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Abstract

:

Organic soybean hectares will increase in the Northeast United States of America (USA) because of demand by the expanding organic dairy industry. We evaluated organic and conventional soybean with recommended and high inputs (high seeding rate + organic seed treatment in organic system) from 2015 to 2018 in New York, USA to determine if high input management could reduce the yield penalty in organic soybean. Organic compared with conventional soybean yielded similarly in 2015 and 2016 but ≈ 11% lower in 2017 and 2018. Organic compared with conventional soybean had similar early and harvest plant densities in 2017 but lower early and harvest plant densities in 2018 when both densities correlated with yield (r = 0.33 and 0.36, respectively). Weed densities in organic soybean were low (<0.77 weeds/m2 in all years). Nevertheless, organic compared with conventional soybean in 3 of 4 years had greater weed densities, which had significant negative correlations with yield in 2015 (r = −0.36), 2017 (r = −0.53) and 2018 (r = −0.36). Organic compared with conventional soybean mostly had fewer pods/plant and greater seed weight but yield components showed no consistent correlations with yield. Organic soybean had similar weed densities and yield with recommended and high input management in all years indicating that growers should probably plant organic soybean at recommended seeding rates (370,500 seeds/ha) during the first 4 years of organic production under similar environmental conditions of this study.
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1. Introduction


Organic soybean (Glycine max (L.) Merr.) production in the USA increased from ≈ 40,000 ha in 2008 to ≈ 50,000 ha in 2016 [1]. Organic soybean production, however, lags behind the ≈ 87,000 ha of organic maize (Zea mays L.) for grain and the ≈ 136,000 ha of organic wheat (Triticum aestivum L.), the other major field crops in the USA [1]. Organic soybean fixes most of its N so does not rely on available soil N from organic fertilizer to meet its N requirement; a major constraint to the production of organic maize and organic wheat. Nevertheless, a USDA survey reported a yield penalty of 34% for organic soybean compared to 27% for organic maize and 32% for organic wheat [2]. Despite the yield penalty, organic soybean hectares will increase because of the growing demand for organic soybean by the expanding organic dairy industry; the dominant agricultural sector in the Northeast USA [3]. Furthermore, organic compared with conventional soybean production is more profitable because the current organic price premium offsets the yield penalty and greater production costs [4]. The organic soybean price premium could decrease, however, as more growers and hectares convert to organic production. Consequently, more agronomic research is required to identify organic soybean management practices that reduce the yield penalty, especially if the organic price premium decreases in the future.



Most studies on organic soybean have been conducted in the Midwest USA. Organic soybean in an organic maize soybean-wheat/red clover (Trifolium pratense L.) rotation produced a yield ≈ 90% of conventional soybean in a conventional maize-soybean rotation in a 1990–2002 study at two sites in Wisconsin, USA [5]. In wet years, however, organic soybean produced a yield only ≈ 74% of conventional soybean because of challenges in implementing timely mechanical weed control practices in organic soybean. In a study in Minnesota, USA from 1992–2007, organic soybean produced a yield 69% of conventional soybean in a soybean-maize rotation [6]. As in the Wisconsin study, organic compared with conventional soybean yield was much lower in wet years because of increased weed interference, associated with greater challenges for timely mechanical weed control practices. In another Minnesota study from 2002 to 2005, organic compared with conventional soybean produced a yield ≈ 15% lower in a maize-soybean rotation [7]. In a study in Iowa, USA from 1998–2001, however, organic soybean in a maize-soybean-oat/alfalfa rotation had similar weed densities, mostly similar soybean densities and similar yield compared to conventional soybean in a maize-soybean rotation [8]. In the second phase of the same study from 2002 to 2010, organic compared with conventional soybean in their respective rotations once again had similar weed densities, soybean densities and yield [9]. In a study in the Eastern USA in Maryland from 2001 to 2005, organic compared with conventional soybean in a maize-soybean-wheat/red clover rotation produced ≈ 19% lower yield [10]. Most of the yield differences between organic and conventional soybean in this study were associated with greater weed densities in the row of organic soybean. In the same study from 2006 to 2014, organic compared with conventional soybean yielded 38% lower, excluding the year when organic soybean could not be harvested because of overwhelming weed interference [11].



