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24 Abstract

25 CONTEXT: Producer-reported data can be used to identify suites of management practices that lead to 

26 higher yield and profit. However, a rigorous validation of the approach in relation to its potential impact 

27 on farmer yield and profit is lacking. 

28 OBJECTIVE: This study aimed to validate a producer-data approach on its capability to guide on-farm 

29 evaluation of management practices with greatest potential for increasing producer yield and profit. We 

30 show proof of concept using soybean in the North Central US region as a case study. 

31 METHODS: We used a combination of regression tree analysis and a spatial framework to determine 

32 practices with highest influence on yield for specific climate domains across the region. These practices 

33 were used as a basis for designing an ‘improved’ management package for each domain. The impact 

34 associated with adoption of the ‘improved’ management package on producer yield, seed constituents, 

35 and profit was evaluated against a ‘reference’ treatment that follows farmer management via replicated 

36 on-farm trials across 100 sites over two crop seasons.

37 RESULTS AND CONCLUSIONS: Average yield was 278 kg ha-1 higher in the improved versus reference 

38 management, equivalent to a closure of the current exploitable yield gap by 40%. In turn, adoption of 

39 the improved management led to an average increase of $76 ha-1 in net profit. Sensitivity analysis 

40 showed that adoption of the improved management packages should increase farmer profit across a 

41 wide range of grain price scenarios, with very small downside risk. Seed protein concentration was 

42 negatively associated with the positive yield advantage of the improved management, whereas seed oil 

43 concentration tended to increase. 

44 SIGNIFICANCE: Analysis of producer data can accelerate discovery, evaluation, and adoption of suites of 

45 management practices that consistently lead to higher farmer yield and profit, which, in turn, would 

46 help speed up current rates of yield gain.

47

48 Keywords: soybean, yield, farmer data, profit, seed protein.

49

50
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51 1. Introduction

52 Soybean production needs to increase by ca. 15% worldwide during the next decade to meet the 

53 growing demand for food, biodiesel, and livestock feed (OECD-FAO, 2019). United States (US) produces 

54 about one third of global soybean, with the North Central region accounting for 80% of US soybean 

55 production. On-farm soybean yield in the US during the last decade averaged 3.2 Mg ha-1 (2011-2020, 

56 USDA, https://www.nass.usda.gov). Soybean yield potential, as determined by the interactive effects of 

57 weather, soils, genetics, and water availability, has been estimated to average ca. 5 Mg ha-1 for the US 

58 North Central region, ranging from ca. 4 Mg ha-1 in short-season water-limited environments to 7 Mg ha-

59 1 in irrigated favorable environments (www.yieldgap.org; Rattalino Edreira et al., 2017). The difference 

60 between yield potential and average farmer yield is known as the yield gap (van Ittersum et al., 2013). 

61 Full closure of the yield gap is difficult to achieve, as it would require a host of costly inputs, coupled 

62 with producer acquisition of a greater degree of sophistication needed for the implementation of key 

63 soil and crop management practices. Thus, striving to attain yields above ca. 80% of the yield potential 

64 may not be justifiable due to diminishing returns to additional inputs and labor and increasing negative 

65 environmental impact (Cassman, 1999; Cassman et al., 2003). In practice, 80% of yield potential is 

66 typically considered to be a realistic measure of the yield that could be attained by farmers with good 

67 access to inputs, markets, and technical information as in the case of crop producers in US. There, it has 

68 been estimated that the current exploitable yield gap for soybean in the US North Central region is ca. 

69 0.7 Mg ha-1 (www.yieldgap.org; Rattalino Edreira et al., 2017). Understanding causes for the yield gap 

70 can help tune current management and, by doing so, increase regional production on existing cropland.

