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Abstract

Yields of organic agriculture have been the center of many debates about the advantages or disadvantages of organic management.
Recently, evidence has been accumulating that yields under organic management are, on average, 19%-25% lower than under
conventional management. But there remain many open questions, including (1) the factors contributing to low or high yield
gaps between organic and conventional agriculture, (2) whether yields on organic farming system trials can be replicated on farmers’
fields, (3) the impact of organic management on yield stability, and (3) the comparative yields of organic agriculture at the cropping
system level. This chapter provides an overview of the existing evidence on each of these points, while also highlighting important
knowledge gaps. In addition, this chapter highlights that - given the limited attention from agricultural research and extension that
organic agriculture has received to date - there is ample room to address yield-limiting factors in organic systems and to improve
organic yields.

Introduction

In many countries organic agriculture represents one of the fastest growing sectors of the food industry (Willer and Lernoud, 2017),
driven by a growing consumer demand for organic food (Seufert et al., 2017). Consumers buy organic food not only for reasons of
personal health and taste, as well as animal rights, but also because they believe organic farming to be more sustainable and better
for the planet (Yiridoe et al., 2005; Hughner et al., 2007). But some critics argue that organic agriculture may actually not be more
sustainable than conventional agriculture, and that it would not be viable if practiced at larger scales (Trewavas, 2001; Connor,
2008, 2013; Kirchmann et al., 2008; Connor and Minguez, 2012; McGuire, 2017). Many of the criticism of organic agriculture
center around its lower productivity (Connor, 2008; Kirchmann et al., 2008). Because organic regulations do not allow the use
of chemical fertilizers, chemical pesticides and herbicides, yields under organic management are typically lower than under inten-
sive conventional agriculture (de Ponti et al., 2012; Seufert et al., 2012; Ponisio et al., 2015). But advocates of organic agriculture, on
the other hand, argue either that the jury on comparative organic yields in developing countries is still out (Badgley and Perfecto,
2007; Badgley et al., 2007; Chappell et al., 2009), or that yields are not the right metric to assess farming systems by (Loos et al.,
2014; Garibaldi et al., 2017). The yields of organic agriculture are thus at the center of the debate about the pros and cons of organic
agriculture. In the following I will briefly portray this debate, followed by a review of the evidence on organic crop yields and other
measures of productivity, as well as a review of factors limiting organic crop productivity, concluding with some thoughts on the
future development of organic yields.

Do Yields Matter?

Crop (and animal) production is the primary reason for which humans manage agroecosystems. Many studies point to the need to
greatly increase food production into the future due to a growing human population and shifts to more meat-intensive diets (Kear-
ney, 2010; Tilman et al., 2011; Alexandratos and Bruinsma, 2012). But the need for (and magnitude of) required increases in food
production is still debated due to the inefficiencies and inequities in the current system (Smith, 2013; Loos et al., 2014). People on
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the one side of the debate argue that we need to close yield gaps and increase crop production on current agricultural land, to
avoid further cropland area expansion and deforestation while providing sufficient food for everyone (Foley et al., 2011; Tilman
et al., 2011; Van Ittersum et al., 2013). One the other side of the debate, people argue that we are already producing sufficient
food for everyone and that malnutrition and hunger is not caused by a lack of food availability but by problems of distribution
and food access (Chappell and LaValle, 2011; Holt-Giménez et al., 2012; Loos et al., 2014), and that if we adopted less meat-
intensive diets and reduced food waste, projected increases in food production would not need to happen (Cassidy et al.,
2013).

Both sides of this debate have valid arguments, and these arguments do not necessarily exclude each other - we do have enough
food for everyone, and we could feed many more people without requiring further increases in food production if we distributed
this food more equitably and consumed it more efficiently. But given that we do not live in a perfect world, it is very likely that we
will need to increase food production to avoid food shortages in regions with high population growth and to meet growing meat
demand. But even independently from this debate about whether we need more food to feed people in the future or not, yields do
still matter. Yields do matter not only for farmers, whose incomes directly depend on how much they produce, and who often cite
productivity as one of the most important factors guiding their decision-making (Wandel and Smithers, 2000; Schneeberger et al.,
2002; Best, 2009) but yields also matter for the sustainability of the food system. Even if we did not have to increase food produc-
tion, higher yields could still be beneficial for the environment, as we could take land out of production and restore natural ecosys-
tems, which typically are better at delivering ecosystem services than agricultural systems (Foley et al., 2005). The land sharing-land
sparing framework has highlighted the important point that productivity of agricultural land matters for the conservation of biodi-
versity, as it influences the amount of land required to produce a certain food production target, and thus the area that can be
‘spared’ for conservation purposes (Green et al., 2005). Similarly, the productivity of a farming system matters for other environ-
mental impacts as well - be it for water quality or greenhouse gas emissions. In fact, yields (and per unit output measures of envi-
ronmental impacts) matter for all those environmental variables that have trade-offs with yields or that perform better in natural
ecosystems (Seufert and Ramankutty, 2017). As an example - let’s assume that a low-input farming systems has, on average, lower
nitrate leaching to waterways than intensive conventional agriculture. But if this low-input system also has lower yields, nitrate
leaching per unit product might be higher under low-input than under conventional management. It might thus be more beneficial
for water quality to farm a smaller area of land with intensive high-yielding conventional methods, while setting aside some land for
water protection (land sparing), than it would be to farm the entire area with extensive low-input methods that have lower nitrate
leaching, but also lower productivity (land sharing).

