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Natural selection favors the competitive ideotype, enabling native plants to survive in the face of intense competition. The productive ideotype is the goal of artificial selection to achieve high crop yields via the efficient use of resources in a self-competition regime. When breeding is established under inter-genotypic competition, the competitive ideotype dominates and may fictitiously become selectable. The productive ideotype becomes selectable at the nil-competition regime, where widely spaced individuals prevent plant-to-plant interference for any input. Principal reasons bring to the fore the productive ideotype that combines low competitiveness and improved plant yield efficiency. Crop spacing via the productive ideotype is mandated to alleviate the varying optimum density and ensure efficient use of resources inter-seasonally, cope with intra-field variation and optimize resource use, compensate for missing plants and promote stability, counteract unpredictable stresses and offer a buffer against environmental diversity, and adopt low-input agriculture to conserve natural resources and the environment. For breeding toward the productive ideotype, nil-competition is the due condition to overcome the confounding effects of competition, maximize phenotypic differentiation and facilitate selection from an early segregating generation, optimize heritability due to moderated environmental variance and experimental designs that sample spatial heterogeneity, apply high selection pressure focusing exclusively on the targeted genotype, and avoid the risk of bias selection or loss of desired genotypes due to proximity to empty hills. The view of a modern crop variety composed of genotype(s) belonging to the productive ideotype is a viable option to reach crop resilience serving sustainability in enormously fluctuating agroecosystems.
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Introduction

Because of climate change, agriculture faces enormously fluctuating conditions accompanied by unpredictable abiotic stresses (Mirás-Avalos and Baveye, 2018). Agriculture is vulnerable to the risk and impacts of weather events incident upon global climate change, resulting in more variable crop yields (Lavalle et al., 2009). In days to come, environmental diversity would affect plant growth and crop yield by elevated atmospheric CO2 concentration, higher temperatures, and altered precipitation regimes (Altieri et al., 2015). Extreme weather events, like heat, drought, heavy storms, and frost, might be more frequent and intensive in the future (Altieri et al., 2015), while heat and drought have already become severe even in northern European countries (Brás et al., 2021). Flexible and resilient crops are imperative, and adaptable to continuous environmental change to maintain the ability to farm and produce food in the future (Lichtfouse et al., 2009).

In this study, an agroecosystem is defined as a cultivated ecosystem corresponding to the spatial unit of a crop. The accomplished crop (farming) yield is the product of the mean grain yield per plant and the number of finally established plants in the field (Friedman, 2016). The mean grain yield per plant depends on the ability of the single plant to respond to resources, defined as plant yield efficiency (Tokatlidis, 2017). Thus, plant yield efficiency is a crucial factor in achieving the attainable potential yield (Figure 1), i.e., the highest possible farming yield depending on the availability of resources and the prevalent soil and climatic conditions. Attainable yield varies across agroecosystems and is rarely accomplished due to the multiplicity of the implicated factors, e.g., variety coupled with farmer skillfulness and crop management; thus, actual farming yield lags behind the attainable yield resulting in a yield gap (Van Ittersum et al., 2013; Anderson et al., 2016; O'Brien et al., 2021). Numerous studies have shown the existence of a considerable yield gap in staple crops, such as wheat (Triticum spp. L.; Lollato et al., 2019), maize (Zea mays L.; Rufo et al., 2015), rice (Oryza sativa L.; Yang et al., 2008), soybean [Glycine max (L.) Merr.] (Egli and Hatfield, 2014), beans (Phaseolus vulgaris L.; Eash et al., 2019), and other pulses (Gireesh et al., 2019). The consensus is that crops are not able to utilize natural and additional inputs. According to Van Ittersum et al. (2013), the yield gap is caused by an unclear combination of factors which include limiting factors (e.g., nutrients) and reducing factors (e.g., pest and diseases, soil compaction).
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FIGURE 1
 Plant yield efficiency (dotted lines) is a determining factor in crop yield (solid lines) and is critical to achieving attainable yield. Varieties short of plant yield efficiency (red lines) require high (optimum) density to achieve the attainable yield, while improved plant yield efficiency reduces the optimum density.


Therefore, approaches should be adopted to substantially increase crop yields over the coming decades to keep pace with global food demand (Van Ittersum et al., 2013). Crop improvement can advance the level of attainable yields and, in consequence, actual yields (Senapati and Semenov, 2020). Also, narrowing the yield gap is a mandate to reach food adequacy and security in the days ahead. Several studies have made an effort to investigate the contributing factors and ways of resolving such crises. For example, Fischer et al. (2009) proposed agronomic management and breeding to lessen the yield gap. Van Ittersum et al. (2013) recommended optimal crop management with regard to tillage, sowing, fertilization, density, and crop protection to attain the attainable yield. O'Brien et al. (2021) suggested genetic, environmental, and management options as strategies to increase food security.

This study focuses on two variety characteristics as potential contributors to the yield gap in grain-producing crops, both revolving around the plant population density (hereafter “density”). The competitive ability of the variety's component genotype is critical to the level of the intra-field variation, responsible for interplant inequality, uneven use of resources, and yield loss (Tokatlidis, 2017). Erratic optimum density is another substantial contributor to yield loss, determined by the ability of the single plant to respond to abundant resources, i.e., plant yield efficiency (Tokatlidis, 2013, 2014). The “productive ideotype” instead of the “competitive ideotype” is described as the ideal constituent genotype of a modern variety. The productive ideotype, combining low competitive ability and high plant yield efficiency, is a prerequisite for crop spacing, i.e., reduced crop density per area; crop spacing instead of increased crop density (crowding) is essential to mitigate the interplant inequality, alleviate the uncertainty of optimum density, and achieve efficient use of resources. The absence of competition is an inviolable condition in crop breeding pursuing the productive ideotype.



Productivity vs. competitiveness


Inter-genotypic competition in crop breeding

Competition refers to the negative effects on plant growth caused by neighboring plants, which usually occurs by reducing the availability of resources. In a natural ecosystem, plants battle to survive under competition between both different species (inter-specific) and different genotypes of the same species (inter-genotypic); thus, natural selection acts on the requirement of competitiveness (Donald, 1963). At the other edge, in a common homogeneous agroecosystem, competition exists between genetically identical plants (intra-genotypic). Overall, grain yield per area (crop yield) is the ultimate goal, and breeding focuses on resource use efficiency and productivity (Donald, 1968). Breeders should consider the vital difference between the natural ecosystem and agroecosystem to determine the ideal variety and the conditions to look for it (Papadakis, 1940a).