71 The most common approach for identifying yield-limiting and reducing factors in producer fields has 

72 been via replicated on-farm trials in which researchers selectively apply a set of inputs or management 

73 practices and compare them against a reference management across multiple locations and years 

74 (Villamil et al., 2012; Orlowski et al., 2016). However, this approach has several limitations. First, it is 

75 difficult to evaluate more than two factors at a time in replicated field experiments. Second, cost, labor, 

76 and time expended in the planning and oversight of multiple fields trials imposes limits on the number 

77 of treatments and environments that can be evaluated. Third, results derived from the comparison 

78 among different management practices will depend on the weather and soil background associated with 

79 each field. Finally, selection of management practices to be evaluated are, in many cases, determined 

80 based on perceptions from researchers from public and private sectors about yield constrains without 
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81 field validation. Not surprisingly, many of these evaluations have led to the conclusion that little can be 

82 done to narrow the existing yield gap in a cost-effective way (Bluck et al., 2015; Marburger et al., 2016; 

83 Mourtzinis et al., 2016; Gregg et al., 2015; Seidel et al., 2015; Di Mauro et al., 2022).  

84 An alternative method is to simply identify those management practices with largest impact on 

85 producer fields for a given environmental context via analysis of self-reported producer data (e.g., 

86 Grassini et al., 2011; 2015; Di Mauro et al., 2018; Ribas et al., 2021). This approach has the advantage of 

87 comparing the main effects of different management practices across the background of thousands of 

88 commercial fields and within the range of cost-effective management practices that are followed by 

89 producers (Rattalino Edreira et al., 2017; Mourtzinis et al., 2018). When complemented with crop 

90 modeling and remote sensing data, the underlying drivers of yield responses to different management 

91 practices can be identified and understood (Rattalino Edreira et al., 2020). The farmer-data approach 

92 can help orient evaluation of management practices that may increase producer yield and profit. While 

93 previous studies have suggested the potential of producer-data to accelerate discovery and adoption of 

94 improved management practices, an explicit field validation of this approach in relation to its impact on 

95 producer yield and profit via on-farm trials is pending.

96 This study aimed to validate a producer-data approach on its capability to guide on-farm evaluation of 

97 management practices with greatest potential for increasing producer yield and profit. The approach 

98 consisted of identification of suites of management practices via analysis of producer supplied data for 

99 specific environmental domains. These practices were subsequently evaluated for impact on yield, seed 

100 constituents, and profitability against current farmer management across 100 replicated on-farm trials 

101 conducted in the US North Central region over two crop seasons (2019 and 2020). Implications of the 

102 proposed approach to guide agricultural research and extension programs are discussed.

103

104 2. Methods

105 2.1. Identification of yield-enhancing management practices

106 We used the climatic zone (CZ) spatial framework developed for the Global Yield Gap Atlas as a basis for 

107 our analysis (www.yieldgap.org). Briefly, the CZ spatial framework delineates geographic domains based 

108 on (i) annual total growing degree-days, (ii) aridity index, and (iii) annual temperature seasonality 
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109 (Rattalino Edreira et al., 2018). Although the framework may not eliminate some residual variation in 

110 climate within each CZ, and does not consider variation in soil types, it helps in assembling cohorts of 

111 fields with similar biophysical backgrounds so that the main effects of management practices on yield 

112 can be more easily assessed (Rattalino Edreira et al., 2017; Mourtzinis et al., 2020). We focused on seven 

113 CZs within the US North Central, altogether accounting for 60% of total US soybean area (Figure 1).

114

115 Figure 1. Locations of the 100 on-farm trials conducted in 2019 (green triangles) and 2020 (blue circles) 

116 conducted in the North Central US region. The seven differently colored areas denote the seven climate 

117 zones (CZs) selected for our study. CZ values indicate a unique combination of annual total growing 

118 degree-days, aridity index, and annual temperature seasonality (www.yieldgap.org). Also shown are the 

119 state acronyms: North Dakota (ND); Minnesota (MN), Wisconsin (WI), Michigan (MI), Nebraska (NE); 

120 Iowa (IA); Ohio (OH).
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121 For each of the seven selected CZs, we have farmer data on soybean yield and management practices 

122 collected over four cropping seasons (2014-2017). Details on the collected data are provided elsewhere 

123 (Rattalino Edreira et al., 2017; Mourtzinis et al., 2018). Briefly, soybean producers were asked to provide 

124 data for several fields that portray their yield range. Requested data included field location, average 

125 field yield, and details on 16 crop management practices. Here we used conditional inference tree 