While yields should never be seen in isolation - as they often have been in the past, when efforts to improve farming systems
were often focused solely on yields (e.g. through crop breeding or herbicide development) - yields are still an essential component
of the assessment of the social and environmental sustainability of a farming system.

How to Measure Yields

Most assessments of the productivity of agricultural systems focus on efficiency of production (i.e. how much can be produced per
unit area of land in a single year) but ignore the resilience of production (i.e. can the same production be achieved over longer time
frames). The resilience of food production and stability of yields matters not only for farmer livelihoods (Scott, 1977) but also for
food production under a changing climate (Ray et al., 2015). In addition to average yields, yield stability is thus also an important
variable to consider.

Another issue when assessing agricultural productivity solely in terms of production of a single crop per unit area is that it often
does not do justice to systems with more diverse crop rotations or multi-cropping patterns, where different crops (or animals) are
grown within the same season, same year, or between years in the same piece of land. In addition, production per unit area also does
not consider the end use of the crops produced, and whether, for example, crop production is used for biofuels or animal feed
(Cassidy et al., 2013), or for nitrogen fixation (Connor, 2013). A more holistic assessment of agricultural productivity would there-
fore examine the food calorie (or energy) output per unit area time.

Evidence on Organic Yields
Crop Yields

Average Organic-Conventional Yield Gap
Until rather recently, claims about the difference between organic and conventional yields ranged widely, for example from —50%
(Trewavas, 2001; Kirchmann et al., 2008) to +32% (Badgley et al., 2007). But recently, several large-scale studies have synthesized
the scientific knowledge, as well as empirical data on the average organic-conventional yield difference and came to rather similar
conclusions (Figs. 1 and 2): In scientific studies conducted to date, yields under organic management are, on average, about 19%-
25% lower than yields under conventional management (de Ponti et al., 2012; Seufert et al., 2012; Tuomisto et al., 2012; Ponisio
et al., 2015). While an analysis of United States (US) census data has shown that on actual farms in the US the yield difference
appears to be similar - about —26% across all crops (Kniss, Savage and Jabbour, 2016a).

It is, however, important to point out that this average yield gap masks substantial variability (Fig. 2) and that organic yields in
individual experiments, or on individual farms, can be up to —100% lower than conventional yields but can also sometimes - i.e. in
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Figure 1 Average yield difference (%) between organic and conventional agriculture, as observed by five large-scale studies (de Ponti et al., 2012;
Seufert et al., 2012; Tuomisto et al., 2012; Ponisio et al., 2015; Kniss, Savage and Jabbour, 2016a). Studies are arranged according to their level of
reliability and validity — ranging from the Kniss et al. (2016a) study, which is a summary of agricultural census data that, by nature of its design, is
poorly controlled and not replicated, to the meta-analysis of Ponisio et al. (2015), which represents a systematic statistical summary of typically well-
controlled and replicated experimental data. Both Tuomisto et al. (2012) and de Ponti et al. (2012) represent systematic quantitative summaries of
the scientific literature but they do not perform a full meta-analysis (including e.g. weighting of effect sizes according to precision, or assessment of
between- and within-study variability) but they simply average values across studies and are thus rated as having lower reliability and validity. While
Seufert et al. (2012) is rated as having lower reliability and validity than Ponisio et al. (2015), as it does not control for study- and sampling depen-
dence and thus most likely underestimates the size of confidence intervals (Cls). The size of the dot shows the number of yield comparisons
included in each study; the pie charts on the left show the regional distribution of yield comparisons for each study. Error bars represent 95% Cls.
Note that for Kniss et al. (2016a) the average yield gap across all crops (and corresponding Cls) were re-calculated using their dataset and the
methods described in their paper (i.e. weighted least-squares intercept-only model on the natural logarithm of the crop yield ratio), given that the
average yield gap reported in their study appears to be incorrect (Kniss, Savage and Jabbour, 2016b). Data sources: Kniss - own calculations based
on data provided in S1 Data; Tuomisto — Table 2; de Ponti — Text, p. 4; Seufert — Text, p. 229; Ponisio — Text, p. 3.

22% of yields observations from Kniss et al. (2016a), 21% from Ponisio et al. (2015), 17% from Seufert et al. (2012) and 12% from
de Ponti et al. (2012) - be higher than under conventional management (Fig. 2).

