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Abstract

:

Soybean yield is the result of the interaction of environmental factors and agricultural practices. Agricultural practices developed for soybean assume optimal cultivation conditions. Aberrant rainfall distribution during the growing season reduces the productivity of the plants and the efficiency of N uptake, which is reflected in the seed yield and quality. Few studies in the literature focus on this question. Therefore, the purpose of this assessment was to compare yield, yield quality of two soybean cultivars (Augusta and Mavka) with two nitrogen application rate (basic and increased) and two date of sowing (early and late), in two-year field experiments under temperate zone conditions in central Europe. Results show that early sowing in combination with higher nitrogen application substantially improves crop productivity and the efficiency of nitrogen binding, especially in drought years. In contrast, delaying sowing by two weeks reduced the productivity of the plants, which was not compensated for by a higher level of mineral nitrogen application. Early sowing of the Mavka cultivar was more productive and more efficient in nitrogen accumulation in the seed yield in comparison to the Augusta cultivar. Under water deficit conditions a higher level of urea application and earlier sowing are recommended.
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1. Introduction


Soybean is one of the most important cultivated legume plants in the world, due to the wide range of applications of its seeds in many branches of food and technical industries [1,2,3], made possible by their unique chemical composition [4]. As a legume plant, it is rich in protein, with an average content of 35–40% DW. The seeds are also rich in fat, amounting to 18–25% DW [4]. Soybean protein has high content of essential amino acids, including tryptophan and lysine [4]. Moreover, the seeds are a source of many important vitamins and minerals. Soybean meal is used in mainly broiler farming, i.e., production of poultry meat, and pig farming, for production of pork [5,6]. World production of soybean increased from approximately 160 million tons on 70 million ha in 1998 to 350 million tons on 125 million ha in 2018 [7]



It is also worth noting the microbiological properties of soybean, which forms a taproot and enters into symbiosis with bacteria of the species Bradyrhizobium japonicum, making it self-sufficient in terms of nitrogen. This unquestionably has a positive effect on the structure and physicochemical properties of the soil [8,9].



Two parts of the world account for nearly 88% of world soybean production (South America 51% and North America 36.9%). The remaining 12% of production is distributed among four geographic regions (Asia 8.4%, Europe 2.9%, Africa 0.8%, and Oceania 0.3%). The leading soybean-producing countries are the United States, Brazil, and Argentina, followed by China, India, and Paraguay. The largest producers in Europe are Russia and Ukraine, while in the UE-27, the leaders are Italy, France, and Romania [7]. The productivity of soybean grown in Central Europe is not high, at 2.0–2.5 t ha−1. Soybean productivity is determined by temperature conditions and rainfall levels, but also by cultivation technology, e.g., levels of mineral fertilization, sowing density, and the choice of cultivars [10,11,12,13]. Until recently, soybean in Central Europe was sown in the first 10 days of May, due to temperature conditions. Currently, due to progressive climate change, soybean can be sown 2–3 weeks earlier.



The phenomenon of unpredictable stretches of rain and dry periods during the growing season, as a consequence of progressive global warming, necessitates continual adaptation of agricultural practices for legume crops, including soybean. The global warming currently taking place [14] will affect crop production on a global scale irrespective of steps taken to protect the climate. Regional temperature projections based on numerous models [15,16] indicate significant warming throughout Europe for all seasons of the year, but with the greatest temperature increase in winter. For Central Europe, models project a 3.0–3.5 °C increase in the average annual temperature, with a 3.5–5 °C increase in winter (higher in the east and lower in the west) and 3.0–3.5 °C in summer (higher in the south and lower in the north). In addition, changes in annual precipitation totals are predicted in this region.



Falloon and Betts [17] showed that climate change can have adverse effects on agriculture in the temperate zone due to water deficits in summer, creating the need for irrigation of soybean crops in traditional cultivation areas. Thus, changing agroclimatic conditions can shift cultivation of soybean with a longer growing period to the northern parts of the temperate climate zone, above the 50th parallel [18,19], giving these cultivars a chance at wider cultivation. However, Kasperska–Wołowicz et al. [20] claimed that the predicted climate change and the associated increase in plants water needs, as well as decrease in available water resources in soils, should result in an increase in irrigated area and a rise in irrigation water requirements. Based on the Kasperska–Wołowicz et al. [20] study of the effects of different irrigation regimes on soybean yield, water use efficiency, harvest index, oil and protein, it was found that any increase in the irrigation water amount resulted in the rise of the dry matter and seed yield of different soybean cultivars. Irrigation system of arable crop is limited in central Europe due to the cost of water and energy. Hence, the negative effects of climate change will be observed year by year. Lack of available water in soil during vegetation season will limit nutrients uptake from soil by plants, which will influence on yield quality and quantity of soybean.



