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Abstract 

Double-crop (DC) soybean (Glycine max (L.) Merr.) systems, is an alternative to 

sustainably intensify production in agricultural land. However, DC system is subject to different 

environmental conditions relative to the one faced by full-season soybean. To better understand 

the effect of management practices on DC responses, and to learn how to improve desirable 

characteristics and minimize non-desirable outcomes, three approaches were chosen for the study 

of DC soybean. Chapter 1 was a systematic literature review. The objectives were to (i) quantify 

attainable yield for DC soybean benchmarking against full-season (FS) soybean; (ii) determine 

and build probabilistic response models on the effect of previous wheat productivity on DC 

soybean yields; and (iii) detect and rank factors influencing DC soybean yields via a decision 

inference tree analysis. Analysis showed that the yield gap between FS and DC soybeans 

increased from -31 to 1160 kg ha–1 as FS yield improved from 1500 to 3000 kg ha–1. Even 

though the proportion of variation accounted for wheat yields in the DC soybean/wheat yield 

ratio was low (R2 = 0.15), the probability of soybean yield being equal to wheat yield was 0, 20, 

30, and 55% for wheat yields of ≥6, ≥4 and < 6, ≥2 and < 4, and < 2 Mg ha–1. Inference tree 

analysis indicated that the major factors impacting success of the DC system was wheat yield, 

soybean planting date and maturity group. The second chapter aimed to evaluate the effect of the 

management practice treatments on seed quality. Seven management practice treatments were 

tested in each planting date: 1) common practice (no inputs), 2) no seed treatment; 3) non-stay 

green (without fungicide/insecticide); 4) high plant density (45 m-2); 5) wide rows (75 cm); 6) N 

effect (without late-season fertilizer N); and 7) kitchen sink, considering all the inputs evaluated 

in previous treatments. Protein, oil, fatty acids (stearic, palmitic, oleic, linoleic and linolenic), 

fiber and ash were analyzed. Oil content presented a negative relationship with protein content. 



  

Monounsaturated (oleic) and saturated (stearic and palmitic) fatty as well as total fatty acid 

yields were increased as inputs and seed yield increased. There were no differences for seed 

composition and quality for planting times for the majority of the analysis. Lastly, as seed filling 

duration increases, fatty acids concentrations decrease, increasing final seed content.  Chapter 3 

aimed to evaluate responses to management practices in field and run simulations for long-term 

responses of the variables in other environments. Seed yield in DC soybean can vary among 

years and is dependent on the management practices applied. Greater inputs can have positive 

influence in yield. However, greatest differences in yield, were observed for planting earlier, 

right after wheat harvest, beginning of June relative to the late planting date in June. Initial soil 

moisture had significant effect on yield, being negatively affected as initial soil moisture was 

40% in comparison with 90%. Weather greatly affected seed yield for DC soybean. The greatest 

differences were observed for dry and warm weather, when late planting greatly impaired yield.  
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Abstract 

Double-crop (DC) soybean (Glycine max (L.) Merr.) systems, is an alternative to 

sustainably intensify production in agricultural land. However, DC system is subject to different 

environmental conditions relative to the one faced by full-season soybean. To better understand 

the effect of management practices on DC responses, and to learn how to improve desirable 

characteristics and minimize non-desirable outcomes, three approaches were chosen for the study 

of DC soybean. Chapter 1 was a systematic literature review. The objectives were to (i) quantify 

attainable yield for DC soybean benchmarking against full-season (FS) soybean; (ii) determine 

and build probabilistic response models on the effect of previous wheat productivity on DC 

soybean yields; and (iii) detect and rank factors influencing DC soybean yields via a decision 

inference tree analysis. Analysis showed that the yield gap between FS and DC soybeans 

increased from -31 to 1160 kg ha–1 as FS yield improved from 1500 to 3000 kg ha–1. Even 

though the proportion of variation accounted for wheat yields in the DC soybean/wheat yield 

ratio was low (R2 = 0.15), the probability of soybean yield being equal to wheat yield was 0, 20, 

30, and 55% for wheat yields of ≥6, ≥4 and < 6, ≥2 and < 4, and < 2 Mg ha–1. Inference tree 

analysis indicated that the major factors impacting success of the DC system was wheat yield, 

soybean planting date and maturity group. The second chapter aimed to evaluate the effect of the 

management practice treatments on seed quality. Seven management practice treatments were 

tested in each planting date: 1) common practice (no inputs), 2) no seed treatment; 3) non-stay 

green (without fungicide/insecticide); 4) high plant density (45 m-2); 5) wide rows (75 cm); 6) N 

effect (without late-season fertilizer N); and 7) kitchen sink, considering all the inputs evaluated 

in previous treatments. Protein, oil, fatty acids (stearic, palmitic, oleic, linoleic and linolenic), 

fiber and ash were analyzed. Oil content presented a negative relationship with protein content. 



  

Monounsaturated (18:1) and saturated (18:2 and 18:3) fatty acids as well as total fatty acid yields 

were increased as inputs and seed yield increased. There were no differences for seed 

composition and quality for planting times for the majority of the analysis. Lastly, as seed filling 

duration increases, fatty acids concentrations decrease, increasing final seed content.  Chapter 3 

aimed to evaluate responses to management practices in field and run simulations for long-term 

responses of the variables in other environments. Seed yield in DC soybean can vary among 

years and is dependent on the management practices applied. Greater inputs can have positive 

influence in yield. However, greatest differences in yield, were observed for planting earlier, 

right after wheat harvest, beginning of June relative to the late planting date in June. Initial soil 

moisture had significant effect on yield, being negatively affected as initial soil moisture was 

40% in comparison with 90%. Weather greatly affected seed yield for DC soybean. The greatest 

differences were observed for dry and warm weather, when late planting greatly impaired yield. 
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Preface 

Because everything we study in agronomy initially comes from and is done for the farmer, this 

dissertation starts with the basis of any agriculture query, the observation, perceptions and 

decisions implemented at the field level. There is no better way of finding a solution, than to 

assessing the real issues, reported by a day-to-day specialist, faced by farmers. 

Thus, a survey was conducted with 126 double-crop (DC) soybean (Glycine max L.) farmers 

from 13 states in US, this project was funded by the United Soybean Board (USB), in an 

initiative for assessing the main issues faced by farmers when growing soybeans as a double 

crop. The US states included were Kansas, Arkansas, Illinois, Maryland, Kentucky, Missouri, 

Tennessee, Virginia, Alabama, Pennsylvania, Indiana, Mississippi and New Jersey. The 

objective of the study was to characterize the status of DC soybean production across the US 

farming systems. 

In US, double-crop soybean was planted after a winter cereal by farmers answering the survey. 

Wheat (Triticum aestivum L.) is usually the crop that is planted before DC soybean. The choice 

of crop has actually more to do with the subsequent crop to wheat than to the previous crop to 

soybean. The farmer that chooses to plant DC soybean, is the wheat farmer that is in search of a 

summer crop that can serve as a cash crop instead of using cover crops or fallow.  

Planting soybean in a wheat system, means that or soybean will need to be planted late after 

wheat harvest, or planted intercropped with wheat, or anticipated planted, via early desiccation of 

wheat for accelerating the moisture loss process from the wheat plant. In the case of DC crop 

soybean, planting will depend on time of wheat harvest, soil conditions, weather patterns, 

calendar date, residue management and availability of quality seed, but with the time of wheat 

harvest being the most cited (40%) factor by farmers as the main constraint for planting DC 



xix 

soybeans. More than 50% of the farmers, plant DC soybean between June 10th and June 20th, 

whilst a few farmers plant between July 1st and 10th. This delay causes different management 

practices responses from the soybean crop. Furthermore, the delay in planting also delays 

soybean maturity, and because of that there is also the risk of an early frost, interrupting the seed 

filling process and impacting yields via reducing the final attainable seed weight. 

In view of the differences in cycle from full-season (FS) soybean, the typical percentage of FS to 

DC soybean area in the farm is 66% to 34%, respectively. This shows a significant majority of 

the field being planted with FS soybean, instead of having two cash crops cultivated in the same 

area. Management practices commonly change from FS to DC soybean, adapting to the new 

environment conditioned by the previous crop. Wheat residue can play an important role on the 

subsequent crop. The majority of DC soybean is planted in a no-till system (80%). Some farmers 

opt for bailing the straw to remove wheat residue from the field (11%), less farmers burned the 

residues before DC soybean planting time (9%) and the least execute conventional tillage (1%) 

before DC soybean planting. Because DC soybean is the subsequent optional crop, the input 

investment to DC soybean is usually lower than the one applied to wheat or to the FS soybean 

crop. As reported for farmers, wheat usually receives the majority of the investments, 52% of the 

farmers, while 37% of the farmers equally distribute input investment between wheat and DC 

soybean crops and only 11% have the majority of the investments going into DC soybean. 

Other management practices divide opinions of DC soybean farmers, such as seed treatment, 

with 65% of the farmers applying different types of treatment, while 35% do not use any seed 

treatment. Herbicide application is another practice that divides opinions among farmers, with 

half of the farmers applying herbicides when there is pressure and the other half implement this 

practice as their standard.  



xx 

As the innovative farmers that the DC soybean producers are, they are always looking for 

improvements in yield and profit. Many different management strategies are cited when the 

question is about new management tactics to improve DC soybean yields. The management 

practices cited go from increasing fertilizer rates to choosing a different maturity group for DC 

soybean. Most of the information comes from experiments tested on-farm by the farmer, testing 

new options in seeking greater yields.  

In view of the information collected from DC soybean farmers, it is important to execute 

experiments testing different management practices and their combinations. Evaluating different 

strategies is crucial to meet the goal of increasing the potential yield of DC soybean, as well as 

investigating seed composition and quality in these different conditions, not only to increase DC 

soybean yield potential but to improve overall crop quality at harvest time.  

 

The overall dissertation objective was to evaluate the impact of different management practices 

on DC soybean, reflected on seed yield and seed quality from field, simulations and the scientific 

literature. 

The primary objectives for each chapter are as follows: 

1. To conduct a systematic literature review, to better understand the current state of the art 

for DC soybean systems and the effects of previous crop productivity and the 

management practices implemented in DC soybean system influencing final seed yield 

(Chapter 1). 

2. To analyze results from field experiments with different management practices applied to 

DC soybean, and use these results to adjust the Agricultural Production System Simulator 

(APSIM) for modeling DC soybean yield to evaluate alternative scenarios considering 



xxi 

the impact of long-term weather on main factors such as residue quantity from previous 

crop, initial soil moisture at planting DC soybeans, selection of soybean maturity group 

and adjustment on plant density as some of the most relevant management factors for this 

system (Chapter 2). 

3. Evaluate the effect of different management practices applied in field experiments on 

seed composition and quality of DC soybean and investigate its correlation with yield 

(Chapter 3). 

4. Summary and future research steps (Chapter 4). 
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Chapter 1 - A Review of Soybean Yield when Double-Cropped after 

Wheat 

Hansel, D. S. S., Schwalbert, R. A., Shoup, D. E., Holshouser, D. L., Parvej, R., Prasad, P. V. V., and Ciampitti, I. 

A. (2019). A Review of Soybean Yield when Double-cropped after Wheat. Agron. J. 111. 

doi:10.2134/agronj2018.06.0371 

 Ab stract 

Soybean (Glycine Max L.) planted after wheat (Triticum aestivum L.) harvest in same 

season (double cropped [DC]) has the potential to increase productivity and sustainability. The 

objectives of this synthesis review were to (i) quantify attainable yield for DC soybean 

benchmarking against full-season (FS) soybean; (ii) determine and build probabilistic response 

models on the effect of previous wheat productivity on DC soybean yields; and (iii) detect and 

rank factors influencing DC soybean yields via a decision inference tree analysis. A global 

database on DC soybean studies collected from 1976 to 2017 was divided into three data sets: (i) 

FS and DC soybean (n = 141 data points); (ii) wheat and DC soybean (n = 463); and (iii) 

production factors and DC soybean (n = 547). Analysis showed that the yield gap between FS 

and DC soybeans increased from -31 to 1160 kg ha–1 as FS yield improved from 1500 to 3000 

kg ha–1. Even though the proportion of the variation accounted for wheat yields in the DC 

soybean/wheat yield ratio was low (R2 = 0.15), the probability of soybean yield being equal to 

wheat yield was 0, 20, 30, and 55% for wheat yields of ≥6, ≥4 and < 6, ≥2 and < 4, and < 2 Mg 

ha–1. Inference tree analysis indicated that the major factor impacting success of the DC system 

was wheat yield followed by soybean planting date and maturity group. 

  



2 

 Introduction 

Soybean and wheat are two important crops that have the potential to produce high 

protein food. In 2018, wheat and soybean production was 48 and 125 million tons in United 

States, respectively (USDA–NASS, 2018). These two crops are usually sown separately, 

followed by a fallow period. Nonetheless, it is possible to produce both crops in immediate 

succession if the correct management is adopted. Double cropping (DC) soybean immediately 

after wheat harvest has the potential to increase overall production without expanding land area, 

potentially increasing net-return for farmers and aiding in sustainably intensifying farming 

systems (Crabtree et al., 1990; Burton et al., 1996; Kelley, 2003; KyeiBoahen and Zhang, 2006; 

Browning, 2011). Additionally, DC soybean system allows farmers to transfer the cost of 

summer weed control to the soybean crop instead of the wheat crop where there is no direct 

return on their investment.  

