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Abstract

:

This study was undertaken to examine the influence of the sowing date, sowing density, and split spring application of nitrogen (N) fertilizer on plant density, tillering, yield components, and grain yields of winter wheat (Triticum aestivum L.) grown in northeastern Poland between 2018 and 2021. The experiment had a split-plot design with three sowing dates (early (3–6 September), delayed by 14 days, and delayed by 28 days), three sowing densities (200, 300, and 400 live grains m−2), and three split spring N rates (40 + 100, 70 + 70, and 100 + 40 kg ha−1 applied in BBCH stages 22–25 and 30–31, respectively). The number of spikes m−2 increased by 11% on average when winter wheat was sown with a delay of 14 days (17–20 September) and 28 days (1–4 October). The number of spikes m−2 was highest when winter wheat was sown at 300 and 400 live grains m−2. The application of 100 + 40 kg N ha−1 (BBCH 22–25 and 30–31, respectively) increased the number of spikes m−2. An increase in sowing density from 200 to 300 to 400 live grains m−2 decreased the number of grains spike−1 by 5% and 7%, respectively. Thousand grain weight (TGW) increased by 1% and 2% when sowing was delayed by 14 (17–20 September) and 28 days (1–4 October), respectively. In northeastern Poland, grain yields peaked when winter wheat was sown between 17 September and 4 October (10.52–10.58 Mg ha−1). In late-sown winter wheat, grain yields increased due to a higher number of spikes m−2 and higher grain weight. The highest sowing density (400 live grains m−2) induced a greater increase in grain yields than the lowest sowing density (200 live grains m−2) (10.25 vs.10.02 Mg ha−1). In winter wheat sown at a density of 400 live grains m−2, the increase in grain yields resulted in a higher number of spikes m−2. Grain yields peaked in response to 100 kg N ha−1 applied in BBCH stages 22–25 and 40 kg N ha−1 applied in BBCH stages 30–31 (this split N rate increased the number of spikes m−2). In turn, the highest straw yield (6.23 Mg ha−1) was obtained when the second split of N fertilizer was applied in BBCH stages 30–31 (40 + 100 kg N ha−1). Straw yields decreased significantly (by 6%) when winter wheat was sown late (early October). Delayed sowing (mid-September and early October) increased the harvest index (HI) of winter wheat by 5–7%. Split spring N application influenced grain and straw yields, but it had no effect on the HI of winter wheat.
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1. Introduction


In the European Union (EU), the contribution of agriculture to the gross domestic product (GDP), one of the indicators of economic well-being, is generally low (approx. 1–2%) [1,2]. However, the role of agriculture is not to stimulate the economic growth of countries/regions, but to guarantee food security and, increasingly often, energy security [1,3,4,5]. It should also be noted that alternative scenarios for the use of agricultural raw materials (energy, chemicals, etc.) are possible, provided that non-competitive models of economic cooperation are introduced in production and processing [6,7,8]. Recent events clearly indicate that strategic food reserves should be produced locally. In countries that rely heavily on food imports, any disruptions in the supply chain (pandemics, military conflicts) can limit the availability and affordability of food and undermine the biological survival of nations [9,10,11]. Cereals play a particularly important role in catering to the global food demand. The share of cereals in the human diet (based on energy equivalents) ranges from 30% to 80% [12]. Cereals occupy around 51% of arable land in the world [13]. The current increase in global cereal production caters solely to the needs of the world’s growing population, and it does significantly affect production volume per capita, which has remained stable at around 380 kg for many years [13]. Wheat, in particular common wheat (Triticum aestivum L.), occupies more land than any other food crop. In 2021, wheat was grown on 220 million ha, with a mean yield of 3.4 Mg ha−1 [13]. The global population is projected to increase to 9.7 billion by 2050, and so the significance of wheat as a strategic crop for global food security will continue to grow [14,15,16]. The expected increase in the supply of wheat grain can be achieved mainly through an improvement in yields [17,18,19]. A further increase in the area under wheat cultivation is unlikely because agricultural expansion has adverse environmental and social consequences (closure of small farms, community displacement, and decreased availability of land for non-agricultural use) [20,21].



Wheat yields could be increased by introducing new, high-yielding cultivars and developing production technologies that maximize nitrogen-use efficiency (NUE) [15,22]. Wheat genotypes that effectively utilize N offer a sustainable approach to meeting the growing global demand for grain [15].



Nearly 30% of global nitrogen (N) fertilizer is used in wheat production [23]. Nitrogen significantly increases yields, but excessive N fertilization has negative consequences, such as high soil acidity, greenhouse gas emissions, and water pollution [24,25,26]. Inadequate N management not only decreases wheat yields, but it can also contribute to the loss of N due to leaching, surface erosion, volatilization, and denitrification [27,28,29]. Higher N rates lead to a decrease in NUE [26,30,31,32]; therefore, N rates should be balanced with NUE to promote the sustainable development of global crop production and minimize the consequences of climate change [24,33].