While scientific consensus on the size of the average organic-conventional yield gap is thus emerging, it is important to consider
the geographical bias inherent in these studies. The data synthesized in meta-analyses is mostly from North America or Europe
(Fig. 1), while countries in Latin America or Asia, which have a lot of organic area or organic producers (Willer and Lernoud,
2017), are strongly underrepresented in scientific studies of organic yields (Seufert and Ramankutty, 2017). To date, not enough
well-controlled and well-designed studies comparing organic and conventional yields have been conducted in countries of the
Global South to be able to make robust conclusions on the size of the average yield difference between organically and convention-
ally managed farms in these contexts. Some evidence suggests that yields under organic management can either be higher or lower
than conventional systems, depending on whether the conventional systems are low-input or high-input systems (Lyngbaek et al.,
2001; Bettiol et al., 2004; Eyhorn et al., 2007; Jimenez et al., 2007; Valkila, 2009; Panneerselvam et al., 2011; Panneerselvam et al.,
2012; Forster et al., 2013; Riar et al., 2017). It has also to be kept in mind that organic agriculture in developing countries typically
represents an export-oriented farming system (as 96% of organic food is consumed in high-income countries, Willer and Lernoud,
2017), and research on organic crop yields has typically focused on cash crops like cotton (Eyhorn et al., 2007; Panneerselvam
et al.,, 2011; Panneerselvam et al., 2012; Forster et al., 2013; Riar et al., 2017), coffee (Lyngbaek et al., 2001; Valkila, 2009; Haggar
etal, 2011), cocoa (Jacobi et al., 2015; Schneider et al., 2017) or bananas (Jimenez et al., 2007).

Context-Dependency of the Organic-Conventional Yield Gap

While studies generally agree about the magnitude of the overall yield gap between organic and conventional agriculture, as well as
about the fact that this yield gap varies in different studies and different sites (Fig. 2), there is no scientific consensus to date on what
factors are responsible for this variability in the organic-conventional yield gap (Fig. 3; Table 1).

While Seufert et al. (2012), for example, observed a smaller yield gap under best management, higher nitrogen inputs, rainfed
conditions, for legumes and perennials, Ponisio et al. (2015) - using a more conservative estimation method - did not observe
these same effects (Table 1). Instead, Ponisio et al. (2015) observed that when crop diversification practices were used under organic
management but not under conventional management this resulted in lower yield gaps.
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Figure 2 Distribution of yield gap (log. Yieldsg/Yieldscony) across different studies, sites and experiments, as observed by four large-scale studies,
including Ponisio et al. (2015), panel (a), Seufert et al. (2012), panel (b), de Ponti et al. (2012), panel (¢) and Kniss et al. (2016a), panel (d). Dotted
line represents no difference.

Similarly, different meta-analyses and analyses of agricultural census data differ in their conclusions on the size of the yield gap
between organic and conventional management for different crop types (Fig. 3a) or crop species (Fig. 3b). But even though the
variability between different studies - particularly for some categories like vegetables and fruits - is high, there are still some patterns
that remain consistent: Cereals tend to have high yield gaps ranging from —21% to —53% (Fig. 3a), particularly wheat and barley
(Fig. 3b). Soybean, instead, shows a lower yield gap in all studies except the census data analysis from the US (Fig. 3b), and potato
has a very high yield gap of —30% to —60% across all studies.

The often inconsistent results on explanatory variables influencing the organic-conventional yield gap between different synthe-
sizing studies are probably caused by multiple factors: (1) Differences in statistical methods used. For example, while some results
between Seufert et al. (2012) and Ponisio et al. (2015) were qualitatively similar (e.g. for perennials/annuals, legumes/non-
legumes, irrigated/rainfed, soil pH or some crop types), Ponisio et al. (2015) concluded these were not statistically significant
due to more conservative statistical methods. These discrepancies could thus be addressed by increased sample sizes, as well as
by more consistent use of best meta-analysis practices (Philibert et al., 2012). (2) Low sample size. For example, Seufert et al.
(2012) included only 13 and de Ponti et al. (2012) only 25 observations on fruits. (3) Differences in crop species included in
the crop group comparisons. For example, Ponisio et al. (2015) included tomato in the ‘fruit’ category, while de Ponti et al.
(2012), Seufert et al. (2012) and Kniss et al. (2016a) included tomato in the ‘vegetable’ category. (4) Differences in the conven-
tional system organic yields are compared to. For example, Kniss et al. (2016a) observe much higher yield gaps for maize and
soybean than other studies (Fig. 3b), which could be due to yields under conventional agriculture for these crops in the US being
amongst the highest in the world (Licker et al., 2010). (5) Differences in management in the organic system. Numerous primary
studies have shown that organic crop yields depend on the type of management practices - e.g. tillage, fertilization, pest control,
crop rotation or crop varieties used (Brennan et al., 2009; Bedoussac and Justes, 2010; Miko et al., 2014; Chen et al., 2018). While
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Figure 3 Average yield difference (%) between organic and conventional agriculture for different crop types (panel a; i.e. cereals, vegetables, fruits
and tubers) and crop species (panel b; i.e. maize, wheat, soybean, barley, tomato and potato), as observed by six large-scale studies (de Ponti et al.,
2012; Seufert et al., 2012; Osterburg et al., 2013; Ponisio et al., 2015; Hossard et al., 2016; Kniss, Savage and Jabbour, 2016a; Briickler et al., 2017;
Lesur-Dumoulin et al., 2017). Most studies included in this comparison represent global quantitative reviews or meta-analyses of the scientific litera-
ture, but Kniss et al. (2016a) is a summary of census data from the US, while Briickler et al. (2017) and Osterburg et al. (2013) represent summaries
of farm surveys (the European farm accountancy data, FADN) for Austria and Germany, respectively. Note that Hossard et al. (2016) compares
organic systems to conventional low-input systems. The size of the dot shows the number of yield comparisons (i.e. nr. of experiments, nr. of farms
or nr. of US states) included in each study and crop group. Error bars represent 95% confidence intervals (CIs), where they were available or could
be calculated. Data sources: Briickler — Table 1; Hossard — Table 2; Kniss — own calculations based on data provided in S1 Data (for crop groups)
and Figs. 1 and 2 (for crop species); Lesur-Dumoulin — Fig. 3; Osterburg — Table A1-1; Ponisio — Fig. 1 (for crop groups) and Fig. S3 (for crop
species); Seufert — Fig. 1; de Ponti — Table 1.