In order to consider soybean cultivation for maximum profit, improvements of crop management techniques should be implemented. The date of sowing and the level of nitrogen fertilization are factors that have a large impact on the yield and yield components. Many studies [21,22,23] confirmed that the final yield decreased with a delay of soybean seed sowing. Ibrahim [22] demonstrated that delayed soybean sowing resulted in a significant reduction in seed yield. This was due to the shorter growing season and the reduction in the number of pods per plant and thousand seed weight. Similar finding were described by Nwofia et al. [23]. The authors proved the significant interaction between the years of study, date of sowing, and variety, which were determined mainly by among number of pods per plant. Jarecki and Bobrecka-Jamro [24] noted that the sowing date not strongly determine soybean yielding, however this factor varied over the years of the study. The authors’ findings were supported by Bastidas et al. [21] who claimed that water deficit during germination decrease seed yields the most.



Sowing date of soybean has been shown to have a large impact on plant productivity. However, it is largely unknown how other management practices such as cultivar type and dose of nitrogen fertilization should be adjusted based on date of sowing.



The efficiency of soybean cultivation is related to environmental and agrotechnical factors. One of the most important yields–creating factor for soybean cultivation remains nitrogen. The application of mineral nitrogen fertilization is further subordinate to biological activity of soil and weather conditions than it has economic and environmental justification [25].



Low temperature and soil drought weaken the process of symbioses [26]. Therefore, application of nitrogen fertilization in suboptimal environmental conditions is justifiable for soybean production [25]. However, still suitable agrotechnical principles, e.g., application dose of nitrogen in combination with date of sowing and cultivar type, for soybean cultivation are underestimating. Few scientific studies have been carried out in European drought conditions on the influence of the sowing date in combination with the level of nitrogen application and choice of cultivar on the yield and chemical composition of soybeans. The aim of the study was to determine the yield, yield quality, and N uptake of two different soybean cultivars depending on the sowing date and level of mineral nitrogen application.




2. Materials and Methods


2.1. Experiment and Field Management


A two-year (2014–2015) field experiment was set up on a production farm in the village of Rączyna (N 49°55′0.05″ E 22°26′11.70″) in south-eastern Poland, in a region with favorable weather for soybean cultivation. The three-factor experiment was set up in a split-block design with four replicates. The first factor was the sowing date: ‘early sowing’ named in the paper as term I of sowing (last 10 days of April—S1) and ‘late sowing’ named in paper as term II of sowing (first 10 days of May—S2). The second factor was the level of mineral nitrogen application: basic fertilization (30 kg N—N1) and increased fertilization (60 kg N—N2). The third factor was the soybean cultivar: Augusta (maturity group MG 0000) and Mavka (MG 000).



For the purposes of the experiment two cultivars differing in growing period length were selected. Augusta is a very early cultivar meant to be grown in central and southern Poland, where the climate conditions are most favorable to soybean cultivation. Mavka is an early cultivar distinguished by high resistance to lodging and seed shattering.



The experiment was conducted on Haplic Luvisol, classified as good rye complex, valuation class IIIb, with 6.3–6.5 pH. The granulometric composition of the soil was 59.2% of sand, 25.9% of silt, and 15% of clay. The concentration of available nutrients range from medium to low. The soil contents were 2400 mg P2O5 in kg −1 of soil, and 1800 mg K2O in kg −1 of soil. Soil liming was carried out after harvest of the precursor crop, which was potato. The crop succeeding potato was winter wheat, which was harvested in the first 10 days of August. The crop residues were shredded and left in the field. Next, prior to skimming, a urea solution was applied (30 kg N ha−1) in order to even the N:C ratio and accelerate the decomposition of the crop residues. In the first 10 days of November, winter ploughing was carried out to a depth of 25 cm. Field work was resumed after the snow had receded and it was possible to enter the field. Harrowing was carried out to stop evaporation. Mineral fertilizers were applied to the soil the day before it was prepared for sowing. Pre-sowing cultivation was carried out using a tilling and sowing machine to a depth of 8 cm. The sowing dates were based on optimal dates for the species and on weather conditions in the spring. Sowing was carried out with a single-row seeder at a depth of 5–6 cm. In 2014, soybeans were sown on 23 April (S1—early sowing) and 1 May (S2—optimal sowing date). In 2015, the sowing dates were 20 April (S1—early sowing) and 28 April (S2—optimal).



Two fertilization levels were used. The basic level (N1) included 30 kg N as urea, while the increased level (N2) consisted of 60 (30 + 30) kg N as urea. In addition, before sowing, 79 kg P as ammonium phosphate and 102 kg K as potassium chloride were applied. Seeds for sowing were treated the day before sowing with a fungicidal dressing containing two active substances: carboxin, a carboxyanilide, in the amount of 200 g dm3, and thiram, a dithiocarbamate, in the amount of 200 g dm3. A few hours before sowing, the seeds were inoculated with the bacterial inoculant Nitragina, which contains rhizobia of the species Bradyrhizobium japonicum. Seeds were sown at a rate of 100 seeds m2. Field observations revealed an emergence rate of 75–85%.



