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To promote food security and sustainability, ecologically intensive farming systems should reliably produce adequate yields of high-quality food, enhance the environment, be profitable, and promote social wellbeing. Yet, while many studies address the mean effects of ecologically intensive farming systems on sustainability metrics, few have considered variability. This represents a knowledge gap because producers depend on reliable provisioning of yields, profits, and environmental services to enhance the sustainability of their production systems over time. Further, stable crop yields are necessary to ensure reliable access to nutritious foods. Here we address this by conducting a global meta-analysis to assess the average magnitude and variability of seven sustainability metrics in organic compared to conventional systems. Specifically, we explored the effects of these systems on (i) biotic abundance, (ii) biotic richness, (iii) soil organic carbon, (iv) soil carbon stocks, (v) crop yield, (vi) total production costs, and (vii) profitability. Organic farms promoted biotic abundance, biotic richness, soil carbon, and profitability, but conventional farms produced higher yields. Compared to conventional farms, organic farms had lower variability in abundance and richness but greater yield variability. Organic farms thus provided a “win-win” (high means and low variability) for environmental sustainability, while conventional farms provided a “win-win” for production by promoting high crop yields with low variability. Despite lower yields, and greater yield variability, organic systems had similar costs to conventional systems and were more profitable due to organic premiums. Our results suggest certification guidelines for organic farms successfully promote reliable environmental benefits, but greater reliance on ecological processes may reduce predictability of crop production.
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INTRODUCTION

Organic agriculture is an ecologically intensive production system expanding worldwide as demand for sustainability increases (Eyhorn et al., 2019; Willer et al., 2019). Although organic farms produce lower yields than comparable conventional farms (Seufert et al., 2012; Ponisio et al., 2015), they are more profitable, more friendly to pollinators and the environment, and deliver equally or more nutritious foods with fewer pesticide residues (Kennedy et al., 2013; Tuck et al., 2014; Reganold and Wachter, 2016; Kovács-Hostyánszki et al., 2017; Seufert and Ramankutty, 2017). These findings are based on comparison studies (Mäeder et al., 2002; Crowder et al., 2010; Reganold et al., 2010; Forrest et al., 2015) and meta-analyses (Crowder et al., 2010, 2012; Gattinger et al., 2012; Seufert et al., 2012; Tuck et al., 2014; Crowder and Reganold, 2015; Ponisio et al., 2015; Lichtenberg et al., 2017; Lori et al., 2017) of the mean effects of organic and conventional farming systems on sustainability metrics such as biodiversity, yield, soil quality, and profitability; they did not consider variability. In contrast, few studies have considered variability of any sustainability metric over time (Pimentel et al., 2005; Smith et al., 2007).

Not taking variability of sustainability metrics into account when comparing production systems is a key knowledge gap. Producers depend on reliable provisioning of yields, profits, and environmental services to ensure production system sustainability over time. Moreover, reduced yield variability is necessary to ensure reliable food access for consumers (Schmidhuber and Tubiello, 2007; Müller et al., 2018; Mehrabi and Ramankutty, 2019). Low variability allows producers to achieve consistent production and avoid unprofitable years, while also ensuring that consumers have reliable access to nutritious and sufficient food. When producers are able to generate consistent crop yields, food prices are also less volatile and global trade markets are more stable (Müller et al., 2018). Decreased variability in ecosystem services can also prevent food shortages (Mehrabi and Ramankutty, 2019). Systems that promote low variability in ecosystem services may also be more resilient to changing climatic conditions, including an increased frequency of drought and extreme weather events (Schmidhuber and Tubiello, 2007).