Soil N levels are generally sufficient to promote the growth of winter wheat in fall and winter, but rapid plant growth in spring may lead to N deficiency [34]. In Europe, N fertilizer is applied in three splits during the spring growth of winter wheat [35,36,37,38]. The first split of N fertilizer is applied at the beginning of spring growth, which, in properly managed stands, corresponds to the tillering stage (BBCH 22–25, Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie [39]) [40]. In this stage of rapid plant growth, an adequate supply of N increases the NUE of winter wheat [41]. The first spring rate of N stimulates the development of side shoots and, consequently, increases the number of spikes, which are the main yield component. The first N rate should be selected based on the overwintering success of wheat stands. Stands that produced numerous shoots in fall and did not sustain losses in winter should not be supplied with very high N rates in early spring. Excess supply of N in spring can damage emerging shoots, and increased competition between tillers will inhibit the development of the root system [42]. In turn, winter wheat stands with sparse tillers require higher N rates in early spring [43]. The second application of N in the stem elongation stage (BBCH 30–32) regulates the development of side shoots, prevents a decrease in the number of spikelets and the number of grains per spike, and prolongs green area duration. Excess N supply in this period can lead to the rapid growth of above-ground biomass and tillers, which can contribute to lodging [43]. In many European regions, a third application of N in spring (BBCH 37–51) is required in the production of winter wheat for human consumption [34,35]. The third application of N enhances the quality of winter wheat by increasing the protein and gluten content of grain, but it has a minor effect on grain yield [43]. In a study by Podolska [44], the total N rate of 120 kg ha−1 applied in two splits of 60 kg N ha−1 each (spring emergence and beginning of stem elongation) induced a greater increase in yields than the same N rate divided into three portions of 40 kg N ha−1 each (spring emergence, beginning of stem elongation, and heading). In turn, in the work of Barad et al. [45], yields were higher when winter wheat was supplied with 40 kg N ha−1 in the tillering stage and 80 kg N ha−1 at the beginning of stem elongation than with three equal splits of 60 kg N ha−1 each. The observed difference in grain yields resulted from a 14% increase in the number of spikes m−2, a 12% increase in the number of grains spike−1, and a 12% increase in TGW). According to Fageria et al. [46], in the early stages of plant growth, weakly developed roots are unable to effectively absorb large amounts of N.



Winter wheat yields and NUE are also influenced by the remaining agronomic practices, in particular sowing date [47,48] and sowing density [49]. Global climate change has prolonged the growth of winter wheat in fall, which prompts farmers to delay the sowing date [50,51,52]. However, delayed sowing can compromise N uptake in plants and decrease NUE [48], uptake efficiency (UPE), and utilization efficiency (UTE) [53].



Sowing density is a critical determinant of wheat grain yield because it optimizes the number of spikes m−2 [54,55,56]. Plant density that is too low can compromise nutrient use efficiency, including NUE, thus decreasing grain yields [56,57,58]. In turn, too high sowing density can increase production costs and decrease yields due to a higher risk of disease, pest infestation, and lodging [59,60]. The optimal density of winter wheat stands at harvest is 550–650 spikes m−2, which guarantees high yields in Poland and can be achieved through both low sowing density (promoting productive tillering) and high sowing density (limiting tillering). In the first case, winter wheat is sown at 200–300 live grains m−2 to obtain 2–3 productive shoots per plant and maximize yields. However, the performance of low-density stands is highly dependent on environmental conditions (soil, weather, fertilizer rate, etc.). Under unfavorable conditions (light soil, dry year, low fertilizer rate, etc.), grain yields are highly likely to decrease in low-density stands [43]. The yield components of wheat effectively adapt to changes in environmental conditions [57,59]. However, these compensatory mechanisms differ across wheat genotypes [59,61]. In low-density stands that do not fully utilize the productive potential of a given site, the number of side shoots can increase to compensate for the absence of plants and to produce more spikes [62]. In turn, higher sowing densities can directly increase the number of spikes per unit area, but also decrease the weight and number of grains per spike [59,61]. Wheat seeding rates should be adjusted to optimize NUE [49,63,64]. In a study by Gao et al. [65], an increase in seeding rate from 180 kg ha−1 to 220 kg ha−1 increased the NUE by 17% on average. This observation indicates that higher sowing density can enhance N uptake when its supply is limited. According to Dai et al. [64], N uptake from deep soil layers can be improved by decreasing the N rate and increasing the sowing density.



The aim of this study was to determine the effect of sowing date, sowing density, and the split spring application of N fertilizer on the yield components (spikes m−2, grains spike−1, TGW) and yields of winter wheat (grain yield, straw yield, harvest index—HI) grown in northeastern Poland.




