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Abstract

:

In this article, we review the literature regarding the yield gap between organic and conventional agriculture and then reflect on the corresponding debate on whether or not organic farming can feed the world. We analyze the current framework and highlight the need to reframe the yield gap debate away from “Can organic feed the world?” towards the more pragmatic question, “How can organic agriculture contribute to feeding the world?”. Furthermore, we challenge the benchmarks that are used in present yield comparison studies, as they are based on fundamentally distinct paradigms of the respective farming methods, and then come up with a novel model to better understand the nature of yield gaps and the benchmarks that they are premised on. We thus conclude that, by establishing appropriate benchmarks, re-prioritizing research needs, and focusing on transforming natural resources rather than inputs, organic systems can raise their yields and play an ever-greater role in global sustainable agriculture and food production in the future.
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1. Introduction


Whether organic agriculture can feed the world is a controversial topic and it is the subject of much debate in recent literature. A number of studies have sought to answer this question by quantifying yield gaps between organic and conventional agriculture, with the recent estimates of reductions in yield for organic systems ranging from 9% to 25%. Diverse meta-analytical approaches have been employed to arrive at these values, in some cases presenting global averages and in others by separating the analysis by crop type, geographical region, or other moderating variables. Recent meta-analyses are reviewed here in Section 1, with a brief discussion of the individual categories of cereals, legumes, oil crops, and tubers.



The meta-analytical design is useful in understanding the average value and range of yield gaps, and in many cases meta-analyses consider moderating variables, such as climate, fertilization rates, or rotational diversity, which allow for a more detailed discussion of how yield gaps might vary under certain conditions. However, even statistically rigorous and nuanced meta-analyses rely on the assumption that organic and conventional yields can be compared directly. Section 2 describes why conventional agriculture is not always a suitable benchmark by which to measure organic agriculture and then argues for an alternative approach to viewing the complex differences between conventional and organic systems.



Modeling approaches complement meta-analytical studies and allow for further exploration of how moderating variables affect yield. Multiple models of agricultural systems have been proposed, from input/output models to more complicated equations (Section 3). We present a novel model describing cropping systems as processes that transform natural resources and inputs into yield (Section 3). Each cropping system is viewed as a unique case in which inputs and their relative importance differ in comparison to alternative cropping systems. This model can be used to explain some of the observed variation in yield gaps between organic and conventional agriculture among crop types and environments (Section 3). In addition, the model provides important insights into how to direct organic agriculture research priorities in the future.




2. Meta-Analytic Approaches


Recent Meta-Analyses


Stanhill [1] was one of the first to approach the yield gap concept from a meta-analytical perspective, using 205 comparisons of 26 crop types and two animal products to arrive at an average organic/conventional yield ratio of 0.91. Data was obtained from three categories: commercial farms, short- and long-term experimental studies, and a 25-year comparison of three agroecosystems. One yield ratio was calculated for each study from all of the included plots and years. Diverse starting conditions could be observed even within the first category, where the farms ranged from biodynamic systems in Western Europe to corn-dominated systems in the American Midwest, but the data were obtained primarily from developed countries with temperate climates. The standard deviation of 0.24 for this dataset reflects the wide variation in yield resulting from the diverse starting conditions. The author acknowledged the difficulty of comparing closed and open systems, although not explicitly, linking yield gaps to non-renewable external inputs, such as fossil fuel energy.



Subsequent meta-analyses have broadened the geographic region under consideration. In an extensive review of organic agriculture, Lotter [2] cites an average yield gap of 10–15% (Table 1), noting that the gap was higher in regions that are characterized by intensive agriculture, such as parts of Central Europe and Japan, and lower under extensive conditions, such as those in the American Midwest. However, the methodology behind the reported value is unclear and it does not distinguish between crop types.



Badgley et al. [6] calculated two separate organic/conventional yield ratios for developed and developing countries in order to account for substantial differences in agricultural methods. Whereas, the developed world yield ratio was 0.914 for plant foods and the ratio in developing countries was 1.736. Nitrogen availability was cited as the predominant yield-limiting factor for organic agriculture under most conditions. The yield gaps were calculated for separate crop categories as well, ranging in developed countries from 1% for oil crops to 18% for legumes. This study was criticized for failing to define organic systems and for applying single-study yield ratios to national agricultural data [28,29].