126 analysis to identify management practices associated with higher yields in each of the seven CZs (R 

127 development Core team, 2016). The algorithm selected the input management practices with strongest 

128 association with yield, measured by a p-value (alpha = 0.05 in this study). Then, a binary split was 

129 implemented in the selected input variable (node) and all steps are recursively repeated. As a result, a 

130 tree look-alike graph is displayed showing hierarchical associations between yield and crop management 

131 practices (Figure 2). The terminal nodes indicate the average yield for each final subset of fields with 

132 similar background management practices. For all CZs, there were data from >200 field-year 

133 observations, which is considered sufficient to identify yield constrains following this type of analysis. 

134 Detailed description of the statistical analysis is provided elsewhere (Mourtzinis et al., 2018). 
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135

136 Figure 2. Example of regression tree analysis for three climate zones (CZs) using famer reported data on 

137 commercial fields (2014-2017). Foliar F-I stands for foliar fungicide and/or insecticide (Mourtzinis et al., 

138 2018). CZ values indicate a unique combination of annual total growing degree-days, aridity index, and 

139 annual temperature seasonality (www.yieldgap.org).

140

141 2.2. On-farm validation

142 Based on the results of the foregoing regression-tree analysis, we selected a set of management 

143 practices to be evaluated via on-farm trials in each of seven CZs (Table 1, Figure 1). When selecting 

144 practices to test, we did not consider those that would involve substantial a priori capital cost 

145 investments, such as installation of artificial drainage, or upgrades in field machinery. Instead, we 

146 focused on those practices that could be readily changed by producers, including sowing date, maturity 
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147 group (MG), and application of in-season foliar fungicide and insecticide (FI). In addition, some 

148 management practices that, in our regression trees, were judged to be yield-neutral factors, were 

149 included in our evaluations, not only for confirmation purposes, but also to assess the degree to which 

150 the practice could be modified (without yield penalty) to reduce its implementation cost (for example, 

151 seeding rate). We did not attempt to quantify the individual impact of each individual practices on yield 

152 and profit, but rather performing a ‘system comparison’ in which the selected management practices 

153 were combined into an ‘improved’ treatment, which was subsequently evaluated against the typical 

154 farmer management, used as a ‘reference’ treatment. In all cases, the improved treatment involved an 

155 earlier sowing date in comparison to the reference treatment (average difference: -20 d). Experiments 

156 also included lower seeding rate in the improved treatment (from 65 to 53 seeds m-2). Seeding rates 

157 were reduced proportionally less in CZ 2303 (from 75 to 67 seeds m-2), as a higher plant population is 

158 recommended in this northern short-season environment to allow canopy closure at the beginning of 

159 the critical period for yield determination at R3 stage. In some cases, the improved treatment also 

160 involved application of an in-season foliar fungicide and insecticide (CZs 3503, 3603, 4503, and 4703), 

161 and use of a longer MG cultivar (CZ 4603 and CZ 2303). 

162 To conduct the field trials, we collaborated with extension personnel and researchers located in seven 

163 states: Nebraska (NE), Iowa (IA), North Dakota (ND), Minnesota (MN), Wisconsin (WI), Michigan (MI), 

164 and Ohio (OH). Relative to the location of evaluation trials, we selected farmer fields that were 

165 representative of dominant tillage, water management (tiled or non-tiled), and crop sequence within 

166 each CZ. In each field, we evaluated the improved treatment against a reference treatment that 

167 reflected the typical producer management in that CZ (Table 1). Each experimental unit consisted of a 

168 field strip (12-60 m wide × at least 91 m long), and there were four field strips per treatment, which 

169 were used as replicates. Field trials were conducted during two crop seasons (2019 and 2020), including 

170 a total of 100 replicated site-year trials. Measured seed yields at harvest were adjusted to 130 g kg-1 

171 seed moisture content. Seed protein and oil concentration were determined after harvest for a total of 

172 82 trials using near infrared reflectance spectroscopy (DA 7250 NIR analyzer, Perten Instruments, Inc., 

173 Springfield, IL, US). 

174

175
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176 Table 1. Number of trials per climate zone (CZ), field background, and management practices associated with the reference and improved 

177 treatments.