some meta-analyses have attempted to examine the influence of some of these practices (Seufert et al., 2012; Ponisio et al., 2015),
they were not able to test some other potentially relevant management practices (e.g. pest control, weed control, crop residue or
tillage) due to insufficient information reported in primary studies or inconsistent categories. These meta-analyses might thus
not have been able to capture the actually important management practices or they might not have been able to analyze the complex
interactions between different practices due to small sample sizes. (6) Differences between sites with different agro-ecological
conditions. The same management practices applied in different locations can lead to very different yield outcomes (Posner
etal., 2008a; Doltra et al., 2010). Again, several meta-analyses tried to examine the influence of such site-specific factors (like climate
or soil conditions) on the organic-conventional yield gap, but came to differing conclusions (Seufert et al., 2012; Ponisio et al.,
2015; Lesur-Dumoulin et al., 2017). This might again be caused either by too small sample sizes, that do not allow the analysis
of multiple important factors simultaneously, or by not capturing the actually relevant variables.

There is also some suggestion that data from real-world farm surveys tend to show a higher yield gap than data from meta-
analyses (for which the majority of data comes from experimental trials), as seen, for example, for cereals and vegetables
(Fig. 3a), as well as for maize, tomato and potato (Fig. 3b). This suggests that farming system trials might not necessarily reflect
situations on real world farms, and that commercial organic farmers might have lower yields, or that commercial conventional
farmers might have higher yields than on plots in experimental trials managed by scientists. A recent study comparing small-
plot experiments with larger-scale field experiments supports the former hypothesis, as it showed that field-scale experiments on
commercial fields could not replicate the higher organic yields from small experimental plots, due to the difficulty of applying
organic management practices (like mechanical weed control) at larger scales (Kravchenko et al., 2017).

In summary, more scientific evidence needs to be collected to allow generalizable conclusions on factors influencing the size of
the organic-conventional yield gap. The challenge here is to isolate important variables amongst a whole range of potential drivers
that are often correlated and/or interact with each other. In addition, data from experimental trials should be complemented by
census data or farm surveys to examine whether patterns observed in scientific studies are transferrable to real-world farms.

Yield-Limiting Factors

Nutrient Availability

Nitrogen (N) availability is often reported as one of the most important yield-limiting factors in organic systems (Scow et al.,
1994; Cavero et al., 1996; Clark et al., 1999a,b; Fortune et al., 2006; Olesen et al., 2007; Forster et al., 2013; Palmer et al.,
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Table 1 Variables influencing the organic-conventional yield gap according to different meta-analyses (i.e. de Ponti et al., 2012; Seufert et al., 2012;

Ponisio et al., 2015; Lesur-Dumoulin et al., 2017) and large-scale census data analyses (Kniss et al., 2016a)

Variable Category Seufert Ponisio Lesur-D de Ponti Kniss

Plant types

Plant type legumes ¢ =5 = / ¢
non-legumes - =5 =5 / 7
perennials N e 2 e 2 / N
annuals > 4 e 4 - / 7

Management practices

N input amount higher org N inputs ¢ ¢ / / /
similar N inputs - @ / / /
higher conv N inputs - ¢ / / /

BMP BMP used ¢ =5 / / /

Irrigation rainfed N -5 / / /

Crop rotation longer organic rotation - ¢ / / /

/ similar rotation e 2 - / / /
no rotation \” -5 / / /

Multicropping organic polyculture - ¢ / / /
both monoculture L 2 - / / /
both polyculture - =5 / / /

Study site characteristics

Study type experimental stations - =5 / ¢ /

Time conversion >3 years N -5 / / /

Soil pH neutral soils ¢ ¢ / / /
strong acidic or alkaline ,b ¢ / / /

Region developing ¢ = / =5 /
Asia ¢ / / ¢ /
Europe ¢ / / ¢ /

Arrows indicate direction of effect relative to average yield gap (e.g. yield gap for fruits is found to be lower than average yield gap in Seufert et al.). A green arrow indicates a better
and an orange arrow a worse performance than the average yield gap, while a blue arrow indicates that the category was not different from the mean effect, or that the variable was
found to be not significant. A slash indicates that this category was not assessed. BMP = best management practices.