More recent studies have calculated larger yield gaps, ranging from 19–25% [3,5]. In a meta-analysis of 362 conventional-organic comparisons, de Ponti et al. [5] arrived at a global average of 20% reduction under organic conditions, with a standard deviation of 21%. The authors hypothesized a higher yield gap under conditions where the observed yields approach the theoretical maximum due to intensive management and lack of water limitation, such as northern Europe, but found only weak support for this hypothesis.



Seufert et al. [3] found the largest yield gap (25%) among the meta-analyses, with wide variation depending on crop type and management practices. Legumes had the smallest yield gap (5%) of the crop categories reviewed, and best-practice organic management reduced the yield gap to 13% across crop types. In contrast to Badgley et al. [6], only certified-organic or non-certified systems in compliance with organic regulations were considered under the organic category, and conventional-organic comparisons were required to have similar temporal and spatial scales. The authors noted that nitrogen availability limited the yields in organic, but not conventional, systems, as evidenced by increased organic yields when additional nitrogen was provided.



Using a larger dataset of 1071 conventional-organic comparisons and a novel meta-analytical method, Ponisio et al. [4] calculated a yield gap of 19%. No difference was found between yield gaps in developed and developing countries, in contrast to Badgley et al. [6].



A more recent study analyzed publicly available state-level crop yield statistics from the United States Department of Agriculture (USDA), which were collected under the organic and agricultural producer surveys in 2014 [30]. In that study, Kniss et al. arrived at an organic yield average of 80% of conventional yield for the United States. However, even within one country and one year of production, the authors state that the organic to conventional yield ratio varied widely among crops and that several crops showed no significant yield gap between organic and conventional production.



The meta-analytical framework that was used in these studies is clearly valuable and it has allowed for yield gaps to be quantified across a broader range of conditions than can be achieved with any single study. Despite progress towards greater nuance by calculating multiple yield gaps according to geographic region, crop type, or nitrogen management, meta-analyses nonetheless lose some of the detail that is visible in a single study. Using a meta-analytical approach to investigate how yield gaps change due to complex factors, such as agrobiodiversity, rotational complexity, or integrated crop-livestock systems requires a statistically rigorous number of published studies in each subcategory, and these studies are not always available.





3. Reframing the Yield Gap Debate


Meta-analytical studies are a valuable technique to summarize yield comparison studies, but we suggest that it is time to reconsider the question that they address and the benchmarks they use.



Meta-analytical approaches comparing conventional and organic yields worldwide often seek to contribute to the debate of whether organic agriculture can feed the world. However, that is the wrong question, or perhaps it is the right question at the wrong time. Today, when organic agriculture accounts for 1.2% of worldwide agricultural land [31], it does not make sense to question whether it can feed the world. Perhaps in thirty or forty years, in a world where organic agriculture accounts for 40–50% of arable land, this question may gain renewed meaning. However, at present, the focus must be on questions relevant to the current state of affairs: how, and how much, can organic methods contribute to feeding the world? The “Can organic feed the world?” debate has thus far led to lively controversy, but few satisfying answers; reframing the question can move the debate toward concrete examples, as presented in Section 3.



Using conventional agriculture as the benchmark against which organic agriculture must be compared falsely assumes that the systems have the same goals and values. When comparing a conventional wheat farmer’s yields in Germany of 7–10 Mg/ha, achieved using all available synthetic fertilizers and plant protection agents, with the 3.5–6.5 Mg/ha achieved by his neighbor with organic practices assumes that the two systems are essentially the same, except that organic agriculture uses non-synthetic inputs. In reality, however, the farmers are operating under distinct paradigms. Conventional and organic agriculture have different values, even when low-input practices are employed in conventional systems and the conventional-organic comparison becomes less of a dichotomy than a continuum. The conventional approach assumes that the production of food, fiber, and fuel must be maximized to satisfy the demands of a growing human population. Organic agriculture seeks to balance yield with other values, such as biodiversity and conservation of natural resources, as, for instance, required by Reg. (EC) 834/2007. The maximum yield achievable in the organic paradigm must necessarily lie somewhere below the conventional level if it is to leave room for other creatures to exist and to avoid exploitation of the natural environment. The abundance of many insect and plant species is negatively correlated with yield [11] and a more recent study even suggested pesticide usage, increased application of fertilizers, and year-round tillage in intensive farming as plausible reasons for a 75% decline of flying insect biomass over 27 years [32]. Organic agriculture must be judged not by the production-driven values system of conventional agriculture, but instead by standards that are consistent with its own values. The model that is presented in Section 3 shows how the distinct values of organic and conventional agriculture cause a divergence in inputs that accounts for a large proportion of yield gaps, as calculated by previous methods.