CZ number Field background Reference Improved treatment
(number of 

trials)
Sowing 

date (DOY)
MG Seeding 

rate (m-2)
Foliar

F and/or I

2303 (n = 12) No tile drainage, conventional 
tillage, previous maize crop. 151 0.5 75 yes Earlier sowing, longer MG, lower seeding rate

3503 (n = 6) Tile drainage, conventional 
tillage, previous maize crop 160 1.8 65 no Earlier sowing, FI, lower seeding rate

3603 (n = 27) Tile drainage, conventional 
tillage, previous maize crop. 143 2.5 60 no Earlier sowing, FI, lower seeding rate

3703 (n = 20) No tile drainage, no-till or 
reduced-till, previous maize crop 143 2.3 57 no Earlier sowing, lower seeding rate

4503 (n = 11) No tile drainage, no-till or 
reduced-till, previous maize crop 139 3.5 65 no Earlier sowing, FI, lower seeding rate

4603 (n = 9) Tile drainage, no-till or reduced-
till, previous maize crop. 141 2.3 57 yes Earlier sowing, longer MG, lower seeding rate

4703 (n = 15) Tile drainage, no-till or reduced-
till, previous maize crop 149 3.4 65 no Earlier sowing, FI, lower seeding rate

178 FI: in-season foliar fungicide and insecticide application around beginning of pod setting, which corresponds to R3 stage in the Fehr and Caviness 

179 (1977) stage system. Sowing date (as day of year), maturity group (MG), and seeding rate are average values across sites within CZs. CZ values 

180 indicate a unique combination of annual total growing degree-days, aridity index, and annual temperature seasonality (www.yieldgap.org).

Electronic copy available at: https://ssrn.com/abstract=4068437
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181 2.3. Data analysis

182

183 We evaluated the effect of management, CZ, year, and their interactions on yield and seed composition 

184 using a combined analysis of variance (ANOVA) (Moore and Dixon, 2015). CZ × management × year 

185 combinations were not too different in relation with their variances (Fmax<7); hence, our combined 

186 ANOVA can be considered robust (Milliken and Johnson, 2009). The CZs, management treatments, and 

187 year were treated as fixed effects and mean differences between management practices were 

188 calculated. Although different sites cannot be directly compared, the CZ × year × management 

189 interaction can be used to evaluate consistency of the response to the improved management. For each 

190 site × year, two-tailed t-tests were used to evaluate differences in yield and seed constituents between 

191 the reference and improved management treatments. We used linear regression analysis to explore 

192 relationships between yield and seed constituents with other factors to understand variation in the 

193 response to the improved management treatment across site-years. Despite our efforts to conduct on-

194 farm trials within the seven selected CZs, a few trials (n=4) fell outside them; those trials were assumed 

195 to be inside the nearest selected CZ for the analysis.

196

197 We performed partial economic analysis to calculate the additional profit derived from the improved 

198 management treatment in comparison to the reference. To calculate the net change in production cost, 

199 we only considered those inputs that were different between management treatments (i.e., seeding 

200 rate and foliar application of fungicide and/or insecticide). Input prices varied little across years 

201 (Nebraska Crop Budgets; https://cropwatch.unl.edu/budgets); hence, we used a 7-year input cost data 

202 (2015-2021) to generate treatment prices: foliar insecticide ($10 ha-1), foliar fungicide ($52 ha-1), and 

203 foliar application cost ($17 ha-1). Different prices were used for fungicide and/or insecticide treated 

204 ($154 ha-1) and non-treated seed ($133 ha-1). To calculate the additional net profit, we multiplied the 

205 yield response to the improved treatment by the average input prices for the period 2015-2021 for 

206 soybean seed. Finally, to account for variation in net profit because of variation in soybean grain price, 

207 we ran a sensitivity analysis using the range of soybean prices during the past decade (2012-2021), 

208 which ranged from $295 to $595 Mg-1 (USDA, 

209 https://www.nass.usda.gov/Charts_and_Maps/Agricultural_Prices/pricesb.php).  