We hypothesize that organic farms will have lower yields as well as greater variability in yield over time compared to conventional farms (Knapp and van der Heijden, 2018). This is because organic farms are more reliant on ecosystem services for production of high crop yields, whereas conventional farms can rely more heavily on external inputs (Reganold and Wachter, 2016). Specifically, conventional producers may be more readily able to react to pest outbreaks or low soil nutrient availability by applying a broad range of pesticides and synthetic fertilizers. In contrast, organic producers may be more strongly affected by changing environmental conditions that affect ecosystem service providers, such as soil microbes, pollinators, and natural enemy species (Mäeder et al., 2002; Crowder et al., 2010; Kennedy et al., 2013; Karp et al., 2018). If organic farms experience greater variability in yields, organic farmers may experience greater variability in profits. At the same time, we hypothesize that organic farms, when compared to their conventional counterparts, will have lower variability in environmental sustainability because they have a narrower range of control methods and management options (Reganold and Wachter, 2016). However, these hypotheses have never been tested. There also have been few attempts to identify “win-win” scenarios where organic or conventional farming systems optimize high productivity and low variability of various sustainability metrics.

We addressed these knowledge gaps by conducting a global meta-analysis assessing the mean and variability of seven sustainability metrics from paired comparison studies of organic and conventional systems. Our meta-analysis spanned 61 crop types on 6 continents (Figure 1; Figure S1) to assess seven sustainability metrics: (i) biotic abundance, (ii) biotic richness, (iii) soil organic carbon, (iv) soil carbon stocks, (v) crop yield, (vi) total production costs, and (vii) profitability. We also assessed how each metric varied for annual vs. perennial crops, study type (experimental station vs. farm), certification body (United States vs. European Union), and crop type. Overall, our study shows that the variability of ecosystem health metrics and farm production differs between organic and conventional systems and reveals areas where ecological intensive production systems need to improve to better address United Nations sustainable development goals (UN SDG; FAO et al., 2018).
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FIGURE 1. Study locations for seven sustainability metrics: biodiversity (abundance and richness), soil carbon (organic carbon and carbon stock), crop yield, and profitability (benefit/cost ratios and production costs).



METHODS

Data Generation

We leveraged data from prior meta-analyses that reported means and standard deviations for paired organic and conventional systems related to the seven metrics of sustainability (see Supplementary Methods and Supplementary Data 1). We gathered estimates from the meta-data, which included one metric of mean and standard deviation averaged across replicates and years for each crop and/or organism measured in each study. Our variation metric thus represents a combination of spatial-temporal variability, hereafter variability. We gathered additional data from each study on country, continent, annual or perennial production system, certification body (United States or European Union), study type (experimental station or farm), and crop type (Tables S1–S5; Supplementary Data 2). For biotic abundance and biotic richness, we report estimates by organismal (arthropod, microbe, plant, vertebrate) and functional group (decomposer, natural enemy, herbivore, pollinator, producer) when available (Table S2). Organismal groups represent distinct taxonomic groups without regard to function, while functional group classifications represent the function of organisms on ecosystem services in agroecosystems. The final dataset had between 30 and 290 data points for each of the seven sustainability metrics (Figure 1; Figure S1; Tables S6, S7).

Meta-Analysis

For each sustainability metric, we used two variability measures: (1) standard deviation, which indicates absolute variability and (2) coefficient of variation, which indicates relative variability (i.e., standardized by means) (Knapp and van der Heijden, 2018) (Figure S2). Because the coefficient of variation is unitless and is scaled by the mean, it does a better job than standard deviation of accounting for differences in the means of the sustainability metrics between organic and conventional systems. We thus focus our results and discussion on the coefficient of variation, but we present the standard deviation in the Supplemental Materials for clarity and transparency. We calculated the coefficient of variation for all services by dividing the system (organic or conventional) standard deviation by the system mean.

To compare effects of farming system on means and variability for each sustainability metric, we used the log-response ratio as an effect size metric (Hedges et al., 1999). We used the log-response ratio rather than a weighted effect size for three reasons following Cardinale et al. (2006) and Crowder et al. (2010, 2012). First, weighted effect sizes could not be calculated for studies that did not report variability. Second, our biotic abundance and biotic richness studies classified organisms at varying levels of biotic resolution. Studies classified at a courser resolution had less variability, and a weighted metric would give these studies greater weight. Finally, studies conducted on experimental stations often relied on small-plots with extensive replication, while studies conducted on farms often were conducted at larger spatial scales but had decreased replication. Using weighted metrics would thus give small-plot studies on experimental stations considerably greater weight than on-farm studies which often are more representative of real-world farming situations (Crowder and Reganold, 2015).