Furthermore, the geographical bias of the conventional benchmark used in many meta-analyses distorts the reader’s perspective on the debate over feeding the world. While some meta-analyses discriminate between geographical regions, others fail to do so, and thus often use the artificially high benchmark of intensive agriculture in the developed world. In Central Europe, yields that were achieved under the optimized intensive cultivation approach the theoretical maximum that was established by climatic conditions. Nonetheless, their direct contribution to eradicating world hunger is small, as many of the crops are commodities produced for the global commodity markets. Discussion about feeding the world based on these systems is misleading. Feeding the world primarily requires raising yields in subsistence agriculture, not incremental gains in the production of low-value commodities, and the conversion to organic agriculture in developing regions is predicted to make a greater contribution to global food security than conversion in Europe and North America [33]. Farmers in Central Europe who produce commodities for the world market desire optimizing yields by all available means and will do so as long as it is affordable. Farmers in developing countries produce food to fill the needs of the local community, not global markets, and must do so on soil that is often more vulnerable than that in the global North. Section 3 describes how focusing on the transformation of natural resources rather than transformation of high inputs can greatly contribute to fighting world hunger by addressing yield gaps where they are most critical for food security.




4. A Novel Model for Cropping Systems as Applied to Yield Gaps


4.1. Previous Models of Agricultural Yields


While meta-analyses provide a useful tool for estimating organic and conventional yield gaps, they lack predictive value. Knowing that organic cereal yields are 7–26% lower than conventional as a global average, the range calculated by the meta-analyses cited here cannot provide information about yields that could be expected under individual conditions. Individual studies have reported yield gaps of up to 84% for wheat, for example, but minor or nonexistent yield gaps for maize and buckwheat [10,15,18]. These differences are due not only to crop type, but also to a variety of factors that contribute to yield. In the meta-analyses presented here, the authors attribute yield responses in organic farming to factors, such as limited nitrogen availability, weed pressure, pests, and disease, when sufficient relevant studies are available for analysis. We do not challenge these findings, but rather frame them in the context of crop type and prevailing cropping conditions in order to gain greater explanatory power (see Section 4.3).



Over the past thirty years, many models describing yield as the product of multiple factors have been proposed. Bouman et al. [34] present an overview of crop growth simulation models, starting with early research by C. T. de Wit at the Wageningen Agricultural University. De Wit and Penning de Vries [35] proposed four production situations with corresponding differences in yield: potential (limited only by temperature and radiation), water-limited, nitrogen-limited, and nutrient-limited (cited in [34]). Pests, weeds, and disease could reduce yields to below the maximum theoretical value in each of these instances.



Rabbinge [36] expanded on previous work by dividing factors that contribute to yield into those that establish potential yield (crop characteristics, temperature, sunlight), reduce potential to attainable yield (nutrient and water limitation), and reduce attainable to actual yield (pests, diseases, and weeds). The author notes that the latter category, the growth-reducing factors, “should be controlled mainly by biological measures” in sustainable agricultural systems, but does not discuss the relative magnitude of these factors under organic and conventional conditions.



Van Ittersum and Rabbinge [37] proposed that differences in the relative importance of input factors could be used to explain the actual yields and resource use efficiencies. Biophysical factors are viewed as distinct from socio-economic factors, which were often neglected in previous models. The model also extends to three spatial scales: field, farm, and region.



Over time, relatively simple conceptual models of crop yields have evolved into increasingly complex software programs that are based on systems analysis and mathematical modeling approaches [34,38]. The simplified model that is presented in Figure 1 differs in two important ways. First, this model is conceptual rather than strictly quantitative, as quantitative models are already available. Second, it is focused not on predicting yields, but rather on explaining the relative magnitude of yield gaps between the organic and conventional systems. It thus builds on previous agricultural models by applying them in a novel context, contributing to a more nuanced understanding of the concept of yield gaps in the process. This simplified model should not be viewed as an attempt to make quantitative predictions, but as a theoretical tool to re-frame the yield gap debate and set new research priorities.