Exceeding the sowing standard by 10% made it possible to obtain the target density of at least 75 plants m2. The area of each experimental plot was 10 m2. Seeds were sown at 20 cm row spacing using a precision seeder. The first emergence was observed earlier in the treatments where sowing took place at the optimal date, i.e., 15–16 days after sowing, as compared to 18–19 days after early sowing. Weed seedlings, which are highly competitive with soybean, appeared at the same time. A strategy of post-emergence monocotyledonous weed control was adopted, involving application of Fusilade Forte 150 EC in the amount of 1 dm3 ha−1 at the stage at which the weeds had 2–3 leaves, mainly targeting couch grass. Basagran 480 SL in the amount of 2.5 dm3 ha−1 was applied against dicotyledonous weeds, mainly knotweed and white goosefoot. In addition, when the plants were about 40 cm high, weeding was carried out to completely eliminate the remaining weeds. When the plants have entered the bud-forming stage, mineral fertilizer, i.e., 30 kg N ha−1 in the form of urea, was applied in the plots with the increased level of fertilization (N2). The plants in all treatments received foliar application of microelements in the form of an aqueous solution of the fertilizer Sonata, containing MgO (15%), SO3 (32%), B (0.8%), Co (0.004%), Cu (0.25%), Fe (0.55%), Mn (0.6%), Mo (0.01%), and Zn (0.5%). In both years, the Augusta cultivar was harvested first, as it reached technological maturity sooner. Harvest of the Mavka cultivar took place some days later. A representative sample of 10 plants was collected from each plot for biometric measurements. The plants that remained on the field were harvested with a Claas Consul grain combine.




2.2. Laboratory Analysis


The protein, fat, and starch content in seed yield were determined by near-infrared spectroscopy (NIRS) using and MPA FT-NIR spectrometer (Bruker, Billerica, MA, USA).



Total nitrogen content was determined in seeds and dried parts of soybean plant in order to calculate NHI (g g−1) according to formula (NHI = N seed/N total) proposed by Salado-Navarro et al. [20] and presented by Zając et al. [13]. N uptake was calculated based on the formula presented by Janket et al. [27].




2.3. Statistical Analysis


The obtained results were subjected to an analysis of variance (ANOVA) using TIBCO Statistica 13.3 software (TIBCO Software Inc, Palo Alto, CA, USA). The statistical significance among treatments were determined using Tukey’s test for significance level of α = 0.05.





3. Results


3.1. Weather Conditions


The dates for the experiment were determined based on the weather in previous years. The sowing date was determined by the soil temperature (+8 °C). The weather was analyzed using data from the weather station in Krzeczowice, located 8 km from the experimental plots.



Data on the weather, i.e., the distribution of precipitation totals and average temperature, are presented in Figure 1 and Figure 2. Rainfall distribution during the study period (2014–2015) was varied. The precipitation total was higher (403.6 mm) in the first year (2014) than in 2015 (240.6 mm); the difference was 163 mm. In 2014 the least rainfall was recorded in April (37.2 mm), which significantly affected the germination and emergence of the soybean plants. In 2015 rainfall was lowest in August (7.4 mm). This caused a reduction in the number of seeds in the pods due to water stress during seed development and maturation. In both 2014 and 2015, water stress occurred at three critical moments for soybean cultivation. The first was the period of soil preparation for sowing and emergence, in the last 20 days of April. As a result of the low rainfall total during this period, emergence was prolonged and uneven. The second period of stress was in June, when the plants begin to flower. This stress was clearly evident in 2015, when the rainfall total was only 12 mm. The third critical period was during seed development in August and September. A negative consequence of stress during this development stage was a reduction in the number of seeds in the pods, leading to a reduction in yield. This phenomenon was observed in 2015, when the rainfall total was only 7.4 mm.



Analysis of temperatures (Figure 2) during the soybean growing period showed that the lowest average temperature was recorded in May. In the first 10 days of the month, in both years of the experiment, the temperature fell to 2.8 °C. For early sowing in 2015, the last 10 days of April, when the temperature fell to 0.0 °C proved to be the most difficult. Temperatures around 0 °C during emergence prolong this stage.



The warmest month of the 2014 growing season was July, with an average temperature of 20.5 °C, while in 2015 the highest average temperature was recorded in August (22.1 °C). The first 10 days of August were the warmest of the entire growing period in both years of the experiment, reaching 32.7 °C in 2014 and 35.4 °C in 2015. In the second year, the high temperature during this period in combination with the low precipitation total caused physiological drought and an earlier end to the growing period than in 2014, when optimal rainfall distribution at the end of the growing season even delayed the date when harvest was possible.