Once log response-ratio effect sizes were calculated, we used one-sample t-tests (Crowder and Reganold, 2015; Lichtenberg et al., 2017) to determine whether the mean effect sizes for each sustainability metric, and associated variability, differed between conventional and organic sites. In parallel with the t-tests, we calculated 90% confidence intervals for each metric examined by adding and subtracting from the mean the standard error multiplied by the critical t-value at an α of 0.10 for a two-tailed test. We described effect sizes that were significant using an α of 0.10 to capture effects that may be ecologically important in accordance with a recent policy statement by the American Statistical Association, which notes that reliance on an arbitrary alpha value of 0.05 can lead to erroneous conclusions (Wasserstein and Lazar, 2016).

Evaluating Effects of Covariates on Mean and Variability of Sustainability Metrics

Our meta-analysis included a wide range of studies, and the context of these studies might affect the mean and variability of each of the seven sustainability metrics. To evaluate context-dependency, we considered effects of three key factors on each response variable. First, we assessed perenniality of crops given that perennial crops may have lower temporal variability than annual crops due to turnover of fields from year to year. Second, we considered whether studies were conducted on experimental stations or farms. Studies on experimental stations may not have sufficient time for organic treatments to manifest and may show greater differences than farm studies. Moreover, studies from experimental stations may not be as affected by economic considerations compared to farms where producer's livelihoods are at stake. Third, organic certification standards differ between the United States (US) and the European Union (EU), so we also evaluated the effects of certification scheme to determine if variation in these standards has affected sustainability of organic farming in the unique regions. Each comparison used a different subset of the data (Tables S8–S12). For example, when comparing US and EU certification schemes we excluded studies conducted in other regions.

For comparisons of how these covariates affected the means and variability for each of the seven sustainability metrics, we calculated 90% confidence intervals for each metric and used a linear mixed model with study as a random effect. In some cases the random effect described sufficiently small data that reliable model fits could not be made, and therefore we used Welch's t-tests for these comparisons. Comparisons focused on the mean, standard deviation, and coefficient of variation of each sustainability metric for each covariates. To further evaluate context dependency, we calculated 90% confidence intervals from a t-distribution for each crop type (cereals, fruits, oil crops, pulses, root crops, vegetables, or forage) (Table S13), for means and coefficient of variation of each of the seven focal metrics.

RESULTS AND DISCUSSION

Effects of Organic Agriculture on Mean Sustainability Metrics

Compared to conventional sites, organic sites had greater (i.e., log response ratio > 0) mean biotic abundance, biotic richness, soil organic carbon, carbon stocks, and profitability (Figure 2A; Table 1), with stronger effects (i.e., higher log mean response ratios) observed for abundance, richness, and profitability compared to soil metrics (Table 1). Organic sites had lower yield than conventional sites but had similar total production costs (Figure 2A; Table 1); the reduced yield effect was similar in magnitude to the positive effects of organic farming on abundance, richness, and profitability (Table 1). For biotic abundance and richness, organic sites had higher mean effect sizes for all organismal and functional groups, except microbial richness, herbivore abundance, and decomposer richness, which were similar for both management systems (Figures 3A,B; Figure S3; Tables S14, S15). Overall, these results are in line with previous research showing that sustainability metrics other than crop yield, including greater profitability, are promoted by organic farming systems compared to conventional systems (e.g., Crowder et al., 2010, 2012; Gattinger et al., 2012; Kennedy et al., 2013; Tuck et al., 2014; Crowder and Reganold, 2015; Reganold and Wachter, 2016; Lichtenberg et al., 2017).
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FIGURE 2. (A) Mean response ratio, (B) standard deviation response ratio, and (C) coefficient of variation response ratio of organic compared to conventional farming systems for seven sustainability metrics. All values shown are means ± 90% CI (black) and ± 95% CI (gray). **Indicates 90% and 95% CIs did not overlap 0.