In crop breeding, potential competition between plants under consideration for selection belongs to the inter-genotypic type. Papadakis paid attention to the per plant (genotype) available space 90 years ago (Papadakis, 1935a, 1937a,b, 1940a,b, 1941). He introduced the evaluation of widely spaced single plants in crop breeding to eliminate the inter-genotypic competition and obtain wheat varieties that replaced all other varieties in Greece for almost 20 years (Papadakis, 1982). Donald also emphasized inter-genotypic competition and postulated that a successful crop ideotype would be a weak competitor, proposing the selection of non-competitive or communal ideotypes (Donald, 1963, 1968, 1981; Donald and Hamblin, 1976). Fasoulas (1973, 1981, 1987) considered the confounding effects of inter-genotypic competition in identifying superior genotypes and defined two distinct competition regimes (Fasoulas, 1988, 1993; Fasoula, 1990; Fasoula and Fasoula, 1997). In mixtures of genotypes, such as segregating progeny lines, inter-genotypic competition reflects the allo-competition regime. In the common homogeneous crop stand, competition among genetically identical plants imitates the self-competition regime (intra-genotypic competition). In the allo-competition regime, productive genotypes suffocate due to the presence of competitive ones. While the productive genotype is the breeding target for cultivation in a state of self-competition, it may be unrecognizable under allo-competition. As inter-genotypic competition whittles away, i.e., the distance between individual plants progressively increases, productive genotypes gradually express their yielding capacity; they achieve full expression when they escape the obstructive influence of competitive genotypes (Papadakis, 1937a; Chatzoglou and Tokatlidis, 2012; Ninou et al., 2014). A widespread consensus exists about an inverse connection of the genotype's ability to perform with its competitiveness (Papadakis, 1940a; Donald, 1963; Fasoulas, 1988, 1993; Sedgley, 1991; Fasoula and Fasoula, 1997; Pan et al., 2003; Fischer and Rebetzke, 2018). In other words, productive genotypes outperform competitive genotypes when individual plants are wide apart to prevent plant-to-plant interference for any input and intra-specific competition ceases to exist, i.e., the regime defined by Fasoulas “nil-competition” (Fasoulas, 1988, 1993; Fasoula, 1990; Fasoula and Fasoula, 1997).

Consequently, two extreme ideotypes arise. On the one hand, the strong competitor benefits when it develops in competition with other genotypes but may not perform well on its own; it is the “competitive ideotype” that resembles the genotype preferred by natural selection. On the other edge, the weak competitor suffers from inter-genotypic competition but stands out for yielding performance when develops alone; is the “productive ideotype” (Tokatlidis, 2017).



The concept of intra-field variation

A dense stand is a resource-limited regime where underground and aboveground resources are insufficient to satisfy each plant's needs, e.g., space, water, nutrients, and light. According to Schwinning and Weiner (1998), larger plants often obtain a disproportionate share of the contested resources and suppress the growth of their smaller neighboring plants, in a phenomenon called size-asymmetric competition. Size-asymmetric competition precipitates developmental dissimilarity, which interferes with the equal share of inputs (Tokatlidis, 2017). Plants with a competitive advantage consume more resources than their share, while their neighbors are required to utilize less than their share (Fasoula and Fasoula, 1997; Fasoula and Tokatlidis, 2012). The degree of plant-to-plant variability reflects the intensiveness and implications of interplant inequality (Tokatlidis, 2017).

Genetic and acquired differences are the sources of interplant inequality. Genetic heterogeneity of the allo-competition regime is an obvious and inevitable cause of developmental dissimilarities. Acquired inequality comes from any non-genetic factor that causes plant-to-plant variability and is present under both allo- and self-competition. Pre-emergence factors are the delay and uneven plant emergence due to differences in sowing depth, insects, birds, rodents, herbicide residues (Pommel and Bonhomme, 1998), soil pathogens, seed vigor, soil temperature (Hamman et al., 2002), seed and seedling characteristics, seedbed components, plant density (Lamichhane et al., 2018), and soil crusting (Laker and Nortjé, 2019). Post-emergence contributors are age differences and spatial heterogeneity concerning soil, light interception, nutrition, diseases, weeds, and pests (Pan et al., 2003). The competitive genotype can enhance any occasional advantage for its benefit over neighboring plants that lag in establishment, growth, and development (Schwinning and Weiner, 1998; Benjamin, 2017; Tokatlidis, 2017).

The growth of a plant and the plant size variability are directly related to the number, size, and proximity to neighbors. A greater degree of size inequality reflects variation in relative growth rates induced by intra-specific competition. In most experiments, including varying plant density, plant-to-plant variability increased with density; the change in the coefficient of variation (CV) for growth rate can determine the role of intra-specific competition in generating intra-field variation (Benjamin, 2017). Relevant investigations indicated a positive correlation of density with CV per plant for grain yield and other agronomic traits in various crops, e.g., barley (Hordeum vulgare L.; Hamblin et al., 1978), rye (Secale cereale L.; Kyriakou and Fasoulas, 1985), and numerous in maize (Tollenaar and Wu, 1999; Echarte et al., 2000; Tokatlidis et al., 2005, 2010a; Liu and Tollenaar, 2009). Increased density enhances plant-to-plant variability since early vegetative stages because the most suppressed individuals of the stand intercept less radiation per unit leaf area than the dominant ones (Rossini et al., 2016). Hence, increased interplant inequality at higher densities is a direct manifestation of enhanced intra-specific competition.