The lower yield in organic compared to conventional soybean yield is mostly associated with weed interference [4,5,6,7,10,11,12]. The use of extended crop rotations, however, can reduce weed seedbanks, which may improve weed control in organic soybean production [13]. For example, the weed seedbanks of common lambsquarters (Chenopodium album L.) and smooth pigweed (Amaranthus hybridus L.) were ≈ 4 × to 5 × lower at the beginning of the growing season in a soybean-wheat-maize rotation compared to a soybean-maize rotation. Likewise, the use of increased seeding rates in organic soybean has been reported to reduce weed densities and increase yield [14,15]. We conducted a 4-year study comparing organic and conventional soybean in a soybean-wheat/red clover-maize rotation with recommended and high inputs. The objective of the study was to determine if organic soybean in a soybean-wheat/red clover-maize rotation with high input (organic seed treatment and high seeding rates) compared with recommended input management would reduce weed densities, thereby increase yield and reduce the yield penalty when compared with conventional soybean. A second objective was to examine the yield components (pods/plant, seeds/pod and seed weight) to observe how organic soybean responds to environmental conditions and management practices. To the best of our knowledge, yield component responses by organic soybean have not been reported in the literature.




2. Materials and Methods


We initiated a study at a Cornell University research farm near Aurora, New York (42°44′ N, 76°40′ W) in 2015 to evaluate three sequences of the soybean maize-wheat/red clover rotation under conventional and organic farming systems (Table 1). Unfortunately, we were unable to plant wheat after soybean in 2017 because of wet fall conditions. Consequently, we planted maize, which resulted in a maize-soybean rotation as one of the rotations (Table 1).



Three contiguous experimental fields (216 m × 40 m each), which had been farmed conventionally and had a mixture of silt loam soils (fine-loamy, mixed, mesic, Glossoboric Hapludalfs and fine-loamy, mixed, mesic Oxyaquic Hapludalfs) were used for the study. The three contiguous fields, 40 m long and 216 m wide, had different cropping histories so they had different previous crops (barley (Hordeum vulgare L.), maize and soybean) in 2014. The experimental design was a randomized complete block (four replications) in a split-split plot arrangement with previous crops or fields as whole plots, farming systems (conventional and organic) as sub-plots and management inputs (recommended and high inputs) as sub-sub plots.



Soybean (and maize) areas in the three fields, determined each year by the rotation sequences in conventional and organic farming systems, were moldboard plowed around 20 May in all years, followed by one secondary tillage operation (culti-mulch) the following day. Organic and conventional soybean plots were planted immediately after secondary tillage along the entire 40 m length of each field. We first planted organic soybean in 0.76 m row spacing (wider spacing for inter-row cultivation purposes) with a 4.5 m White split-row planter (Coldwater, OH, USA) with inter-units disengaged. We then planted conventional soybean plots in the typical 0.38 m row spacing for soybean in this environment with the same planter with inter-units engaged. After soybean emergence, we marked off 3.5 m borders on the north and south sides of the plots so plot length was shortened to 33 m in each field. We also planted 3 m border strips between sub-plots (farming systems) so herbicide or fungicide sprays would not drift from conventional into organic soybean. Whole plot (the three fields) dimensions were 216 m wide and 33 m long, sub-plot (farming systems) dimensions were 27 m wide and 33 m long within each field and sub-subplot (management inputs) dimensions were 3 m wide and 33 m long within each field. Precipitation and temperature data were collected daily at a Weather Station (National Weather Service, Silver Spring, MD, USA) located between two of the contiguous fields.



Table 2 lists the management practices for conventional and organic soybean for the 4 years of this study. We looked for a non-GM isoline to the conventional GM variety as the organic variety so we could eliminate genetic differences between farming systems, as we did with maize and wheat in this study [16,17]. Unfortunately, we could not find an isoline of a GM variety so we used a GM and non-GM variety from the same seed company (Pioneer, Hi-Bred, IA, USA) with similar maturity (Maturity Group II.2) and yield potential but different genetics. Also, we had to switch the organic variety in the 4th year of the study because the non-GM variety used in the previous 3 years was no longer available from the seed company. Major differences between conventional and organic soybean management included (a) a GM variety, P22T41R2 (with an insecticide/fungicide seed treatment), which has RR2Y and SCN traits, versus a non-GM variety, P92Y21, from 2015 to 2017 and P21A20 in 2018; (b) 0.38 m versus 0.76 m row spacing (0.76 m for cultivation of weeds in organic soybean); and (c) a single Glyphosate herbicide application for weed control versus tine weeding (2015) or rotary hoeing (2016–2018), followed by close cultivation to the row, followed by three additional cultivations between the rows, respectively. Seeding rates of 370,500 and 494,000 seeds/ha were used for recommended and high input management treatments in both farming systems. Conventional soybean in the high input treatment also received a fungicide (Fluxapyroxad + Pyraclostrobin at ≈ 300 mL/ha) application at the beginning pod to full pod stage (R3-R4 stage) in late July for the control of potential diseases. An organic seed treatment, Sabrex (strains of Trichoderma, a soil-dwelling fungus), was added to the seed hopper and mixed into the high input treatment of organic soybean. We did not fertilize soybean because conventional soybean growers in our region typically do not use fertilizer on soybean.