Ray et al. (2012, 2013) suggested that current rate of increase in agricultural production 

(0.9 to 1.6% per year) is not meeting the required rate of yield increase of 2.4% per year to reach 

needed food production for 2050. Furthermore, most of the increase in food production must be 

derived from land already under cultivation (Hall and Richards, 2013). Crop intensification is 

defined as the yield improvement per unit of land area and time (Cassman, 1999; Gregory et al., 

2002; Sadras and Roget, 2004) with the focus on increasing cropping intensity (more crops per 

year); this is one strategy to meet the increasing global food demand.  

Following this rationale of intensification, DC planted area in the United States increased 

28% from 1988 to 2012 (Seifert and Lobell, 2015). In 2018, the total DC planted area was 

projected to be 1.81 million hectares, roughly representing 5% of total soybean planted area in 

the United States (USDA–NASS, 2018). Soybean is one of the most frequent crops utilized for 



3 

DC systems and in most situations, it is usually planted after wheat harvest. In addition, soybean 

can generate complementary income to wheat, and can increase potential net-return from the 

system.  

Double-crop soybean is usually planted later than the full- season (FS) soybean due to 

wheat harvest occurring after optimal soybean planting date. Environmental conditions, such as 

radiation, temperature and water availability, have a large influence on the establishment and 

development of the soybean crop, affecting yield (Wesley, 1998; Dillon, 2014). For mid-

southern part of US, DC soybean yield declined for planting dates after mid-May, ranging from 

0.09 to 1.69% per day, depending on maturity group (Salmerón et al., 2016). In Argentina, late 

soybean planting date resulted in diminished yields (Caviglia et al., 2011). Full-season soybean 

has more time to increase biomass and seed yield because of a longer time to capture radiation 

(Egli, 2011). Moreover, late-planted soybean is more likely exposed to possible freeze events 

during seed filling (Seifert and Lobell, 2015) leading to lower yields. Wheat residue (quantity 

and distribution) also represents a challenge for the success of DC soybean systems, potentially 

reducing growth and lowering yields (Caviness et al., 1986). Wheat may also reduce water 

availability for soybean, increasing the risk of soil moisture stress (Pearce et al., 1993; Calviño et 

al., 2003a) and decreasing seedling emergence (Dillon, 2014). The lack of water availability after 

the wheat crop can reduce time to canopy closure, reducing light interception (Caviglia et al., 

2011). In summary, shorter growing cycles, availability of water and nutrients, presence of 

undecomposed and poorly distributed wheat residue, are among some of the main factors 

affecting the attainable yields of DC soybean systems.  

Therefore, a systematic literature review was conducted to better understand the current 

state of the art for DC soybean systems pursuing the goals to (i) quantify attainable yield for DC 
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soybean systems benchmarking against the FS soybean both grown in the same location–year; 

(ii) determine and build probabilistic response models on the effect of previous wheat 

productivity on subsequent DC soybean yields; and (iii) detect and rank factors, available on the 

review data, influencing DC soybean yields via a decision inference tree approach. 
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 Materials and methods  

 Data Collection, Criteria, and Databases  

The data were gathered using the following search engines: CABI (www.cabi.org), Web 

of Science Core Collection (https:// clarivate.com/products/web-of-science/databases), Scopus 

(www.scopus.com), SpringerLink (https://link.springer.com), Agricola 

(https://agricola.nal.usda.gov/), and Google Scholar (https://scholar.google.com/). For the 

literature review, similar procedures as previously developed by Ciampitti and Vyn (2012, 2013, 

2014) were followed. Briefly, there was no restriction in the search for years or countries, which 

resulted in a worldwide data collection. The keywords used for the search were: “doublecrop”, 

“soybean”, and “wheat”. Using these keywords, the number of publications found were: CABI 

(475), Web of Science Core Collection (208), Scopus (86), SpringerLink (624), Agricola (69), 

and Google Scholar (4000). These publications were further evaluated to ensure that the titles 

and content have the required information about our subject of research. Thereafter, selected 

publications were reviewed using the abstracts. A total of 126 papers, dissertations, and theses 

were selected for download and further screened to include information on yield and soybean 

preceded by a wheat crop. The main criteria for final data inclusion in the database was whether 

the study presented information on DC soybean yield and reported full season (FS) soybean 

yield, wheat yield previous to DC soybean and management practices such as planting date, 

maturity group, among others. Due to this study contemplate worldwide data, we cannot use the 

term “winter wheat” (applies only to North America) since wheat planted in the Southern 

hemisphere is not strictly planted during the winter time. Thus, the focus of the study was to 

evaluate DC soybean when immediately planted after wheat harvest.  



6 

Not all studies presented complete information on all these aspects. The studies were 

analyzed collectively and were used to compile a data table containing results from 16, 31, and 7 

studies for Database 1, 2, and 3, respectively (Table 1). The databases were separated based on 

the yield and management information provided in the studies. Thus, three databases were 

created with the following objectives: (i) compare DC versus FS soybean on attainable yields 

when both crops were grown in the same location-year (Database 1); (ii) relate DC soybean and 

the previous-crop wheat (Database 2), and (iii) when previous wheat yield, and DC soybean 

yield, maturity group and planting date information were provided to rank factors affecting 

relative DC soybean (to wheat) yield (Database 3).  

A descriptive analysis for yield factor were obtained via implementation of histograms 

for Databases 1, 2, and 3 (Fig. 1A–D) (GraphPad Prism 6; Motulsky and Christopoulos, 2003). 

The data for DC soybean and wheat were analyzed relating to older data (1989) to search for 

possible bias toward yield differences based on when studies were conducted (Supplementary 

Fig. S2). This showed there was no effect of years on yields of DC soybean and wheat.  

 Statistical Analysis  

For the first database, the comparison between DC versus FS soybean yield, was 

explored within three different FS soybean yield classes (yield environments): ≤2000 kg ha–1, 

>2000 to ≤2800 kg ha–1, and ≤2800 kg ha–1 (Fig. 2A). The yield environments were divided 

using terciles to obtain equal number of observations within each group. To explore the effect of 

the delay in planting date on the maximum DC soybean yield, a 99% quantile regression was 

performed using upper boundary regression (Fig. 2B). This regression represents the maximum 

attainable DC soybean yield that was less limited by other factors, but still affected by planting 

date. In addition, an overall linear regression (50% quantile regression) was fitted to obtain the 
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average DC soybean yield reduction per day of difference on planting date relative to the FS 

soybeans. This relationship was described using the “quantreg” package (Koenker, 2017) for R 

software (R Core Team, 2017). Lastly, planting date difference by FS soybean yield 

environments was tested to avoid bias on the data collection process (Fig. 2C).  

For the second database, the relationship between the maximum relative soybean-to-

wheat yield (expressed in ratios) versus wheat yield (expressed in absolute values) was explored 

using the 99% quantile regression fitting a linear plateau model (Fig. 3A). This relationship was 

analyzed with the objective of understanding how the previous wheat yield affects the 

subsequent soybean yield. Relative soybean DC/wheat yield ratio was given by DC soybean 

yield divided by the previous wheat yield from the same area. This ratio was related to absolute 

values of wheat yield; thus, allowing the observation on the change of DC soybean depending on 

previous wheat yields. The relation has the objective of helping on decision making toward the 

next crop (DC soybean) based on a value that is easily available to the wheat grower. The 

comparison of wheat and DC soybean yields, as well as the ratio between them, does not have 

the intention of showing when DC soybean is outyielding wheat. The objective is to give the 

grower an estimated yield to expect from the DC soybean if planting after specific wheat yield 

levels. This analysis was previously performed by Rondanini et al. (2012), on rapeseed (Brassica 

napus L.)/wheat yield ratio. Additionally, wheat yield was divided into four yield classes: were 

obtained using Markov-Chain Monte Carlo (MCMC) simulation (Gelman et al., 2004) and 

Metropolis–Hastings algorithm with 10,000 random draws from each posterior after a suitable 

burn-in period of about 200 iterations. Posteriors cumulative density functions were built for 

each yield class to facilitate interpretation.  
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For the third database, the influence of additional sources of variation (such as planting 

date and maturity group) in DC soybean relative to wheat yield variability was evaluated. This 

analysis used a conditional inference using the partykit package in R (Hothorn and Zeileis, 2015) 

(Fig. 4). This analysis is based on hierarchically ordered and recursively repeated binary splits, 

where the strength of each association is measured by a P-value. To avoid overfitting and 

enhance interpretability, the maximum tree depth was set to 10 nodes. The data used for the 

conditional tree analysis contained only field research studies conducted in North America. 

However, only one study was conducted in South America (Caviglia et al., 2011) and excluded 

from the analysis to avoid a confounding effect on the planting date evaluation. 

Lastly, a yield deviation calculation (yield value of each observation – average yield of 

the entire experiment) for each study was implemented and plotted against year of the 

experimentation to check if there was any historical trend related to yield gain and to quantify if 

the effect of a particular study was influencing the database (Supplementary Fig. S1). Similarly, 

DC soybean and wheat historical trends (relative yield to an initial point) were compared to 

avoid a bias toward differential yield gain for one crop relative to the other (Supplementary Fig. 

S2). 
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 Results and discussion  

For the entire database, yield showed similar dispersion from the mean throughout the 

evaluated years (1976–2017) (Supplementary Fig. S1).  

The overall distribution of the data points permitted to visually demonstrate lack of a 

temporal trend. Therefore, it can be concluded that the year of experimentation did not influence 

the analyses of Databases 1 and 2 (Supplementary Fig. S2).  

The histograms of Database 1 and 2 (Fig. 1) portrayed different distributions for DC and 

FS soybean yields as well as for DC soybean and wheat yields. In Database 1, DC (Fig. 1A) and 

FS soybean yields (Fig. 1B) displayed similar normal distribution (p > 0.05; Shapiro-Wilk test), 

differing on the mean for DC soybean of 2000 kg ha–1 and for FS soybean of 2500 kg ha–1. As 

for Database 2, both DC soybean (Fig. 1C), and wheat (Fig. 1D) yields portrayed normal 

distributions (p > 0.05– Shapiro-Wilk test). The peaks in yield occur in different yield levels for 

both crops. The highest frequency occurs for DC soybeans between 1500 and 2000 kg ha–1, 

while for wheat it occurs between 3000 and 3500 kg ha–1. As expected, yield distribution was 

generally toward high values for FS soybean related to DC soybean, and similar observation was 

reported for the wheat yield relative to DC soybean comparison.  

 Double-Crop versus Full Season Soybean (Database 1)  

Full-season soybean out-yielded DC soybean in yield environments where yields were 

≥2000 kg ha–1; however, the yield gap between FS and DC soybean increased in higher yielding 

environments (Fig. 2A). The difference between DC soybean yield and FS soybean yields were 

31 (p > 0.05), 430 (p > 0.01) and 1119 (p > 0.01) kg ha–1 for yield environment ≤2000 kg ha–1, 

>2000 to ≤2800 kg ha–1, and >2800 kg ha–1, respectively.  



10 

Double-crop soybean was usually planted later than FS soybean due to wheat harvest 

time (Fig. 2B). Due to late planting, DC soybean had shortened growth cycle and higher risk of 

an early fall freeze (Egli and Bruening, 2000; Calviño et al., 2002). These, among other reasons, 

are likely responsible for the drastic DC yield reduction in potential DC soybean yields, observed 

when the difference in sowing time between FS and DC soybean increased (Fig. 2B). Yet, the 

average decline in yield to difference in planting date was not statistically significant (p > 0.01, 

R2 = 0.04) (Fig. 2B). Thus, attainable yield decreased as DC soybean was planted later in the 

season. Planting date showed a similar difference among all the yield environments (Fig. 2C), 

indicating that response in the yield gap between FS and DC soybean was primarily due to the 

yield environment and not confounded with potential differences in planting dates (Fig. 2A).  

 Wheat versus Double Crop Soybean Yields (Database 2)  

Relative DC soybean (to wheat) yield was analyzed with the purpose of predicting DC 

soybean yields, using previous crop information for a probability analysis (Fig. 3A, B). The ratio 

for DC soybean/wheat yield was greater as wheat yield decreased. When wheat yield was 2000 

kg ha–1, the average DC soybean yield is 86% of the previous wheat yield.  

In contrast, when wheat yields are above 4000 kg ha–1, DC soybean will yield an 

average 65% of the previous wheat, and when above 6000 kg ha–1, DC soybean will yield 45% 

of the previous wheat yield (Fig. 3A). Also, DC soybean yields decreased after this threshold. 

Based on the average percentage of DC soybean in relation to wheat, the farmer can have an 

estimate of the expected yield level for the upcoming DC soybean crop. The linear regression 

(50% quartile) showed an average of 13 kg ha–1 decrease in DC soybean for each 100 kg ha–1 

increase in wheat yield (slope –0.014% kg ha–1). The upper bilinear regression (99% quartile– 

upper boundary regression) shows the potential DC soybean yields, in relation to wheat. This 
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relationship between the maximum soybean/wheat yield ratio, reaches 170% until wheat yield 

increases to 2900 kg ha–1. After this, the DC soybean/wheat yield ratio decreased 0.054% kg 

ha–1, resulting in 54 kg ha–1 decrease of potential yield for DC soybean for each 100 kg ha–1 of 

increase in wheat yield. Although wheat is an excellent choice to pair with DC soybean (Evans et 

al., 1993), it may negatively affect the soybean crop (Pearce et al., 1993; Calviño et al., 2003a). 