210

211 Finally, we calculated the portion of the yield gap that was narrowed due to adoption of the 

212 improvement management. To do so, we used the long-term water-limited yield potential (Yw) and 
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213 average farmer yield available in the Global Yield Gap Atlas (www.yieldgap.org). For each CZ, we 

214 computed the average Yw and calculated the attainable yield as 80% of the Yw. The exploitable yield gap 

215 for each CZ was calculated as the difference between attainable yield and average farmer yield. 

216 Comparison of the yield response to the improved management treatment and the exploitable yield gap 

217 let us quantify the portion of the yield gap that could be reduced via adoption of our improved 

218 management packages. Extra soybean production derived from adoption of the improved management 

219 was calculated by multiplying the yield response by the total soybean harvested area located within the 

220 seven CZs.

221

222 3. Results

223 3.1. Yield response to the improved management packages

224 According to the analysis of variance, CZ, treatment, year, and CZ × year were significant sources of 

225 variation in soybean yield (Table 2). The CZ and CZ × year terms explained a relatively large portion of 

226 total variation in seed yield (21%), indicating that delineation of climatic domains was useful to reduce 

227 the error associated with environmental variability. In addition, the treatment × year, treatment × CZ, 

228 and treatment × year × CZ interactions were not significant for seed yield, suggesting that the response 

229 to the improved technological package was consistent across years and CZs. Overall, the improved 

230 treatment averaged 4,182 kg ha-1, representing a 7% increase over the reference treatment (3,904 kg ha-

231 1) (Figure 3). Although treatment × year interaction was not significant, the yield benefit derived from 

232 the improved treatment was comparably smaller in 2020 than in 2019 (+214 versus +369 kg ha-1). Yield 

233 response was positive and significantly different from zero in 50% and 37% of the trials in 2019 and 

234 2020, respectively (t-test, p<0.01; Figure 3-insets). Those few trials in which the improved treatment 

235 delivered a negative yield response were associated with specific site-year factors. For example, in a few 

236 cases, heavy rainfall events after sowing of the improved treatment led to soil crusting and poor crop 

237 establishment. In other cases, water excess early in the seasons confounded the treatment comparison.

238

239 Table 2. Analysis of variance for seed yield, and seed protein and oil concentration based on data 

240 collected from 100 replicated field trials conducted in seven climate zones (CZ) spanning the US North 

241 Central region in 2019 and 2020.

Electronic copy available at: https://ssrn.com/abstract=4068437
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Source of 
variation d.f. Yield Protein Oil

%SS F %SS F %SS F
CZ 6 13 20** 1.2 1.4 8 12**

Treatment (T) 1 2.4 23** 0.2 1.4 0.7 6*

Year (Y) 1 0.6 6* <0.1 0.3 11 104**

CZ x Y 6 8 15** 0.5 0.6 1.2 2
CZ x T 6 0.5 0.5 0.6 0.8 0.8 1
T x Y 1 0.1 2 <0.1 0.3 <0.1 0.1
CZ x T x Y 6 0.3 0.5 0.5 0.6 0.4 0.7
Residual 715 74 96 75

242 Asterisks indicate statistical significance at *p<0.05 and **p<0.001.

243

244 Figure 3. Yield comparison between improved and reference treatment across 48 fields in 2019 and 52 

245 fields in 2020, distributed in seven climate zones of the North Central US region. Symbols with a dot 

246 inside refer to individual experiments with significant yield differences between treatments. The red line 

247 is the 1:1 line of agreement. The dashed lines show the ±10% deviation from the 1:1 line. Insets show the 

248 yield response difference between improved and reference treatments in each trial, ranked left to right 

249 by the sign (negative to positive) and magnitude of the response. Individual experiments with significant 

250 yield differences between the improved and reference treatments are shown with red bars. 