2013). Nitrogen can either be limiting due to lower N application in organic systems (Clark et al., 1999b), and/or due to lower
availability of applied organic N (Scow et al., 1994; Nguyen et al., 1995; Cavero et al., 1996; Palmer et al., 2013). Only a very
small portion of the N in organic nutrient inputs like animal manure or crop residues is directly available to crops as mineral
N. Most of the N in organic input is in organic form and thus dependent on microbial mineralization to be available for crop
growth. Given the dependence of N mineralization on the microbial community, as well as on climate and soil properties, release
of N from organic matter is often slow and there is often a time lag between the time when crop nutrient demand is highest, and
the time when crop N availability is highest (Pang and Letey, 2000; Berry et al., 2002). Given that the majority of organic farms
show an N surplus in farm nutrient budgets (Watson et al., 2002), N limitation of organic crops is in most cases most likely due to
asynchrony between crop N demand and crop N availability rather than due to insufficient N inputs (Pang and Letey, 2000; Berry
et al., 2002). Some of this asynchrony can be addressed, for example, by increasing N inputs in earlier years to build up the
organic pool, and reducing it in subsequent years (Pang and Letey, 2000), by combining slow-release organic inputs like
composts or animal manures with high N amendments like fishmeal, blood meal or guano that have higher N availability, or
by breeding crop varieties that, for example, have a longer growing period, are better at exploiting limited soil nutrient resources
or have improved photosynthetic N use efficiency (Dawson et al., 2008). It is important to point out, though, that at least a part
of the N limitation of organic yields can probably still be attributed to overall low N inputs, given, for example, that in 45% of the
yield comparisons in the meta-analysis by Ponisio et al. (2015) the organic system received lower N inputs than the conventional
system.

Due to an often strong focus on N as a limiting nutrient, organic farms often show imbalances of other nutrients like phosphorus
(P), potassium (K) and sulfur (S), resulting both in surpluses as well as deficits of these nutrients at the farm scale (Oehl et al., 2002;
Watson et al., 2002; Zikeli et al., 2017). For P, the use of animal manures and composts as N source typically results in P surpluses
due to their low N:P ratios, while the use of green manures can result in P deficits (Nelson and Janke, 2007). But P deficits in the
farm budget do not necessarily lead to P limitations of yields in the short-term, given the often high soil reserves of P in temperate
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regions (Oehl et al., 2002; Torstensson et al., 2006; Welsh et al., 2009). It has also been shown that P inputs through organic matter
can result in equivalent or even higher P availability than conventional management, as it stimulates soil microbial activity and thus
results in higher release of P from soil organic matter (Bhat et al., 2017). A few studies do, however, also show limitations of organic
yields by P availability, for example in organic systems with limited use of organic matter inputs in regions with low soil P concen-
trations like southern Australia (Ryan et al., 2004; Evans et al., 2006), or for high-yielding systems that include crops with high P
requirements (Welsh et al., 2009). Similarly, while K budgets on organic farms are sometimes negative (Watson et al., 2002), K only
rarely becomes limiting to organic yields, for example on sandy soils with high K leaching rates (Askegaard and Eriksen, 2006;
Torstensson et al., 2006).

Overall, N availability still seems to be the primarily limiting nutrient on organic farms. But other nutrients should not be
forgotten, especially on farms with negative nutrient budgets that will deplete soil nutrient resources in the long-term.

Weed Control

Weed infestation is often reported as another important (Clark et al., 1999b; Ryan et al., 2004) or even the most important contrib-
utor (Penfold et al., 1995; Cavigelli et al., 2008; Posner, Baldock and Hedtcke, 2008b; Delmotte et al., 2011; Schipanski et al., 2014;
Teasdale and Cavigelli, 2017) to the organic-conventional yield gap. Meta-analyses of biodiversity in organic versus conventional
farms also confirm that plants are the organism group that benefits most from organic farming in arable fields (Tuck et al., 2014)
and that densities of weeds are considerably higher in organic compared to conventional agriculture (Bengtsson et al., 2005). But
some studies have also shown that nutrient availability might still often be the primarily limiting factor in organic systems, despite
higher weed densities under organic management (Benaragama et al., 2016a,b).

High weed pressure can sometimes be addressed through mechanical weed control and tillage (Stonehouse et al., 1996; Schi-
panski et al., 2014), but cultural and preventative practices, like crop rotations, cover crops, crop choice and managed plant diver-
sity, are essential for sustainable weed management to manage the soil seed bank (Bond and Grundy, 2001; Barberi, 2002). It is also
important to point out that weeds can have both a positive and a negative role in agroecological systems. While weed competition
for nutrient resources can reduce growth of the main crop and weeds can sometimes provide habitat for crop pests, more abundant
and diverse weed communities can also contribute to pest control or pollination (Altieri and Letourneau, 1982; Marshall et al.,
2003; Capinera, 2005). Higher weed densities do thus not only have negative impacts on yields.