Early soybean densities were estimated about 10–15 days after emergence by counting all soybean plants along a 1 m length in the harvest rows (2 center rows in conventional soybean and 4 center rows in organic soybean) in six regions of each plot. Weed densities were also determined by counting all visible weeds along the entire width of the 33 m length of the plot at the beginning of the seed-filling stage (R5), the end of the critical weed-free period in soybean in this environment [18]. Predominant weed species, which did not differ among previous crops or between farming systems, included wild buckwheat (Polygonum convovulus L.); common lambsquarters (Chenopodium album L.); barnyardgrass (Echinochloa crus-gall L.); Pennsylvania smartweed (Polygonum pensylvanicum L.); green foxtail (Setaria vidis L.); common ragweed (Ambrosia artemisifolia L.) and red root pigweed (Amaranthus retroflexus L.). Leaf disease ratings were taken from full pod to the full seed stage (R6) but will not be reported because of negligible observed symptoms.



Yield components were determined a few days before harvest by hand-harvesting all the plants along a 1 m length of the 4 harvest rows of conventional soybean and 2 harvest rows of organic soybean every 10 m along the plot length for a total of three samples. Whole plants were then air-dried in a greenhouse for a couple of weeks. Plants from each sample were first weighed and then counted. Next, all the pods on each plant were counted to determine pods/plant. The pods were run through a stationary plot combine to thresh the seed from the pods and then run through a seed cleaner. The seed was then counted with a seed counter (Old Mill Co., Savage, MD, USA) and divided by pod number to calculate seeds/pod. All the seeds were weighed and divided by seed number to calculate individual soybean seed weight. We calculated the harvest index by dividing the total seed weight by the total plant weight. Unfortunately, the first 30 plant samples were inadvertently not weighed in 2018 so only 2015 to 2017 harvest index values will be presented.



Soybean was harvested in late September in 2015, 2017 and 2018, and in early November in 2016, with a 1.5 m wide small plot Almaco combine (Nevada, IA, USA). We harvested the three 10 m remaining lengths in each soybean plot (after removing plants for yield component analyses) and pooled the three samples. An approximate 1000 g sample was collected from each 10 m harvest length to obtain two seed moisture estimates. Yield was adjusted to 13.0% moisture.



The Bartlett test (p = 0.01) indicated that variances were not homogeneous across years for yield, early soybean densities, harvest soybean densities, pods/plant, seeds/pod and seed weight. Also, we only had 3 years of harvest index values and the organic soybean variety was different in the 4th year compared to the first 3 years of the study. In addition, the cropping history of soybean differed during the first 3 years, as we established the rotations in this study. Consequently, we analyzed each year separately. Although soybean yield in the two rotations in 2018 did not differ, we present the statistical analysis of soybean only in the soybean-wheat/red clover-maize rotation (and not the maize-soybean rotation) in this manuscript to conform to the original objective of evaluating soybean in the soybean-wheat/red clover-maize rotation. Previous crops (three contiguous fields), farming systems (conventional and organic) and management inputs (recommended and high) were considered fixed and replications random for statistical analyses of yield, early and harvest soybean densities, weed densities, harvest index and yield components for each year, using the Residual Maximum Likelihood (REML) function in the MIXED procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). Previous crops had early and harvest soybean density effects (p = 0.03), a weed density effect (p = 0.02) and a seed weight effect in 2015 (p = 0.04) but there were no interactions with farming systems or inputs in 2015 (Table 3). From 2016 to 2018, there were no previous crop effects or interactions with farming systems or inputs for any measured variables. Consequently, the data were pooled across the three contiguous fields in all 4 years. Least square means of the main effects (farming system and management inputs) were computed and means separations were performed on significant effects using Tukey’s Studentized Range test (HSD) with statistical significance set at p < 0.05. Differences among least square means for farming system interactions were calculated also using Tukey’s HSD test. Two-way way interactions were detected for many measured variables so the interaction comparisons are presented in the tables. We provided the standard error of the mean for the farming systems x input management interaction in the tables. Simple correlations (Pearson) among all measurements within each year were calculated using PROC CORR in SAS (Table 4).