Superior wheat yields will demand use of more resources (e.g., water, nutrients) (Daniels and 

Scott, 1991; Caviglia et al., 2004; Andrade et al., 2015), depleting those resources for the 

following soybean crop. Thus, previous studies concluded that soybean yields were affected by 

wheat yield and its residue, reducing soybean yield as wheat yield increases (Caviness et al., 

1986; Kyei-Boahen and Zhang, 2006; Nelson et al., 2010). Due to that, many researchers have 

studied the effect of quantity of wheat residue on soybean yield, although conclusions vary on 

how to manage wheat stubble (Pearce, 2005; Cordell et al., 2007; Amuri et al., 2010). Still, no-

tillage of the DC soybean presented greater net return relative to conventional tillage 

combinations (Amuri, 2008). In addition, the effect of greater wheat residue on DC soybean 

yields can be due to the effect of the residue itself, per se residue effect, or due to the greater 

wheat yield that utilized more resources (water and nutrients), directly affecting the ability of the 

DC soybean crop to grow early in the season and indirectly impacting yields. Double-crop 

soybean yields are likely a direct consequence of the interaction between environmental 

conditions experienced by the crop and effects of the previous wheat yield. However, the decline 

in the ratio DC soybean/wheat can be due to greater wheat yields, with soybean yields remaining 

constant. Regardless, for the upper boundary function (Fig. 3A), maximum DC soybean/wheat 

yield ratio reached 100%, at a wheat yield of approximately 5500 kg ha–1.  
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Thereby, there are many factors interacting on the final DC soybean yield response, 

increasing the complexity and challenges for providing science-based management decisions.  

To help in the decision-making process toward DC soybean and, a posterior predictive 

probability analysis was performed (Fig. 3B). Thus, when wheat yield environment was greater 

than 6000 kg ha–1, there is zero probability of DC soybean to yield more than the wheat yields 

(ratio >100%). In this high yielding wheat environment, the probability shows that the maximum 

DC soybean yield, would be 50% of the previous wheat yield (ratio <50%). As wheat yield 

decreased, the likelihood of DC soybean yielding more than the yield observed for wheat 

increased, reaching 20, 30, and 55% of probability of greater DC soybean yield than wheat, 

when wheat yield ranged from 4000 to 6000, 2000 to 4000, and <2000 kg ha–1, respectively 

(Fig. 3B). There was a 75% probability that DC soybean would yield 25, 50, 70, and 75% of the 

previous wheat yield, when wheat yield ranged from ≥4000 to <6000 kg ha–1, ≥2000 to <4000 

kg ha–1, and <2000 kg ha–1, respectively. Likewise, Porter et al. (1997) showed increased 

benefits for DC soybean yields in lower wheat yield environments.  

Although DC soybean yields can be predicted in relation to the previous wheat yields, 

there are many factors that influence both responses. Wheat yields can predict only 15% 

confidence on the decline in DC soybean yields. The effects from DC soybean itself and its 

interactions with the environment can be accountable with 51% of the response from yields 

(Fig. 3C). Even though the proportion of the variation accounted for wheat yields in the DC 

soybean/wheat yield ratio was low (R2 = 0.15), several factors influence the final attainable 

soybean yields (e.g., weather, genotype, and management) (Pearce, 2005; Navarro, 2010; Nelson 

et al., 2010; Andrade and Satorre, 2015; Liu et al., 2015; Norman et al., 2016).  
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 Relevance of Management Decisions on Double Crop Soybean Yield (Database 3)  

Based on the management data gathered for this review, including seven studies from 

North America, the most important factor influencing DC soybean was the previous wheat yield, 

with a different response when wheat yield values >2800 and ≤2800 kg ha–1 (Fig. 4).  

In wheat yield environments ≤2800 kg ha–1, neither soybean maturity group (MG) nor 

DC sowing time (expressed as day of the year [DOY]) were relevant factors; 80% of all data 

points (n = 47) presented greater DC soybean yields relative to wheat yield (Node 2 in Fig. 4). 

For this wheat yield level (≤2800 kg ha–1), the average ratio for relative DC soybean to wheat, 

was 146%. However, for wheat yields >2800 kg ha–1, DOY followed by MG influenced DC 

soybean yields. Many studies have found that later sowing date reduced yields (Egli and 

Bruening, 2000; Calviño et al., 2003b; Salmeron et al., 2014). Rattalino Edreira et al. (2017), 

conducted in the North-Central US region, utilizing a large self-reported farmer database found 

that yield potential was reduced for each day planted later than 1 April (DOY 91). According to 

our analysis (Fig. 4), when soybean was planted after DOY 180 (“late” planted), corresponding 

to the end of June, there was no difference in DC yield ratio for early or late MGs (Node 9 in 

Fig. 4). The average DC soybean/wheat yield ratio was 67%. Soybean yielded less than the 

previous wheat, for an overwhelming majority (>90% of all observations, n = 73) of the 

observed data analyzed (Node 9 in Fig. 4). If soybean planting date was earlier than DOY 180 

(“early” planted), there was a different response for wheat yields that ranged from >2800 to 4500 

kg ha–1 and with yields above 4500 kg ha–1. Regarding the latter group, more than 80% of all 

data points (n = 55) presented lower ratio for relative DC soybean/wheat (2088 and ≤4500 kg 

ha–1, and MG was above 4.5, 70% from all the data points (n = 17) portrayed DC soybean yields 

lower than wheat, at the average of 57% relative DC soybean to wheat yield (Node 7 in Fig. 4). 
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When soybean MG was ≤4.5, 60% of the data points (n = 22) presented DC soybean yields 

greater than the observed wheat yield, with average of 115% relative DC soybean to wheat yield 

(Node 6 in Fig. 4). Agreeing to the observed in this study, mid-MG 3 was observed as the ideal 

to maximize yields for DC in Missouri (Minor and Wiebold, 1998). Holshouser (2015) observed 

that late MGs allow more time for plant growth, although the plant has to reach maturity before 

the first frost.  

 Main Limiting Factors in a Double Crop Soybean System  

There are many limiting factors related to DC soybean systems. To better understand the 

yield-limiting factors in the DC soybean system, 19 studies were reviewed. The main factors 

impacting yield were late planting date or short crop cycle, lack of water, low temperature, 

radiation/photoperiod, residue, limitation of soil nutrients, and early frost and machinery 

requirements. From the 19 studies, yields in 15 were limited by water (Crabtree et al., 1990; 

Ritter and Scarborough, 1992; Lehrsch et al., 1994; Duncan and Schapaugh, 1997; Calviño et al., 

2002; Pearce, 2005; Behera et al., 2007; Bruinsma, 2009; Nelson et al., 2010; Smith, 2013; 

Dillon, 2014; Qin et al., 2015; Gesch and Johnson, 2015; Liu et al., 2015; Norman et al., 2016). 

Of these, only five reported soil water status (Lehrsch et al., 1994; Gesch and Johnson, 2015; Liu 

et al., 2015; Qin et al., 2015; Norman et al., 2016). Therefore, it is evident that soil water status 

should be investigated further.  

The second most reported limiting factors were late planting (Lehrsch et al., 1994; 

Calviño et al., 2003b; Caviglia et al., 2004; Dillon, 2014; Salmeron et al., 2014) and soil nutrient 

availability (Behera et al., 2007; Nelson et al., 2010; Andrade and Satorre, 2015; Qin et al., 

2015). Other factors, were temperature, radiation/photoperiod, residue and early frost (Pearce, 

2005; Bruinsma, 2009; Navarro, 2010; Nelson et al., 2010; Holshouser, 2015; Andrade and 
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Satorre, 2015; Liu et al., 2015; Norman et al., 2016). Lastly, machinery requirements were also 

cited as a limiting factor (Navarro, 2010).  

Identification of the major limiting factors affecting DC soybean yields and then 

determination of the best management practices should be further investigated with the goal of 

not only increasing attainable DC soybean yields but for improving the overall productivity of 

the wheat–DC soybean farming system. 
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 Conclusions  

The most striking outcomes from this review paper were (i) as yield environments are 

greater (from 1500 to 3000 kg ha–1), yield gap of DC soybean compared to FS soybean widens 

from –31 to 1162 kg ha–1; (ii) even though the proportion of the variation accounted for wheat 

yields in the DC soybean/ wheat yield ratio was low (R2 = 0.15), the probability of DC soybean 

yield being equal to wheat yield was 0, 20, 30, and 55% for wheat yields of ≥6, ≥4 and < 6, ≥2 

and < 4, and < 2 Mg ha–1; thus, more than 50% probability to obtain similar DC soybean and 

wheat yields was obtained with low wheat yields (<2 Mg ha–1); and (iii) the inference tree 

analysis ranked wheat yield as the main factor, followed by planting date and maturity group as 

secondary factors influencing DC soybean yields. In summary, the probability of obtaining 

greater DC soybean yields (relative to wheat) is reduced as the wheat yield improves and 

planting date for soybeans after wheat is delayed.  

There is still the need to critically evaluate and identify best management practices to 

produce greater and stable DC soybean yields. Deployment of comprehensive field studies 

investigating multi-factors under different soil and environment conditions are needed to identify 

factors influencing DC soybean farming systems around the globe. In addition, consideration of 

using crop simulation models to evaluate different scenarios (soil, water, environment, and 

management and their interactions) and improved knowledge on site-specific best management 

practices recommendations (including sowing time, variety selection, seeding rate, and row 

spacing, among other factors) are potential avenues to be explored for increasing attainable 

soybean yields under the complex genotype × environment × management interaction.  
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Figure 1. Descriptive analysis of the dispersion of number of observations for yield data in 

databases 1 (a and b) and 2 (c and d). Database 3 is included in database 1 and 2 in addition to 

the unpublished data that also follows the same trend of distribution. 
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Figure 2. Double-crop (DC) soybean yields compared to full-season (FS) soybean yield. Yield 

environments were divided in three yield environments <2000 kg ha-1, 2000 to <2800 kg ha-1, 

≥2800 kg ha-1. (B) Effect of different planting dates between DC and FS soybean in DC soybean 

yields. Upper boundary regression (99% Q) showing the potential yield decline for DC soybean. 

(C) Planting date difference in days between DC and FS soybean for each yield environment. 
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Figure 3. Relative soybean (to wheat) yield response to previous wheat yield. The potential yield 

is given by the bilinear regression- upper border line (99% quartile). The mean response is given 

by the 50% quartile line (R2= 0.15) (A). Posterior predictive probability for DC soybean (to 

wheat) yields for four yield environments of previous wheat yield <2000 kg ha-1, >=2000 to 

<4000 kg ha-1, >=4000 to <6000 kg ha-1 and >=6000 kg ha-1(B). Influence of DC soybean yields 

on the ratio of relative soybean (to wheat) yield response. Mean response is given by a 50% 

quartile line (R2= 0.52) (C). Green circles are unpublished data, and yellow circles are for 

literature data. Size of circles represent soybean yield absolute values. 
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Figure 4. Inference tree showing the hierarchical order of importance in the response of relative 

soybean (to wheat) yields to main management factors (wheat yield, day of the year – DOY and 

maturity group – MG). Being 1 higher and 10 lower hierarchical order. at least significant 

difference p< 0.05. 
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Supplementary figure 1. Yield dispersion from the mean throughout the evaluated years of 

release for database 1, 2 and 3. Wheat yield deviation in kg ha-1(a), double-crop soybean yield 

deviation in kg ha-1 (b), and full-season soybean yield deviation in kg ha-1 (C). 
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Supplementary figure 2. Relative (to until 1989) soybean yield (%) to relative (to until 1989) 

wheat yield. Effect of year the study was conducted of DC soybean yields to older studies and 

wheat yields to older studies for database 2. 
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Table 1. Authors, publication year, type of publication, region of study, crop year, main 

characteristics, number of observations per study for databases 1, 2 and 3. 
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Publication 
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at

ab
as

e 
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Gesch and 

Archer 
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America 
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-
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North 

America 

1986

-
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Soybean genotypes adapted to DC 12  

  

Edwards et 

al. 
1988 paper 

North 

America 

1981

-

1984 

Tillage and crop rotation 12  

  

Coale and 

Grove  
1987 paper 

North 

America 

1984

-

1985 

Root and shoot development  2  

  

Hairston et 

al. 
1984 paper 

North 

America 

1981

-

1982 

Tillage systems 4  

  

Sanford 1982 paper 
North 

America 

1974

-

1976 

Straw and tillage management 3   
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at

ab
as

e 
1

 a
n

d
 2

 

Andrade 

and Satorre 
2015 paper 
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2003

-

2008 

Environ. effects on single and DC 

soybean 
11 11   
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al. 
2015 paper 
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2010

-
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Intensification of resources 3 3   
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al. 
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North 
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1979

-
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Popp et al. 2003 paper 
North 
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-
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Novel bedded system 10 10   

Sanford et 

al. 
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Cropping alternatives 3 2   
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al. 
1986 paper 

North 
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1983
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DC systems 18 18   

1
,2
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n

d
 3

 

Meadors et 

al. 
2015 thesis 

North 

America 
2014 Suitability of energy beets for DC 1 1 1 
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et al. 
2011 thesis 

North 

America 

2009

-

2010 

Agronomic and economic 

comparison 
10 6 6 

Kyei-

Boahen et 

al. 