2. Materials and Methods


2.1. Field Experiment


Winter wheat (Triticum aestivum L.) was grown in a small-area field experiment conducted in the Agricultural Experiment Station (AES) in Bałcyny (53°35′46.4″ N, 19°51′19.5″ E, elevation 137 m, in NE Poland) between 2018 and 2021. The AES is part of the University of Warmia and Mazury in Olsztyn. The experimental variables were (i) sowing date: early (6 September 2018; 5 September 2019; 3 September 2020), delayed by 14 days (17–20 September), and delayed by 28 days (1–4 October); and (ii) sowing density: 200, 300, and 400 live grains m−2; (iii) split spring application of N at BBCH 22–25 + BBCH 30–31: 40 + 100, 70 + 70, and 100 + 40 kg ha−1.



The experiment had a split-plot with three replications. The plot size was 15 m2 (10 by 1.5 m). The preceding crop was winter oilseed rape (Brassica napus L.). After the preceding crop was harvested (late July) in each year of the experiment, the field was skimmed to a depth of 6–8 cm and fertilized with 20 kg N ha−1 (urea, 46% N), 17.4 kg P ha−1 (enriched superphosphate, 17.4% P), and 41.5 kg K ha−1 (potash salt, 49.8% K). The field was harrowed once (with a light-duty disc harrow) to incorporate the fertilizers and control weeds. In late August, the field was plowed to a depth of 20–22 cm. A shallow tillage treatment was performed 4–5 days before sowing to level the soil. Winter wheat cv. Julius was sown to a depth of 3 cm with an inter-row spacing of 12.5 cm on the dates and at the densities described in the experimental design. Winter wheat was sown with a plot seeder (Promar SPZ-1.5, Poznań, Poland). Weeds were controlled with metribuzin (49 g ha−1), flufenacet (147 g ha−1), and diflufenican (100 g ha−1) in BBCH stages 11–12. The first and the second splits of N fertilizer (ammonium nitrate, 34%) were applied in spring in BBCH stages 22–25 and 30–31 in the amounts indicated in the experimental design. The third split of N fertilizer (40 kg ha−1; ammonium nitrate, 34%) was applied in BBCH stage 37 in all plots. In BBCH stage 31, trinexapac-ethyl was applied at 100 g ha−1 to regulate plant growth. During the spring growing season, an insecticide was applied once (5 g ha−1 deltamethrin, BBCH 51–52) and fungicides were applied three times: (i) 375 g ha−1 spiroxamine + 150 g ha−1 prothioconazole + 75 g ha−1 bixafen (BBCH 30–31); (ii) 75 g ha−1 benzovindiflupyr + 150 g ha−1 prothioconazole (BBCH 37–39); and (iii) 250 g ha−1 tebuconazole (BBCH 61). Winter wheat was harvested in late July or early August (BBCH 89) with a small-plot harvester (Wintersteiger Classic, type 1540–447, Ried im Innkreis, Austria).



The experiment was established on Haplic Luvisol originating from boulder clay [66]. Soil pH ranged from 6.2 to 6.4 (digital pH meter), and soil nutrient levels were determined in the range of 1.22–1.39% Corg (modified Kurmies method; UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan), 74.6–128.9 mg kg−1 P (vanadium molybdate yellow colorimetric method; UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan), 128.6–199.2 mg kg−1 K (atomic emission spectrometry; Flame Photometers, BWB Technologies Ltd., Newbury, UK), 32.6–49.4 mg kg−1 Mg (atomic absorption spectrophotometry; AAS1N, Carl Zeiss, Jena, Germany), and 1.0–1.86 mg kg−1     SO  4  2 −     (nephelometry method; UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan). The chemical properties of soil were determined in the laboratory of the District Chemical–Agricultural Station in Olsztyn.




2.2. Parameters Determined in the Field


The number of plants per m2 was determined after emergence (BBCH 12–13) and in spring (BBCH 22–25) by counting plants ten times in each plot (four middle rows) on both sides of a 1 m band. In spring (BBCH 29), tillering was assessed by counting the number of shoots plant−1 in 80 randomly selected plants (8 × 10 plants) sampled from the four middle rows in each plot. The number of spikes was determined directly before harvest at five random locations in a plot with an area of 0.25 m2. The number of grains per spike was determined in 500 spikes randomly sampled from each plot (10 × 50 spikes). Thousand grain weight was determined in five samples of threshed grain (100 g each) from each plot. In each plot, grain and straw yields were determined by weighting directly after threshing. The dry matter (DM) content of grain and straw was determined directly after harvest by drying in an oven (FD 53 Binder GmbH, Tuttlingen, Germany) until constant weight (Equation (1)). Grain and straw yields in each plot were adjusted to 86% DM and expressed per 1 ha. The HI was calculated using Equation (2):


  Moisture   content   ( % ) =    Wet   sample   weight     ( g )  −    dry   sample   weight     ( g )     Wet   sample   weight     ( g )    ×   100  



(1)






  Harvest   index =    Grain   yield    (    Mg   DM   ha    − 1   )    Grain   and   straw   yield    (    Mg   DM   ha    − 1   )    



(2)








2.3. Statistical Analysis


Plant density, tillering, the number of spikes m−2, the number of grains spike−1, TGW, grain yield, straw yield, and HI were analyzed in a general linear mixed model using Statistica software [67]. Sowing date, sowing density, and the split spring N rate were the fixed effects, whereas years and replications were the random effects. Treatment means were compared in Tukey’s honest significant difference (HSD) test at a significance level of p ≤ 0.05. The results of the F-test for fixed effects in ANOVA are presented in Table 1.