Several researchers have recognized the importance of intra-specific competition that according to Adler et al. (2018) may be stronger than inter-specific competition. The consequent interplant inequality causes reduced resource use and yields because yield gains of bigger plants do not offset yield losses of smaller plants (Joernsgaard and Halmoe, 2002). Stafford et al. (1996) highlighted the necessity to overcome the intra-field variation and optimize resource use in cereal crops. High intra-specific competition pressure in maize promotes intra-field variation and the appearance of extreme plant hierarchies with different abilities to capture scarce resources (Mayer et al., 2012). Sunflower yield is negatively associated with responsiveness to intra-specific competition (Sadras et al., 2000). Intensified intra-specific competition results in losses of dry mass accumulation and grain yield (Mondo et al., 2013). Besides environmental conditions, crowding, and management practices, the level of acquired interplant inequality is a matter of the variety's genetic background (Fasoula and Tokatlidis, 2012). Therefore, seeking a type of variety that performs well at low densities and at the same time, withstanding factors inducing acquired intra-field variation is an insightful pursuit (Tokatlidis, 2017).



The concept of density dependence

Plant breeding and agronomic practices to serve intensive agriculture have unconsciously focused mainly on tolerance to high densities and not on plant yield efficiency. Indicatively in maize, during the hybrid era, a progressive grain yield increase was followed by a parallel rise in the density (Mansfield and Mumm, 2014). Differences in grain yield between old and recently released hybrid varieties are more a function of density rather than plant yield potential (Ciampitti and Vyn, 2014; Assefa et al., 2018; Gonzalez et al., 2018). Below-optimum seeding rates in wheat may reduce resource use efficiency, yield, and final profit depending on the level of resource availability (Tokatlidis, 2014; Fischer et al., 2019; Lollato et al., 2019; Bastos et al., 2020). Transition to higher densities if accompanied by plant stagnation in yielding capacity results in varieties exhibiting typically high and usually erratic optimum density, i.e., the density-dependent variety (Figure 2A). Density dependence poses a threat to sustainability due to the destructive effect of high density under intense stress conditions (e.g., drought) and the difficulty at the sowing time to predict the optimum density (Tokatlidis et al., 2001; Berzsenyi and Tokatlidis, 2012; Tokatlidis, 2013, 2014, 2017).
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FIGURE 2
 The theoretical performance of the (A) density-dependent variety falling short in plant yield efficiency and (B) density-independent variety that comprises the productive ideotype of high plant yield efficiency. The density-dependent variety exhibits erratic optimum density across environments, i.e., low under resource deficit conditions (e.g., dry season) and increasing as growing conditions improve; failure at sowing to predict and establish the most appropriate population density results in yield penalty. The density-independent variety exhibits a similar performance under resource deficit conditions (low and narrow range of optimum density); however, the range of optimum density widens as resources increase. Crop spacing via density-independent varieties is a viable option to ensure crop efficiency in resource use inter-seasonally and bridge the yield gap, thanks to the ability to take advantage of abundant resources at the single-plant level.


Previous studies have analyzed the adverse effects of density dependence on grain yield stability concerning maize (Tokatlidis and Koutroubas, 2004; Tokatlidis et al., 2011a, 2015; Berzsenyi and Tokatlidis, 2012; Tokatlidis, 2013; Mylonas et al., 2020) and wheat (Tokatlidis et al., 2006; Tokatlidis, 2014). Improvement of plant yield potential, i.e., the crop's ability to produce grain at the single-plant level, is the solution to managing density dependence (Fasoulas, 1993; Fasoula and Fasoula, 2000, 2002; Duvick, 2005; Fasoula and Tokatlidis, 2012; Tokatlidis, 2017). The genotype plant yield potential reflects its plant yield efficiency and yielding capacity per se (Tokatlidis et al., 2015; Tokatlidis, 2017). As density declines and the distance between neighboring plants increases, more inputs are available for each plant. Hence, improved plant yield efficiency implies that individuals are highly responsive to additional inputs and increase their grain yield (Figure 1). Improved plant yield efficiency reduces the lower limit of optimum density, and coupled with tolerance to density, contributes to an extended range of optimum density, describing the density-independent variety (Figure 2B). Density-independent varieties would allow crop spacing, i.e., lower than currently used densities, of prime importance in terms of stability demonstrated below.



The productive ideotype

The concepts of intra-field variation and density dependence mirror the productive ideotype rather than the competitive one as ideal for a modern variety. The productive ideotype combines two component traits, low (inter-specific) competitive ability with high plant yield efficiency:
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The first component trait is valuable for the variety to evade acquired interplant dissimilarities and promote equality, while the second allows crop spacing without compromising grain yield per area. Key reasons render the productive ideotype the necessary component of the density-independent variety. Expected benefits and the way to look for the density-independent variety are discussed below.




Benefits from the productive ideotype


Alleviating the erratic optimum density to promote inter-seasonal stability

A crucial parameter to be addressed is the problem of varying optimum density (Bastos et al., 2020). The issue primarily concerns rainfed crops and greatly affects irrigated crops and arises from the complex variety by density interaction that usually matches the parabolic pattern (Amelong et al., 2017; Tokatlidis, 2017). While the optimum density might be low to accomplish the attainable yield in stressful seasons, the increased attainable yield of favorable seasons is accompanied by increased optimum density (Figure 2A). In other words, the optimum density of the same variety differs among agroecosystems. Due to erratic optimum density, farmers are more likely to fail to establish the most appropriate population, sustaining a yield penalty. The concept has been thoroughly analyzed for maize and wheat in two review articles (Tokatlidis, 2013, 2014), and two extreme examples of potential yield loss are given below.

Across 11 seasons (1989–1999) in a single location (Martonvásár, Hungary), the optimum density of the maize hybrid “Norma” ranged from 5 up to 10 plants/m2 (Berzsenyi and Tokatlidis, 2012). The hybrid exhibited the highest and lowest optimum density to reach the yield plateau of 8.9 and 1.9 t/ha for the seasons of 1989 and 1990, respectively. Complete yield loss would occur for the dry season of 1990 if the established density would be high enough to match the optimum of the previous season. This study stimulated a review article early in 2012 (Tokatlidis, 2013), pointing out that such a disaster is likely to happen in a dry season due to a very high density. The prediction of crop disaster came true the following summer in Iowa, USA; in 2018 also, a record drought across Germany caused crop failures. An extreme example also comes from the wheat study in northern Syria (Anderson, 1986), indicating that the potential yield loss of the variety “Buckbuck” in a dry season would be almost 80% if cultivated at the high optimum density of the following more favorable season (Tokatlidis, 2014). Density dependence explains why in arid environments with year-to-year variation in rainfall, farmers often use risk management tactics, such as low plant density, and limit investment in inputs that may be unprofitable in the event of a drought (Eash et al., 2019).