3. Results


Weather conditions differed markedly among growing seasons with total rainfall ranging from 255 to 454 mm and average temperatures ranging from 18.0 to 19.9 °C (Table 5). The 2015 and 2017 growing seasons had wet May and June conditions (161 and 46 mm above average, respectively); whereas the 2016 and 2018 growing seasons had dry May and June conditions (93 and 91 mm below average, respectively). The 2015 growing season had dry July and August conditions (71 mm below average), the time when soybean is in the flowering (R1–R2) to full-seed (R6) stage and thus most vulnerable to water stress [19]. In contrast, the 2017 and 2018 growing seasons had wet July and August conditions (48 mm and 56 mm above average). Overall, the 2016 growing season had the least amount of precipitation (105 mm below average), the 2017 growing season was the coolest (1.1 °C below normal) and the 2018 growing season was the warmest (0.8 °C above normal).



Soybean yield had a farming system × input management interaction in 2015, no significant differences in 2016 and farming system and input management effects in 2017 and 2018 (Table 3). Organic compared with conventional soybean with recommended inputs yielded the same in 2015 but conventional soybean with high inputs produced a yield that was ≈ 10.5% greater compared to the other three treatments (Table 6). When averaged across input treatments, organic compared with conventional soybean produced a yield that was ≈ 11% lower in 2017 and 2018. Organic soybean did not respond to high input management in any year of this study and conventional soybean responded only in 2015.



Early plant density had significant farming system x input management interactions in 2015, 2017 and 2018 but harvest plant density only had an interaction in 2018 (Table 3). Early plant density also had a farming system effect in 2016; whereas harvest plant density had a farming system effect in 2016 but no farming system effects in 2015 and 2017. Organic compared with conventional soybean mostly had similar early plant densities but organic soybean did have lower early plant densities with recommended and high inputs in 2016 and with high inputs in 2018 (Table 6). Organic compared with conventional soybean mostly had lower harvest plant densities except in 2017 when harvest densities were similar between their respective treatments (Table 6). Early plant densities had positive correlations with yield in 2015 (Table 4, r = 0.31, p = 0.03) and 2018 (r = 0.33, p = 0.02); whereas harvest plant density only had a positive correlation with yield in 2018 (r = 0.39, p = 0.01). Harvest index values only had a farming system effect in 2016 when conventional compared with organic soybean had greater values in their respective input treatments (Table 3 and Table 7). Harvest index values, however, did not correlate with yield in 2016 but did correlate with yield in 2015 (r = 0.40, p = 0.01).



Weed densities at the full pod stage (R5) had farming system x input management interactions in 2015 and 2018 and farming system effects in 2016 and 2017 (Table 3). Organic compared with conventional soybean had greater weed densities in all respective input comparisons (Table 6). Input management, however, had no significant effect on weed density in 2016 and 2017. Weed densities were surprisingly low in all years averaging only ≈ 0.65 weeds/m2 in organic soybean and ≈ 0.20 weeds/m2 in conventional soybean. Despite low weed interference, weed densities had negative correlations with yield in 2015 (Table 4, r = −0.36, p = 0.01), 2017 (r = −0.53, p ≤ 0.001) and 2018 (r = −0.36, p = 0.01).



All three yield components had significant main effects or interactions between farming systems and input management in all 4 years of the study (Table 3). Pods/plant had farming system x input management interactions in 2015 and 2018 and a farming system effect in 2016 and 2017. Pods/plant also had input management effects in 2016 and 2017. Organic compared with conventional soybean had lower pods/plant in most input comparisons except in 2016 and 2018 with high inputs when organic and conventional soybean had similar pod numbers in their respective management treatments (Table 7). High input compared with recommended input management had fewer pods/plant in both farming systems in all years. Seed weight had a farming system × input management interaction in all years (Table 3). Conventional soybean had greater seed weight in high input compared with recommended input management in all years, whereas organic soybean had similar seed weight between input treatments in all years (Table 7). Seeds/pod, which did not show a consistent effect between farming systems, had a farming system effect in 2015, 2016 and 2018 and a farming system x input management interaction in 2017. Organic compared with conventional soybean had mostly greater seeds/pod in 2015 and 2017 but mostly lower seeds/pod in 2016 and 2018 (Table 7). Yield components did not have consistent correlations with yield across years in this study with no yield components correlating with yield in 2015 and 2016 (Table 4). Pods/plant had a positive correlation with yield in 2017 (r = 0.52, p ≤ 0.001) but no correlation in 2018. Seeds/pod had a negative correlation with yield in 2017 (r = −0.31, p = 0.03) and a positive correlation with yield in 2018 (r = 0.42, p = 0.01). Seed weight did have consistent negative correlations with yield in 2017 (r = −0.44, p = 0.001) and in 2018 (r = −0.31, p = 0.03).