3. Results


3.1. Weather Conditions


In all years of the experiment, the fall growing season (September–November) of winter wheat was characterized by low precipitation (61–82% of the long-term average for 1981–2015) and high mean daily temperatures (2.0 °C above the long-term average). During winter dormancy (December–March), mean daily temperatures exceeded the long-term average by 2.8 °C, while winter precipitation approximated the long-term average in all years of the study (Figure 1).



In all years of the experiment, mean daily temperatures approximated the long-term average in April and May but exceeded the long-term average in June–August. Precipitation levels in the spring growing seasons differed considerably over several years. In the first growing season (2018/2019), there was no rainfall in April, whereas precipitation levels in May, June, and July exceeded the long-term average by 72%, 35%, and 5%, respectively. In the second growing season (2019/2020), April was also an extremely dry month (1 mm), but heavy precipitation was noted in May and June (113% and 145% above the long-term average, respectively). In the third growing season (2020/2021), May, July, and August were characterized by abundant precipitation (192%, 156%, and 189% above the long-term average, respectively). Total rainfall during the growing season of winter wheat was determined at 605 mm in 2018/2019, 570 mm in 2019/2020, and 674 mm in 2020/2021. The long-term monthly average (1981–2015) in the study area was 596 mm.




3.2. Plant Density and Tillering


After emergence, and in early spring, plant density was considerably differentiated by weather conditions, sowing date, and sowing density (Table 1). Favorable weather conditions in winter contributed to the high overwintering success rate of winter wheat plants (98–99%). Plant density after emergence and in early spring was highest in the second growing season. On average, plant density after emergence and in early spring was 15% lower in the first and third growing season. Delayed sowing (early October) decreased plant density in fall and spring by 13% relative to early sowing (September) (Table 2). Sowing delayed by 28 days induced a significant 40% decrease in plant density after emergence and in early spring in the third growing season (Figure 2). Higher sowing densities promoted a gradual increase in the number of plants after emergence and in early spring (Table 2), regardless of weather conditions (Table 1).



The number of shoots plant−1 and the number of shoots m−2 were significantly differentiated by all experimental factors (Table 1). The values of both parameters were highest in the third growing season (2020/2021). In plots where sowing was delayed by 14 and 28 days, the number of shoots plant−1 decreased by 13% and 24%, respectively, at the end of the tillering stage (BBCH 29) (Table 2). The number of shoots plant−1 was not only affected by the sowing date in the growing season of 2019/2020 (Figure 3a). An increase in sowing density from 200 to 400 live grains m−2 decreased the number of shoots plant−1 by 10% in BBCH stage 29. A decrease in the first spring rate of N (BBCH 22–25) from 100 to 40 kg ha−1 reduced the number of shoots plant−1 by 10% on average (Table 2). The strongest response to the first spring rate of N was observed in the third growing season, when 100 kg N ha−1 applied in BBCH stages 22–25 increased the number of shoots plant−1 by 32% (Figure 3b).



Delayed sowing also decreased the number of shoots m−2 in BBCH stage 29 (which was calculated by multiplying plant density by the number of shoots per plant) (Table 2). Winter wheat sown in early October produced 33% fewer shoots m−2 on average than wheat sown on the earliest date (3–6 September) (Table 2). The sowing date did not only affect the number of shoots m−2 in the growing season of 2019/2020. In the remaining seasons, the number of shoots m−2 decreased by 47–48% when sowing was delayed to early October (Figure 4). An increase in sowing density from 200 to 300 and 400 live grains m−2 increased the number of shoots m−2 by 38% and 78%, respectively. The number of shoots m−2 increased by 12% when the first spring rate of N (BBCH 22–25) was increased from 40 to 100 kg ha−1 (Table 2).




3.3. Yield Components


Winter wheat grown in northeastern Poland produced from 406 (2020/2021) to 538 (2018/2019) spikes m−2. The number of spikes m−2 was lowest in the third growing season, which was characterized by the highest number of shoots plant−1 (5.4) and shoots m−2 (1491). In the third growing season, the number of shoots was strongly reduced between the late tillering stage and the heading stage, which could be attributed to low precipitation in June (approx. 50% of the long-term average). In the remaining seasons, June precipitation exceeded the long-term average by 35–45%. In the dry month of June, strong competition for light in dense stands could have additionally contributed to the observed decrease in the number of shoots. The number of spikes m−2 increased by 11% on average when sowing was delayed by 14 (17–20 September) and 28 days (1–4 October) (Table 3). Sowing date did not affect the number of spikes m−2 only in the first growing season. In the remaining seasons, winter wheat stands sown in mid-September or in early October were characterized by the highest number of spikes m−2 (Figure 5). The number of spikes m−2 was also significantly differentiated by sowing density (Table 1). The value of this parameter was lowest when winter wheat was sown at a density of 200 live grains m−2. An increase in sowing density to 300 live grains m−2 led to a significant 8% increase in the number of spikes m−2. A further increase in sowing density (400 live grains m−2) did not induce significant changes in the number of spikes m−2. The application of 100 + 40 kg N ha−1 (BBCH 22–25 and 30–31, respectively) had a positive impact on the number of spikes m−2. The number of spikes m−2 decreased by 4% when the early spring rate of N was reduced to 40 kg ha−1 (40+100 kg N ha−1) (Table 3).