2006 paper 
North 

America 
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-

2004 

Yield and net returns 10 10 10 

D
at

ab
as

e 
2

 a
n

d
 3

 

Sandler et 

al. 
2015 paper 

North 

America 

2012

-
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Row spacing in wheat and crop 

effects 
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Grey et al. 2012 paper 
North 

America 

2008

-

2009 

Herbicide study  34   
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Kumar et 

al. 
2012 paper 
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Asia 

2006

-

2007 

Integrated weed management   9   

Nash et al. 2012 paper 
North 

America 

2008

-

2010 

Polymer coated urea  33 33 

Caviglia et 

al. 
2011 paper 

South 

America 

2000

-

2002 

Wheat yield and quality  2   

Nelson et 

al. 
2010 paper 

North 

America 
2005 Cultivar selection  6   

Behera et 

al. 
2007 paper 

South 

Asia 

1996

-

2000 

Integrated nutrient management 

practices 
 18   

Trusler et 

al. 
2007 paper 

North 

America 
1999 

Weed management in winter 

wheat 
 4   

Pierce et al. 2005 thesis 
North 

America 

2003

-

2004 

Wheat stubble managements  16   

Diaz-Zorita 

et al. 
2004 paper 

North 

America 

1994

-

2000 

Soil structural disturbance  14   

Bauer et al. 2002 paper 
North 

America 
1996 Tillage effect and row spacing  12   

Pullin and 

Myers 
1998 paper 

North 

America 

1993

-

1994 

Agronomic and economic 

performance 
 4   

Wesley et 

al. 
1998 chapter 

North 

America 

1984

-

1991 

Doublecropping  30   

Porter et al. 1995 paper 
North 

America 
1992 Doublecropping  2   

Senigaglies

i et al. 
1993 paper 

South 

America 

1991

-

1992 

Alternative tillage practices  4   

Daniels et 

al. 
1991 paper 

North 

America 
1986 Water use efficiency  18   

Khalilian et 

al. 
1991 paper 

North 

America 

1988

-

1990 

Soil compaction  36   

Moomaw 

et al. 
1990 paper 

North 

America 

1987

-

1989 

Doublecropping  1   

Wagger et 

al. 
1988 paper 

North 

America 

1985

-

1987 

Tillage effects on a rotation  16   

Lewis and 

Philips 
1976 paper 

North 

America 

1971

-

1974 

Doublecropping   4   

D
at

ab
as

e 
3

 Hansel 2017 unpublished 
North 

America 

2016

-

2017 

Management practices for double-

cropping 
    

67 

Parvej 2017 unpublished 
North 

America 

2015

-

2016 

Maturity groups, planting dates 

and cultivars 
 67 380

* 

Holshouser 2017 unpublished 
North 

America 
    20 60 

48 

*bootstrapped 
        Total 

14

1 

46

3 545 
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Chapter 2 - Field and simulated management strategies for double-

crop soybean planted after wheat 

 Abstract 

Double-cropping is an intensification management practice with the potential to increase 

productivity and land diversity to satisfy the food security and soil health. Double cropped (DC) 

soybeans after winter wheat (Triticum aestivum L.) harvest, is such a system. The challenge is 

that the soybean planted after winter wheat is usually delayed more than one month, relative to a 

full-season soybean cycle, which creates a yield penalty. Thus, identification of management 

practices that can increase double cropping soybeans yields is needed. To this end, field 

experiments (Ashland Bottoms and Ottawa, in Kansas, in 2016 and 2017) were conducted 

aiming to test different management practices for improving productivity of this crop. Two 

planting dates in each site and seven management treatments were tested within each planting 

date as follows: 1) common practice (no inputs added), 2) no seed treatment; 3) non-stay green 

(without fungicide/insecticide application); 4) high plant density (45 seeds m-2); 5) wide rows 

(75 cm); 6) N effect (without late-season fertilizer N); and 7) kitchen sink, considering all the 

inputs evaluated in previous treatments. At the Ashland Bottoms location, the late plating in 

2016 for the common practice treatment resulted in lower yield while treatment with wide-rows 

presented greater yield. At the Ottawa location, the early planting in 2017 presented greater yield 

for treatments high plant density, N effect and kitchen sink relative to the rest of the treatments. 

Late planting also presented differences in treatments, where common practice showed lower 

yields and treatments non-stay green, N effect and kitchen sink presented greater yields. In all 

sites, where there were significant differences, common practice yielded less than the treatments 

with greater inputs. To expand DC soybean responses to other environment conditions, crop 
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simulations were executed using APSIM (Agricultural Production Systems Simulator) software. 

Crop growth simulations were run for twenty years (1998 to 2017), with selected management 

practices. The management practices evaluated were planting date (May 15, June 5, and June 

25), initial soil moisture (40 and 90%), plant density (30 and 40 plants m-1), previous wheat 

residue (1250 and 4500 kg ha-1), and maturity group (3, 4 and 5). The output data from the 

model, was grouped by weather conditions (warm wet, warm dry, cold wet, and cold dry). There 

were no differences among plant densities, wheat residue or maturity groups. Yet, warm and wet 

weather presented greater yield, while warm and dry weather presented a yield reduction by 

1292 kg ha-1. Initial moisture affected yield loss, reducing by 1075 kg ha-1 when initial soil 

moisture decreased from 90% to 40%. As planting date was delayed, yield was reduced by 1296 

kg ha-1, presented the greatest impact from the factors evaluated in this study. Future research 

studies should focus on exploring how soil moisture at planting can impact DC soybean 

emergence, as well as how to increase water availability for the DC soybean crop. It is also 

necessary to understand more deeply how management practices affect the seed filling period 

through a deeper analysis of how this process occurs for DC soybean systems.  

Keywords: simulation, yield prediction, intensification. 

Abbreviations: double-crop (DC), initial soil moisture (IM), maturity group (MG). 
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 Introduction 

Sustainable intensification of agricultural systems need to be better studied and practiced, 

with the objective of increasing food production in order to meet the increasing global human 

demand. Single crop centered systems do not make full use of inputs, such as radiation and 

rainfall (Caviglia et al., 2004). The soybean production intensification challenge for soybean, is 

to increase in 36% by 2025, requiring an extra 1000 kg per hectare using the currently available 

land area in the United States (United Soybean Board). Although very difficult, the goal is 

possible with new and innovative technologies and cropping systems, improved production 

methods and effective educational/technology transfer programs.  

Double-crop (DC) is defined by harvesting two crops or commodities in the same 

calendar year, such as winter wheat (Triticum aestivum L.) harvested in the spring and soybean 

(Glycine max (L.) Merr.) in the fall (Borchers et al., 2014). Double-cropping soybean after small 

grains addresses world food demand by growing two crops in one year and simultaneously 

addresses environmental concerns by growing a harvestable "cover crop" and minimizing the 

cost of summer weed control where there is no direct return on their investment. DC soybean is 

cultivated in many regions of United States and around the world. In most DC systems, soybean 

is planted immediately after wheat harvest, which increases potential profit where there would 

probably be a non-cash cover crop or even fallow (Crabtree et al., 1990; Moomaw and Mader, 

1991; Burton et al., 1996; Kelley, 2003; Kyei-Boahen and Zhang, 2006; Browning, 2011; 

Thomason et al., 2017). Additionally, with declining commodity prices of wheat, producers are 

seeking other avenues to increase the productivity of their land and increase net-return from their 

own farm. Double-crop soybean after wheat is a very viable option.  
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Soybean can be managed in no-till systems, reducing costs due to less machinery, fuel 

and labor expenses after the wheat harvest (Bolliger et al., 2006). Furthermore, no-till maintains 

wheat residue on soil surface which prevents excessive runoff of nutrients and other chemicals, 

and enhancing good soil properties (Triplett and Dick, 2008). Double-crop soybean area 

increased 28% from 1988 to 2012 in US (Seifert and Lobell, 2015). The total DC area was 

projected to be 1.81 million hectares, representing 5% of the soybean planted area in the US by 

2019 (USDA – NASS, 2018). While the double cropping wheat-soybean system is not 

uncommon, double-cropping have increased costs and therefore economic barriers, and although 

two crops can provide additional revenue from the same land, it also has the potential to shorten 

one or both of the crops cycle (Egli and Bruening, 2000). 

Farmers desire to increase yields and diversify the rotations, while limiting risk, and hold 

back on investing in inputs (Dillon, 2014). The yield gap between full-season and DC soybeans 

exists and is larger when environments are higher yielding (>2800 kg ha-1), although in lower 

yielding environments (<2000 kg ha-1) the gap between full season and double-crop soybean is 

close to null (Hansel et al., 2019). To improve yields for DC soybean there are some 

management practices that should be further investigated: 1) fertilizer application, promoting 

stronger plant growth and earlier canopy closure to overcome stresses due to a late planting 

season; 2) ideal row spacing and seeding rate, allowing more plants in the same unit area, 

potentially suppressing weed establishment and increasing yield; 3) integrated pest management, 

due to the late planting, the risk of late summer soil and foliar disease and insects could decrease 

yield; and 4) earlier planting time to lengthen growing season and allow more time for soybean 

plants to set pods and seed before the first killing frost. 
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The goal of this study was to identify practices or combination of practices that can 

improve yields of soybeans grown in double crop systems without sacrificing wheat yield and 

identify the main yield-limiting factors affecting DC soybean productivity from a perspective of 

environment (E) and management practices (M) interaction (E x M). To do so, we combined 

field experiments and simulation modeling. The specific objectives of this study were to: i) 

evaluate field responses to different management practices x weather combinations of DC 

soybean; ii) calibrate the APSIM model to simulate DC soybean responses to management 

practices observed from field experiments; iii) use the simulation model to extrapolate results 

from 2 years to 20 years to develop data that can better help with development of probabilities 

for decision making and to identify management practices that have greater impact on DC 

soybean system as reference for further studies. 
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 Materials and methods 

 Field experiments 

Two field experiments were established. The soil type at the Ottawa location was a 

Woodson silt loam (Mollisols) and at Ashland Bottoms location it was a Belvue silt loam. Soil 

samples were taken prior to planting at a depth of 0 to 15 cm in. Soil chemical parameters 

analyzed were pH (1:2.5) (Thomas, 1996), Mehlich P (Frank et al., 1998), organic matter (OM) 

(Walkley and Black, 1934), calcium, magnesium, and potassium (K) availability (Warncke and 

Brown, 1998). Cation exchange capacity (CEC) was determined by summing the exchangeable 

cations (in cmolc kg-1) (Table 1). 

The field experiments were arranged in a randomized complete block design with 4 

replications. Plot size was 3m wide × 18m long. The soybean variety utilized was Asgrow 4232 

(Monsanto Co.), maturity group 4.2. Soybean was planted immediately after wheat harvest of the 

cultivar WB Cedar (Monsanto Co.). Study 1 (early wheat harvest) was planted on June 10, 2016, 

and June 13, 2017, and for Study 2 (conventional wheat harvest) on June 23, 2016, and June 22, 

2017. Seven treatments were evaluated in 2016 and 2017: 1) common practice (no inputs added), 

2) no seed treatment; 3) non-stay green (without fungicide/insecticide application); 4) high plant 

density (45 seeds m-2); 5) wide rows (75 cm); 6) N effect (without late-season fertilizer N); and 

7) kitchen sink, considering all the inputs evaluated in previous treatments (seed treatment, with 

fungicide and insecticide, high plant density, narrow rows (38 cm) and the addition of late-

season N fertilization. The specific management practices composing each treatment are listed in 

Table 2. 

The seed treatment was Acceleron Standard (Monsanto Company, St. Louis, US) which 

contains a fungicide + insecticide. For the foliar fungicide + insecticide application, the 
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chemicals used were Aproach Prima + Prevathon (6 + 17 fl oz/a) (Dupont Co.) and applied to 

soybean at the R3-R4 growth stage (Fehr and Caviness, 1977). Herbicides and hand weeding 

were used to maintain no weed interference for the entire season. Fertilizer application was 

performed on treatments 2 to 7 using the formulation 7-7-7-7S-7Cl (chloride). The application 

rate was 12 kg ha-1 of N, P, K, S and Cl. In treatment 2 to 6, late N was applied at a rate of 57 kg 

ha-1, in the formulation of 32-0-0 (N-P-K). Biomass was collected in a 1.16 m2 area, sampled 

outside the area collected for yield.  

For evaluating how treatments responded in each environment, in relation to biomass and 

yield dependence, relative values were calculated for each treatment in each environment (Figure 

4). All the mean values from a treatment in each experiment were combined in a graph. The 

relative values were calculated by the difference of each treatment’s mean, of biomass and yield, 

to the mean value of biomass and yield for all treatments in all environments. As values were 

greater than zero, the treatment responded better in that specific environment in relation to the 

mean of all treatments, while if it was lower than zero, the treatment responded worse than the 

mean for that environment. The inclination of the data points towards the x or y axes presented 

greater influence of biomass or yield on the final value. 