Pest Control

Pest outbreaks (including arthropod and nematode pests, as well as pathogens) are also important yield-limiting factors in some
organic systems (Ostman et al., 2003), particularly for crops that experience pests for which no adequate organic pest control
methods have been developed (e.g. the lack of appropriate fungicides for potato blight, Finckh et al., 2006; Torstensson et al.,
2006; Musyoka et al., 2017; Schrama et al., 2018). Meta-analyses have shown that biological pest control and natural enemy abun-
dances are enhanced on organic compared to conventional farms (Crowder et al., 2010; Garratt et al., 2011). But organic pest
management practices still seem to be less efficient than conventional pesticides, as pest populations appear to be, on average,
higher under organic management, but with high variability (Garratt et al., 2011). But there are also many studies that show similar
or lower pest pressures on organic compared to conventional farms (Drinkwater et al., 1995; Phelan et al., 1995; Clark et al., 1998;
Gosme et al., 2012; Shrestha et al., 2014; Aviron et al., 2016).

Many studies do, however, suggest pests to only be of secondary importance for organic yields and that nutrient availability or
weed abundance are more limiting (Clark et al., 1998; Finckh et al., 2006; Méller et al., 2007; Bouws and Finckh, 2008; Palmer et al.,
2013). A review on pest control under organic management has concluded that diseases are generally considered to be more
limiting to crop yields than arthropod pests (Zehnder et al., 2007), while a review on disease management under organic agriculture
concluded that nutrient availability or weeds might typically be more limiting to organic yields than diseases (van Bruggen and
Finckh, 2016). Overall, it thus seems that while pests do contribute to yield reductions on organic fields, other yield-limiting factors
are often more important.

Critiques of organic agriculture argue that pests would further limit organic yields if organic was to be scaled up, as
organic farms currently benefit from pest suppression of surrounding conventional farms (Avery, 2001). A modelling study
supported this hypothesis, but was based on the assumption that organic farms do not carry out any pest control (Adl et al.,
2011). But in fact, organic management allows many forms of pest control, including the use of some pesticides (Zehnder
et al.,, 2007) and pest pressures can sometimes be similar or even lower on organic farms (see discussion above). A
landscape-scale study in France even suggests that an increased density of organic farms reduces pest pressure on both organic
and conventional fields (Gosme et al., 2012), while a meta-analysis on pest populations in organic agriculture has observed
that studies carried out at the farm-scale show reduced pest pressure on organic fields compared to field-scale studies (Garratt
et al, 2011).

Cultivar Choice

Some estimates suggest that up to 95% of cultivars used in organic management were bred for conventional systems (van
Bueren et al., 2011). But conventional cultivars were typically bred under high-input conditions, and aimed at maximizing
the use of high N resources under generally non-limiting environmental conditions (Dawson et al., 2008; van Bueren et al.,
2011). Conventional cultivars are thus typically not well-adapted to low-input or organic systems. An analysis of the perfor-
mance of wheat varieties of different release dates showed, for example, that older cultivars performed relatively better under
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organic management than more modern cultivars (Jones et al., 2010). This suggests that modern breeding results in varieties
that are not well-adapted to organic systems, as they have improved ability of utilizing mineral N resources, but are less good at
utilizing soil N resources (Foulkes et al., 1998). While comparisons of organic and conventional wheat varieties have shown
that varieties bred under organic management performed substantially better under organic agriculture (Murphy et al., 2007;
Miké et al., 2014).

It is difficult to quantify the impact of cultivar choice on the yield gap between organic and conventional farming systems. Long-
term farming system comparisons typically use modern conventional crop cultivars and do not include cultivar choice in an analysis
of yield-limiting factors. But it is quite likely that the yield potential in organic systems is limited substantially by the lack of targeted
breeding programs for organic cropping systems (Murphy et al., 2007; Dawson et al., 2008; Wolfe et al., 2008; van Bueren et al.,
2011).

Water Limitation

While conventional yields are often limited by water availability, as they receive sufficient nutrient inputs, pest and weed control in
high-input systems (Kravchenko et al., 2005; Teasdale and Cavigelli, 2017), organic yields are typically limited by other factors than
water, and thus do not respond as much to additional irrigation or precipitation (Kravchenko et al., 2017).

Yield Stability

Evidence on the average organic yield gap has grown substantially in recent years, but there are still very few analyses of organic
versus conventional temporal yield variability or stability (Seufert and Ramankutty, 2017). A recent meta-analysis examined
temporal yield stability in horticultural crops, and found no difference between organic and conventional management (Lesur-
Dumoulin et al., 2017). A (non-exhaustive) overview of studies that have quantified yield stability in organic versus conventional
systems shows that yield stability typically does not differ, or is lower under organic management (Table 2). There are only few
studies that report higher yield stability for some organic crops like maize and spelt (Smith and Gross, 2006; Briickler et al.,
2017; Schrama et al., 2018). Even fewer studies have examined spatial variability within organic versus conventional fields, but
the ones who did, found that organically managed fields showed higher spatial variability than conventional ones, due to higher
variability in N and water availability within fields (Kravchenko et al., 2005).