4. Discussion


Organic compared with conventional soybean yield was more competitive in our study compared to other studies in which 15% to 40% lower yield has been reported [4,5,6,7,10,11]. The similar yield between organic and conventional soybean with recommended inputs during the first 2 years of our study agree with the study in Iowa, USA in which soybean yield was similar during the transition years [8]. In our study, however, organic compared with conventional soybean yield averaged ≈ 11% lower in the next 2 years, whereas in the Iowa study organic and conventional soybean yield remained similar. Organic soybean did not show a yield response to high input management (33% greater seeding rate and the addition of an organic seed treatment in high input management) in any year of the study. Our results thus contrast with a study in North Carolina, USA that found that greater seeding rates (556,000 seeds/ha) reduced weed densities and increased yield of organic soybean [13]. Our study, however, agrees with an organic soybean study in Minnesota, USA, which reported similar yield with seeding rates of 395,000 and 543,600 seeds/ha [20]. Also, the use of an organic seed treatment did not influence yield. Our hypothesis was that the use of an organic seed treatment would result in more rapid and greater soybean emergence rates [21], which would improve early season competitiveness of the crop against weeds, thereby increasing yield. The early plant establishment rate, however, did not differ in organic soybean between high inputs (≈81%) and recommended inputs (≈83%). Consequently, organic soybean with recommended compared with high inputs had similar weed densities in 3 of 4 years and similar yield in all years. Conventional soybean also did not show a yield response to high inputs, except for the ≈9% yield increase in 2015.



Organic compared with conventional soybean had similar early plant densities at the 2nd true leaf stage (V2), except in 2016 and in 2018 with high input management. Our early plant density measurements occurred after tine weeding or rotary hoeing so apparently there was minimal damage by these operations to emerging organic soybean seedlings in most years. Nevertheless, the lower early plant densities in organic compared with conventional soybean in 2016, a year with very dry spring conditions, were probably associated with the aggressive rotary hoeing operation, as indicated by more visible plant damage.



Lower plant densities in organic soybean have been reported to increase weed interference in organic soybean, leading to lower yield [14,15]. Early and harvest plant densities, however, did not differ between organic and conventional soybean in their respective input treatments in 2017 when organic compared to conventional soybean yield was ≈11% lower. In 2018, however, organic compared with conventional soybean had ≈20% lower early plant densities in the high input treatment and ≈15 to ≈18% lower harvest plant densities in both input treatments. Early and harvest plant densities also had positive correlations with yield in 2018. Consequently, lower plant densities may have been a contributing factor to the ≈11% lower organic soybean yield in 2018. A previous study in the Northeast USA with conventional soybean, however, indicated that the threshold harvest plant density below which yield losses occur is ≈25 plants/m2 [22]. Organic soybean with recommended inputs had early plant densities of 31.0 and harvest plant densities of 25.9 plants/m2 in 2018, so lower plant densities may not have been a factor in the lower yield. Furthermore, soybean shows a tremendous ability to compensate for lower early plant densities by producing more side branches with pods, resulting in similar yield across a broad seeding rate range [23]. A study at the same experimental site of this study reported similar yield at seeding rates from 358,000 to 588,000 seeds/ha because soybean produced ≈10 more pods/plant at the lower seeding rate [24]. Another study at the same experimental site, however, reported that soybean did not increase side branches or pods/plant when 10% of the plants were removed at the sixth leaf stage (V6), resulting in yield losses of ≈5% at similar seeding rates used in this study [25]. Consequently, some yield losses may have occurred in organic soybean in 2018 because of lower soybean densities, associated with the close cultivation at the 4th leaf stage.



