climate change will also result in increased temperatures, leading to longer growing periods in the north. This might contribute to possibilities for double cropping (i.e., production of two full crops during the growing season in temperate climate zones), leading to a similar effect as the cultivation of intermediate crops. Assessments of the opportunities for climate change mitigation from these measures are still to be done. Basically, the limited amount of data from such cultivation systems and breeding tasks contributes to challenges in assessing their effects on the mitigation of climate change.



In order to cultivate crops with shorter growing periods, incorporating crop phenology manipulation into breeding strategies becomes crucial to enabling the plants to adapt to new growth cycles [95]. This would entail, for instance, modifying the crop’s phenotypic traits to enhance water use efficiency and NUE, aligning the crop cycle with seasonal rainfall patterns, and adjusting the duration of stem elongation while maintaining the timing of anthesis. This approach would increase the number of grains per spike and the harvest index without altering the overall water consumption of the crop [96]. Similarly, increased interest has been shown in manipulating the photosynthetic traits of plants to improve plant yield and CO2 assimilation in a continuously changing climate. Consequently, as CO2 levels are projected to rise, it becomes imperative to assess the correlation between this increase and its impact on plant yield, particularly when considering the interplay with other abiotic stresses [97].




6. Conclusions


Modern agriculture has developed since the 17th century, with plant breeding as a cornerstone. Until now, the major focus of plant breeding activities has been to increase crop yield but also to increase resistance and quality of the produce. Plant breeding to mitigate climate change has received less attention. Increased carbon sequestration and nutrient use efficiency (NUE) are two major characteristics that have an effect on climate change mitigation. Carbon sequestration is largely impacted by the accumulation of organic matter from crops as a result of biomass disposition in different plant parts. However, biomass disposition between plant parts has comparably lower effects on climate change mitigation than changes in NUE. Also, increased straw length and stubble height have a positive effect on the mitigation of climate change. Increased NUE has, besides a greenhouse gas (GHG) emission effect, other positive effects on the grower’s economic return, such as reduced fertilizer requirements, soil acidification, eutrophication, etc. A 15% increase in NUpE in Swedish winter wheat will result in a GHG emission reduction corresponding to 30% of the fossil fuel use in agriculture in Sweden.
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Figure 1. Development of harvest index of winter wheat varieties. Dotted lines represent a linear regression. Based on data presented by Austin et al. [36]. Varieties not yet commercialized in 1980 were assumed to be commercialized in 1985. Paternoster refers to the field with low fertility (fertilized with 38 kg N/ha) and Camp field with high soil fertility (fertilized with 104 kg N/ha). 
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Figure 2. Development of aboveground, grain and residual biomass in winter wheat on two different fields ((A): Paternoster, (B): Camp). Dotted lines represent a linear regression. Based on data presented by Austin et al. [36]. Varieties not yet commercialized in 1980 were assumed to be commercialized in 1985. 
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Figure 3. Historical development of root biomass [g/plant] based on data presented by Bektas et al. [32]. 
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Figure 4. Changes in greenhouse gas (GHG) emissions as caused by potential effects of breeding and management. GY = grain yield; SY = straw yield; RBY = root biomass yield; SL = Straw length; StL = stubble length; NUpE = nitrogen uptake efficiency. Sections A–F show the impact of increase and/or decrease of different factors and their combinations on relative change in GHG emissions. 






Figure 4. Changes in greenhouse gas (GHG) emissions as caused by potential effects of breeding and management. GY = grain yield; SY = straw yield; RBY = root biomass yield; SL = Straw length; StL = stubble length; NUpE = nitrogen uptake efficiency. Sections A–F show the impact of increase and/or decrease of different factors and their combinations on relative change in GHG emissions.



[image: Sustainability 15 12349 g004]







[image: Sustainability 15 12349 g005 550] 





Figure 5. Contribution of cereal crop residues depending on grain:straw ratio, cultivar, and stubble height when the straw is removed. Own calculations based on data from Nilsson and Bernesson [75]. The example corresponds to a grain yield of 4 t DM/ha. The upper and lower limits correspond to cultivars with a low and high straw:grain ratio, respectively. Calculations assumed an aboveground:belowground ratio of 5.00 and 7.14 [76] for low and high cases, respectively, humification coefficients of 0.15 and 0.35 [54] for aboveground and belowground biomass, respectively, and a carbon content of 42.5% [77]. 
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Table 1. Data on the field and other operations for all alternatives tested.
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Operation

	
Machinery Used

	
Work Time

	
Diesel Use

	
Indirect Energy

	
GHG Emissions




	

	

	
[h/ha]

	
[L/ha]

	
[MJ/ha]

	
[kg/ha]






	
Stubble treatment (cultivator)

	
Disc cultivator, 8 m working width

	
0.18

	
5.5

	
21

	
19




	
Ploughing

	
Plough, 6-bladed

	
0.83

	
25.0

	
87

	
87




	
Harrowing

	
Harrow, 8 m working width

	
0.20

	
12.0

	
61

	
44




	
Sowing

	
Combiseeder, 6 m working width, 4600 L capacity

	
0.29

	
8.8

	
82

	
36




	
Rolling

	
Roller, 12 m working width

	
0.17

	
5.0

	
45

	
20




	
Fertilizer spreading

	
Fertilizer spreader, 24 m working width, 4000 L capacity

	
0.13

	
4.0

	
10

	
14




	
Spraying

	
Pesticide sprayer, 24 m working width, 4000 L capacity

	
0.13

	
6.5

	
12

	
21




	
Combine harvest a

	
Combine, 12 m working width

	
0.15–0.19

	
14.1–18.3

	
38–49

	
48–62




	
Transp. field-dryer (10 km) a

	
Field trailer, 15 t and 18.5 m3 capacity

	
0.15–0.19

	
13.3–17.3

	
44–57

	
46–60




	
Transp. Dryer-storage (50 km) a

	
Truck, 37 t and 60 m3 capacity

	
0.21–0.27

	
10.3–13.4

	
2.3–3

	
33–42




	
Drying (ventilator electricity only) a

	

	

	

	

	
8.6–11




	
Drying (heat production) a

	

	

	

	

	
164–213








a Results variation dependent on the crop yield.
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