Winter wheat produced 43.7 and 51.5 grains spike−1 in the 2018/2019 and 2020/2021 seasons, respectively (Table 3). On average, the sowing date did not significantly influence the number of grains spike−1 (Table 1). The number of grains spike−1 only decreased in the third season, reducing by 7% when sowing was delayed by 28 days (early October) (Figure 6). An increase in sowing density from 200 to 300 to 400 live grains m−2 decreased the number of grains spike−1 by 5% and 7%, respectively (Table 3), regardless of weather conditions (Table 1). The split application of different N rates in spring had no significant influence on the number of grains spike−1 (Table 1).



The thousand grain weight was significantly influenced by weather conditions and sowing date (Table 1). The value of this parameter was highest in the second growing season (47.76 g). On average, TGW was 5% and 9% lower in the first and third growing season, respectively. Winter wheat sown in early September was characterized by the lowest TGW (44.95 g). Sowing delayed by 14 (17–20 September) and 28 days (1–4 October) increased TGW by 1% and 2%, respectively (Table 3).




3.4. Biomass Yield and the Harvest Index


The grain yields of winter wheat grown in northeastern Poland ranged from 8.99 (2020/2021) to 10.57–10.90 Mg ha−1 (2018/2019 and 2019/2020) (Table 4). The number of spikes m−2 and TGW were 20–25% and 5–9% lower, respectively, in the third growing season than in the remaining seasons, which resulted in the lowest yields in the third year of the study. Early sowing (3–6 September) decreased grain yields (9.36 Mg ha−1). Grain yields were considerably higher (by 12–13% on average) when winter wheat was sown between 17 September and 4 October (Table 4). Winter wheat sown with a delay of 14 and 28 days was characterized by a significantly higher number of spikes m−2 (by 10–12%) and higher TGW (by 1–2%) (Table 3). Sowing date only exhibited no effect on the grain yields in the first growing season. In the second and third growing season, grain yields were 10% and 22% lower in early sown winter wheat (3–6 September), respectively, than in wheat sown with a delay of 14 and 28 days (Figure 7a). Sowing density induced minor differences (±2%) in grain yields. However, yields were higher in densely sown (400 live grains m−2) than in sparsely sown stands (200 live grains m−2) (10.25 vs.10.02 Mg ha−1) (Table 4). Grain yields were not influenced by sowing density during the second growing season exclusively (Figure 7b). In stands sown at 400 live grains m−2, yields increased due to a rise in the number of spikes m−2 (by 8–10%). However, higher sowing density decreased the number of grains spike−1 by 5–7% (Table 3). Yields peaked in response to 100 and 40 kg N ha−1 applied in BBCH stages 22–25 and 30–31, respectively (Table 4), regardless of sowing date or sowing density (Table 1). When a portion of N was moved from the first to the second split (40 + 100 kg N ha−1 in BBCH 22–25 and 30–31, respectively), grain yields decreased by 2%, mainly due to a decrease in the number of spikes m−2 (Table 3).



Straw yields ranged from 5.28–5.89 (2019/2020 and 2020/2021) to 6.78 Mg ha−1 (2018/2019). Delayed sowing (early October) significantly decreased straw yields (by 6%) (Table 4), and the sowing date only had no effect on straw yields in the first growing season (Figure 8). The relationship between sowing density and straw yields was influenced by the sowing date (Table 1). In early sown stands (early September), an increase in sowing density from 200 to 300 and 400 live grains m−2 decreased straw yields by 16% and 20%, respectively. In stands sown with a delay of 14 and 28 days, straw yields were not significantly differentiated by sowing density (200, 300, and 400 live grains m−2) (Figure 9). Straw yields peaked (6.23 Mg ha−1) in response to the lowest first spring rate of N (40 + 100 kg ha−1 in BBCH 22–25 and 30–31, respectively). Straw yields decreased by 6% on average when the first spring rate of N was increased to 70 or 100 kg ha−1 and when the second N rate was decreased (70 + 70 or 100 + 40 kg ha−1) (Table 4).



The HI of winter wheat ranged from 0.61 (2018/2019) to 0.64–0.65 (2019/2020–2020/2021). The HI increased by 5–7% when sowing was delayed to mid-September and early October (Table 4). The sowing date did not significantly influence the HI of winter wheat only in the first growing season (Figure 10). The ratio of grain yield to biomass yield was not significantly affected by sowing density or the split spring N rate (Table 1).