An important shortcoming of most of the studies that have examined yield stability is that they use potentially problematic
measures for yield stability. The only meta-analysis that has quantified yield variability to date (Lesur-Dumoulin et al., 2017),
concluded that temporal yield stability between organic and conventional management did not differ in horticultural crops, based
on an analysis of standard deviation (SD) and variance. But given that according to the Taylor-Power Law (TPL) the mean is linearly
correlated with variance or SD and given that yields often follow the TPL (Doring et al., 2015), this lack of difference between vari-
ances of organic and conventional yields, might mean that organic crops - which have lower mean yields - have still higher vari-
ability (and thus lower stability) relative to their means. Other studies use the Coefficient of Variation (CV) to quantify yield
variability (Table 2). And while the CV is a better measure than SD or variance, it can still be misleading, as it often changes
non-linearly with mean yields and is typically smaller at high yield levels and thus overcompensates the scaling of the mean (Doring
et al., 2015). As a consequence, the stability of high conventional yields might be over-estimated when using the CV.

While some evidence suggests that organic yields are — on average - less stable than conventional yields, the final verdict on this
question is still out. More studies are needed that systematically compare temporal and spatial yield variability in organic versus
conventional systems using more appropriate measures of yield stability.

Cropping System Yields

There are two arguments that support the need for examining cropping system yields at farm or even larger regional and global
scales when comparing organic and conventional agriculture - one favoring the productivity of organic agriculture, the other dis-
favoring organic agriculture: On the one hand, organic farming systems often rely on principles of cropping system diversification
and thus often include a larger variety of different crop or food outputs, which might reduce productivity of a single crop species, but
can lead to overall higher cropping system yields (Davis et al., 2012; Schneider et al., 2017). On the other hand, organic farming
systems often depend on leguminous crops to fix N, and thus often have longer crop rotation time shares with leguminous crops
that do not directly contribute to food production (Barbieri et al., 2017), or they include longer fallow periods or break crops to
reduce pest or weed pressure and restore soil fertility (Robson et al., 2002). In addition, organic systems currently often rely on
nutrient inputs from conventional systems (Nowak et al.,, 2013), and it is thus important to consider the additional land area
required for N fixation if organic agriculture was to be scaled up (Connor, 2008, 2013; de Ponti et al., 2012). While the inclusion
of multiple types of crops could thus increase organic cropping system productivity per unit area time, the inclusion of non-food
crops in the rotation for N fixation or other purposes could decrease organic cropping system productivity per unit area time relative
to conventional agriculture.

To date, almost no studies have examined the question of the productivity of organic versus conventional systems at the
cropping system level. Regarding the productivity of multicropping systems like agroforestry, Schneider et al. (2017) has shown
that yields of individual agroforestry crops, like cocoa, are lower under organic management, but that total system yields in these
systems (including e.g. the production of plantain, banana, diverse fruits and tubers) is equivalent or even higher than under
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Table 2 Overview of studies that quantified temporal yield variability in organic versus conventional farming systems, showing whether the study
concluded higher yield stability (green arrow), lower yield stability (orange arrow) or similar yield stability (blue arrow) between organic and
conventional yields, as well as the type of yield stability measure used (CV is coefficient of variation; SD is standard deviation or variance)

Study location Crop Stability Measure Study type
Schrama et al. (2018) Netherlands barley e 2 cv experiment
Briickler et al. (2017)? Austria barley @ cv farm survey
Schrama et al. (2018) Netherlands maize @ cv experiment
Smith and Gross (2006) Michigan, US maize ¢ cv experiment
Smith et al. (2007) Michigan, US maize =5 cv experiment
Clark et al. (1999a,b) California, US maize @ cv experiment
Posner et al. (2005) Wisconsin, US maize e 2 SD; CV experiment
Briickler et al. (2017)? Austria maize ¢ cv farm survey
Smith et al. (2007) Michigan, US wheat @ cv experiment
Jones et al. (2010) UK wheat = variance component analysis experiment
Posner et al. (2005) Wisconsin, US wheat = SD; CV experiment
Briickler et al. (2017)% Austria wheat ¢ Ccv farm survey
Briickler et al. (2017)? Austria spelt ¢ cv farm survey
Briickler et al. (2017)? Austria triticale ¢ cv farm survey
Briickler et al. (2017)? Austria rye ¢ cv farm survey
Briickler et al. (2017)? Austria oat ¢ cv farm survey
Delmotte et al. (2011) France rice ¢ regression tree analysis farm survey
Smith et al. (2007) Michigan, US soybean ¢ cv experiment
Posner et al. (2005) Wisconsin, US soybean - SD; CV experiment
Briickler et al. (2017)? Austria soybean ¢ cv farm survey
Clark et al. (1999a,b) California, US common bean = cv experiment
Briickler et al. (2017)° Austria faba beans N7 cv farm survey
Briickler et al. (2017)? Austria field peas ¢ cv farm survey
Schrama et al. (2018) Netherlands peas = cv experiment
Schrama et al. (2018) Netherlands potato - cv experiment
Briickler et al. (2017)? Austria potato = Cv farm survey
Posner et al. (2005) Wisconsin, US alfalfa @ SD; CV experiment
Clark et al. (1999a,b) California, US safflower - cv experiment
Lesur-Dumoulin et al. (2017) global horticulture =5 SD meta-analysis
Schrama et al. (2018) Netherlands leek - cv experiment
Briickler et al. (2017)? Austria pumpkin = cv farm survey
Clark et al. (1999a,b) California, US tomato - cv experiment