Table 1. Mean response ratio, standard deviation response ratio, and coefficient of variation response ratio mean and 90% confidence interval (CI) for 7 sustainability metrics.
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FIGURE 3. Functional group (decomp = decomposer, enemy = natural enemy, herbivore, pollinator, producer) (A) abundance mean response ratio, (B) abundance standard deviation response ratio, (C) abundance coefficient of variation response ratio, (D) richness mean response ratio, (E) richness standard deviation response ratio, and (F) richness coefficient of variation response ratio. All values shown are means ± 90% CI (black) and ± 95% CI (gray). *Indicates 90% CI did not overlap 0; **indicates 95% CI did not overlap 0.



The benefits of organic farming for mean biotic abundance, mean biotic richness, and mean profitability were robust to variation in each of the covariates we evaluated (annual vs. perennial crops, experimental station vs. farm, and US vs. EU certification guidelines), while mean yield was lower for organic systems across all these comparisons (Figure 4; Tables S12–S21). Alternatively, mean soil organic carbon and mean carbon stocks each benefited more from organic farming in the US than in the EU and carbon stock benefited more from organic farming in annual compared to perennial crops as demonstrated by a significant effect of each covariate on the response ratio (Figure 4; Tables S12–S21).
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FIGURE 4. Response ratio for mean sustainability (± 90% CI black; 95% CI gray) for (A) annual crop types, (B) perennial crop types, (C) on experimental stations, (D) on farms, (E) studies in the United States, and (F) studies in the European Union. *Indicates 90% CI did not overlap 0; **indicates 95% CI did not overlap 0.



Effects of Organic Agriculture on Variability of Sustainability Metrics

Compared to conventional sites, organic sites had lower variability (i.e., CV response ratio < 0) in biotic abundance and richness (Figure 2C; Table 1) but higher yield variability (Figure 2C; Table 1), although the magnitude of effects on yield variability (i.e., log variability response ratios) were more than twice as large as the magnitude of effects on biotic communities (Table 1). In contrast, organic and conventional sites exhibited similar variability in soil organic carbon, carbon stocks, total production costs, and profitability (Figure 2C; Table 1). Standard deviations in biotic abundance and richness were generally greater on organic farms, but the magnitude of this difference was small in comparison to the large difference in mean biotic abundance and richness in the two farming systems (Figure 2B; Figure S4). Similarly, organic farming significantly reduced mean yield, but not standard deviation, leading to a higher coefficient of variation (Figure 2; Figure S4).

Our evaluation of covariates suggests our findings are quite robust. Of the 19 comparisons we made for effects of covariates (annual vs. perennial crops, experimental station vs. farm, and US vs. EU certification guidelines) on coefficient of variation response ratios for the sustainability metrics, only two were significant at α = 0.10 (Figure 5; Tables S17, S19, S21). Further breaking down variability of abundance and richness by organismal type or functional groups indicated that organic farming had significantly lower variability in plant and producer richness, whereas other organismal groups had similar variability between systems (Figures 3C–F; Figure S3; Tables S14, S15).
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FIGURE 5. Response ratio for coefficient of variation of sustainability (± 90% CI black; 95% CI gray) for (A) annual crop types, (B) perennial crop types, (C) on experimental stations, (D) on farms, (E) studies in the United States, and (F) studies in the European Union. *Indicates 90% CI did not overlap 0; **indicates 95% CI did not overlap 0.