Weed interference, however, is usually the prime factor associated with the 15–40% lower organic compared with conventional soybean yield reported in the literature [5,6,7,10,11,12]. Organic compared with conventional soybean had greater weed densities in 2017 and 2018, the years of ≈11% lower yield but weed densities in organic soybean averaged only ≈0.70 weeds/m2 across management treatments. Furthermore, most of the weed infestations were confined to isolated areas of the plots with most of the plot area having very few weeds. Soil conditions were extremely wet from late May through mid-July in 2017, the time for repeated mechanical weed control practices in soybean. The wet spring and early summer conditions, however, did not lead to more weed interference and much lower yield in organic soybean compared to years with drier conditions, as reported in other studies [5,6,10]. In fact, the wet conditions in 2017 compared to the dry conditions in 2016 resulted in much taller and more robust organic soybean plants, which appeared to make soybean more competitive with weeds, as evidenced by the very low weed densities in conventional soybean in 2017. The 2017 growing season, however, was only the 3rd growing season of organically-managed crops in this study so perhaps weed interference will increase in future years and become more difficult to control when wet spring and early summer conditions prevail.



Organic soybean with recommended and high inputs had similar weed densities in 3 of the 4 years of our study, despite the ≈125,000 seeds/ha greater seeding rate. Again, this contrasts with a study in North Carolina, USA that reported that high seeding rates reduced weed densities in organic soybean [13] but agrees with the Minnesota study that reported that high seeding rates did not reduce weed densities [20]. Weed densities did have a strong negative correlation with yield in 2017 and a negative correlation with yield in 2018 but it is doubtful that ≈0.70 weeds/m2 at the end of the critical weed-free period would be responsible for the entire ≈11% lower yield in organic compared with conventional soybean.



Another factor that may contribute to the ≈11% yield difference between organic and conventional soybean in 2017 and 2018 is the difference in row spacing between the two treatments. A meta-analysis study indicated that soybean showed a 240 kg/ha yield decrease when row spacing increased from 0.38 to 0.76 m in northern latitudes [26]. In fact, in a previous row spacing study at the same experimental site, conventional soybean at 0.76 m compared with 0.38 m row spacing yielded 8.3% lower [24]. Interestingly, in another study at this same experimental site from 1994 to 1996, conventional soybean in 0.38 m row spacing with a combination of herbicides for weed control compared with conventional soybean in 0.76 m row spacing with the use of rotary hoeing and inter-row cultivations for weed control yielded 4% greater across the 3 years, despite similar weed densities (≈1.3 weeds/m2) between treatments [27]. Organic and conventional soybean in the present study, however, had similar yield in 2015 and 2016, despite wider row spacing, so it is not clear if wider row spacing was a factor in the ≈11% lower organic soybean yield in 2017 and 2018. Nevertheless, future research may wish to examine the impact of wider row spacing on the yield penalty associated with organic soybean production.



Organic compared with conventional soybean had fewer pods/plant in most comparisons except in 2016 and 2018 when pod numbers were similar between farming systems with high inputs. Organic compared with conventional soybean had lower harvest plant densities in the 2016 and 2018 comparisons so it was somewhat surprising that organic soybean did not have more pods/plant than its conventional counterpart. Furthermore, despite having similar harvest plant densities with recommended inputs in 2015 and with both management inputs in 2017, organic compared with conventional soybean had fewer pods/plant. Again, the pod number results were somewhat surprising because both soybean organic varieties compared to the conventional variety were rated as having a wider canopy width or more branching capability by the seed company [28]. Another factor for the mostly lower pod numbers in organic soybean may be that most of the crop damage by mechanical weed control occurred at the 4th leaf stage (V4) so organic soybean may not have responded with more side branches with more pods [25]. Organic compared with conventional soybean did have a consistent 8% to 9% greater seed weight in all years of the study. Consequently, organic and conventional soybean yielded the same in 2015 and 2016 because fewer pods/plant in organic soybean were offset by more seeds/pod and greater seed weight in 2015 and by greater seed weight in 2016. In 2017, however, when harvest plant densities were similar between cropping systems, organic compared with conventional soybean yielded ≈11% lower because greater seeds/pod (0.07) and greater seed weight (≈20 mg) could not offset fewer pods/plant (≈11). In 2018, organic compared with conventional soybean yielded ≈11% lower because of lower harvest plant densities, fewer pods/plant and fewer seeds/pod, which were not offset by its greater seed weight (≈48 mg).



As expected, recommended input compared with high input management had more pods/plant in organic and conventional soybean in all respective input comparisons in all years of the study. High compared with recommended input management in conventional soybean had greater seed weight in all years, which is consistent with some seeding rate studies reporting increased seed weight at greater soybean densities but not in other studies [29]. When averaged across years, conventional soybean with high compared with recommended inputs had ≈32% fewer pods/plant but ≈5% greater seed weight. In contrast, organic soybean with high compared with recommended inputs had 23% fewer pods/plant but similar seed weight. Some of the increase in seed weight in conventional soybean with high compared with recommended inputs may be associated with the supposed benefits to plant health by the fungicide application of Pyraclostrobin [30]. Nevertheless, it is not completely clear why organic soybean mostly had fewer pods/plant when compared with conventional soybean; and why seed weight or seeds/pod did not increase in organic soybean in the high input treatment, which had fewer pods/plant. Very few studies, if any, have examined the yield component responses by organic soybean to management practices so this may be an area for future research.