The average temperatures in the soybean growing periods in 2014 and 2015 indicate that these periods were warmer than the analogous long-term averages. In the first year of observations, the greatest discrepancy was noted in July, when the average temperature was 12.6% higher than the long-term average. In the second year of the study, the month that deviated most from the long-term average was August, which was 21.2% warmer. The most similar values in 2014 were noted in June, when the deviation was 1.80%. In 2015, the value for May was identical to the long-term average.



In order to more precisely characterize the thermal and water conditions prevailing during the plant vegetation period, the hydrothermal agricultural index was proposed by Sielianinov [28].



Sielianinov’s hydrothermal index (K) is computed as follows: K = P/0.1Σt, where P is sum of monthly mean precipitation in mm, Σt is the sum of daily mean air temperature (0 °C). The hydrothermal index K is the most credible in identifying the atmospheric drought during the periods when the average daily temperatures are higher than 10 °C.



The following ranges of values for the Selyaninov’s Hydrotermal index (K) were assumed: extremely dry K ≤ 0.4; very dry 0.4 < K ≤ 0.7; dry 0.7 < K ≤ 1.0; quite dry 1.0 < K ≤ 1.3; optimal 1.3 < K ≤ 1.6; quite damp 1.6 < K ≤ 2.0; wet 2.0 < K ≤ 2.5; very wet 2.4 < K ≤ 3.0; extremely humid K > 3.0 [28].



In the analyzed period of research, soil drought was noted both years in terms of a decade and months (Figure 3a,b). The conducted observation imply that in two years of the study the extreme drought (K ≤ 0.4) occurred in each decade, with the exception of 1st decade of May. On the monthly frame, it was found that in May and July very dry period (K 0.4 < 0.7) was observed only in 2014.



Comparison of the length of the growing period (Table 1) of the two cultivars shows that it was shorter for the Augusta cultivar than for Mavka by 12 days on average. In 2014, the growing period was longer for both cultivars, due to the optimal rainfall distribution during the growing season. In consequence, the Augusta cultivar reached technological maturity in the middle 10 days of September, and the Mavka cultivar in the first 10 days of October.



The growing period was much shorter in 2015. This was due to a low precipitation total during the growing season, resulting in physiological drought. The Augusta cultivar reached technological maturity for harvesting in the first 10 days of September, and the Mavka cultivar at the start of the middle 10-day period in September.



Analysis of the effect of the early sowing date on the harvest time for the two cultivars revealed that the sowing date did not significantly shorten the growing period. The cultivars reached technological maturity at a similar time in the case of both the early and optimal sowing dates. This was influenced by the temperature distribution after sowing. The slow warming of the soil after early sowing prolongs emergence and evens out the development rate of the growing stages in comparison to sowing at the optimal date. A negative consequence of prolonged emergence was longer exposure of germinating seeds and emerging seedlings.




3.2. Soybean Yield and Efficiency of N Utilization


The main effects of the factors, i.e., the sowing date and fertilization, had a minor influence on soybean yield (Table 2). The only factor that significantly differentiated seed yield in the two years was the cultivar. The statistical analysis showed significant differences in the yield of the cultivars in the wet year of 2014, which revealed the actual yield potential of the cultivars. In the dry year of 2015, however, only trends were shown. In the wet year, significantly higher yields were obtained for the very early Augusta cultivar than for the Mavka cultivar. The seed yield was significantly dependent on the interaction of agrotechnical factors: sowing date and fertilizer; sowing date and cultivar; and fertilizer and cultivar (Figure 3a,b).



Early sowing together with increased nitrogen application led to an increase in seed yield, on average by 0.3 dt ha. However, late sowing of soybean was more effective for plant productivity with lower dose of nitrogen fertilization (Figure 4a).



A similar phenomenon was observed in the case of the interaction of sowing date and cultivar (Figure 3b). Early sowing of the Mavka cultivar resulted in an average yield increase of 0.6 dt in comparison to the Augusta cultivar.



The main effects of the factors had a pronounced influence on the 1000 seed weight (TSW) of soybean (Table 2), which was confirmed in the interaction of the factors (Figure 5). Significantly higher TSW was obtained in the plots with early sowing and increased nitrogen application.



Irrespective of the sowing date, TSW was significantly higher for the Mavka cultivar than for the early Augusta cultivar (Figure 5). There was a significant increase in the 1000 seed weight of the Mavka cultivar sown at the late date (195 g). Early sowing of the Mavka cultivar limited its potential to produce large seeds. The 1000 seed weight was low—on average 30 g lower than in the case of the late sowing date.



Table 3 presents the efficiency of nitrogen uptake by the seeds and the nitrogen harvest index (NHI). Increased N uptake was recorded in 2014 when there was more rainwater available to the plants. In the subsequent year there was a non-significant trend for the influence of the experimental factors on efficiency of N uptake. Greater differences in nitrogen content in the seed yield resulted from the interactions between sowing date and fertilizer and between fertilizer and cultivar (Figure 6). Increased nitrogen application in 2014 significantly increased the amount of N accumulated in the soybeans (Table 3). This was not observed in 2015 or for the two-year period. Analysis of the interaction of the factors revealed that the efficiency of nitrogen uptake was significantly higher when the higher nitrogen application rate was combined with the early sowing date (S1).