4. Discussion


4.1. Yield Components


The grain yield of winter wheat is determined mainly by the number of spikes m−2 and, to a smaller extent, by the number of grains spike−1 and TGW [68,69,70]. Delayed sowing can potentially decrease the number of productive shoots and spikelet buds due to a lower number of leaves per unit area and a low leaf area index (LAI) [71,72,73,74]. In addition, delayed sowing shifts the phenological stages of winter wheat to periods with higher temperatures, which can induce considerable differences in grain formation (grains spike−1 and TGW) [75]. However, the mechanism responsible for the decrease in grain yield in late-sown wheat remains unclear [74,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90]. Aslani and Mehrvar [80] and Zhou et al. [90] reported that delayed sowing decreased the number of spikes m−2 (by 12–13%) and the number of grains spike−1 (by 5–6%) but did not affect TGW. In turn, Baloch et al. [78], Khosravi et al. [79], and Silva et al. [83] found that delayed sowing decreased TGW by 3–8% but had no effect on the remaining wheat yield components. In a study by Tahir et al. [77], delayed sowing decreased the number of spikes m−2 (by 25%), but it did not influence the remaining yield components. Delayed sowing decreased the values of all yield components in the work of Shah et al. [74], Wajid et al. [76], Mukherjee [81], Alam et al. [82], Gupta et al. [84], Gebrel et al. [85], Madhu et al. [86], Pathania et al. [87], and Yusuf et al. [89]. However, delayed sowing of winter wheat can have different consequences due to climate change. Delayed sowing can increase grain yields ([47,53,56,59,72,91], present study, Table 4) and, according to Dai et al. [48], Lloveras et al. [59], and Chen et al. [91] contributes to high wheat grain yields because the number of grains spike−1 increases as plants compete for light, nutrients, and water. In the current experiment, delayed sowing increased grain yields mainly due to an increase in the number of grains spike−1 (by 11%) and, to a smaller extent, an increase in TGW (by 1–2%). In the work of Ma et al. [72], delayed sowing also increased the number of spikes m−2 (by 7%), but it induced a minor decrease in the number of grains spike−1 (by 3%) and TGW (by 4%). Contrary results were reported by Sun et al. [47]. In a study by Yin et al. [53], delayed sowing decreased the spikes m−2 (by 6%), increased the number grains spike−1 (by 5%), but had no effect on TGW. In turn, Budzyński et al. [92] found that sowing date had no influence on yield components or grain weight.



In winter wheat, grain yields can be maximized by optimizing sowing density [54,55,56,72]. Modern winter wheat cultivars are more tolerant to higher sowing density, relative to previous recommendations [93]. Therefore, the optimal sowing density should be redefined to ensure that winter wheat plants effectively utilize natural resources [64]. Winter wheat’s response to sowing density should be also examined due to the high genetic diversity of cultivars [93,94]. In winter wheat, sowing density is selected mainly based on a given cultivar’s tillering potential [61]. Sowing density should be higher in cultivars with a low tillering capacity [61] and lower in genotypes with a high tillering capacity [62]. According to Valério et al. [95] and Mehring [96], to maximize yields, wheat cultivars with a low tillering potential should be sown at a density of 417 to 555 grains m−2, whereas cultivars with a high tillering potential should be sown at a density of 221 to 422 grains m−2. In turn, in the work of Dai et al. [49], the optimal sowing density was determined to be 135–405 grains m−2 in a cultivar with a lower tillering capacity, and at 90–345 grains m−2 in a cultivar with a higher tillering capacity. In general, sowing densities higher than optimal not only increase production costs (by increasing the demand for seeds), but also decrease wheat’s yield potential [49,59], mainly due to greater competition for natural resources [97,98] or higher disease pressure [60]. Sparse stands produce fewer spikes than dense stands [95], which is consistent with the results of the current study (Table 3). In turn, an increase in sowing density generally increases the number of spikes m−2 but decreases the number of grains spike−1 [78,94,99,100]. Sander et al. [97], Podolska and Wyzińska [101], Buczek and Bobrecka-Jamro [102], and the present study (Table 3) demonstrated that a high sowing density increases the number of spikes and decreases the number of grains spike−1 in various wheat genotypes. In general, the TGW of winter wheat is weakly differentiated by sowing density ([59,61,103] and present study, Table 3).