Organic certification restricts organic farms to using a narrower set of agrochemical inputs than conventional farms (Reganold and Wachter, 2016). This may discourage disturbance and may result in lower variability in environmental health and impacts (Schrama et al., 2018). Our results reflect this, as organic sites had lower variability in biotic abundance and richness. This suggests that organic certification schemes effectively limit negative environmental effects of agriculture on communities, which benefits beneficial natural enemy populations (Crowder et al., 2010; Porcel et al., 2018) and pollinators (Kennedy et al., 2013). Because organic certification standards exclude most chemical fertilizers and pesticides, organic farmers have to plan ahead, not having instant solutions to the problems that come up. Organic systems are also more information intensive, requiring farmers to learn how to manage longer rotations, grow different crops together, and come up with cultural and mechanical strategies for battling weeds and disease (Reganold and Wachter, 2016; Seufert and Ramankutty, 2017). This in turn forces heavier reliance on ecosystem service providers, such as biological control of pests, to produce adequate yields (Karp et al., 2018). While organic fields have a greater richness of these ecosystem service providers (Crowder et al., 2010; Kennedy et al., 2013; Tuck et al., 2014; Lichtenberg et al., 2017), the effects of organic management do not persist at larger scales (Schneider et al., 2014), potentially denying organic farmers any spillover benefits.

Conventional farms, in contrast, may be capable of more readily adapting to changing environmental pressures by having a greater variety of pesticide and fertilizer options, leading to a decrease in yield variability. This is similar to studies showing that greater dependency of a crop on ecological services, like pollination or biological control, can be positively correlated with greater yield variability (Garibaldi et al., 2011; Martin et al., 2013). Recent theoretical work also suggests that increased yield of crops dependent on ecosystem service providers may often be correlated with higher variability (Montoya et al., 2019). These factors are reflected in the lower yield variability on conventional farms in our dataset. However, although yields were more variable on organic compared with conventional farms, we observed similar variability in costs and profitability for the two systems (Figure 2; Table 1). This suggests that geographical or temporal fluctuations in crop prices or organic premiums may allow organic farmers to achieve relatively consistent profits regardless of differences in crop yield. While organic farms often have higher labor costs, they have reduced variable costs, which likely contributes to the overall lack of differences in cost variability across the two systems (Crowder and Reganold, 2015). Moreover, price premiums on organic goods are likely the primary reason that organic farms produce greater overall profits than conventional farms despite lower overall yields and greater yield variability (Crowder and Reganold, 2015).

Soil organic carbon had higher means on organic farms but similar variability across the two systems. In addition to land use, climate, elevation, soil type, and soil thickness are the most influential factors affecting soil carbon in agroecosystems (Teng et al., 2017). This is important because these factors are independent of cropping system, which may contribute to the similar variability we observed between organic and conventional sites. Additionally, practices such as tillage and biomass harvest affect variability of soil carbon within both organic and conventional systems (West and Post, 2002), and alter communities of beneficial soil arthropods (Patterson et al., 2019). We did observe greater effects of farming system (organic vs. conventional) on soil organic carbon in annual vs. perennial crops, such that differences in tillage for organic and conventional systems may have important effects on soil health (Figure 5).

Relationships Between Mean and Variability of Sustainability Metrics

We assessed whether the mean and variability of each sustainability metric were related. If particular systems produce high means and low variability, this reflects a “win-win” scenario that would benefit producers. Importantly, a plot of each mean sustainability metric response ratio by its coefficient of variation response ratio showed a similar pattern across crop types: for each metric examined, the higher the mean, the lower the coefficient of variation (Figure 6; Figure S5; Tables S22–S27). Thus, cropping systems with the highest yields tended to have the least variable yields (Figure 6C), and systems with high levels of richness had the least variable richness (Figure 6B). These results suggest that practices which lead to greater mean sustainability are also associated with less variation in the sustainability metric, and vice versa. Organic agriculture produced a “win-win” for biological communities by promoting high diversity with low variability, while conventional agriculture produced a “win-win” for production by promoting high yields with low variability. Organic and conventional agriculture generally had similar costs and profitability for crop types examined (Figures 6D,E).
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FIGURE 6. Mean response ratio (± 90% CI black; 95% CI gray) vs. coefficient of variation response ratio (± 90% CI black; 95% CI gray) for seven FAO crop types (cereals = red, fruits = orange, oil crops = yellow, pulses = green, root crops = teal, vegetables = blue, and forage crops = pink) for (A) biotic abundance, (B) biotic richness, (C) crop yield, (D) total production costs, and (E) profitability.