4.2. Transformation of Natural Resources


As can be seen from the model, both conventional and organic systems are fundamentally based in site-specific natural resources: light availability, the inherent fertility of the soil, and local climatic conditions. Because these resources are unaffected by agricultural management practices, they are identical between conventional and organic systems at a certain location, and thus the yields that are formed from the transformation of these resources are also similar. However, conventional and organic systems may respond differently to a given set of starting conditions. For example, the higher microbial diversity and activity found under organic management may increase the bioavailability of nutrients and organic carbon stored in the soil to crops managed under these conditions, even when the initial soil was identical [22,39]. Organic management also provides an advantage under dry conditions, as higher levels of soil organic matter increase the soil water capacity [40]. In a drought year, Lotter et al. [2] found that a manure-based organic corn system out-yielded the conventional treatment by 37% and the organic soybean yields were 52–96% higher than conventional. Organic agriculture provides a more attractive alternative under changing climate conditions, as it increases carbon sequestration, has higher energy use efficiency and resiliency to climate change, and reduces global warming potential as compared to conventional [40,41].



While the transformation of natural resources is comparable between organic and conventional systems, organic methods can be superior when it comes to providing ecosystem services and preserving the quality of resources, such as soil and groundwater. Biodiversity, especially of insects, is higher on organic farms, which leads to the increased provision of ecosystem services, such as pollination and biological control [41,42,43,44,45,46]. Soil quality parameters are improved under organic management, including reduced losses by erosion and runoff, increased organic matter, higher microbial biomass and diversity, and more rapid nitrogen mineralization [14,22,41,47,48,49,50]. Both nitrate and phosphorus leaching are reduced under organic management, even when scaled by yield or production area [9,43,51,52]. Part of this may be due to the fact that nutrient losses in the runoff from organic material, such as compost, are much smaller than from synthetic fertilizer [53]. It is important to acknowledge that conventional farms in certain regions and production systems often do implement practices that are intended to remedy these issues, for example, increasing agrobiodiversity by introducing more complex crop rotations or mitigating greenhouse gas emissions through climate smart agriculture (CSA) [54].




4.3. Transformation of Inputs


The gap between conventional and organic yields primarily comes from the transformation of inputs, not from the transformation of natural resources. Conventional management uses a variety of inputs eschewed by organic agriculture, which primarily relies on renewable resources and seeks to replenish rather than mine the soil. Consequently, nutrient limitation is a primary cause of suboptimal yields under organic conditions, particularly when it comes to the amount and timing of nitrogen availability [27,55]. Early-season nitrogen limitation is a common problem, as mineralization from organic matter in the soil releases nitrogen later in the season [17,56]. Synthetic soil fertilizers increase and plant protection agents secure yield, but this artificial increase formed from fossil fuels should not be compared with yield that formed from predominantly natural soil fertility. The observation that these inputs contribute greatly to the perceived yield gaps [57] reinforces the need for a new benchmark for organic agriculture. Yields were artificially inflated through resource mining; the unsustainable depletion of fossil fuels or minerals, such as phosphorus, cannot serve as the point of comparison for a system of agriculture that seeks to operate within ecologically sustainable limits.



If the yield gap is primarily explained by the transformation of inputs, differences in inputs should predict the size of the yield gap, and this is indeed the case. In his critique of Badgley et al. [6], Cassman [28] highlighted the fact that nutrient inputs were not standardized in system comparisons. This is less a particular weakness of the study in question, however, than a failure of yield calculations in general to account for the distinction between yield that formed from predominantly natural soil fertility and yield created through the addition of non-renewable inputs. By separating studies based on nitrogen inputs, Ponisio et al. [4] were able to determine that the yield gaps are much lower (9%) when nitrogen inputs are similar between organic and conventional treatments than when they differ (17–30%). However, the differences in phosphorus input did not significantly affect the organic/conventional yield ratios.




4.4. Predicting the Yield Gap: Explanatory Power of the Novel Model


Applying the model to cereals, grain and fodder legumes, oilseeds, and tubers helps to explain why yield gaps that were reported in meta-analytical studies differ for these crop categories. As mentioned above, differences in inputs account for conventional-organic yield gaps, but each crop category is unique in terms of which inputs are the most significant. Sprengel’s and Liebig’s concept of the most limiting factor applies here: gaps are determined not by the average of yield losses imposed by individual factors affecting crop growth, but by the factor with the greatest influence on yield. For cereals, which have high growth rates early in the season, and tubers, like potato, which have high nutrient demand in a short period, nutrient availability is the primary growth-limiting factor, whereas weeds and disease play a greater role for legumes and insect pests may severely limit the yields of oil crops, such as rapeseed.