#Brickler et al. (2017) did not assess temporal yield variability in a single farm/field, but quantified yield variability across farms and years across administrative units.

conventional monoculture. But few other studies have compared long-term cropping system yields across crop species and
across entire crop rotations between organic and conventional systems (Seufert and Ramankutty, 2017). Regarding the addi-
tional need for N-fixation in organic crop rotations, Badgley et al. (2007) provided an estimate of the additional N-fixing
capacity through leguminous cover crops on existing agricultural land and concluded that leguminous cover crops (which would
not require additional land area as they are grown between two cash crops) could fix enough N to replace synthetic fertilizers.
But their estimate was criticized as a gross over-estimate as it did not account for already existing cover crops nor for climatic
limitations to cover crop cultivation (Connor, 2008). Muller et al. (2017) estimated global crop production under a scenario of
full conversion to organic agriculture, while accounting for questions of N availability, and concluded that - without accounting
for the impact of climate change on crop yields - a fully organic world would require 33% more land area to grow the same
amount of food but this would still result in an N deficit of 3 kg/ha. It is, however, important to note that the study by Muller
et al. (2017) did not provide a full estimate of all potential N sources for organic management, as it only included additional N
inputs from additional biological N fixation in organic crop rotations in a very simplified manner, but it did not account for
potential N inputs from additional leguminous cover crops, additional use of animal manure or food waste and composts.
This study thus also did not fully answer the question of N availability for large-scale organic management and we thus do
not yet know how much additional land area would be required to provide adequate N inputs for organic management at
the cropping system level.
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Future Development of Organic Yields

While organic yields on individual farms often increase with time due to improvements in soil fertility and farmer knowledge
(Martini et al., 2004; Schrama et al., 2018), some evidence suggests that the organic-conventional yield gap has grown over
time, as conventional yields increased faster than organic yields in the last 20-40 years (Kirchmann et al., 2008; Mayer and Mader,
2016). This increase in the organic yield gap over time observed in long-term farming system trials (i.e. in three Swedish long-term
experiments, Kirchmann et al., 2008; as well as the DOK trial in Switzerland, the WICTS in Wisconsin, US and the LTRAS trial in
California, US, Mayer and Mider, 2016) suggests that conventional agriculture benefitted more from agricultural research and
extension than organic agriculture and that even researchers on experimental farms were not able to address yield-limiting problems
under organic management as well as they did under conventional management. This would not be surprising, given that organic
agriculture has to date only received a small fraction of the research investment received by conventional agriculture. In many coun-
tries, the share of agricultural research invested in organic research has been even less than the share of agricultural land managed
with organic methods: In the US, for example, research on organic agriculture made up less than 0.1% of the US Department of
Agriculture (USDA) research budget in 1995 (Lipson, 1997), and only 0.02% of all research done through the land grant system
in 2000-1 (Sooby, 2001), while its market share had reached 1% by 2000 (Willer and Yussefi, 2000). In Europe, instead, research
on organic agriculture made up, for example, 0.05% of the budget of all research on agriculture, fisheries and forestry in Framework
Programme 5 between 1998-2002 (Schmid et al., 2008), while the market share of organic agriculture was ca. 1.5% in 1997 (Willer
and Yussefi, 2000). It is thus safe to state that organic yield management still has huge potential for improvement if organic research
is expanded and key knowledge gaps are addressed (Seufert and Ramankutty, 2017).

To improve organic yields there are three priority research needs: (1) address N availability challenges under organic manage-
ment, (2) develop sustainable weed management practices for organic agriculture, and (3) develop crop varieties that are better
adapted to organic management systems. While trying to improve organic yields, it is, however, very important to not only focus
on the single dimension of yield but to also consider how practices aimed at yield improvement influence other ecosystem services
like water quality and pollination and to aim for yield-improving methods that have minimal trade-offs with other farming system
outcomes (RO0s et al., 2018). In addition, yield assessments should go beyond the often simplistic measurement of yield in terms of
dry products produced per unit area per year, but also consider yield stability and also quantify cropping system productivity in
terms of calories or food energy produced across longer time periods and across the entire cropping system (including land area
required to produce nutrient inputs). Finally, when doing research on organic yields it is essential to work closely with organic
farmers, to identify factors that are limiting yields on real-world organic farms and to ensure that results from experimental research
stations are relevant to the practice of organic farmers.
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