 APSIM Crop growth model 

The Agricultural Production Systems Simulator (APSIM) software version 7.9 was used 

in this study. The software is a free and public internationally utilized simulator for modeling 

agricultural systems at field level, and can be downloaded from the software’s webpage 

(www.apsim.info). The software evaluates production and environmental performance of cropping 

systems, while operating on a daily time step, or even hourly, for some processes. APSIM 

integrates knowledge from field and laboratory research in the form of mathematical equations in 
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attempt to represent a real world system, combining process-based model into a new model 

corrected to a featured target of study. 

The field measurements from two locations in Kansas, two years and two planting dates, 

were used for the calibration of the model. Based on the responses measured from the field 

experiments, questions arose about the probability of finding the similar responses in other years, 

under different management (e.g., maturity group and plant density) and environments, or what 

would be the response in these other contexts. 

 Simulations 

To enable a better understanding of how management practices effect yield, simulations 

were generated using the APSIM software. The simulations were based on the weather, soil 

characteristics from the Ashland Bottoms location. Twenty years of weather data (1998 to 2017) 

were sued to drive the model, with the objective of simulating different environments and observe 

a broader spectrum of responses from double-crop soybean. The management practices evaluated 

were planting date (May 15, June 5, and June 25), initial soil moisture (40 and 90%), plant density 

(30 and 40 plants m-1), previous wheat residue (1250 and 4500 kg ha-1), and maturity group (3, 4 

and 5). Three graphs were created with the output data from the APSIM software. Initial moisture 

and planting dates were presented for 20 years, for evaluating yield responses.  

For the first simulations (Figure 5), the plant densities of 30 and 40 plants m-2 were tested, 

added to the initial moisture and planting dates. For this graph the cultivar used was from maturity 

group 4 and previous wheat residue was of 4500 kg ha-1. The second graph (Figure 6), tested 

previous wheat residues (1250 and 4500 kg ha-1) and the plant density used was 40 plants m-2. 

Maturity groups 3, 4 and 5 were tested (Figure 7), plant density was 40 plants m-2, and wheat 

residue was 4500 kg ha-1. For analyzing the data from the simulations statistically, the years were 
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grouped by weather (Figure 1). The weather groups were determined by the average of each year 

in relation to the average values of precipitation and temperature from the mean of the 20 years, 

for the months of August and September. This period was chosen for the group classification due 

to the great influence this period being the most important to seed filling in soybeans (Hou et al. 

2006)  

 Statistical analysis 

Data analysis was performed for each database, considering the data 1) from field 

experiments; and 2) from APSIM simulations. For the first database, linear mixed models were 

fitted for each site × year × planting date combination (total of 2 sites x 2 years x 2 planting 

dates), accounting for treatment as fixed effect and block as the random component. For the 

second database, fixed effect models were adjusted for each set of tested factors, considering all 

the possible interactions. In both cases, Tukey test was performed for means comparison (at 5% 

significance) when significant differences were detected by the analysis of variance (ANOVA). 

All the analyses were performed with the R software (R Core Team, 2018) and mixed model 

effects were adjusted using the “lme4” package (Bates et al., 2015). 
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 Results 

 Field experiments, Seed yield 

Yield only differed for treatments at Ashland Bottoms in 2016, when planted late. The 

common practices presented lower yield and treatment 5 (wide-rows) presented greater yields. 

At the Ottawa location treatments differed only in 2017. For the early planting, common practice 

yielded less and treatments 4, 6 and 7 presented greater yield. For late planting in 2017, the 

Ottawa location presented greater yield for treatments 3, 6 and 7, and lower yields for the 

common practice (Figure 2). In Ottawa, yields were similar in both years. The differences in 

yield were not consistent for a specific input treatment. However, in the trials where yield 

presented statistical differences, common practice always showed lower yields. 

 Total biomass 

There were no differences between treatments for total biomass. Biomass for treatments 

were averaged and presented by site (Figure 3). In year 2016, both locations and planting dates 

presented high biomass in relation to 2017. 

When evaluating relative values for biomass and yield (Figure 4), treatment 1, the 

common practice treatment was lower than the mean of the treatments for yield and biomass, 

going from 80 to 100% of the mean of all treatments. Treatment seven, kitchen sink, showed 

more values above the mean for all treatments, with most of the values at 100 to more than 120% 

of the mean for biomass and yield. The other treatments had distribution among all sections of 

the graphs, showing a greater variance between environments. Overall the increase in both 

parameters show that seed yield and biomass were directly related. 
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 Crop growth simulations 

The simulations for yield, considering planting date, initial soil moisture, and their 

combination with plant density, residue, and maturity group are very variable among years 

(Figures 5, 6, and 7). When analyzing data from APSIM simulations, comparing plant densities 

30 and 40 plants m-2, there was no difference for levels of plant density (Figure 5). 

Thus, there was interaction between weather and planting dates (Table 3). In all the 

weather combinations, seed yield was affected as planting date was later on timing. When 

comparing the weather for each planting date, dry and warm weather resulted in lower yields for 

all planting dates relative to the other weather combinations. Wet and warm weather presented 

greatest yields across planting dates. Wet and cold weather and dry and warm weather presented 

lower yields, in relation to the other weather conditions for the later planting date. 

Previous wheat residue simulations did not show significant differences for residue levels 

(Table 4). Although a trend can be observed, of greater yield for wheat residue of 4500kg ha-1 for 

planting date 1 (Figure 6). 

Planting date significantly affected yield in all weather conditions, decreasing as planting 

was later and as weather was drier and colder (Table 4). When both residue levels were 

considered together, wet and cold weather was not as greatly affected by planting date, in the 

comparison between weather conditions. When observing all weather conditions, planting date 

affected yields negatively only for dry and warm weather. 

Yields were not statistically different for maturity groups when analyzing the years by the 

pre-defined weather groups (Figure 7). Yet, as planting date is later in the season, there is a 

tendency of greater yields for maturity group 3 relative to the yields documented for maturity 

groups 4 and 5. 
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Weather groups, planting date and initial soil moisture, were significantly different with 

single effects (Table 5). Dry and warm weather presented lower yield. Planting date showed a 

significant effect in yield only for the last planting date (Jun 25th), when comparing all three 

maturity groups. Initial moisture affected yield when it was 40% at the beginning of the season. 

Considering the lack of difference observed from the simulations for plant densities, 

previous wheat residue, and maturity groups, an analysis was done for comparing only weather 

planting date and initial water, without considering differences only one planting density (40 

plants m-2), wheat residue (4500 kg ha-1) and maturity group (4) (Table 6). The result of the 

analysis was single effects for weather, planting date and initial water. Dry and warm weather 

affected yield negatively, with a decrease of 959.1 kg ha-1. The later planting date, June 25th, 

showed significantly lower yields. The decrease in yield observed from planting date 1 to 

planting date 3 was of 1292.8 kg ha-1. Also, 40 % initial soil moisture implied a decrease of 

1029.5 kg ha-1on yields, and was significantly lower than when initial soil moisture was 90%. 

A comparison of yield differences from the second planting date (June 5th) to the first 

planting date (May 15th), and from the third planting date (June 25th) to the first is presented in 

Figure 8 a. The greatest difference in yield occurred in dry and cold weather, in which yield 

decreased 2168 kg ha-1, between the first and last planting date tested. The weather conditions 

that had less effect on yield when planting later in the season, was wet and warm. Rate of yield 

decrease was calculated dividing total yield loss in the planting delay period by the number of 

days in the period (Figure 8 b). The results showed a greater rate of yield decline for dry and cold 

weather for 41 days delayed planting with a loss of 53 kg ha-1 per day. When delaying 20 days 

(planting in June 5th in comparison with May 15th, the loss was less per day was still 34 kg ha-1. 

In the other weather environments, great losses from 777 to 2168 kg ha-1 were observed for 41 
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days, but relatively small losses, from 39 to 714 kg ha-1, for when planting was delayed for 20 

days. However, for the dry and warm environment, even when delaying only 20 days the losses 

were up to 19-fold as much as for the wet and warm environment. 
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 Discussion 

Field experiments were conducted in years with no severe stresses in drought or in 

flooding. Weather is one of the most important modulators of yield responses (Rondanini et al., 

2012), and climate differences can help explain differences in DC farming systems (Shapiro et 

al., 1992). This condition helps the plant to uptake nutrients present in the soil, increase 

resistance to attacks from pests and diseases, and overcome small down points in the season.  

Thereunto, when observing the simulations (Figures 5, 6 and 7) for the years studied in 

field (2016 and 2017), it can be observed that they present standard to high response on yields 

when compared to other 18 simulated years, for the variables tested. This can help understand 

how the years observed, had support for DC soybean productivity observed from the field. Even 

so, treatments did present impact on yield responses in 3 out of the 8 site-years tested. The 

differences observed in yield, always showed lower response from the treatments with common 

practice, as expected since this treatment had a very low input level. The treatments that 

presented greater yield, were higher input treatments, and varied by location. At the Ashland 

Bottoms location, yield was lower for the year of 2017, when comparing it when 2016. 

Precipitation was 585 mm for 2016 while in 2017, it was only 360 mm (Kansas Mesonet). The 

difference in precipitation was probably a reason for lower yields in 2017. Ottawa yields were 

more stable, when comparing 2016 and 2017, as also was the precipitation for the season. 

Common practice treatment had yields at the locations were there was significant differences 

among treatments. The treatments that had greater yield were different for each year. Thus 

different characteristics of each environment imposed different responses from the soybean crop. 

Biomass did not show differences for treatments, which relates well with the few or no responses 
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in yield. The distribution of relative yield and biomass show that there was dependence among 

the two traits, which is expected (Wallace, 1985). 

Yield simulations showed there was no difference for the tested plant densities, previous 

wheat residue, or maturity groups. This is maybe due to a great variation among years and the 

conditions experienced by the soybean plant during that year. However, weather conditions, 

planting dates and initial soil moisture inflicted differences in yield from the double-crop 

soybean.  

Weather and planting dates interacted for the group of simulations from Figures 5 and 6, 

and showed single response on Figure 7. Drier environments had more negative influence in 

yield as planting dates were later. Late sowing in DC can generate dry soils in planting, causing 

poor crop establishment (Egli, 1998), as well as water deficit during the crop season (Board and 

Harville, 1996). When weather was also dry and warm, transpiration presented a demand that the 

dry soil could not support. Dry soil enhances the negative effect for not being able to sustain the 

high water demand of a plant in warm weather, that transpires more. Stomata controls 

transpiration and has a role of maintaining leaf temperature within an optimal range (Burke et al 

1988). Though, soybean has the ability to maintain turgor as a result of slow decline in leaf water 

potential generated by low transpiration rate and continued uptake in nutrient (Tanguilig et al. 

1987).  

Initial water influenced a significant decline in yield due to the importance of initial 

moisture for seed emergence, since seed imbibition is a critical stage for the soybean success in 

the germination (McDonald et al., 2010). Double-crop soybean is planted in sequence to wheat 

harvest. Due to that, when soybean is planted, there is less water in the soil profile than when 

succeeding winter fallow (Knott et al., 2018). 
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Planting dates affected yield, as planting was performed later in the season. Other studies 

have also observed that double-crop soybeans are negatively affected by late planting (Coale and 

Grove, 1987; De Bruin and Pedersen, 2008; Chen and Wiatrak, 2010; Hansel et al., 2019). 

Environment conditions are modified with late planting dates, and affect capture of radiation and 

partitioning of crop resources (Calviño et al., 2003). These affects can include less vegetative 

growth, shorter stems, less reproductive nodes, and shortening of the seed filling period (Board 

et al. 1992, Boquet et al 1990, Board et al. 1999, Kantolic and Slafer 2001). The decrease in 

yield for planting dates in these simulations, was significantly lower for the last planting date 

tested. Thus, the planting in early June was not significantly lower than planting in mid-May, 

which shows that DC can be planted without a significant loss in yield, right after winter wheat 

harvest, if wheat is harvested as wheat reaches maturity. 

  



48 

 Conclusion 

Seed yield in DC soybean can vary among years and is dependent on the management 

practices applied. Greater inputs can have positive influence in yield. However, the greatest 

differences in yield, were observed for planting earlier, right after wheat harvest, beginning of 

June relative to the late planting date in June. Initial soil moisture was crucial and had significant 

effect on yield, being negatively affected as initial soil moisture was 40% in comparison with 

90%. Weather played an important role in affecting seed yield for DC soybean. The greatest 

differences in the effect of weather in DC soybean yield was for the dry and warm weather, when 

late planting greatly impaired yield. 