4.4.1. Cereals


Yield gaps for cereals calculated in meta-analyses range from 7–26% (Table 1). Badgley et al. [6] calculated a yield gap of only 7% for cereals in developed countries, the smallest difference of any of the meta-analyses, whereas Seufert et al. [3] calculated the highest value, with 26%. De Ponti et al. [5] found that the gap was smallest for maize (11%) and highest for barley (31%). Seufert et al. [3] likewise found that maize had a smaller yield gap than the mean for all crop types (25%), whereas barley and wheat had larger yield gaps. The yield gap for cereals as a whole is generally lower than for vegetables (Table 1), but higher than for legumes.



Nitrogen availability is the primary factor limiting cereal productivity [58], and differences in nitrogen inputs account for the majority of the yield gap here. Natural nitrogen mineralization processes are poorly matched with the timing of the greatest nitrogen uptake in wheat [59], such that nitrogen availability from natural sources plays a lesser role than inputs in forming crop yield. Because high inputs of synthetic N fertilizers can be applied at crucial periods in conventional systems, the cereal yields may be higher in these systems. However, nitrogen availability can be increased by organic best practices rather than by relying on synthetic fertilizers. Oleson et al. [60,61] showed that supplementation of 50 kg/ha farmyard manure raised the organic cereal yields by 0.4–1.3 Mg/ha in a nitrogen-limited system. Other supplements, such as biogas slurry or green manure, could likewise contribute, as could management strategies that better match the timing of nitrogen availability to crop requirements.



Protein content is often considered to be an important indicator of quality in cereals, as it contributes to baking properties, and it has been the subject of many conventional-organic comparisons. Studies have found 3–23% lower protein content in organic wheat as compared to conventional [19,20,21]; this gap is primarily ascribed to nitrogen limitation [62]. However, discussions of grain protein content have little to contribute to the debate regarding the feeding of the world, and testing the quality of protein rather than the quantity gives a better indication of the baking properties of organic wheat [63]. Furthermore, the late fertilization that is often employed by conventional farmers to boost grain protein is frequently not taken up, instead leaching into groundwater and contributing to nitrate pollution.



Worthy of note is that the yield gap is generally smaller for maize than other cereals in temperate zones with sufficient water availability. Weed pressure, accounting for 23% of the yield gap by one estimate, is major limiting factor for maize [13,14,17]. However, the yield gap disappears when organic weed management is effective. Posner et al. [25] showed that, in years where mechanical weed cultivation was successful, the yield gap was only 1%, as compared to 26% in years when it was unsuccessful. Crop rotation significantly affects maize productivity, as organic maize that is grown in rotation with multiple cover crop species yields over 100% more than organic maize that is grown in monocultures, attaining yields that are not statistically different from the county average for conventional maize [64].




4.4.2. Legumes


Yield gaps are generally much smaller for legumes than other crop categories, e.g., 5%, as calculated by Seufert et al. [3] (Table 1). This can be explained partially by the greater reliance of these crops on natural sources of fertility rather than inputs. Legumes obtain nitrogen primarily through the symbiosis with diazotrophic bacteria as well as available soil nitrogen, and additional synthetic nitrogen fertilizer has little effect.



The yield gap for fodder legumes, which are rarely cultivated in conventional agriculture, is extremely small. This can be explained by the fact that these crops require negligible inputs: there is no need for synthetic N fertilizer, other nutrients are not usually limiting, except in low-fertility soils, and plant protection agents are generally not frequently used.



Grain legumes have a slightly higher yield gap than forage legumes, but the gap is still much smaller than for other crop categories, and the yields are higher under organic conditions in some cases. In Stanhill’s meta-analysis, beans were the only crop observed to have significantly higher yields under organic conditions [1]. Badgley et al. [6] found a higher yield gap for legumes (18%) than cereals (7%) in developed countries, but legume yields were 52% higher under organic conditions when considered globally. De Ponti et al. [5] calculated organic soybean yields in the United States (U.S.) to be 92% of conventional. This yield gap was smaller than for any other legume that was considered. Soybean also had a smaller-than-average yield gap in the meta-analysis by Seufert et al. [3]. In contrast to that analysis, Ponisio et al. [4] found no yield gap differences between the leguminous and non-leguminous crops; legumes were not considered as a separate category from vegetables and oil crops. Yield gaps can arise, however, when the inputs differ significantly. Weeds and diseases can limit organic yields if no mechanically- or biologically-based strategies for weed and pest management are available. De Ponti et al. [5] calculated the largest yield gaps for soybean between the intensively managed conventional and organic conditions, ascribing the magnitude of the gap to pests, disease, and phosphorus limitation. Cavigelli et al. [13] noted that the 19% soybean yield gap in a long-term study was entirely due to weeds. Here, the differences in plant protection inputs explain the relative magnitude of the yield gap, even within the category of legumes.