5. Conclusions


Organic compared with conventional soybean performed well (similar yield to 11% lower) in this study across a range of climatic conditions. Weed infestations were very manageable in organic soybean with timely mechanical weed control, even in years with wet spring conditions. Weed infestations, however, were quite low at this experimental site at the onset of the study in 2015. Future research may wish to focus on fields where weed infestations are greater, perhaps on fields of growers who are contemplating a transition to organic soybean production. In addition, researchers could evaluate organic soybean seeding rates on fields with higher weed infestations to determine if higher seeding rates can reduce weed infestations, thereby increasing organic soybean yield. Insect and pathogens, which are more difficult to control in organic compared with conventional soybean [31], were not highly prevalent in our study. Future research on organic soybean may wish to select fields with a known high insect or pathogen presence to determine how organic soybean performs under these conditions.
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Table 1. Sequence of the red clover-maize-soybean-wheat/red clover (Cl-M-S-W/Cl), maize-soybean (M-S-M-S) and soybean-wheat/red clover-maize-soybean (S-W/Cl-M-S) rotations from 2015 to 2018 at a Cornell University Research Farm in central New York, USA.






Table 1. Sequence of the red clover-maize-soybean-wheat/red clover (Cl-M-S-W/Cl), maize-soybean (M-S-M-S) and soybean-wheat/red clover-maize-soybean (S-W/Cl-M-S) rotations from 2015 to 2018 at a Cornell University Research Farm in central New York, USA.





	
Year

	
Crop Rotations




	
Cl-M-S-W/Cl

	
M-S-M-S

	
S-W/Cl-M-S






	
2015

	
Red Clover (Cl)

	
Maize

	
Soybean




	
2016

	
Maize

	
Soybean

	
Wheat/RC




	
2017

	
Soybean

	
Maize

	
Maize




	
2018

	
Wheat/(Cl)

	
Soybean

	
Soybean
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Table 2. Row spacing, planting rate, seed treatment, cultivar, herbicide, rotary hoeing, cultivation and fungicide application for soybean in conventional and organic farming systems with two management inputs (recommended and high input) from 2015 to 2018 at a University Research Farm in central New York, USA.
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Descriptor

	
Conventional

	
Organic




	
Recommended

	
High

	
Recommended

	
High






	
Row Spacing (m)

	
0.38

	
0.38

	
0.76

	
0.76




	
Planting rate (seeds/ha)

	
370,500

	
494,000

	
370,500

	
494,000




	
Seed Treatment

	
Fungicide/insecticide

	
None

	
Sabrex




	
Cultivar

	
P22T41RR2

	
92Y21/P21A20




	
Herbicide

	
Glyphosate 1×

	
None




	
Rotary Hoeing

	
None

	
1×




	
Cultivation

	
None

	
4×




	
Fungicide

	
None

	
Fluxapyroxad/Pyraclostrobin

	
None
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Table 3. P-values for yield, early plant density, weed density, harvest plant density, harvest index, pods/plant, seeds/pod and seed weight in 2015, 2016, 2017 and 2018 on a University research farm in central New York, USA.
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Variable

	
Yield

	
Early Plant Density

	
Weed Density

	
Harvest Plant Density

	
Harvest Index

	
Pods/Plant

	
Seeds/Pod

	
Seed Wt.






	
2015




	
Previous Crop (PC)

	
0.06

	
0.03

	
0.02

	
0.03

	
0.24

	
0.20

	
0.78

	
0.04




	
Farming System (FS)

	
0.10

	
0.04

	
<0.001

	
0.31

	
0.22

	
<0.001

	
<0.001

	
<0.001




	
PC × FS

	
0.07

	
0.38

	
0.14

	
0.39

	
0.10

	
0.89

	
0.08

	
0.08




	
Inputs (I)

	
0.001

	
<0.001

	
<0.001

	
<0.001

	
0.28

	
<0.001

	
0.001

	
0.01




	
PC × I

	
0.10

	
0.74

	
0.19

	
0.47

	
0.28

	
0.20

	
0.66

	
0.74




	
FS × I

	
0.03

	
0.005

	
<0.001

	
0.10

	
0.18

	
0.02

	
0.33

	
0.003




	
PC × FS × I

	
0.62

	
0.89

	
0.12

	
0.14

	
0.42

	
0.28

	
0.12

	
0.99




	
2016




	
Previous Crop (PC)