The remedy relies on improved plant yield efficiency, essential to lower and stabilize the optimum density. High plant yield efficiency would convert the density-dependent type of variety to the density-independent one. The density-independent variety could be grown in low populations, the demand of dry seasons, but at the same time could achieve high attainable yields of favorable seasons, thanks to the ability to exploit abundant water and other resources at the single-plant level (Duvick, 2005; Tokatlidis, 2013, 2014; Mylonas et al., 2020). Drought-induced agricultural loss is one of the most costly impacts of extreme weather, and without mitigation, climate change is likely to increase the severity and frequency of future droughts (Glotter and Elliott, 2016). Drought-related cereal production annual losses intensify by more than 3% (Brás et al., 2021). Future agriculture adaptation challenges are not only linked to changes in the long-term average climate but particularly to changing weather extremes and interannual fluctuations (Brás et al., 2021).



Mitigation of the intra-field variation to enhance resource use efficiency

Great attention has been paid to the inter-field (over-location and/or over-season) variation, however, the intra-field variation is also meaningful. Differences between neighboring plants are prevalent in the field, and unbalanced input use decreases possible profit (Pan et al., 2003; Fasoula and Tollenaar, 2005; Tokatlidis, 2017; Fasoula et al., 2020). A widespread consensus exists that crop yield declines with increasing plant-to-plant variability (e.g., Stafford et al., 1996; Joernsgaard and Halmoe, 2002; Zhai et al., 2018; Shao et al., 2019). The inverse relationship between the level of interplant variation in yield with mean yield is more likely to be exponential, i.e., the Taylor's Power Law (Döring et al., 2015). Even a small increase in plant-to-plant variability from the optimum (lowest) levels may result in substantial yield loss (Tollenaar and Wu, 1999; Tokatlidis and Remountakis, 2020; Pankou et al., in press). In pursuing a minimum plant-to-plant variability, the variety is a determinant besides crop management practices.

Several plants of advanced growth may occur at an early stage, and this initial variation can be the basis for further intra-field variation because of competitive interactions between neighbors (Benjamin, 2017). The two extreme varieties, comprising the competitive or the productive ideotype, will differ in relative performance. The strong competitor will consume inputs insatiably at the expense of neighbors, widening thus its superiority and inducing extra acquired interplant differences. Larger plants benefit from a larger share of resources and frustrate the growth of their smaller neighbors (Schwinning and Weiner, 1998). Inequality intensifies on the presupposition that, at an early stage, the bigger plant has a (genetic) competitive advantage (Tokatlidis, 2017). Such a variety would be prone to intra-field variation. At the other extreme, the weak competitor will slightly take advantage to steal inputs from neighboring plants; thus, it will induce relatively mild acquired intra-field variation. Plants of the weak competitor ideotype in the crop community compete to a minimum degree (Donald, 1963, 1968). Varieties comprising the weak competitor would withstand environmental forces responsible for acquired interplant differences, ensuring, by comparison, an equality regime to optimize the use of resources at the crop level. Genetically determined differences in growth and developmental traits, environmental conditions, and adaptive responses govern interplant inequality (Brabencová et al., 2017).



Compensation for missing plants to reduce yield loss

Usually, the occasion of missing plants within the crop stand is inevitable. Even if sowing of seed lot with excellent germination capacity is applied, part of it fails to emerge. Lamichhane et al. (2018) reported significant seedling emergence variability of seven field crops both within and among the years attributed to abiotic and biotic stresses. Variation in seedling emergence is an insurmountable obstacle in determining an optimal seeding rate to obtain the optimum density (Tokatlidis, 2014). Post-emergence following stresses increase further the rate of missing plants. In addition, the situation worsens when targeting high densities because the ratio of surviving plants vs. seeds sown declines drastically as the seeding rate increases due to greater intra-specific competition (Spink et al., 2000; Wood et al., 2003; Anderson et al., 2004; Whaley et al., 2004).

Suppose a variety falls short of yield capacity at the single-plant level. In that case, it will be prone to yield loss. Plants neighboring empty hills that cannot exploit the additional inputs will poorly compensate for missing plants, and the overall crop yield will substantially decrease. Results from Pommel and Bonhomme (1998) in maize showed the rate of yield loss to almost parallel the rate of missing plants (Tokatlidis and Koutroubas, 2004); this finding is clear evidence of stagnation of plant yield efficiency, which is why farmers often resow the crop. On the other extreme, a density-independent variety of high plant yield efficiency will withstand yield penalty; individual plants will increase their yield to compensate for missing neighbors.



Development of multi-genotypic varieties to counteract destructive stresses

Reduced diversity of agricultural systems is due to mono-crop systems to maximize yields under favorable conditions; these systems may lack resilience when faced with changing climate (Isbell, 2015). Severe stress can be entirely destructive for a mono-genotypic variety if the component genotype is susceptible. A literature survey supports the type of multi-genotypic variety as a means of stability. For example, one or more genotypes within the landrace population will yield satisfactorily regardless of the plant's varying biotic and abiotic stress (Zeven, 2002). Similarly, the usefulness of mixtures (multiline varieties and variety mixtures) for disease management has been well demonstrated (Mundt, 2002; Ohtsuki and Sasaki, 2006; Kristoffersen et al., 2020). Hence, the multi-genotypic variety may deserve even more room in agriculture to counteract unpredictable biotic and abiotic stresses (Kristoffersen et al., 2020).

The multi-genotypic variety will be widely adopted if it comprises several compatible genotypes of the productive ideotype, similar in traits like plant height, seed color, and flowering and maturity time. For two reasons, an added value arises if surviving genotypes belong to the productive ideotype, i.e., weak competitor—high plant yield efficiency. First, to mitigate the intra-field variation and ensure equality among plants in the input share. Second, to take advantage of additional inputs resulting from the loss of partners and compensate for them. Such a multi-genotypic variety would offer a buffer against environmental diversity.