4.4.3. Oil Crops


Oil crops, as a whole, often have a small yield gap, but some oil crops, such as oilseed rape, are practically impossible to grow under organic conditions in regions where insect pests are present. In contrast, sunflower is a commonly grown oilseed crop for which organic yields can often equal conventional levels, contributing to the small yield gaps that were reported for oilseeds. Badgley et al. [6] found the smallest yield gap for oil crops of any category considered, being 1% in developed countries. As crops in this category were not listed, however, it is difficult to determine whether this included oilseed rape. Similarly, oilseed crops had the smallest yield gap of any category, except for fruits in the analyses by Seufert et al. [3] and Ponisio et al. [4]. In contrast to the minor yield gaps that were found by the aforementioned meta-analyses, de Ponti et al. [5] found organic oilseed yields to be 26% lower than the conventional. Oilseed rape, however, represents a special case, where almost all production in Central Europe is conventional. Insect herbivory is the limiting factor in this case, and there are no effective organic methods of pest control available, especially with regards to the pollen beetle (Meligethes aeneus). Weed pressure at sensitive developmental stages also affects yields [65], but the yield gap is primarily explained by the differences in plant protection agents. Here, it would make little sense to first try to increase nutrient availability to make organic oilseed rape cultivation more feasible; research into organic pest control methods must be prioritized.




4.4.4. Tubers


The yield gap for tubers is often greater than for cereals, but they were also more variable [66]. Starchy roots had the second-highest yield gap of the categories considered, 11% in the developed world, as calculated by Badgley et al. [6]. In 21 organic-conventional comparisons, all from Europe, de Ponti et al. [5] found that organic potato yields were only 70% of the conventional. In contrast, organic sugar beet and sweet potato yields were 105% of the conventional, raising the tuber average to 74% of the conventional. Tubers were considered under the vegetable category by Seufert et al. [3], where the yield gap amounted to 33%. This is similar to the yield gap of nearly 30% that was presented by Ponisio et al. In potato, the primary yield-limiting factor is nutrient availability, followed by pathogens, such as Phytophthora infestans [66,67]. Möller et al. [68] found that 48% of the yield gap in organic potato could be attributed to N limitation, whereas 25% was explained by disease for which no organic management was possible. Inputs of synthetic fertilizers and plant protection thus primarily account for the yield gap in potato.






5. Conclusions and Future Directions


Here, we have called for a reframing of the yield gap debate, changing the question under consideration from “Can organic agriculture feed the world?” to “How can organic agriculture contribute to feeding the world?” The model that is outlined in Figure 1 represents a novel approach in that it seeks not to quantify yield gaps with absolute values, but to explain and predict their magnitude under diverse starting conditions. This model does not conclusively establish the future role of organic agriculture, but it rather provides an indication as to how its research priorities should be directed in the future.



First, we need a new benchmark (Figure 2). For any meaningful discussion of yield gaps between organic and conventional farming to take place, it needs to be clear where the upper boundary lies without violating the values of organic farming. It is clear that there are limits that we cannot exceed if the other goals of organic agriculture are to be pursued. However, the threshold of an ecologically sustainable yield may differ depending on the respective agroecosystem, contemporary technological capabilities, and the presiding social values. For instance, in a highly sensitive agroecosystem, a sustainable balance of the tradeoffs between crop yield and ecological impacts will presumably result in lower yields than in an agroecosystem with high environmental buffering capacity, where crop production may be managed more intensively without excessive negative ecological impacts. Alternatively, if society places a higher value on clean groundwater, for example, maximizing yields becomes less important than minimizing soluble nitrate emissions and the yield benchmark may be lowered. Currently, societal values allow for production to exceed the ecologically sustainable limits in the quest to maximize yields. However, those high yields must not be mistaken for an appropriate benchmark for yield comparisons of conventional and organic farming, as the latter system already integrates societal values, such as contributing to biological diversity and minimizing the use of non-renewable resources.