The soybean cultivars did not differ significantly in the amount of accumulated nitrogen, although there was a pronounced trend of higher N for the Mavka cultivar. Nitrogen accumulation depended on the interaction between the cultivars and the sowing date (Figure 5A). Early sowing (S1) of the Mavka cultivar resulted in a significant increase in the efficiency of nitrogen uptake in comparison to the early Augusta cultivar (Figure 5B).



The nitrogen harvest index (NHI) was significantly higher in the case of the early sowing date in both years (Table 3, Figure 7). This trend was significant for the two-year study period. The nitrogen application rates were not significant in 2014, but in 2015, increased nitrogen application caused a significant increase in the NHI value. A similar trend was noted for the two-year study period (Table 3). The cultivars had different effects on NHI in each of the two years; it was higher for the Mavka cultivar in 2014, but for the Augusta cultivar in 2015. In consequence, the difference in NHI for the two-year study period was not significant.



NHI was significantly differentiated by the interactions; in both years the interaction between sowing date and fertilizer and the interaction between sowing date and cultivar were significant (Figure 7). Higher fertilization (F2) of the Mavka cultivar sown at the early date significantly increased NHI by 0.8.




3.3. Analysis of the Chemical Composition of Seeds


The chemical analysis of the seeds was influenced by the agrotechnical factors, i.e., to a large extent by the sowing date and choice of cultivar, and to a lesser extent by fertilization (Table 4). The average crude protein content in the seeds ranged from 306 to 314 g kg−1. The highest crude protein content (321 g kg−1) was obtained in the dry year of 2015 as a result of early sowing, while the lowest crude protein content (304 g kg−1) was recorded for the later sowing date in the wet year of 2014. However, the crude protein content was lowest in the plots fertilized with the basic level of nitrogen in the wet year (301.2 g kg−1).



The choice of cultivar was also shown to influence the crude protein content in the seeds. In the dry year, the content of crude protein in the Mavka cultivar (319 g kg−1) was significantly higher than in the Augusta cultivar. A significant interaction of factors was noted only in the wet year (2014).



The crude protein content in the seeds was shown to be little influenced by the experimental factors. In 2014, as expected, the increase in mineral nitrogen application was associated with a significant increase in the crude protein content in the seeds. In the second year of the study (2015), the Mavka cultivar accumulated significantly more crude protein in the seed yield. The early sowing date caused a significant increase in crude protein accumulation compared to the later sowing date (Table 4). However, it was the effect of significant interaction between factors: the sowing date with fertilization and of fertilization with the choice of cultivar (Figure 8A,B).



The crude starch content in the soybean seeds in the years of the study increased when sowing took place at the late date. The level of fertilizer did not significantly influence the crude starch content in the seeds. The Augusta cultivar accumulated significantly less crude starch in its seeds than the Mavka cultivar in both years. Crude starch accumulation in the seeds in 2015 was significantly influenced by the interaction between cultivar and fertilization (Figure 9). Mavka accumulated the highest content of crude starch in seeds in treatment with lower nitrogen fertilization. This result proved that selected cultivars of soybean such as Mavka are more effective in water and nutrients absorption during vegetation season, thus revealing a greater chemical component seed yield.



The crude fat content in the soybean seeds was less varied in comparison with the crude protein and crude starch content. Only in the Mavka cultivar in 2015 was higher crude fat content obtained in the seeds. None of the interactions analyzed significantly influenced the crude fat content in the seeds.





4. Discussion


Improvement of agricultural practices for soybean remains an important subject of research for European scientists, due to the relatively short time (about 150 years) during which it has been cultivated in Europe [29]. The choice of cultivar earliness class, sowing date, and level of nitrogen fertilization remain important factors in assessment of the yield potential of soybean. The results of the study clearly indicate that the biology of soybean yield is determined by weather during the year and by agricultural practices, which are supported by previous studies [30]. Soybean yield in the study was 2.1–2.7 t ha−1 and depended on the level of fertilizer, sowing date, and earliness of the cultivar. The sowing date had a positive influence on soybean yield. The earlier sowing date resulted in a significant increase in yield, on average by 0.2 t ha−1. Research shows that considered late sowing as an optimal should be updated according to environmental conditions observed in early spring. The research clearly proved the production legitimacy of soybean sowing two weeks earlier than the data used by farmers in considered region. Farmers risk sowing soybean earlier due to the potential risk of spring frost. However, observed increased of plants productivity may become a trigger to change their agrotechnical practices.



Application of mineral nitrogen also positively affected yield. Higher application of mineral nitrogen caused an increase in soybean yield, on average by 0.2 t ha−1. In addition, the interaction between fertilization and sowing date significantly influenced the soybean yield. Higher nitrogen application in the crops sown early resulted in a marked increase in their productivity.