Nitrogen fertilization is an agronomic factor that exerts the strongest influence on the yield potential of winter wheat because it affects all yield components by (i) preventing a decrease in the number of productive shoots and, consequently, the number of spikes m−2; (ii) preventing a decrease in the number of spikelets per spike, which increases the number of grains spike−1; and (iii) increasing grain weight [43]. In the present study, the split application of N fertilizer in spring (40 + 100, 70 + 70, and 100 + 40 kg ha−1) induced significant differences only in the number of spikes m−2. This parameter was maximized (495 spikes m−2) in response to 100 and 40 kg N ha−1 applied in BBCH stages 22–25 and 30–31, respectively. The number of spikes m−2 decreased by 4% when the N rate was reduced to 40 kg ha−1 in BBCH stages 22–25 and increased to 100 kg ha−1 in BBCH stages 30–31. In the work of López-Bellido et al. [104], Budzyński and Bielski [105], and Podolska [44], a decrease in the early spring N rate also decreased the number of spikes m−2 by 5%, 10%, and 5–11%, respectively. In turn, Brzozowska et al. [106] found that TGW was the only parameter that was significantly influenced by the split application of N fertilizer in spring. A decrease in the second N split applied in BBCH stages 35–36 decreased TGW by 1%. López-Bellido et al. [104] and Ferrari et al. [107] also found that the split application of N fertilizer was associated with TGW. In a study by Zhang et al. [70], splitting the N fertilizer rate induced significant differences in the number of grains spike−1 and TGW. The highest number of grains spike−1 (39.4–40.9) and the highest TGW (43.2–44.3 g) were observed when N was applied at 120 kg ha−1 before sowing and at 120 kg ha−1 at the beginning of stem elongation (the total N rate of 240 kg ha−1 was split into two equal doses) [70]. An increase in the pre-sowing N rate, followed by a decrease in the N rate at the beginning of stem elongation (the ratio at which N splits were applied between sowing and stem elongation was changed to 100:0 and 70:30) decreased the number of grains spike−1 by 6–7% and decreased TGW by 9–10% [70].




4.2. Biomass Yield and the Harvest Index


Sowing date is a non-material agronomic factor that considerably influences the quality of crops [92]. The interactions between sowing date and weather conditions, particularly in regions with harsh winters (including northeastern Poland, Scandinavian and Baltic countries), affect the grain yields of winter wheat and other winter cultivars of Triticum species (durum wheat, T. durum Desf, and spelt—T. spelta L.). Winter cultivars of common wheat have to be sown on a date which ensures that plants reach at least BBCH stage 23 before winter dormancy. The achievement of BBCH stage 23 before winter dormancy ensures the optimal use of water and temperature [72], promotes cold hardening and, consequently, increases overwintering success [92]. In northeastern Poland, winter cultivars of Triticum species develop the optimal number of shoots only when they are sown in September. October seeding is generally regarded as late for all winter cultivars of T. aestivum, T. durum, and T. spelta because it delays seedling emergence, prolongs the initial stages of plant development, and prevents complete tiller formation before winter [43]. However, sowing is frequently delayed, relative to the optimal date, in agricultural practice, which prevents wheat cultivars from fully achieving their genetic yield potential [74]. Late-sown wheat usually develops under less supportive conditions, even in years with favorable weather [108]. The vegetative growth (between sowing and winter dormancy) of late-sown wheat is compromised by less sunlight, shorter day length [74], and lower mean daily temperatures, which decreases germination, tillering potential, and the number of shoots [74,109,110,111]. In the current study, delayed sowing also decreased the number of plants after emergence and in early spring (by 13%), and decreased the number of shoots plant−1 (by 13–24%) and shoots m−2 (by 24–33%) at the end of tillering (BBCH 29). Delayed sowing can also affect inflorescence emergence, and it exposes wheat plants to higher temperatures during grain filling [112], which can speed up and shorten reproductive spike development and decrease the number of grains spike−1 [109,110,111,112,113,114]. In northwestern China, every day of delay in the sowing date decreased grain yields by 1% due to slower plant growth and a decrease in both yield components and the LAI [74]. A significant decrease in wheat yields (21%) was also reported in the eastern coastal area of China when sowing was delayed by 30 days [78]. In Pakistan, grain yields were reduced by 7–12% when winter wheat was sown with a delay of 10–20 days [47,115]. In southeastern Germany, sowing delayed by 26 days decreased the grain yields of winter wheat by 7% on average [116]. According to Dai et al. [48], delayed sowing does not always affect inflorescence emergence, DM accumulation, grain filling, or grain yield in wheat. In a study by Budzyński et al. [92], common wheat, spelt, and durum wheat grown in northeastern Poland weakly responded to a 10- and 20-day delay in sowing. Delayed sowing (including in October) did not induce changes in the grain yields of winter cultivars of the examined wheat species [92]. Oleksiak [117] also reported a minor (1–5%) decrease in the grain yields of late-sown winter wheat in Poland. In the present experiment, grain yields did not decrease when sowing was delayed by 2 or 4 weeks. On the contrary, grain yields increased by 13% (by 1.22 Mg ha−1) when sowing was delayed by 14 days (mid-September). According to Paymard et al. [118], winter wheat’s response to delayed sowing can be attributed to climate change. Ding et al. [119] also noted that, in an era of climate change, winter wheat should be sown with a delay of 10–25 days, depending on precipitation levels. Different responses of winter wheat to delayed sowing in an era of climate change are also manifested by the ratio of grain yield to biomass yield [86,88,120,121,122,123,124]. Tahir et al. [88], Moustafa et al. [121], Shirinzadeh et al. [122], and Singh [124] found that delayed sowing decreased the HI by 4–36%. In turn, in the work of Madhu et al. [86], Donaldson et al. [120], Acharya et al. [123], and in the present study (Table 4), delayed sowing increased the HI by 6% or even 14–20%.