Expansion of low-input agriculture to conserve natural resources and environment

In recent decades, soil degradation, defined as lowering and losing soil functions, fertility, and biodiversity, is becoming more and more serious worldwide and poses a threat to agricultural production and the terrestrial ecosystem (Lal, 2003; Maximillian et al., 2019). Expansion of arable land in developing countries partly offsets the respective decline in developed countries. Natural causal factors intensifying due to climate change, coupled with human activity, i.e., intensive agriculture and chemical inputs, lead to soil degradation in developed countries (Maximillian et al., 2019). Therefore, agriculture faces the challenge of producing more food on ever-shrinking land.

A reason to expand the adoption of low-input agriculture is to continue cultivating degraded soils, and more importantly, to protect natural resources preventing further degradation. Because low-input agriculture is applicable at low densities, developing varieties of high plant yield efficiency is imperative to overcome lower yields. Indicative is the innovative low-input “System of Crop Intensification”, adoption of which increases in Asian, African, and Latin American countries (Adhikari et al., 2018); crop spacing is among the five stable rules to minimize intra-specific competition, giving each plant more room to grow above and below ground, and emphasize the per plant available inputs (Abraham et al., 2014; Uphoff et al., 2015). Crop spacing was proved necessary to enable each plant to attain close to its maximum genetic potential, improve the resource use efficiency of the crop, and increase grain yields initially in rice and later on in maize, wheat, and other crops (Adhikari et al., 2018).



Additional benefits

In addition to the above-mentioned main reasons, side benefits also arise from growing density-independent varieties and crop spacing, most pertinent to the yield gap. First, crop spacing mitigates the level of plant-to-plant variability and improves crop stand uniformity. Planting at low populations reduces self-shading and increases light absorption by the canopy (Olsen and Weiner, 2007). Cropping at low densities along with a uniform sowing pattern and optimized spatial arrangement also increases harvest index (Fischer and Kertesz, 1976; Siddique et al., 1984; Fang et al., 2010), seed weight, test weight, leaf size, and elongates the grain filling period (Hansen et al., 2005). In maize, low populations improve the synchronization of pollen and silk emergence, thus improving kernel set and reducing the proportion of barren plants (Hashemi-Dezfouli and Herbert, 1992; Tokatlidis and Koutroubas, 2004). Reduced pollen-to-silking interval and increased harvest index, reflecting the partitioning of assimilates to the ear and grain, have been suggested as indicators of tolerance to drought (Duvick, 2005; Lopes et al., 2011). Crops grown at low populations are less susceptible to damage due to frost (Whaley et al., 2004), diseases (Jurke and Fernando, 2008; Farias et al., 2019; Omer et al., 2021), and lodging (Jurke and Fernando, 2008; Chauhan et al., 2021). The potential offset from the reduced population of lower seed cost is remarkable because seed represents one of the essential economic inputs (Spink et al., 2000); reasonably minimized seed waste might be significant concerning food adequacy and security in the future (Tokatlidis, 2014). Overall, the productive ideotype releases the crop from high densities, renders it less variable, and damps down the problem of the yield gap.




Breeding for the productive ideotype

In the allo-competition regime, inter-genotypic competition favors plants of the competitive ideotype at the expense of plants of the productive ideotype (Figure 3). Selection within heterogeneous progeny lines leads to density-dependent varieties including genotype(s) of the competitive ideotype. Due to the inverse connection of productivity with competitive ability, genotypes of the productive ideotype are not recognizable under allo-competition conditions. Nil-competition allows plants to express their yielding capacity and facilitates the identification of genotypes of the productive ideotype.
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FIGURE 3
 Allo-competition does not correlate to nil-competition. In the allo-competition regime, the competitive ideotype becomes selectable because dominates over the productive ideotype. The productive ideotype becomes selectable at nil-competition where escapes the suspending effects of competition. Breeding at allo-competition leads to varieties that comprise component genotype(s) of low plant yield efficiency exhibiting thus density dependence. Breeding at the nil-competition regime favors component genotype(s) of high plant yield efficiency and density-independent varieties.


Breeders typically use the plot as an experimental unit to evaluate progeny lines per area (Figure 4A). It seems reasonable to assume the plot mimics the field conditions; however, because of genetic heterogeneity within the plot, the breeding trial is too far to simulate the crop's actual state, especially at early segregating generations. First, it is the inverse connection of the genotype's ability to perform with its competitiveness, elaborated in the concept of inter-genotypic competition. The inter-genotypic competition means that high-yielding plants are competitive and do not necessarily achieve a high crop yield in a pure stand (Weiner et al., 2017; Fischer, 2020). Reynolds et al. (1994) found the yield potential of wheat to be associated with a less competitive ideotype. Therefore, testing heterogeneous early-generation sibling lines at densities corresponding to farming conditions appears senseless (Tokatlidis, 2017). Response to resource availability will typically vary among diverse genotypes to alter genotype ranking (Rebetzke et al., 2014). Another critical factor for replacing the plot as the breeding evaluation unit is the little seed in early generations, preventing large progeny plots for unbiased yield determination. Pooled progeny gives a mixture of genotypes and yields results that may be difficult to interpret, as is the subsequent selection for pure line development and testing (Fischer, 2020). Each plant may represent a unique genotype and deserves due attention, especially in highly heterogeneous early generations. Papadakis (1935a,b) paved the way for replacing the plot, proposing line evaluation in single-plant pots buried in the soil or hills at a great distance, and scattered in the experimental area (Figure 5A). Then Fasoulas (1981, 1988, 1993) went even further by limiting the evaluation unit strictly to the individual plant at nil-competition (Figures 4B, 5B).
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FIGURE 4
 When a progeny line is tested (A) at the densely planted plot, the allo-competition regime affects the individual plant growth. In contrast, (B) the increased inter-plant distance at the nil-competition regime prevents plant-to-plant interference for any input; critical is the space that corresponds to each plant, delimited by the imaginary circles, which must be the minimum to allow each plant to grow unaffected by the neighboring plants.
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FIGURE 5
 (A) The Papadakis' ideas about pots (left) or spaced individual hills substitution for plots, and distribution of entries across the experiment (right), evolved into Fasoula's Method. (B) The Fasoulas' Honeycomb Breeding Method includes selection among individual plants at nil-competition (left, a lentil trial) in the configuration of even and systematic entry distribution (right, e.g., the design of 31 entries adapted from Fasoulas and Fasoula, 1995). The plant's yield (x) is divided by the mean of the complete circular block ([image: image]), resulting in the plant yield index to consider the genotype for possible selection. For a particular entry, e.g., 24, mean yield ([image: image]) or pooled plant yield index reflects the entry's plant yield efficiency. Entry mean divided by its standard deviation (s) is used as a prognostic measure of intra-field inequality (it should be considered cautiously in early segregating generations).