Future research studies should focus on exploring how soil moisture at planting can 

impact DC soybean emergence, as well as how to increase water availability for the DC soybean 

crop. It is also necessary to understand more deeply how management practices affect the seed 

filling period through a deeper analysis of how this process occurs for DC soybean systems.  
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Figure 1. Weather classification of the years 1989 to 2017 based on the mean temperature and 

cumulative precipitation for August and September, compared to the mean temperature and 

precipitation from the 20 years. 
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Figure 2. Seed yield for Ashland Bottoms and Ottawa, in 2016 and 2017, for early and late 

planting. Treatments: 1) common practice (no inputs added), 2) no seed treatment; 3) non-stay 

green (without fungicide/insecticide application); 4) high plant density (45 seeds m-2); 5) wide 

rows (75 cm); 6) N effect (without late-season fertilizer N); and 7) kitchen sink, considering all 

the inputs evaluated in previous treatments (seed treatment, with fungicide and insecticide, high 

plant density, narrow rows (38 cm) and the addition of late-season N fertilization. Letters refer to 

the statistical significance (p< 0.05) between treatment for each location.  
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Figure 3. Total dry biomass and biomass partitioning for Ashland Bottoms and Ottawa, in 2016 

and 2017, for early and late planting. Treatments are averaged for each location. Partitions were 

seeds, pod wall, leaves, petioles and stems. Growing degree days (GDD). 
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Figure 4. Relative values for seed yield and biomass for each environment. Treatments: 1) 

common practice (no inputs added), 2) no seed treatment; 3) non-stay green (without 

fungicide/insecticide application); 4) high plant density (45 seeds m-2); 5) wide rows (75 cm); 6) 

N effect (without late-season fertilizer N); and 7) kitchen sink, considering all the inputs 

evaluated in previous treatments (seed treatment, with fungicide and insecticide, high plant 

density, narrow rows (38 cm) and the addition of late-season N fertilization. 
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Figure 5. Simulations from 1998 to 2017 for seed yield for plant densities (30 and 40 plants m-2), 

initial soil moisture (40% and 90%) and planting dates (May15, June 5 and June 25). Initial soil 

moisture – IM. 
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Figure 6. Simulations from 1998 to 2017 for seed yield for previous wheat residue (1250 and 

4500 kg ha-1), initial soil moisture (40% and 90%) and planting dates (May15, June 5 and June 

25). Initial soil moisture – IM. 
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Figure 7. Simulations from 1998 to 2017 for seed yield for maturity groups (3, 4 and 5), initial 

soil moisture (40% and 90%) and planting dates (May15, June 5 and June 25). Initial soil 

moisture – IM, maturity group –MG. 
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Figure 8. Yield decrease for weather environments (kg ha-1), depending on planting delay of 

double-crop soybean (a). Rate of yield decrease per day (kg ha-1 day-1) for delay in planting date 

compared to the first tested planting date (b).  
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Table 1. Pre-plant soil characterization at 0-15 cm at Ottawa and Ashland Bottoms, Kansas, in 

2016 and 2017. 

Soil parameters 
                Ottawa                 Ashland 

2016 2017 2016 2017 

pH  5.8 5.7 5.9 6.1 

Mehlich P (ppm) 14.5 19.6 57.7 62.5 

CEC (meq/100 g) 15.4 23.6 7 9.4 

Organic matter (%) 2.8 3 1.1 1.5 

Potassium (ppm) 79.3 122.9 223.0 206.3 

Calcium (ppm) 2248.7 2447.4 1028.8 1061.1 

Magnesium (ppm) 303.5 348.7 105.8 118.3 
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Table 2. Management practices for treatments imposed on double-crop soybean planted after 

wheat for the early- and late-planting studies at Ottawa and Ashland, KS, in 2016 and 2017. 

 

Trt Description 
Seed 

treatment 

Fungicide / 

insecticide 

Fertilit

y 

Density 

(seeds m-2) 

Rows 

(cm) 

Late 

nitrogen 

1 
Common 

practice 
No No No 35 75 No 

2 
No seed 

treatment 
No Yes Yes 35 38 Yes 

3 Non-stay green Yes No Yes 35 38 Yes 

4 
High plant 

density 
Yes Yes Yes 45 38 Yes 

5 Wide rows Yes Yes Yes 35 75 Yes 

6 
Nitrogen 

fixation 
Yes Yes Yes 35 38 No 

7 Kitchen sink Yes Yes Yes 35 38 Yes 
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Table 3. Statistical analysis of planting date and initial water when simulation values were 

grouped by weather classification. Uppercase letters compare significance among columns, and 

lowercase letters compares significance in the rows. 

  Weather 

Planting date Dry/Cold Dry/Warm Wet/Cold Wet/Warm   

15-May 3173 Aa 2233 Ab 3629 Aa 3381 Aa 

5-Jun 2867 ABab 2194 Ab 2915 Ba 3203 Aa 

25-Jun 2099 Bab 1466 Bb 1461 Cb 2189 Ba 

         

Initial soil 

moisture Yield             

90% 3081 a             

40% 2054 b             
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Table 4. Statistical analysis of previous wheat residue and initial water when simulation values 

were grouped by weather classification. Uppercase letters compare significance among columns, 

and lowercase letters compares significance in the rows. 

  Weather 

Planting date Dry/Cold Dry/Warm Wet/Cold Wet/Warm 

15-May 3024 Aa 2153 Ab 3497 Aa 3227 Aa 

5-Jun 2738 ABab 2129 Ab 2816 Bab 3089 Aa 

25-Jun 2034 Bab 1433 Bb 1442 Cab 2131 Ba 

                  

Initial soil 

moisture Yield             

90% 3013 a             

40% 1939 b             
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Table 5. Statistical analysis of maturity groups, and initial water when simulation values were 

grouped by weather classification. Uppercase letters compare significance among columns, and 

lowercase letters compares significance in the rows. 

Weather Planting date Initial soil moisture 

Dry/Cold 2789 a 15-May 3030 a 90% 3157 a 

Dry/Warm 2025 b 5-Jun 2789 a 40% 2133 b 

Wet/Cold 2795 a 25-Jun 2116 b       

Wet/Warm 2972 a         
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Table 6. Statistical analysis of maturity groups, and initial water when simulation values were 

grouped by weather classification. Uppercase letters compare significance among columns, and 

lowercase letters compares significance in the rows. 

Weather Planting date Initial Water 

Dry/Cold 2707 a 15-May 3098 a 90% 3079 a 

Dry/Warm 1960 b 5-Jun 2788 a 40% 2049 b 

Wet/Cold 2669 a 25-Jun 1805 b       

Wet/Warm 2919 a         
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Chapter 3 - Seed Quality Response to Field Management Practices 

in Double-Cropped Soybeans 

 Abstract 

Double-crop (DC) soybean [Glycine max (L.) Merr.] is usually planted after winter wheat 

(Triticum aestivum L.) harvest in North America. A double-cropped soybean system is subject to 

different environmental conditions relative to the one faced by full-season soybean. Therefore, 

DC soybean may not only experience a differential seed yield response to management practices, 

but also changes in seed composition and quality. This study was conducted with the goal of 

evaluating the responses of DC soybean seed composition and quality to different management 

practices and planting times. Two sites were tested in Kansas during two growing seasons, 2016 

and 2017 years. In each site-year, two planting dates were tested, one planted before the 

anticipated winter wheat harvest (greater wheat grain moisture content, 18-22%) and one planted 

right after the conventional wheat harvest time, with these planting times differing between 5-10 

days. A total of seven management practice treatments were tested in each planting date: 1) 

common practice (no inputs added), 2) no seed treatment; 3) non-stay green (without 

fungicide/insecticide application); 4) high plant density (45 seeds m-2); 5) wide rows (75 cm); 6) 

N effect (without late-season fertilizer N); and 7) kitchen sink, considering all the inputs 

evaluated in previous treatments (seed treatment, with fungicide and insecticide, high plant 

density, narrow rows (38 cm) and the addition of late-season N fertilization. Protein, oil, fatty 

acids (stearic, palmitic, oleic, linoleic and linolenic), fiber and ash were analyzed for seed 

composition. Oil content presented a negative relationship with protein content. 

Monounsaturated (oleic) and saturated (stearic and palmitic) fatty acids, as well as total fatty acid 

yields were increased as inputs and seed yield increased. There were no differences for seed 
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composition and quality for planting times for the majority of the analysis. Seed filling duration 

can be affected by management practices, promoting differences in seed composition. Lastly, as 

seed filling duration increases, fatty acids concentrations decrease, but improving their final seed 

content. 
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 Introduction 

Double-crop soybean [Glycine max (L.) Merr.] is usually planted after winter wheat (Triticum 

aestivum L.) harvest in North America. Because wheat is harvested later than the ideal time for 

planting soybean, the crop growth cycle is delayed and management practices may differ in 

response to the delay on planting time. Management practices such as fertilizer application rate, 

row spacing, plant density and seed treatment can influence the crops in different ways, when 

they are subject to other environments. In the case of soybean double-cropped (DC) after winter 

wheat, a different environment is given by the late season and the effect of the previous crop (its 

productivity and residue level).  

Seed composition is an inherited trait in soybean (Burton, 1985; Wilcox, 1985). 

However, studies have shown that management practices can affect seed composition (Bellaloui, 

2015; Ray, 2006; Singer and Kohler, 2005). Soybean is known for having high protein and oil 

concentration in its composition. Protein composes about 40% of the soybean seed and can be 

classified in three groups: metabolic enzymes, structural membrane and storage proteins 

(Krishnan, 2001; Nielsen, 1997). Oil composes 12 to 23% of the soybean seed (Gao, 2009).  

Besides the composition quantities of protein and oil, there is the quality aspect that needs to be 

taken in consideration when evaluating seed composition. The oil composition is obtained from 

five fatty acids: palmitic, stearic, oleic, linoleic and linolenic. The fatty acid composition and 

distribution determine oil quality, nutritional value, flavor, oxidative stability, melting point, 

crystallization form, among other relevant traits (Yadav, 1996). 

The development of soybean seeds with high oleic acid content has been sought due to a 

great part of soybean production being directed to the food industry. However, poor oxidative 

and frying stability, due to high polyunsaturated fatty acids in soybean oil, limits industry uses. 
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In addition, industry refining process also decreases oxidative stability during the neutralization 

step (Farhoosh et al., 2009). Linolenic acid (polyunsaturated, 18:3) derives from linoleic acid 

(polyunsaturated, 18:2), which derives from oleic acid (monounsaturated, 18:1). When values of 

linoleic and linolenic acids are high, it means that oleic acid was lost in the conversion. 

Decreasing levels of linoleic and linolenic acids improves soybean oil quality by lowering the 

amount of polyunsaturated fatty acids while increasing oleic acid, improving oxidative and 

frying stability (Demorest et al., 2016).  

Soybean oil in connected to biofuel, which can be used as an alternative for petroleum 

based fuels (Fargione et al., 2008). Soybean oil is biodegradable, it has increased flashpoint, 

emits less pollutants to the atmosphere, has a reduced toxicity and increased lubricity. But there 

are important characteristics that have limited the use of soybean oil for this purpose. The main 

limitation to the use of soybean oil for biofuel is the cold flow, in colder climates (Boshui et al., 

2010). High oleic, and low linoleic and linolenic contents need to be prioritized for increased use 

of soybean oil in biofuel mixes (Kinney and Clemente, 2005). Soybean oil can be also used as a 

lubricant for hydraulic systems (Honary, 1996), but low oxidative stability hinders its use. 

There are many factors that affect the concentration of oil and its components, such as soil 

moisture (Carrera, 2009; Rotundo and Westgate, 2009; Kumar, 2006), temperature (Caviglia, 

2011; Gibson and Mullen, 1996; Wolf, 1982), biomass and yield (Assefa et al., 2018), among 

many other factors.  

Despite that, there is not much information in the literature on how field management practices 

affect these factors in relation to soybean seed composition quality. Different factors affect seed 

quality, environmental conditions, planting times and management practices. Understanding how 

management practices effect seed quality characteristics can help when opting for different 
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management strategies for different purposes related to seed composition. When soybean is 

planted later in the season as in a DC system, the reproductive stages are postponed closer to 

later in the fall. The decrease in temperature and radiation can also shorten the season and affect 

seed composition. Thus, this study was conducted with the goal of evaluating the effect of 

different management practices and two planting times (early and late during wheat harvest time) 

for DC soybean farming systems in response to seeds composition and quality. 
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 Materials and Methods 

 Field settings 

The soil type at Ottawa, Kansas, was a Woodson silt loam (Mollisols) and at Ashland 

Bottoms, Kansas, was a Belvue Silt Loam. Soil samples were taken prior to planting at a depth 

of 0 to 15 cm. Soil chemical parameters analyzed were pH, Mehlich P, cation exchange capacity 

(CEC), organic matter (OM), calcium, magnesium, and potassium (K) availability (Table 1). 

The studies were arranged in a randomized complete block design with four replications. 

Plot size was 3m wide × 18m long. The soybean variety used was Asgrow 4232 (Monsanto Co.), 

maturity group 4.2. Soybean was planted immediately after winter wheat harvest of the cultivar 

WB Cedar – WestBred, (Monsanto Co.). The studies were conducted in four site-years in 

northeast Kansas. In each study there were two planting dates, planted after early winter wheat 

harvest and planted after conventional wheat harvest (Table 2).  

Seven treatments were evaluated in each site-year: 1) common practice (no inputs added), 

CP, 2) no seed treatment, NST; 3) non-stay green (without fungicide/insecticide application), 

NSG; 4) high plant density (45 seeds m-2), HP; 5) wide rows, WR (75 cm); 6) N effect (without 

late-season fertilizer N); and 7) kitchen sink, KS, considering all the inputs evaluated in previous 

treatments (seed treatment, with fungicide and insecticide, high plant density, narrow rows (38 

cm) and the addition of late-season N fertilization. The seed treatment was Acceleron standard 

(Monsanto Company) which contains a fungicide plus an insecticide. For the foliar fungicide 

plus insecticide application, the chemicals used were Aproach Prima + Prevathon (0.45 + 1.24 L 

ha-1) (DuPont Company) and applied to soybean at the R3-R4 growth stage (Fehr and Caviness, 

1977). Herbicides and hand weeding were used to maintain no weed interference for the entire 

season. Fertilizer application was performed on treatments 2 to 7 using the formulation 7N-
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7P2O5-7K2O-7S-7Cl (chloride). The application rate was 12 kg ha-1 of N, P, K, S and Cl. In 

treatment 2 to 6, late N was applied at a rate of 57 kg ha-1, in the formulation of 32-0-0 (N-P2O5-

K2O). Biomass was collected in a 1.16 m2 area, sampled outside the area collected for yield in 

R7. The specific management practices composing each treatment are listed in Table 3. 