New ecologically sustainable benchmarks are not a fixed target, and as such they cannot be defined by an absolute value, but rather they must be established through consensus over the balance of tradeoffs that are considered to be acceptable by the respective society. Debate over this approach and the alternative paradigms has begun, for example, with the concept of ecological intensification, in which ecosystem services partially replace reliance on anthropogenic inputs as a source of crop productivity [69]. Recent metrics that were developed for sustainable intensification are particularly useful when they go beyond the original efficiency-focused framework and emphasize various aspects of sustainability. Other useful frameworks include measuring environmental impacts on a yield-scaled basis [70] and assorted “eco-efficiency metrics” [71] that integrate multiple criteria that are related to sustainability and productivity [72,73]. However, the strengthening of this debate must continue. Where is the acceptable upper limit, or phrased alternatively, how large of a potential yield gap are we willing to accept in order to avoid the negative environmental tradeoffs that are associated with high conventional yields?



Second, we need to set new priorities for developing agriculture to focus on raising the lowest yields rather than the higher ones, especially in organic systems. Best-practices organic agriculture is already highly refined. Seufert et al. [3] found that the yield gap is lower when the comparison is between the organic and conventional systems that both use the best respective management practices. Ponisio et al. [4] likewise found that multi-cropping and crop rotation in organic systems reduced the yield gap to 9% and 8%, respectively, as compared to 14% when the organic systems did not use these best-practice techniques. In organic systems that use best-practice methods, yields might already approach the current ecologically sustainable maximum. Rather than investing resources here, where they would bring only incremental gains, the organic branch should prioritize cases in which the yield gap is largest, which is an example of sustainable intensification [74]. Technologies developed and adopted in organic farming systems are already highly attractive in developing countries: they require little capital investment or technological know-how, conserve resources, such as soil and groundwater where they are especially vulnerable, and reduce risks as compared to less-diverse systems [33] (Figure 3). The transfer of best-practice knowledge can help to raise yields under these conditions and in underperforming organic systems in developed countries as well.



To do this, we must make a third change: redirecting the agricultural research focus from maximizing yield due to transformation of inputs towards maximizing yield due to the transformation of natural resources. Breeding for rhizosphere traits can play an important role here [75]. Root system architecture and interactions with beneficial rhizosphere microorganisms strongly influence nutrient uptake, and the breeding for these traits can create cultivars that are able to make full use of inherent soil fertility [76]. Breeding for high nutrient use efficiency, encompassing utilization efficiency as well as acquisition efficiency and translocation efficiency, can help in transforming a greater proportion of this natural fertility into yield, especially if agroecosystem-specific characteristics are taken into account [77]. At present, today’s conventional breeding is often focused on developing cultivars that transform synthetic inputs into yield under intensive management practices. Hildermann et al. [21] showed that conventionally bred wheat cultivars out-yielded organically bred cultivars under conventional management, but that there was no yield difference under organic conditions. Organic plant breeding can present an attractive alternative to the conventional model by developing cultivars that are suited to low-input conditions for use in developing countries, and developing cultivars that maximize rhizosphere interactions that transform the natural capital of the soil into yield should be a focus for conventional and organic systems alike.



The Green Revolution worked best where industrial techniques could be implemented, such as in parts of India and China, but it was less successful in parts of the African continent where these methods were impractical [33]. Pretty and Hine [78] point out that expanding sustainable agriculture in areas with low food security will do more to combat world hunger than in attempting to increase total food supply through industrialization of agriculture. Organic methods can thus substantially contribute to feeding the world, as they can increase yields where those increases lead to food security and self-sufficiency for the farmers and local communities. As organic agriculture seeks to set its research priorities for the future, however, the focus should also be on raising below-average yields in developed countries, by addressing the factors that most limit yields. Nitrogen availability in cereals and tubers, weeds in grain legumes, and insect pests in oilseed rape are a few examples of research needs that will help in substantially increasing organic yields. By establishing appropriate benchmarks, re-prioritizing research needs, and focusing on transforming natural resources rather than inputs, organic systems can raise yields and thus play an ever-greater role in global sustainable agriculture and food production in the future.
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Figure 1. Simplified model to describe a cropping system as a process of transformation. 






Figure 1. Simplified model to describe a cropping system as a process of transformation.