Hankinson et al. [31] assessed the influence of planting date and starter fertilizer on soybean yield, assuming that starter fertilizer might be more beneficial to soybean sown earlier due to the low soil temperature and thus limited nutrient availability in early spring. Presented studies fully confirmed earlier studies [31], as it showed that the use of early sowing must be supported by a higher dose of nitrogen.



In all parts of the world, soybean yield is determined by the sowing date [32,33,34,35,36,37]. The field study conducted by Serafin-Andrzejewska et al. [37], under specific environmental conditions in south-western Poland, revealed that delaying the sowing day length available for soybean plants influencing development and yield. Delaying the sowing date by 20 days in relation to earliest resulted in shortening of the length of the vegetative development by 12 days and the shortening of the entire vegetation period by 14 days, which contribute to a significant decrease in yield. Similar findings were obtained by Borowska, and Prusiński [36]. Authors proved that the significantly highest soybean yields were collected from the sowing at a turn of April and May, and the highest seed and protein yield, as well as protein content in seed, were recorded for the mid-early Merlin cultivar. However, the authors noticed that neither the number and the seed weight per pod nor the 1000-seed weight significantly depended on the sowing date. Presented study confirm results described by mentioned authors [36,37], since we proved significantly higher soybean yield, 1000 seed yield and yield quality, which was recorded from the early sowing. Delete seed sowing decreased nitrogen uptake with yield, crude protein and crude fat content in seed yield, since plant growth and development was shortening by 14 days. A longer vegetation period was more beneficial for plants growth, development, and for effectivity of nutrients efficiency. Another important reason of better plant efficiency from earlier sowing was their growth in conditions with optimal rainfall distribution during growing season.



Faligowska et al. [33] assessed the influence of sowing date on the yield and seed sowing value of soybean cultivated in north-western Poland. The authors demonstrated that the sowing date had a significant influence on yield. Soybean sown early produced 1.8 t ha−1, while the crop sown on the optimal sowing date produced 2.2 t ha−1, and the highest seed yield of 2.5 t ha−1 was obtained from the crop sown on the third date. Our findings did not confirm significant effect of sowing date on seed yield. The sowing date had a minor influence on soybean yield since it creates differences between treatments around 0.3 t ha−1. However, we noticed a slightly higher yield was gained from an earlier sowing date, and this trend was observed independently from the weather conditions during the growing season.



Bateman et al. [34] showed that soybean planted too early or too late may be negatively impacted by environmental conditions that are not ideal for quality stand emergence. The data suggest that the optimum planting dates for soybean in Mississippi are between 10 April and 1 May, and that this planting window will help with all aspects of soybean agronomics, including stand quality, plant height, canopy closure, insect pressure, and yield.



Presented study confirm, that markedly higher yield was obtained for the MG 000 Mavka cultivar grown in the year with more rainfall. Mavka, cultivar characterized by longer growth of vegetation, sown early (in April) produced much higher yield in conditions of higher nitrogen application, compared to Augusta.



Vollmann et al. [37] and Gawęda et al. [38] showed that the weather during the soybean growing period, the level of mineral fertilizers, and plant protection are the main factors determining soybean yield. This was partially confirmed in the present study. The efficiency of soybean fertilization was determined by the weather during the year. The drought in 2015 substantially reduced yield in comparison to 2014, when rainfall distribution was optimal. However, the early sowing date in combination with higher nitrogen application proved to be an effective means of increasing soybean productivity, especially in dry years.



The chemical composition of the soybeans was influenced by the cultivar. On average for the cultivars, the seeds contained 310.6 (g kg−1 DW) protein, 185.4 (g kg−1 DW) fat, and 349 (g kg−1 DW) crude starch. The cultivar factor clearly influenced these parameters, which has been demonstrated in other studies as well [39]. The starch content was very similar in both cultivars and was not influenced by the cultivar factor.




5. Conclusions


Early sowing in combination with higher nitrogen application is an effective way to increase soybean productivity, especially in dry years. The choice of cultivars, whose production potential is revealed in suboptimal growth conditions (drought or water shortage), and seems to be also important. The study proved that farmers should selected 000 soybean cultivars such as Mavka, which characterized by more effective nutrients uptake even in drought conditions, and produces high yield quality and quantity.



Higher nitrogen application for soybean sown in the last 10 days of April has a beneficial effect on yield by extending the period of efficient nitrogen uptake.