The nil-competition regime

The breeder has two options: establishing the breeding trial and applying selection in either allo-competition or nil-competition conditions (Figure 4). Due to two obstacles, the allo-competition regime is disadvantaged in the objective pursuit of the productive ideotype. First, it increases environmental variance, thus, reducing heritability because of a pronounced acquired interplant variation. The second obstacle is the inter-genotypic competition that disfavors the productive ideotype. The nil-competition regime removes the two obstacles (Fasoula et al., 2020).

Definition of the nil-competition regime by Fasoulas (1981, 1988, 1993) refers to widely spaced individual plants to preclude interference with each other for any input, like space, light, water, and nutrients (Figure 4B). Each plant grows seamlessly and unhindered exploits the available inputs to express its genetic background. The space share is decisive and should be large enough to allow autonomous plant development, both under- and above-ground. Fasoulas (1981, 1988, 1993) developed the “Honeycomb Breeding Method” for crop breeding, in which nil-competition is the first and inviolable principle (Fasoula and Tokatlidis, 2012; Fasoula, 2013). He also constructed the “Honeycomb Selection Designs”, where each plant lies in the center of a circle surrounded by six equidistant plants (Fasoulas, 1988; Fasoulas and Zaragotas, 1990; Fasoulas and Fasoula, 1995). In principle, the procedure has three key characteristics: (1) the absence of inter-genotypic competition to allow recognition of genotypes of the productive ideotype within a progeny line, (2) an equal share of plenty of inputs for each progeny line, and (3) comparable conditions to evaluate and select progeny lines and individual plants objectively. Previous documents have explained the method in detail (Fasoulas, 1988, 1993; Fasoulas and Fasoula, 1995; Fasoula and Fasoula, 1997, 2000, 2002; Fasoula and Tokatlidis, 2012; Fasoula, 2013). Points concerning the purpose of this study are summarized below.



Response to selection at nil-competition

According to the breeder's equation (Falconer, 1989), theoretically, response to selection is highest under situations of most increased phenotypic differentiation, heritability, and selection pressure. Breeding at nil-competition fully satisfies the three requirements of the breeder's equation. Maximum phenotypic differentiation facilitates the detection of superior genotypes. The negative relationship between competitive and yielding ability ceases to be essential, the environmental impact is blunted, and appropriate designs manage spatial heterogeneity to improve heritability. High selection intensity is applicable, thankfully to the objectiveness of the conditions. Indicative is the study by Kyriakou and Fasoulas (1985), referred to below as “the reference study”. They applied mass selection within a rye population, including 2,000 plants under either allo-competition or nil-competition. Their results are commented on gradually.


Nil-competition maximizes phenotypic differentiation

Early-generation selection for grain yield itself is frustrated by the small amounts of seed available (Fischer and Rebetzke, 2018). Single-plant yield increases drastically in response to declining density reaching a plateau at a very low density (Friedman, 2016). Therefore, at nil-competition, each plant has the maximum grain yield, providing plenty of seed for extensive progeny evaluation. Differences between individual plants also widen and reach maximum, thus expediting single-plant selection even from an early segregating generation. Indeed, in the reference study (Kyriakou and Fasoulas, 1985), compared to allo-competition, nil-competition achieved eight times higher mean yield and five times higher standard deviation value. In Fasoula (1990), seven wheat genotypes averaged 52 times higher grain yield per plant and nine times greater differences at nil-competition compared to the typical dense stand. When density decreases, enlarged differences among entries accompany enlarged phenotypic expression (Fasoulas, 1988; Fasoula and Fasoula, 1997, 2000; Tokatlidis et al., 2010a).



Nil-competition optimizes heritability

Differential genotype response to resource availability in the allo-competition regime reduces heritability for growth-related traits (Rebetzke et al., 2014). Resolving the confounding effects of inter-genotypic competition, reduced environmental influences on genotype expression, combined with an experimental configuration that samples the spatial heterogeneity, make the nil-competition ideal condition to optimize heritability.

There is a consensus that usually lower densities moderate the environmental variance that arises from the negative relationship between density and CV for single-plant grain yield and other agronomic traits (Rosielle and Hamblin, 1981; Maddonni and Otegui, 2004; Fasoula and Tollenaar, 2005; Tokatlidis et al., 2005, 2010a; Mansfield and Mumm, 2014; Rossini et al., 2016). Thus, nil-competition minimizes the environmental variance unless too much interplant distance increases the occupied land space and the concomitant soil heterogeneity (Kotzamanidis et al., 2009; Tokatlidis et al., 2010a). In the reference study (Kyriakou and Fasoulas, 1985), the 40% lower CV at nil-competition reflected a lower environmental impact on genotype expression.

The honeycomb selection designs have been deployed for dealing with spatial heterogeneity (Fasoulas, 1988; Fasoulas and Zaragotas, 1990; Fasoulas and Fasoula, 1995). A standardized even and systematic entry layout instead of the randomized configuration and implementing the main principles met in other models, such as blocking, replication, and nearest neighbor adjustment on the same baseline, make this experimental model advantageous over the popular ones in reducing the experimental error (Tokatlidis, 2016). It is appropriate to give a simple example. In the initial source population, to consider a particular plant for possible selection, the plant is located in the center of a circle. The absolute yield of the plant is adjusted in relation to the mean value of all the plants included in the circle (of flexible size), resulting in the plant yield index. Thus, all plants are considered for selection on the mean of a moving circular block, simulating the nearest-neighbor adjustment method. Suppose that 31 plants are selected, each constituting a separate progeny line. Any line is evenly distributed across the entire area, thus forming the most comparable condition to decide which one deserves further consideration (Figure 5B). Lines are evaluated on the overall plant yield index to estimate their plant yield efficiency. The inverse value of the single-plant coefficient of variation, named line stability index, qualifies the line's ability to withstand environmentally induced acquired inequality. However, this criterion should be taken into consideration cautiously in early segregating generations due to genetic heterogeneity (Tokatlidis, 2017); in addition, the unconditional use of the stability index may end in bias line evaluation due to a mathematical rather than an agronomically meaningful mechanism of association of the coefficient of variation with mean yield (Döring et al., 2015; Smutná and Tokatlidis, 2021; Pankou et al., in press). Considering the within-line selection, plants that belong to the same progeny line are constantly surrounded by plants of the rest progeny lines, forming the complete systematic circular block. Thus, a fixed block evenly scattered forms the most comparable condition to decide which plant of the selected line will go on the procedure. These principles apply regardless of the number of entries included in the trial.