251

252 A more detailed analysis across all CZ-year combinations revealed that the average yield response of the 

253 improved treatment was positive and significant in 7 out of 14 CZ × year combinations (t-test, p<0.05) 
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254 (Figure 4). Across CZs-year combinations, the average yield response ranged from 96 to 547 kg ha-1 and 

255 in most CZs, the magnitude of yield response was larger in 2019 than in 2020. The latter effect could be 

256 partially related to differences in the sowing window between crop seasons: on average, sowing date 

257 was a week earlier in 2020 than in 2019. In contrast, the time interval between sowing of the improved 

258 and reference treatments did not change between years. Hence, we speculate that the positive effect of 

259 early sowing was greater when the sowing window was later, as it was the case in 2019.

260

261

262 Figure 4. Yield difference between the improved and reference management in replicated field trials in 

263 2019 (orange) and 2020 (blue). Asterisks denote statistical significance  (p<0.05) of the differences. 

264 Soybean hectarage density per unit area in 2020 is shown in green (USDA, 2021). Pie chart fractions 

265 depict the yield gap closure due to adoption of the improved management treatment (yellow), and 

266 remaining exploitable yield gap (red) in each CZ.

267

Electronic copy available at: https://ssrn.com/abstract=4068437



14

268 It is of interest to analyze the degree to which the current exploitable yield gap was narrowed due to 

269 adoption of improved agronomic practices. We estimated that, on average, the exploitable yield gap 

270 was reduced by 40% with adoption of the improved management, although the reduction ranged from 

271 20 to 100% amongst the seven CZs (Figure 4). In general, yield gap closure due to adoption of the 

272 improved treatment was comparably larger in the western and central CZs compared with those located 

273 in the eastern portion of the region.

274

275 3.2. Changes in seed constituents due to adoption of the improved management 

276 The ANOVA revealed a significant effect of treatment on seed oil concentration, with average 

277 concentration increasing from 22.3% to 22.7% in the reference and improved management treatments, 

278 respectively (Table 2, Figure 5). An individual analysis of each of 82 trials in which seed oil was measured 

279 revealed that only 18 (22%) exhibited a statistically significant increase (p=0.05) in oil concentration in 

280 the improved management treatment, and one trial with a significant decrease. The overall effect of 

281 treatment on seed protein concentration was not statistically significant. Indeed, the analysis of 

282 individual experiments showed that seed protein concentration did not differ between treatments in 57 

283 (70%) of the 82 trials. In fact, we found a slightly lower protein concentration in the improved versus 

284 reference treatment when the analysis was restricted to just the 2019 trials (p<0.01). Changes in seed 

285 protein concentration due to adoption of the improved management treatment were negatively 

286 correlated with changes in seed yield, with protein concentration decreasing 0.76% Mg-1 of yield 

287 increase (Figure 6). This relationship was not apparent for seed oil concentration. Higher seed yield, 

288 higher oil concentration, and similar or slightly lower seed protein concentration in the improved 

289 management treatment led to 8% and 6% higher oil and protein yield ha-1, respectively, in comparison 

290 to the reference management.
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291

292 Figure 5. Comparison of seed protein and oil concentration (%) between the reference and 

293 improve treatments. Symbols shown with a dot inside refer to individual trials with significant 

294 differences between treatments. Solid line indicates 1:1 between both treatments. Dashed lines 

295 indicate ±1% change in protein or oil concentration. Statistical significance for differences in 

296 seed constituents between treatments in each year are shown.

297

298 Figure 6. Relationship between changes in seed protein and oil concentration between the 

299 improved and reference treatment and associated changes in seed yield. Slope, coefficient of 

300 determination, and associated p-value for the fitted linear regression are shown in the left 

301 panel. Also provided is the percentage of data points falling in each quadrant (corresponding to 

302 different combinations of negative and positive changes in seed constituents and seed yield).
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303 3.3. Change in net profit due to adoption of improved agronomic management

304 Yield increase, together with lower seed costs in some CZs, resulted in higher net profit in the improved 

305 versus reference management treatment (Figure 7). Considering the median soybean price of $356 Mg-1 

306 during the past decade (2012-2021), and the experimental results from both seasons, the improved 

307 treatment resulted in an average +$76 ha-1 extra profit (median = $60 ha-1). The positive economic 

308 impact derived from adoption of the improved management was high and fairly consistent across farms 

309 and years: the extra profit derived from the improved management was higher than $25 ha-1 in 70% of 

310 the cases. We explored how the extra profit may change due to variation in soybean prices, considering 

311 the range from 5th to 95th percentiles during the 2012-2021 period. Our analysis shows that, across the 

312 range of grain price, the median additional profit would range from $52 to $97 ha-1 (Figure 7).  