[image: Agronomy 09 00082 g001]







[image: Agronomy 09 00082 g002 550]





Figure 2. The true yield gap between organic and intensive conventional management shrinks when an ecologically sustainable threshold is set as benchmark. 
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Figure 3. The gap between conventional and organic yield may go into reverse under less favorable conditions. 
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Table 1. Yield gaps by category and crop. Yield gaps (representing all plots and years of the respective study) vary by category of crop under consideration. * denotes a meta-analysis.
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Study

	
Category

	
Crop

	
Yield Gap






	
All/major




	
[2]

	
All

	
All

	
−10 to −15% *




	
[3]

	
All

	
All

	
−25% *




	
[1]

	
All

	
All

	
−9% *




	
[4]

	
All

	
All (global)

	
−19% *




	
[5]

	
All

	
All

	
−20% *




	
[6]

	
All

	
All (developed countries)

	
−9% *




	
[7]

	
Major crops

	
Potato, peas, leek, barley, sugar beet, maize (Netherlands)

	
−13%




	
Cereals




	
[8]

	
Cereals

	
Barley, oats, wheat

	
−30%




	
[9]

	
Cereals

	
Barley, oats, wheat

	
−35%




	
[10]

	
Cereals

	
Buckwheat

	
NS




	
[11]

	
Cereals

	
Cereals

	
−54%




	
[12]

	
Cereals

	
Cereals

	
−25%




	
[3]

	
Cereals

	
Cereals

	
−26%*




	
[6]

	
Cereals

	
Cereals (developed countries)

	
−7% *




	
[5]

	
Cereals

	
Cereals (global average)

	
−21% *




	
[13]

	
Cereals

	
Corn

	
−24 to −41%




	
[14]

	
Cereals

	
Corn

	
−0%




	
[15]

	
Cereals

	
Corn

	
NS




	
[16]

	
Cereals

	
Corn

	
−13 to −33%




	
[17]

	
Cereals

	
Corn (legume rotation)

	
−62%




	
[17]

	
Cereals

	
Corn (manure-fertilized)

	
+37%




	
[16]

	
Cereals

	
Sorghum

	
−16 to −27%




	
[13]

	
Cereals

	
Wheat

	
NS




	
[18]

	
Cereals

	
Wheat

	
−17 to −84%




	
[16]

	
Cereals

	
Wheat

	
−10 to +10%




	
[19]

	
Cereals

	
Winter wheat

	
−42%




	
[20]

	
Cereals

	
Winter wheat

	
−39%




	
[21]

	
Cereals

	
Winter wheat

	
−38%




	
[22]

	
Cereals

	
Winter wheat

	
−10%




	
[23]

	
Cereals

	
Winter wheat

	
−14%




	
[24]

	
Cereals

	
Winter wheat

	
−36%




	
[25]

	
Cereals, Legumes

	
Corn, soybean, wheat

	
−10%




	
Fruits




	
[3]

	
Fruits

	
Fruits

	
NS *




	
[6]

	
Fruits

	
Fruits (developed countries)

	
−4% *




	
[5]

	
Fruits

	
Fruits (global average)

	
−28% *




	
Legumes




	
[3]

	
Legumes

	
Legumes

	
NS *




	
[6]

	
Legumes

	
Legumes (developed countries)

	
−18% *




	
[5]

	
Legumes

	
Legumes (global average)

	
−12% *




	
[13]

	
Legumes

	
Soybean

	
−19%




	
[16]

	
Legumes

	
Soybean

	
−17%




	
[2]

	
Legumes

	
Soybean (legume rotation)

	
+96%




	
[2]

	
Legumes

	
Soybean (manure-fertilized)

	
+52%




	
Oil crops




	
[3]

	
Oil crops

	
Oil crops

	
NS *




	
[6]

	
Oil crops

	
Oil crops (developed countries)

	
−1% *




	
[5]

	
Oil crops

	
Oil crops (global average)

	
−26% *




	
Tubers




	
[9]

	
Tubers

	
Potato

	
−15%




	
[22]

	
Tubers

	
Potato

	
−36 to −42%




	
[6]

	
Tubers

	
Starchy roots (developed countries)

	
−11% *




	
[5]

	
Tubers

	
Roots/tubers (global average)

	
−26%*




	
Vegetables




	
[26]

	
Vegetables

	
Sweet corn, tomato

	
NS




	
[27]

	
Vegetables

	
Tomato

	
−4 to −9%




	
[15]

	
Vegetables

	
Tomato

	
NS




	
[3]

	
Vegetables

	
Vegetables

	
−33% *




	
[6]

	
Vegetables

	
Vegetables (developed countries)

	
−12% *




	
[5]

	
Vegetables

	
Vegetables (global average)

	
−20% *
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