Within crop types, there appeared to be a trade-off between yield and biotic richness (Figure 6; Figure S5), which conforms with previous studies (Gabriel et al., 2013). Crop types with high mean and low coefficient of variation for organic system yields (Figure 6C) tended to have low mean and high coefficient of variation in organic system species richness compared to conventional systems (Figure 6B). Cereals had the greatest increase in richness from organic methods and the greatest decrease in yield, for example. In contrast, fruit crops had the smallest increase in richness but also the lowest decrease in yield; vegetable and forage crops had an intermediate biotic richness and yield tradeoff (Figure 6; Figure S5). This may be related to the varying degrees of pollinator dependence by crop type- fruits tend to be highly reliant on pollination while cereals crops are not (Andersson et al., 2012). Different specific management methods used in different crop systems may explain why the magnitude of differences in the ecological, production, and economic outcomes of organic vs. conventional farming depended on crop types. Identifying which specific practices are associated with these outcomes would likely lead to improvements in the magnitude and stability of sustainability metrics across the spectrum of crop types.

CONCLUSION AND FUTURE DIRECTIONS

Our results identify an apparent trade-off between variability in environmental impacts and agricultural production, such that efforts to reliably curb environmental impacts through organic certification may come at a cost of lower and more variable yields. However, despite the lower yields and greater yield variability on organic farms, organic farms were more profitable, and had similar costs compared than conventional farms. This is likely due to the organic premiums received, which can vary with market conditions and mitigate effects of lower yields (Crowder and Reganold, 2015). Despite the relatively high profits of organic farming systems, a critical hurdle for organic farming, and other types of ecologically intensive farming systems, is to identify methods to improve the stability of ecosystem service provisioning that enhances and supports consistently high yields. This effort will benefit from experimental research on agricultural systems that focuses on not just means but also variation in yields and biological conservation in agroecosystems. If it is not possible to identify methods to reduce variability in food production by stabilizing ecosystem services, we will need to strike a balance between the stability of food production and the ecological functions provided by agroecosystems.

An important caveat associated with our results is that the vast majority of research to date has been conducted in developed countries, mainly in the European Union and the United States (Figure 1; Figure S1). While variability in agricultural yields in these countries may impact global market volatility and commodity prices, agricultural policies in these developed countries can help buffer the effects of yield volatility on greater market impacts (Thompson et al., 2018). In contrast, food security is at greatest risk in less-developed countries, where we have the least data. Commercial management practices in developed countries may be able to tolerate higher variability of services because they have a wider array of tools to manage and control changing field conditions, but the negative effects of inputs like synthetic fertilizer and pesticides suggest this management may come at a cost of ecosystem stability. This relationship between yield and the stability of other sustainability metrics may play out differently in less-developed countries where low-income farmers cannot keep up the inputs necessary to maintain yields in conventional or organic systems and fall into a poverty gap (Tittonell and Giller, 2013).

A key to accomplishing the United Nations Food and Agricultural Organization's sustainable development goals is to both reduce the environmental impacts of agriculture, as well as to improve food security by reducing yield variability in food-insecure regions (FAO et al., 2018). Our results highlight a need to better understand (i) the ways in which these goals are linked and (ii) trade-offs between variability in environmental impacts and yields that may exist. If the trade-offs we have identified are ubiquitous in both developed and less-developed regions, new methods of improving the long-term sustainability of ecosystem service provisioning are needed to avoid trade-offs between food security and ecosystem stability.
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