313

314 Figure 7. Partial profit change (improved minus reference treatment) as a function of soybean price. The 

315 dashed line shows the zero-extra profit threshold. Additional profit was calculated across 100 trials in 

316 2019 and 2020 using different prices per Mg -percentiles 5 ($306), 25 ($322), 50 ($356), 75 ($467), and 

317 95 ($536)- across the 2012-2021 period. Boxes indicate percentiles 25 and 75 of additional profit derived 

318 from the improved treatment; whiskers indicate percentiles 10 and 90. Median additional profit is 

319 indicated within boxes.

320

321

322

Electronic copy available at: https://ssrn.com/abstract=4068437



17

323 4. Discussion

324 The combined analysis of producer-reported data and a robust spatial framework allowed us to design 

325 more productive and profitable soybean systems tailored for specific climatic domains. The use of a 

326 spatial framework delineating environments with different climate was key for grouping surveyed 

327 farmer fields based on their biophysical background while analysis of producer data helped us identify 

328 suites of management practices leading to highest yields in each environment. Likewise, the spatial 

329 framework allowed us to guide selection of fields for the on-farm validation, evaluate the experimental 

330 results, and scale them to measure the ex-ante impact associated with the improved management 

331 practices. The approach proposed here has the potential to accelerate the discovery, evaluation, and 

332 adoption of improved management practices leading to higher yield and profit, avoiding the problems 

333 associated with blanket recommendations or fuzzy expectations about commercial products (Mourtzinis 

334 et al., 2016; 2020; Di Mauro et al., 2022). 

335

336 When evaluated in replicated field trials across the US North Central region, the improved management 

337 treatment, which was designed based on the analysis of the producer-reported data, resulted in higher 

338 seed yield (+278 kg ha-1) and net profit +$76 ha-1 compared with the reference management (Figure 3). 

339 Our analysis shows that the positive impact on profit derived from the improved management was 

340 consistent across a wide range of grain prices, with little downside risk (Figure 7). Scaled out over the US 

341 North Central region, where ca. 20.6 M ha are annually sown with soybean, the yield increase amounts 

342 to an additional annual soybean output of 5.8 MMT, which translates into ca. 2 billion US$ y-1 

343 considering average grain prices. Our analysis also shows that seed constituents changed little with the 

344 improved management, generally increasing oil concentration, while maintaining or slightly decreasing 

345 seed protein concentration. The latter was expected, as seed protein concentration tends to decline 

346 with early sowing date (Mourtzinis et al., 2017, Helms et al., 1990), which was a common practice for 

347 improved treatments across CZs. Though the percentage changes in seed composition were small or nil, 

348 total protein and oil production (per unit of area) increased with improved management, which is 

349 consistent with previous studies (Assefa et al., 2019).

350

351 The yield increase that resulted from adopting our improved management was equivalent to 40% 

352 reduction of the existing exploitable yield gap in soybean (Figure 4). At question is which other 
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353 management practices should be adjusted to further narrow the exploitable yield gap. As explained 

354 previously, our improved management treatment did not include management practices that would 

355 have required changes in field equipment and/or large investments, as it would have been the case with 

356 row spacing, artificial drainage, and tillage (Mourtzinis et al., 2021, Andrade et al., 2019). Similarly, other 

357 management practices required to reduce the current yield gap have important trade-offs with costs 

358 and environmental impact. For example, Cafaro La Menza et al. (2017) showed that nitrogen supply can 

359 limit yield in highly productive environments; however, the amount of N fertilizer needed to overcome 

360 this limitation is, at present, not cost effect nor environmentally desirable. Still, we believe that 

361 continued further analysis of farmer data, together with careful evaluation in well-designed on-farm 

362 field trials, can help identify additional opportunities for enhancing yield and/or profit as well as helping 

363 uncover other potential trade-offs associated with changes in management practices.

364
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