Nil-competition allows the application of high selection pressure

Devoid of fallacious implications of competitive advantages and disadvantages, nil competition ensures that the application of high selection intensity will keep only favorable genotypes. Genotypes of the productive ideotype accumulate at the right edge of the yield distribution of plants grown at nil competition. By targeting the utmost productive genotypes, a breeder can apply high selection pressure. In contrast, at allo-competition conditions, the risk of selecting strong competitors instead of high-yielding genotypes is enhanced with high selection pressure. In the reference study (Kyriakou and Fasoulas, 1985), with increasing the selection pressure, a positive response to selection was obtained in the nil-competition regime, while the reverse was true under competition.




Avoidance of bias selection or loss of selectable genotypes

In addition to Falconer's requirements, nil-competition utilizes all the genetic variability established in the experiment. In field experiments, missing hills are common. Even slight competition may cause a biased selection or loss of desired genotypes at the dense stand due to empty hills. Under competition, plants neighboring empty hills gain an acquired advantage and may become by error selectable. Thus, considering them for selection may induce bias. In another option, the breeder may discard all the plants surrounding an empty hill. However, omitting them might imply a loss of desired genotypes. Mind that at the rate of 5% empty hills at scattered positions, the surrounding plants (potentially discarded) are at least 35%. Instead, at nil-competition, missing hills do not affect the development and seed production of the neighbors. All the plants, including those adjoining unoccupied hills, can be considered for selection without the risk of bias, and avoid the loss of superior genotypes because of their proximity to unoccupied hills.




Discussion

Interplant distance, intra-specific competition, and interplant inequality are distinct but closely related issues. The first determines the per area density, i.e., the level of crowding. Intra-specific competition within a crop stand refers to the reduced availability of growth resources due to the presence of neighbors and the inference between plants to consume the limited inputs. Interplant inequality regards the plant developmental dissimilarity (intra-field variation) and unequal input consumption. Crowding accentuates the intra-specific competition, which in turn intensifies the intra-field variation and interplant inequality. Several researchers have recognized the importance of lightening the severity of intra-specific competition to improve crop performance (e.g., Stafford et al., 1996; Sadras et al., 2000; Joernsgaard and Halmoe, 2002; Mondo et al., 2013; Zhai et al., 2018; Shao et al., 2019).

Plant yield efficiency and tolerance to high density determine the lower and upper limits of optimum plant density. If tolerance to density is not accompanied by improved plant yield efficiency, the transition to higher densities results in a narrow spectrum of optimum density and density dependence (Duvick, 2005; Fasoula et al., 2020; Zhang et al., 2021). Due to density dependence, optimum density is inconsistent, particularly in rainfed crops, a crucial obstacle in accomplishing optimal production (Duvick, 2005; Mylonas et al., 2020); thus, potential yield loss due to erratic optimum density may reach the level of crop failure (Tokatlidis, 2013).

Addressing the intra-field variation and density dependence appears imperative. Regardless of the mono- or multi-genotypic type, future varieties should comprise the weak competitor ideotype to withstand and narrow the environmentally induced acquired intra-field variation (Tokatlidis, 2017). If breeders ignore the antagonism between competitivity and productivity, they cannot create productive varieties (Papadakis, 1940a, 1982). It is possible and compatible to bring varieties for reduced intra-field variation, provided the barrier of inter-genotypic competition is overcome (Fasoulas, 1988; Fasoula et al., 2020). The prospect of reduced intra-field variation is offered by the productive ideotype that combines low competitive ability with high yield per se. The productive ideotype, distinguished for plant yield efficiency, drops the bottom limit of optimum density rendering the variety density-independent. The density-independent variety (Figure 2B) offers the prospect of crop spacing, i.e., continuous cultivation in the low density required for dry conditions. The availability of density-independent varieties would tackle the crop uncertainty due to varying optimum densities (Tokatlidis, 2013, 2014; Mylonas et al., 2020). Tokatlidis et al. (1998, 2001, 2005) described a first breeding cycle to approximate density-independent maize hybrids. Fischer et al. (2019) and Fischer (2020) demonstrated that the goal of density-independent variety in wheat is feasible. With regards to weeds, a compensatory mechanism is indispensable because weeds have, by nature, strong genetic competitive abilities. Crop competitiveness against weeds in cereals was associated with a high overall leaf area, an increased number of tillers, and a faster rate of canopy development (Van der Meulen and Chauhan, 2017). Walsh (2019) found crucial crop stand uniformity in minimizing the ongoing impact of weeds. Gaba et al. (2018) attributed reduced weed biomass production to the crop-wheat competitive advantage to take up N. The proposed “productive ideotype” competes against weeds via early seed germination, an extensive root system, and the ability to capture resources for rapid and vigorous plant growth (Fasoula and Tokatlidis, 2012).

The loss of high-quality land, the slowing in annual yield increases of major cereals, the expanding fertilizer use, and the effect on the environment indicate that we need to develop new strategies to raise grain yields with less impact on the environment (Chapagain and Good, 2015). Crop spacing via the density-independent variety may extend the low-input agriculture to conserve natural resources and the environment in replacement of intensive agriculture where it is needed. Low-input cropping systems aim to produce more for the same land area while reducing dependency on external inputs, conserving resources, and reducing negative environmental impacts (Wezel et al., 2015).

Another requirement met by the density-independent variety is to tackle yield loss due to missing plants in both mono- and multi-genotypic varieties. The percentage of missing plants that a density-independent variety could tolerate is a function of optimum density's bottom and upper limits. Supposing missing plants occur at scattered positions, a density proportionately higher than the bottom and up to the upper limit would offer compensation satisfactorily. For example, in the study of Berzsenyi and Tokatlidis (2012), the maize hybrid “Maraton” simulated the density-independent variety exhibiting an optimum density between 6.5 and 9.5 plants/m2. Thus, it could tolerate a rate of up to 30% missing plants at 8.5 plants/m2. Even wider was the range of optimum density Tokatlidis et al. (2001) reported in maize hybrids developed based on the “productive ideotype” (Tokatlidis, 2013).