Higher nitrogen application is not recommended in conditions of late sowing of soybean, because the efficiency of nitrogen uptake declines. The study indicates a clear need to continue research to improve agricultural practices for soybean in rainfall deficit conditions during the growing season.
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Figure 1. Rainfall distribution (mm) during the growing period of April–September in the two years of the experiment, divided into 10-day periods. 
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Figure 2. Temperature (°C) during the growing period for the experiment in 2014–2015. 
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Figure 3. Sielianinov’s hydrothermal index K t in growing season of soybean (a) in decades and (b) in months. 
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Figure 4. Significant interactions between sowing date and fertilizer (a) and sowing date and cultivar (b) on soybean yield. The standard error (SD) of each mean is presented as an error bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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[image: Agriculture 13 00115 g004]







[image: Agriculture 13 00115 g005 550] 





Figure 5. Significant interactions between fertilizer and cultivar (a) and sowing date and cultivar (b) on 1000 seed weight. The standard error (SD) of each mean is presented as an error bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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Figure 6. Significant effect of interaction of fertilizer and sowing date (a) and cultivar and sowing date on efficiency of N uptake (b). The standard error (SD) of each mean is presented as an error bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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Figure 7. Significant effect of interaction of fertilizer and sowing date (a) and cultivar and sowing date on NHI (b). The standard error (SD) of each mean is presented as an error bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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Figure 8. Significant interaction of sowing date and fertilization (A) and fertilization and cultivar (B) on crude protein content. The standard error (SD) of each mean is presented as a bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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Figure 9. Significant interaction of cultivar and fertilization on crude starch (2015 year). The standard error (SD) of each mean is presented as a bar. The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. 
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Table 1. Length of growing period (number of days after sowing) depending on sowing date and cultivar.
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Sowing date

	
Year

	
C1 (cv. Augusta)

	
C2 (cv. Mavka)






	
S1 (Early)

	
2014

	
146

	
162




	
2015

	
138

	
145




	
S2 (Late)

	
2014

	
139

	
155




	
2015

	
130

	
137
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Table 2. Comparison of yield and TSW of soybean depending on sowing date, fertilization and cultivar.
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Factor

	
Seed Yield (dt ha−1)

	
TSW (g)




	
2014

	
2015

	
2014–2015

	
2014

	
2015

	
2014–2015






	
Sowing date

	
S1

	
26.8 a

±7.37

	
24.1 a

±6.94

	
25.5 a

±7.18

	
169.1 a

±28.2

	
156.3 a

±29.6

	
162.7a

±29.1




	
S2

	
24.3 a

±4.41

	
21.4 a

±4.92

	
22.8 a

±4.83

	
163.7 b

±27.7

	
148.0 b

±20.5

	
155.8a

±23.8




	
Fertilizer

	
N1

	
24.2 a

±6.41

	
22.1 a

±23.1

	
23.2 a

±5.90

	
163.3 a

±23.0

	
140.3 b

±19.6

	
151.8a

±20.9




	
N2

	
26.9 a

±5.69

	
23.4 a

±23.4

	
25.1 a

±6.46

	
169.5 b

±32.0

	
164.0 a

±28.2

	
166.7a

±29.8




	
Cultivar

	
C1

	
23.9 a

±6.48

	
22.1 a

±22.1

	
23.0 a

±6.01

	
139.9 a

±2.75

	
135.9 b

±15.1

	
137.9a

±14.5




	
C2

	
27.2 b

±5.47

	
23.4 a

±23.4

	
25.3 a

±6.31

	
192.9 b

±8.77

	
168.4 a

±14.6

	
180.6a

±19.4




	
S × N

	
0.001 **

	
0.25

	
0.001 **

	
0.001 **

	
0.001 **

	
0.38




	
S × C

	
0.04 *

	
0.05

	
0.01 *

	
0.001 **

	
0.001 **

	
0.03 *




	
N × C

	
0.002 *

	
0.15

	
0.42

	
0.001 **

	
0.001 **

	
0.001 **




	
S × N × C

	
0.46

	
0.45

	
0.93

	
0.001 **

	
0.001 **

	
0.78








S1—early sowing date, S2—late sowing date; N1—basic fertilization; N2—increased fertilization; C1—Augusta cultivar; C2—Mavka cultivar. Letter indicators at averages determine the so-called homogeneous groups (statistically homogeneous). The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. Value of SD of each mean is given after ±. * Significant at p = 0.05 probability level. ** Significant at p = 0.01 probability level.
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Table 3. N uptake by seeds and nitrogen harvest index (NHI) depending on sowing date, fertilization, and cultivar.
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Factor

	
N uptake (kg ha−1)

	
NHI (g g−1)