	
0.09

	
0.24

	
0.82

	
0.72

	
0.26

	
0.29

	
0.19

	
0.20




	
Farming System (FS)

	
0.11

	
< 0.001

	
0.05

	
0.004

	
<0.001

	
0.05

	
0.04

	
<0.001




	
PC × FS

	
0.62

	
0.11

	
0.77

	
0.17

	
0.58

	
0.21

	
0.38

	
0.26




	
Inputs (I)

	
0.22

	
< 0.001

	
0.14

	
< 0.001

	
0.24

	
<0.001

	
0.50

	
0.25




	
PC × I

	
0.20

	
0.21

	
0.45

	
0.79

	
0.18

	
0.56

	
0.63

	
0.49




	
FS × I

	
0.06

	
< 0.001

	
0.97

	
0.27

	
0.29

	
0.08

	
0.10

	
0.01




	
PC × FS × I

	
0.30

	
0.16

	
0.52

	
0.65

	
0.82

	
0.94

	
0.46

	
0.21




	
2017




	
Previous Crop (PC)

	
0.33

	
0.10

	
0.09

	
0.30

	
0.71

	
0.17

	
0.45

	
0.56




	
Farming System (FS)

	
0.001

	
0.009

	
<0.001

	
0.21

	
0.87

	
<0.001

	
<0.001

	
<0.001




	
PC × FS

	
0.93

	
0.66

	
0.61

	
0.51

	
0.07

	
0.11

	
0.31

	
0.09




	
Inputs (I)

	
0.03

	
<0.001

	
0.54

	
< 0.001

	
0.02

	
<0.001

	
0.001

	
< 0.001




	
PC × I

	
0.68

	
0.39

	
0.44

	
0.70

	
0.52

	
0.61

	
0.11

	
0.45




	
FS × I

	
0.77

	
0.20

	
0.91

	
0.73

	
0.10

	
0.06

	
0.03

	
0.03




	
PC × FS × I

	
0.99

	
0.46

	
0.72

	
0.37

	
0.47

	
0.91

	
0.14

	
0.14




	
2018




	
Previous Crop (PC)

	
0.12

	
0.50

	
0.68

	
0.60

	
-

	
0.07

	
0.08

	
0.09




	
Farming System (FS)

	
0.02

	
<0.001

	
0.11

	
0.005

	
-

	
0.004

	
<0.001

	
<0.001




	
PC × FS

	
0.16

	
0.26

	
0.40

	
0.48

	
-

	
0.49

	
0.16

	
0.19




	
Inputs (I)

	
0.01

	
0.03

	
0.78

	
<0.001

	
-

	
<0.001

	
0.001

	
<0.001




	
PC × I

	
0.24

	
0.41

	
0.71

	
0.37

	
-

	
0.06

	
0.41

	
0.75




	
FS × I

	
0.37

	
< 0. 001

	
0.002

	
<0.001

	
-

	
<0.001

	
0.20

	
0.002




	
PC × FS × I

	
0.15

	
0.54

	
0.37

	
0.08

	
-

	
0.45

	
0.14

	
0.30
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Table 4. Correlations (r-values) among seed yield, early plant density, weed density, harvest plant density, pods/plant, seeds/pod and seed weight of soybean from 2015 to 2018 at a University Research Farm in central New York, USA.
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Variable

	
Yield

	
Early Plant Density

	
Weed Density

	
Harvest Plant Density

	
Harvest Index

	
Pods/Plant

	
Seeds/Pod

	
Seed Wt.






	
2015 (n = 48)




	
Yield

	
-

	
0.31

	
−0.36

	
NS

	
0.40

	
NS

	
NS

	
NS




	
Early plant Density

	
0.31 +

	
-

	
NS

	
0.87

	
NS

	
−0.68

	
NS

	
0.28




	
Weed density

	
−0.36

	
NS

	
-

	
NS

	
NS

	
NS

	
0.46

	
0.50




	
Harvest plant density

	
NS

	
0.87

	
NS

	
-

	
NS

	
−0.71

	
NS

	
NS




	
Harvest Index

	
0.40

	
NS

	
NS

	
NS

	
-

	
NS

	
0.41

	
0.43




	
Pods/plant

	
NS

	
−0.68

	
NS

	
−0.71

	
NS

	
-

	
−0.38

	