Seed samples were collected at harvest from a subsection of 1m2 within the plot of 55 m2. Seeds 

were dried to 13% moisture. Seed yield was collected from an area of 55 m2. Seed weight was 

calculated from a 1000 seed weight base, dividing the total weight by the number of seeds, for 

the final individual seed weight. Biomass was collected from a 1 m2 area and calculated to a 

hectare. Harvest index (HI) was calculated dividing seed yield by total biomass (shoot and 

grain). For the laboratory analysis 3 seeds were used for each of the fatty acid determinations.  

 Lab analysis 

Protein and oil concentrations (expressed in dry basis) were tested using the near infrared (NIR) 

spectroscopy technique on seed samples collected at harvest with a Perten DA 7200 (Perten 

Instruments, Springfield III, US).  

Analysis of fatty acid methyl esters (FAMEs) was carried out as previously described (Li et al., 

2006) with minor modifications. Pre-weighed crushed dry seeds were transmethylated with 2ml 

of 5% (v/v) sulfuric acid in methanol for 1 h at 90 oC. Before transmethylation, 200 µg of 

tripentadecanoin was added as an internal standard and 50 μg of butylated hydroxytoluene was 

added to prevent oxidation. The FAMEs were then extracted with 1.5 mL of 0.9% (v/v) potassium 

chloride and 2 mL of hexane. The organic phase was analyzed with a Shimadzu GC-2010 plus gas 

chromatograph equipped with a DB-23 column (30.0 m x 0.25 mm; Agilent Technologies) coupled 

with flame ionization detector (GC-FID) as described previously (Aznar Moreno and Durrett, 

2017). Content was calculated by the multiplication of the concentration of protein, oil and fatty 
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acids by seed dry mass at harvest. Concentration is independent of the sample size; while content, 

extensive property, is size dependent (Farhoomand and Peterson, 1968). 

Fatty acid yield was calculated by multiplying concentration by seed yield. Relative fatty acids 

were calculated using the proportions of each fatty acid to the total amount of fatty acids, 

generating a percentage of each fatty acid to the total. 

 Statistical analysis 

The R software (R Core Team, 2018) was used for statistical analyses. Mixed model were fitted 

for each variable using the “lme4” package (Bates et al., 2015). The fixed effects corresponded 

to the treatment, planting date, and its interaction, while the random components were the site-

years (four), and block within site-year. Before running the ANOVA, normality of the residuals 

and homogeneity of the variances were tested using Shapiro-Wilk and Levene’s test, 

respectively. Tukey test (5% significance) was performed for comparison of the means with the 

“multicomp” package (Hothorn et al., 2008). Soybean crop and seed composition parameters 

were placed together in a correlation matrix (Pearson correlation), using the 

“PerformanceAnalytics” package (Peterson et al., 2018) in R software. The values used for the 

correlation matrix were the relative values, calculated from the deviations from the mean of each 

experiment. 
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 Results 

 Crop evaluations 

There were no differences in yield, biomass, or seed number for treatments (Table 4). 

Planting dates were compared across locations, using each location as a repetition. However, 

there were no differences observed in relation to crop evaluations. On the other hand, seed 

weight and harvest index showed interaction between treatments and planting dates. The 

common practice (treatment 1) and the wide row spacing (treatment 5) presented significantly 

lower seed weight in the early planting date. The kitchen sink treatment (treatment 7) presented 

greater seed weight, while the no seed treatment (treatment 2) resulted in the greater HI. There 

were no significant differences for the latest planting date. 

 Protein and oil 

There were no differences in concentration for ash and fiber (Table 5). Yet, oil and 

protein concentration significantly differ among treatments, as well as protein content. Oil 

presented greater concentration for treatments 1 and 3, while there was lower concentration for 

treatment 5. On the other hand, there was greater protein concentration for treatments 4 and 5, 

while treatment 1 showed lower protein concentration. There were no significant differences for 

oil and protein concentrations for different planting dates. 

Ash, fiber and protein content were significantly lower for CP. The kitchen sink 

treatment had greater content of protein, fiber and ash. Wide rows treatment also had greater 

content of protein.  Despite there were no differences in treatments for ash concentration, ash 

content had similar responses to treatments as protein content, with greater content for treatments 

with higher inputs, except for treatment 3. 
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Biomass and seed yield showed significant positive correlation (p < 0.001, r = 0.75) 

(Figure 1). The same relation occurred for biomass and seed number (p < 0.001, r = 0.68), but in 

a very slight positive relationship with seed weight (p < 0.05, r = 1.13). Naturally, as biomass 

and seed yield had a positive relationship, but biomass showed a negative relation with harvest 

index (p < 0.001, r = -0.55). Seed yield and number were highly positively related (p < 0.001, r = 

0.93), while seed weight and number showed a slightly negative relation (p < 0.001, r = -0.24). 

Oil and protein portrayed an expected strong negative correlation among them (p < 0.001, 

r = -0.80). As seed weight increased, oil concentration decreased slightly (p < 0.05, r = -0.17) 

while protein increased slightly (p < 0.05, r = 0.14). 

 Fatty acids 

Concentration of fatty acids (µg FAMEs mg-1) did not differ among them (Table 6). 

Nonetheless, stearic acids content (mg seed-1), showed statistical differences among treatments, 

being greater for treatment 2 and lower for treatment 3. Fatty acid yields (kg ha-1) showed 

increase in oleic, stearic, palmitic and total fatty acids for intensified management practices 

(Table 6). The CP treatment presented less monounsaturated and saturated fatty acid yield. 

Relative concentration (%mol FAMEs) showed significant differences for palmitic acid for 

treatments with greater inputs and lower values for CP treatment (Table 6). There were no 

interactions or differences in early and late planting dates for fatty acid concentration, content, 

fatty acid yield or relative concentration, when testing among planting dates across all locations.  

All fatty acids concentrations were averaged across treatments due to lack of significance 

among them. There was a highly negative relationship between oleic acid (18:1) and linoleic acid 

(18:2) relative values, as well as for oleic and linolenic (18:3) acids (Figure 2). There was a 



76 

positive relation between linoleic (18:2) and linolenic acid (18:3) relative values. Other 

correlations showed in Figure 2, showed low correlations. 
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 Discussion 

 Crop evaluations 

Both years evaluated had good precipitation during the season. There was no drought or 

flooding stresses. The cumulative precipitation was from was 540 and 508 mm during the 

seasons, for planting dates early and late, respectively (Kansas Mesonet). There were no early 

freeze events, or pest and disease strong attacks at the sites studied. Therefore, in the specific 

conditions of these experiments, the soybean plants did not have a significant response to the 

treatments tested on yield, biomass and seed number. However, seed weight showed lower 

values for common practices, in the early planting date, presenting an effect from the treatments 

with more inputs.  

 Protein and oil 

Protein and oil showed inverse relationship between oil and protein concentration. The 

treatments that presented greater protein, had less oil and vice-versa (Table 5). This correlation 

tested in Figure 1, was also observed in other studies, when one component increasing in 

detriment of the other (Krober and Cartter, 1962, Hymnowitz et al., 1972, Marega Filho et al., 

2001).  

Protein and seed yield were not correlated significantly (Figure 1). The flat or even 

negative relationship of protein and yield is due to the high expense of the plant on oil and 

carbohydrates (Wilcox and Shibles, 2001). In agreement with Pedersen and Lauer (2003), there 

were no differences for protein and oil concentrations for different planting dates (early and late 

May). However, other studies found that protein concentration increased as planting was delayed 

(Helms 1990, Beatty et al. 1982). The different responses may be due to differences among 
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environments, which can be caused by late planting, locations or yet, different year to year 

weather patterns. 

 Fatty acids  

There was greater availability of oleic, stearic and palmitic acids per area, represented by 

fatty acid yield. The greater quantity of unsaturated fatty acids denotes higher production of 

higher quality oil yield. Oils that are rich in unsaturated fats are considered healthier for human 

and animal consumption, in addition to having a longer shelf life and better oxidative stability 

(Clemente and Cahoon, 2009). The fact of having greater unsaturated and saturated oil yields in 

the treatments with greater inputs, implies that these treatments are affecting higher quality oil 

total productivity, increasing the total production of unsaturated and saturated fatty acids per 

area. Relative values of fatty acids explain the effect of the treatment on the proportion of the 

specific fatty acids to a unit of oil. In this study, oil quality was slightly increased by the 

difference in palmitic acid depending on treatments, where common practices and seed treatment 

showed lower proportions of palmitic acid. 

Positive correlation between oleic (18:1) and linoleic acid (18:2), show that oleic acid 

and saturated fatty acids had a trade-off balance. The lack of transformation of 18:1 into 18:2, 

suggests that the biochemical steps affected by in the evaluated field conditions were primarily at 

the level of 18:2 biosynthesis. Increases in oleic acid with a decrease in linoleic and linolenic 

acids were also observed in other studies (Dornbos and Mullen 1992, Kane et al. 1997, Rennie 

and Tanner 1989). These studies suggest that oleic acid increases due to high temperatures, as 

linoleic and linolenic acids decrease. 

Despite there being no statistical differences in fatty acids for planting date in this study, 

in other conditions, planting earlier resulted in greater oil and oleic acid, as well as lower protein 
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and linolenic acid (Bellaloui, 2015). In the latter study changes in seed constituents were 

attributed mainly to temperature changes and drought, indicating that shifts in planting dates 

forced the crop to be exposed to different environmental conditions. In the present study, 

differences between environments, experienced by the minimum changes on planting dates, were 

not enough to change responses due to weather. 
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 Box 1. Relevance of seed filling duration and the effect of management practices 

The analysis of seed composition and quality in the context of management effect can be improved by 

investigating the effect of seed filling duration and its rate on the effect in the concentration of the fatty 

acids and oil seed components. Below is an example of contrasting effective filling period (EFP) and its 

results on oil composition. 
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Figure 1. Effective filling period (EFP) and dry weight of soybean seeds, affected by contrasting 

management treatments. Graph “a” shows fatty acids concentration for a short EFP accumulation, graph 

“b” presents the values for a longer EFP. Thermal time (TT). 
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Figure 2. Palmitic, stearic, oleic, linoleic and linolenic fatty acids concentration for contrasting 

management treatments. Graph “a” shows fatty acids concentration for a short effective filling period 

(EFP) accumulation, graph “b” presents the values for a longer EFP. 

The EFP reflects the actual duration of the seed filling period and the rate also influences on the final seed 

weight. In this example, the two treatments influenced the duration in 69 extra thermal time (TT) units 

(oC) (Figure 1). Depending on the weather, this can represent an additional week in seed filling. The 

scenario with the shorter EFP duration showed greater concentration of fatty acids in relation to the 

scenario with a shorter EFP (Figure 2). This result can mean that fatty acids were accumulated in the 

beginning of the seed filling, and other components of the seed continued to compose the total weight of 

the seed during the extra period. Privett et al. (1973) found that the percentage of saturated fatty acids 

decreased rapidly in early seed development stages, and gradually decreased as seed matured. Oil 

concentration decreases, while protein increases concentration with the progression of seed filling period. 

Although oil content increases when seed weight is enhanced, which occurs when seed filling period is 

longer (Ghassemi-Golezani and Farhangi-Abriz, 2016). Temperature could also affect the relationship 

between oil and protein, as this factor impact seed filling. It was suggested that daily day time 

temperatures should be under 28oC (Dornbos and Mullen, 1992) or even 25oC daily (day plus night) 

temperature (Gibson and Mullen, 1996) for improving seed filling duration.  
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 Conclusion 

Protein and oil have strong inverse concentration correlation. Protein concentration was 

lower when no inputs were applied, whilst oil presented greater concentration. There were no 

differences in concentration for fatty acids. However, for fatty acid yield, there were more 

monounsaturated and saturated fatty acids for treatments with more inputs, generating more high 

quality oil per area. Relative palmitic acid was lower when less inputs were applied. Fatty acids 

were all positively correlated among them. Seed filling duration can be affected by management 

practices, generating differences in seed composition at the end of the period. As the seed filling 

duration is longer, there is lower concentration of fatty acids. 
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Figure 1. Correlation matrix comparing biomass, HI, oil, protein, seed weight, seed number and 

seed yield in relative values to the mean of all locations. On the bottom of the diagonal: the 

bivariate scatter plots with a fitted line are displayed (values for protein, oil, fiber and ash are 

expressed in %, seed is expressed in kg ha-1). On the top of the diagonal: the value of the 

correlation (r) plus the significance level as stars. Each significance level is associated to a 

symbol: p-values (0.001, 0.05, 1) <=> symbols (“***”, “*”, " “). 
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Figure 2. Correlation matrix comparing fatty acids relative to total fatty acids: linolenic, linoleic, 

oleic, stearic, palmitic. On the bottom of the diagonal: the bivariate scatter plots with a fitted line 

are displayed (all the values are relative to the mean of each experiment). On the top of the 

diagonal: the value of the correlation (r) plus the significance level as stars. Each significance 

level is associated to a symbol: p-values (0.001, 0.05, 1) <=> symbols (“***”, “*”, " “). 
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Table 1. Pre-plant soil characterization at 0-15 cm at Ottawa and Ashland Bottoms, Kansas, in 

2016 and 2017. 