	
2014

	
2015

	
2014–2015

	
2014

	
2015

	
2014–2015






	
Sowing date

	
S1

	
131.9 a

±36.0

	
124.3 a

±36.8

	
128.1 a

±36.07

	
0.87 a

±0.02

	
0.85 a

±0.02

	
0.86 a

±0.02




	
S2

	
117.8 a

±19.5

	
105.7 a

±23.9

	
111.7 b

±22.32

	
0.85 b

±0.02

	
0.82 b

±0.03

	
0.84 b

±0.03




	
Fertilizer

	
N1

	
116.2 a

±29.1

	
111.4 a

±27.6

	
113.8 a

±28.01

	
0.86 a

±0.02

	
0.82 a

±0.01

	
0.84 a

±0.03




	
N2

	
133.4 b

±27.9

	
118.6 a

±36.4

	
126.0 a

±32.79

	
0.86 a

±0.02

	
0.85 b

±0.02

	
0.85 b

±0.02




	
Cultivar

	
C1

	
117.5 a

±32.1

	
110.3 a

±28.7

	
113.9 a

±30.16

	
0.86 b

±0.02

	
0.84 a

±0.01

	
0.85 a

±0.02




	
C2

	
132.2 a

±25.3

	
119.6 a

±35.5

	
125.9 a

±30.87

	
0.87 a

±0.02

	
0.83 b

±0.01

	
0.85 a

±0.03




	
S × N

	
0.006 *

	
0.310

	
0.017 *

	
0.000 *

	
0.000 *

	
0.001 *




	
S × C

	
0.064

	
0.060

	
0.013 *

	
0.017 *

	
0.000 *

	
0.000 *




	
N × C

	
0.011 *

	
0.110

	
0.770

	
0.045 *

	
0.000 *

	
0.05




	
S × N × C

	
0.335

	
0.460

	
0.980

	
0.222

	
0.000 *

	
0.003 *








S1—early sowing date, S2—late sowing date; N1—basic fertilization; N2—increased fertilization; C1—Augusta cultivar; C2—Mavka cultivar. Letter indicators at averages determine the so-called homogeneous groups (statistically homogeneous). The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. Value of SD of each mean is given after ±. * Significant at p = 0.05 probability level. ** Significant at p = 0.01 probability level.
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Table 4. Comparison of content (g kg−1) of protein, starch and fat in soybean seeds depending on sowing date, fertilization and cultivar.
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Factor

	
Crude Protein (g kg−1)

	
Crude Starch (g kg−1)

	
Crude Fat (g kg−1)




	
2014

	
2015

	
2014–2015

	
2014

	
2015

	
2014–2015

	
2014

	
2015

	
2014–2015






	
Sowing date

	
S1

	
307.6 a

±9.84

	
321.1 a

±8.45

	
314.3 a

±11.3

	
353.0 b

±15.1

	
338.7 b

±4.54

	
345.9 a

±13.1

	
184.5 a

±7.29

	
188.5 a

±3.11

	
186.5 a

±5.88




	
S2

	
304.2 a

±15.7

	
309.6 b

±9.44

	
306.9 b

±13.1

	
362.9 a

±10.0

	
341.3 a

±4.47

	
352.1 a

±13.4

	
180.2 a

±4.03

	
188.6 a

±3.10

	
184.4 a

±5.57




	
Fertilizer

	
N1

	
301.2 b

±12.8

	
314.8 a

±11.9

	
307.9

±13.9

	
358.4 a

±13.6

	
340.7 a

±5.79

	
349.5 a

±13.7

	
182.7 a

±5.52

	
188.2 a

±3.22

	
185.4 a

±5.25




	
N2

	
310.7 a

±11.8

	
315.9 a

±9.36

	
313.3

±10.8

	
357.5 a

±13.9

	
339.4 a

±3.12

	
348.5 a

±13.5

	
181.9 a

±6.98

	
188.9 a

±2.94

	
185.5 a

±6.35




	
Cultivar

	
C1

	
306.4 a

±11.1

	
311.5 a

±11.3

	
308.9

±11.3

	
348.6 b

±10.1

	
337.7 b

±3.53

	
343.1 b

±9.30

	
183.2 a

±6.38

	
186.2 b

±1.98

	
184.7 a

±4.90




	
C2

	
305.5 a

±15.1

	
319.2 b

±8.47

	
312.3

±13.9

	
367.3 a

±9.47

	
342.4 a

±4.46

	
354.9 a

±14.6

	
181.5 a

±6.09

	
190.9 a

±1.92

	
186.2 a

±6.54




	
S × N

	
0.007 *

	
0.23

	
0.01 *

	
0.866

	
0.27

	
0.76

	
0.272

	
0.74

	
0.37




	
S × C

	
0.255

	
0.62

	
0.32

	
0.213

	
0.62

	
0.59

	
0.316

	
0.49

	
0.36




	
N × C

	
0.003 *

	
0.24

	
0.009 *

	
0.557

	
0.006 *

	
0.76

	
0.921

	
0.69

	
0.86




	
S × N × C

	
0.153

	
0.61

	
0.52

	
0.165

	
0.33

	
0.61

	
0.194

	
0.604

	
0.41








S1—early sowing date, S2—late sowing date; N1—basic fertilization; N2—increased fertilization; C1—Augusta cultivar; C2—Mavka cultivar. Letter indicators at averages determine the so-called homogeneous groups (statistically homogeneous). The occurrence of the same letter pointer at averages (at least one) means that there is no statistically significant difference between them. Value of SD of each mean is given after ±. * Significant at p = 0.05 probability level. ** Significant at p = 0.01 probability level.
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