Papadakis (1940a, 1982) stated that if breeders ignore the antagonism between competitivity and productivity, they cannot create productive varieties. Nil-competition is the necessary condition for breeding toward the productive ideotype. The honeycomb breeding method removes the confounding effects of competition in recognition of the targeted genotypes. Significant advantages are the per plant plenty of seed production for extensive progeny testing and accentuated phenotypic differentiation enabling early generation single-plant selection. Mitigating the environmental variance and sampling the spatial heterogeneity, the technique optimizes heritability. High selection intensity focusing exclusively on plant yield efficiency is feasible. All the desired genotypes of the surviving genetic material in the breeding trial are potentially selectable without the risk of bias. The approach opens up new, possibly more efficient strategies for early generation selection for potential yield and greater yield progress per unit cost; it also brings the possibility of using remote sensing and introducing new indirect yield selection criteria (Fischer, 2020).

Honeycomb breeding and nil-competition are “inextricably” linked and “integral” issues. Although the term “honeycomb” refers to experimental designs, the primary and inviolable principle that must be strictly adhered to is the absence of competition. Studies in wheat by Mitchell et al. (1982) and Lungu et al. (1987) applied the method at low densities but insufficient to meet the absolute absence of competition, possibly facing the masking effect of competition and the risk of bias; despite promising results, the methodology was rated too complex and labor-intensive. Fischer (2020) attributed the lack of widespread adoption to low heritability due to error variance and a larger area of land needed. On the other hand, Tokatlidis (2016) and Kargiotidou et al. (2016) indicated that breeders do not need to be concerned with the soil heterogeneity that might induce the extra surface required, owing to the even and systematic entry allocation of the honeycomb designs. Discouraging results came from the mass selection at nil-competition in the rye plant (Pasini and Bos, 1990; Bussemakers and Bos, 1999). On the contrary, the method was successful in improving grain yield in several crops, e.g., maize (Tokatlidis et al., 1998, 2001), cotton (Gossypium hirsutum L.; Batzios et al., 2001), rice (Ntanos and Roupakias, 2001), bean (Tokatlidis et al., 2010b), and lentil (Lens culinaris Medikus; Kargiotidou et al., 2014; Vlachostergios et al., 2018). Honeycomb breeding at nil-competition also succeeded in improving biomass yield in populations of Dactylis glomerata L. and Agropyron cristatum (L.) Gaertn (Abraham and Fasoulas, 2001) and switchgrass (Panicum virgatum L.; Missaoui et al., 2005). Other reports of successful selection exist in snap bean (Phaseolus vulgaris L.; Traka-Mavrona et al., 2000), tomato (Solanum lycopersicum L.; Christakis and Fasoulas, 2002; Avdikos et al., 2021), and barley (Tsivelikas et al., 2022). Nil-competition, accentuating the interplant phenotypic differences, allowed the method to exploit narrow genetic variation of commercial varieties and upgrade yield performance, e.g., in crops of wheat (Fasoula, 1990; Tokatlidis et al., 2006), maize (Tokatlidis, 2000), cotton (Tokatlidis et al., 2011b), barley (Ben Ghanem et al., 2018), and soybean (Fasoula and Boerma, 2007; De Almeida Lopes et al., 2020). Tokatlidis and Vlachostergios (2016) also suggested a conservation honeycomb breeding procedure for sustainable stewardship of the landrace diversity and continuous adaptation to an ever-changing environment.

Crop plasticity refers to the plant's ability to adapt and cope with changes in its environment (Rotili et al., 2021). Five main benefits from the productive ideotype analyzed in the first half of this study, plus those reported as additional benefits, indicate that the density-independent variety promises traits relative to compensation mechanisms against stresses. Density-independent varieties exist in soybean; soybean exhibits high-phenotypic plasticity, including the ability to alter its growth and yield components as a function of the number of individuals per area, thus maintaining constant productivity over a wide range of densities (Suhre et al., 2014; Junior et al., 2018). In wheat varieties, Fischer et al. (2019) described optimum density ranging from 30 up to above 100 plants/m2. Density-independent varieties are versatile to offer flexibility and plasticity to environmental diversity and secure over-season stability (Tokatlidis, 2017).



Conclusion

Crop spacing via density-independent varieties is mandated in the future to meet several requirements against the yield gap in grain-producing crops, which are as follows: (i) address density-dependence and ensure optimal resource use inter-seasonally; (ii) cope with the acquired intra-crop variation and optimize the resource use; (iii) compensate for missing plants and promote stability; (iv) incorporate the multi-genotypic variety and counteract unpredictable stresses; (v) adopt the low-input agriculture to conserve natural resources and protect the environment. Breeding for the density-independent variety via improved plant yield efficiency should be conducted at the nil-competition regime to (i) cope with the confounding effects of competition in recognition of the targeted genotypes of the productive ideotype; (ii) maximize the phenotypic expression to obtain seed for extensive progeny testing and maximize the phenotypic differentiation to facilitate selection from the very early segregating generations; (iii) optimize heritability, thanks to moderated environmental variance and experimental designs that sample the spatial heterogeneity; (iv) apply high selection pressure focusing exclusively on top for plant yield efficiency genotypes; (v) avoid the risk of bias selection or loss of desired genotypes due to proximity to empty hills. Density-independent varieties are expected to be versatile to offer flexibility and plasticity to environmental diversity.

Closing note: Due to the rapid growth of molecular breeding in the last decades, conventional breeding has moved into the background. The article points out that conventional breeding must play a decisive role to meet today's hot challenges, such as crop sustainability and food security. Norman Borlaug used to say, “We can do another green revolution, by doing what we did before, with common sense” (Hesser, 2006). In the author's view, this study is a matter of common sense. Close cooperation between the two breeding branches would undoubtedly boost the outcome via valuable tools, like molecular assisted selection (MAS), quantitative trait loci maps (QTL), and Genomics.
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