Soil parameters 
                Ottawa                 Ashland 

2016 2017 2016 2017 

pH  5.8 5.7 5.9 6.1 

Mehlich P (ppm) 14.5 19.6 57.7 62.5 

CEC (meq/100 

g) 
15.4 23.6 7 9.4 

Organic matter 

(%) 
2.8 3 1.1 1.5 

Potassium (ppm) 79.3 122.9 223.0 206.3 

Calcium (ppm) 2248.7 2447.4 1028.8 1061.1 

Magnesium 

(ppm) 
303.5 348.7 105.8 118.3 
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Table 2. Planting and harvesting date for each experiment. 

 Ashland Bottoms Ottawa 

  2016 2017 2016 2017 

  Early Late Early Late Early Late Early Late 

Planting 

date 10-Jun 22-Jun 13-Jun 23-Jun 13-Jun 22-Jun 16-Jun 23-Jun 

Harvest 

date 6-Nov 6-Nov 11-Nov 11-Nov 5-Nov 5-Nov 3-Nov 3-Nov 
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Table 3. Description of the management practices treatments.  

Trt Description 
Seed 

treatment 

Fungicide / 

insecticide 
Fertility 

Density 

(seeds m-2) 

Rows 

(cm) 

Late 

nitrogen 

1 Common practice No No No 35 75 No 

2 No seed treatment No Yes Yes 35 38 Yes 

3 Non-stay green Yes No Yes 35 38 Yes 

4 High plant density Yes Yes Yes 45 38 Yes 

5 Wide rows Yes Yes Yes 35 75 Yes 

6 Nitrogen fixation Yes Yes Yes 35 38 No 

7 Kitchen sink Yes Yes Yes 35 38 Yes 
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Table 4. Crop and yield parameters for double-crop soybean field experiments. Treatments are as 

follows: 1) common practice (no inputs added), CP, 2) no seed treatment, NST; 3) non-stay 

green (without fungicide/insecticide application), NSG; 4) high plant density (45 seeds m-2), HP; 

5) wide rows, WR (75 cm); 6) N effect (without late-season fertilizer N), (NE); and 7) kitchen 

sink, KS, considering all the inputs evaluated in previous treatments (seed treatment, with 

fungicide and insecticide, high plant density, narrow rows (38 cm) and the addition of late-

season N fertilization. Letters presented significance, when comparing in rows. p < 0.05. 

  Treatments 

  1  2  3  4  5  6  7  

Yield 

(kg ha-1) 
 3617  4064  3999  4057  3915  3896  4029  

Biomass 

(kg ha-1) 
 10116  11186  11052  11496  11039  10451  11179  

Seed Number 

(ha) 
 2258  2442  2463  2458  2374  2380  2386  

                

Interaction PD               

Seed Weight 

(g)(1000) 

1 160.4 b 166.3 
a

b 
169.6 

a

b 
171.6 

a

b 
162.4 b 166.8 

a

b 
177.1 a 

2 166.4  176.3  165.3  166.6  170.9  173.8  171.0  

Harvest index 
1 0.34 b 0.41 a 0.35 b 0.34 b 0.35 b 0.36 

a

b 
0.37 

a

b 

2 0.38  0.35  0.37  0.36  0.37  0.39  0.36  
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Table 5. Concentration and content of ash, fiber, oil and protein in soybean seeds at harvest. 

Treatments are as follows: 1) common practice (no inputs added), CP, 2) no seed treatment, 

NST; 3) non-stay green (without fungicide/insecticide application), NSG; 4) high plant density 

(45 seeds m-2), HP; 5) wide rows, WR (75 cm); 6) N effect (without late-season fertilizer N), 

(NE); and 7) kitchen sink, KS, considering all the inputs evaluated in previous treatments (seed 

treatment, with fungicide and insecticide, high plant density, narrow rows (38 cm) and the 

addition of late-season N fertilization. Letters presented significance, when comparing in rows.  

p < 0.05. 

  Concentration 

  g kg-1 

  1   2   3   4   5   6   7   

Ash 52.93   53.12   53.03   53.20   53.23   53.21   53.16   

fiber  60.26   59.83   59.96   59.31   59.51   59.68   59.60   

Oil 215.64 a 212.61  ab 214.26 a  211.97 ab 210.19 b  212.39 ab 212.68 ab 

protein 390.78 b 395.47  ab 393.85 ab 399.49 a 401.66 a 396.62 ab 396.73 ab 

  Content 

  g seed-1 

  1   2   3   4   5   6   7   

Ash 8.42 b 8.72 ab 8.52 b 8.65 ab  8.67 ab 8.64 ab 8.89 a  

fiber  9.58 b 9.82 ab 9.63 ab 9.64 ab 9.69 ab 9.70 ab 9.97 a 

Oil 34.30   34.90   34.43   34.46   34.22   34.50   35.58   

protein 62.15 b 64.92 ab 63.28 ab 64.95 ab 65.39 a 64.43 ab 66.37 a 
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Table 6. Concentration, content, fatty acid yield and relative to total fatty acids values for 

linolenic, linoleic, oleic, stearic and palmitic acids. Treatments are as follows: 1) common 

practice (no inputs added), CP, 2) no seed treatment, NST; 3) non-stay green (without 

fungicide/insecticide application), NSG; 4) high plant density (45 seeds m-2), HP; 5) wide rows, 

WR (75 cm); 6) N effect (without late-season fertilizer N), (NE); and 7) kitchen sink, KS, 

considering all the inputs evaluated in previous treatments (seed treatment, with fungicide and 

insecticide, high plant density, narrow rows (38 cm) and the addition of late-season N 

fertilization. Letters presented significance, when comparing in rows. p < 0.05. 

 

  Concentration 

  µg FAMEs mg-1 

  1   2   3   4   5   6   7   

linolenic  17.54   17.44   17.23   17.45   17.16   17.40   17.45   

linoleic 126.69   125.24   122.50   125.24   122.39   123.97   124.23   

Oleic 46.95   47.85   46.58   47.35   45.58   46.71   46.50   

stearic 8.40   8.58   8.17   8.36   8.19   8.30   8.31   

palmitic 25.33   25.35   25.14   25.57   25.18   25.42   25.26   

total 224.90   224.47   219.62   223.96   218.51   221.79   221.74   

 Content 

  mg seed-1 

  1   2   3   4   5   6   7   

linolenic  2.79   2.86   2.77   2.84   2.79   2.83   2.92   

linoleic 20.15   20.56   19.68   20.36   19.93   20.14   20.78   

Oleic 7.47   7.86   7.49   7.70   7.42   7.59   7.78   

stearic 1.34 
a

b 1.41 a 1.31 b 1.36 
a

b 1.33 
a

b 1.35 
a

b 1.39 
a

b 

palmitic 4.03   4.16   4.04   4.16   4.10   4.13   4.23   

total 35.77   36.85   35.29   36.42   35.57   36.03   37.09   

 Fatty acid yield 

  kg ha-1 

  1   2   3   4   5   6   7   

linolenic  30.9   35.6   33.1   34.5   32.6   32.5   33.9   

linoleic 92.0   103.1   101.0   104.3   99.6   98.9   101.7   

Oleic 169.9 b 191.8 a 183.9 
a

b 190.6 
a

b 176.6 
a

b 180.5 
a

b 184.8 
a

b 



94 

stearic 64.1 b 71.6 a 70.0 
a

b 71.4 
a

b 67.9 
a

b 67.9 
a

b 70.9 
a

b 

palmitic 461.9 b 512.2 a 493.9 
a

b 511.3 a 484.9 
a

b 482.3 
a

b 501.1 
a

b 

total 818.9 b 914.3 a 881.9 
a

b 912.0 a 861.7 
a

b 862.2 
a

b 892.3 
a

b 

 Relative to total fatty acids 

  mol% FAMEs 

  1   2   3   4   5   6   7   

linolenic  7.70   7.66   7.74   7.68   7.75   7.73   7.77   

linoleic 55.53   55.00   54.97   55.12   55.20   55.09   55.23   

Oleic 20.59   21.03   20.93   20.86   20.59   20.78   20.67   

stearic 3.68   3.77   3.66   3.68   3.70   3.69   3.70   

palmitic 12.50 b 12.53 b 12.69 
a

b 12.66 
a

b 12.78 a 12.71 
a

b 12.63 
a

b 
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Chapter 4 - General Discussion 

 Conclusions and implications to agriculture  

 In a world with increasing human population, producing more food in less area is key. In 

addition, increasing crop intensification enables for the resources to be used in a more efficient 

way, cycling inputs and incrementing profitability for farmers. Therefore, studying ways to raise 

viability of systems that enable more intensive use of arable land is a sustainable approach to add 

efficiency and seize the resources for greater production and profit. 

Double-crop (DC) soybean, specifically planted after wheat, is a system that has great 

potential and is being used throughout US. However, the effect of the previous wheat crop to 

soybean, in relation to water and nutrient supply; radiation; temperature; as well as the greater 

risks associated with harvesting later in the fall, generate the need for expanding studies on 

management practices for DC soybean. 

The systematic literature review enlightened the effect of wheat as a previous crop, and 

the possibility of using the past crop wheat yield to predict DC soybean yield. Other management 

practices can be used as a tool for prediction, along with the previous crop yield. Added to the 

history of the farm, the knowledge of the farmer and weather predictions, the data from the 

probability analysis can help on the decision making process for planting or not DC soybean, and 

for assisting in the decision of investing inputs, depending on the expected DC soybean yield. 

When deepening the understanding of plant response to specific management practices, 

seed quality is an important factor to be observed. Management practices can influence seed 

composition and quality. Protein concentration was reduced when no inputs were added, while 

oil concentration increased. There was more monounsaturated and saturated fatty acid yield as 
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input levels increased, and consequently more good oil quality. Seed filling duration can be 

affected by management practices. As longer the duration of seed filling, less fatty acid 

concentration was observed. 

Greatest differences in yield, were observed for planting earlier, right after wheat harvest, 

beginning of June relative to the late planting date in June. Initial soil moisture was crucial and 

had significant effect on yield, being negatively affected as initial soil moisture was 40% in 

comparison with 90%. Weather played an important role in affecting seed yield for DC soybean. 

The greatest differences in the effect of weather in DC soybean yield was for the dry and warm 

weather, when late planting greatly impaired yield. 

 

 Future research 

One of the main obstacles for adopting DC soybeans is the delay of the crop cycle. The 

delay in planting soybean depends on wheat harvest (at least in many regions in the US). 

Planting before harvesting wheat can help in providing close to the ideal time for planting 

soybeans. Soybean is intercropped for a short period with the previous wheat. When planted 

before wheat harvest, soybean is not being planted on heavy undecomposed wheat residue and 

utilizes the available water while the wheat crop is already mature or maturing, and does not 

need the resource any longer. Intercropping can be studied as an alternative way to harvest two 

crops in the same year, without delaying the soybean cycle. 

Seed quality can be tested for other management practices, cultivars and environments. 

Seed composition is greatly influenced by the soybean genetic background, and may respond 

differently or in other magnitudes to the management practices evaluated in the present study. 

Greater or lower intensity of inputs, or even other environmental conditions may play important 
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roles on seed quality. Studying the different scenarios imposed by the environment, genotype, 

and management combinations can influence seed quality composition in different intensities. 
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LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS 

INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM 

HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the 

Rightsholder and CCC (including their respective employees and directors) shall not exceed the total amount 

actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, 

employees, agents, affiliates, successors and assigns. 

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO 

GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND 

THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND 

RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED 

WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL 

RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, 

INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER 

CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE 

RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT. 

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the 

scope of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach 

of the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 

days of written notice thereof shall result in immediate termination of such license without further notice. Any 

unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by 

payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not 

terminated immediately for any reason (including, for example, because materials containing the Work cannot 

reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of 

less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus 

Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment. 

8. Miscellaneous. 

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms 

and conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the 

purposes of notifying User of such changes or additions; provided that any such changes or additions shall not apply 

to permissions already secured and paid for. 
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8.2 Use of User-related information collected through the Service is governed by CCC’s privacy policy, available 

online here:  http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html. 

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not 

assign or transfer to any other person (whether a natural person or an organization of any kind) the license created 

by the Order Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that 

User may assign such license in its entirety on written notice to CCC in the event of a transfer of all or substantially 

all of User’s rights in the new material which includes the Work(s) licensed under this Service. 

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The 

Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals, 

employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in 

the Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation 

and/or in these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior 

to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the 

Order Confirmation or in a separate instrument. 

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed 

under the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, 

controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction 

shall be brought, at CCC's sole discretion, in any federal or state court located in the County of New York, State of 

New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the 

Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue 

of each such federal or state court. If you have any comments or questions about the Service or Copyright Clearance 

Center, please contact us at 978-750-8400 or send an e-mail to info@copyright.com. 
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