Sowing density directly affects the number of spikes m−2 in all cereal species [43]. However, stand density is influenced by environmental conditions, weather, and the applied production technology, which is why the strength of the interactions between cultivar and environmental factors is generally below the threshold of statistical significance [125,126]. Sowing density that is too high can compromise plant survival, contribute to plant loss, and decrease the performance of the surviving plants without influencing grain yield [92]. Weather and environmental conditions affect yields, which is why the optimal sowing density should be adapted to local requirements [93,94]. According to Lloveras et al. [59], the recommended sowing density in Belgium and northern France is 200 grains m−2, whereas, in the USA, this parameter ranges from 67 grains m−2 (dryland plains) to even 400 grains m−2 (eastern regions). In the USA, the most recommended wheat sowing density is 200 grains m−2, which can be increased by 50% for irrigated conditions [93]. In Slovenia, the recommended sowing density is 600–800 grains m−2 [99]. In Serbia, wheat grain yields were maximized at a sowing density of 500−600 grains m−2 [100,127]. In southeastern Poland, the optimal sowing densities for winter wheat were determined at 300 [101] and 400 grains m−2 [102]. In the present experiment, the lowest sowing density (200 live grains m−2) was also least productive, and a significant increase in the grain yields of winter wheat was observed at a sowing density of 400 live grains m−2 (10.02 vs. 10.25 Mg ha−1). According to Dubis and Budzyński [128], the influence of sowing density on grain yield is determined by precipitation during spring growth. In the cited study, in years with average or low precipitation in spring, grain yields peaked when winter wheat was sown at 480–600 grains m−2. In turn, low sowing densities (120–240 grains m−2) were most productive in years with high spring precipitation [128]. In the current study, weather conditions did not affect grain yields in winter wheat stands with different sowing densities (in all years, grain yields peaked at the sowing density of 400 grains m−2). In the work of Budzyński et al. [92], the yields of common wheat, spelt, and durum wheat grown in northeastern Poland were not significantly differentiated by the tested sowing densities (350–550 kernels m−2). Sowing density did not affect wheat yields in studies conducted in Brazil, Egypt, and Iran by Sander et al. [97], Ahmadi et al. [129], Gross et al. [130], Teixeira Filho et al. [131], and El-Metwally et al. [132]. According to Aćin [127], sowing density should be increased when winter wheat is sown late. The cited author demonstrated that the sowing density of late-sown winter wheat in Serbia should be increased from 500−600 to even 700 grains m−2 [127]. Lloveras et al. [59], Staggenborg et al. [133], and Kristó et al. [134] also found that sowing density should be increased when winter wheat is sown late to counteract the decrease in plant growth and shoot formation in the tillering stage. In the present experiment, the sowing date was not significantly associated with sowing density (no significant interaction was found between these factors). Winter wheat responded differently to the tested sowing densities because yield components are significantly affected by genotype, environmental conditions, and weather [43]. Sowing density does not exert a unidirectional effect on the HI of winter wheat. The HI is strongly determined by a cultivar’s tillering capacity and plant responses to stand density. In the work of Whaley et al. [57], Laghari et al. [60], Ahmadi et al. [129], and Hu et al. [135], higher sowing density decreased the HI by 9–28%. Farooq et al. [136] and Abd El-Lattief [137] reported a 6-17% increase in the HI of wheat with an increase in sowing density. In turn, in studies conducted by Ahmadi et al. [129], Porker et al. [138], Hussain et al. [139], Dalia et al. [140], and in the current experiment (Table 4), the HI was not influenced by sowing density.



Nitrogen fertilization is the key determinant of grain yield in wheat production [43,92,141,142]. Depending on soil type and cultivar, N fertilization increased grain yields in common wheat up to the N rate of 120–150 kg N ha−1 [92,143,144] or 200–240 kg N ha−1 in high-input production technologies [145,146]. Excess N available to plants can decrease tolerance to stress, photosynthetic efficiency, and grain yields [147]. The split application of N fertilizer improves NUE and minimizes the environmental impact of N fertilization [148]. In the present study, the grain yields of winter wheat peaked in response to 100 kg N ha−1 applied in BBCH stages 22–25 and 40 kg N ha−1 applied in BBCH stages 30–31. Podolska [44], Pisarek et al. [149], Sedlář et al. [150], and Belete et al. [151] also demonstrated that a higher rate of N should be applied in the tillering stage than in the stem elongation stage (grain yields increased by 4–16%). In turn, Budzyński and Bielski [105] did not report significant differences in grain yields when winter wheat was supplied with lower (120 kg ha−1) and higher (150 kg ha−1) N rates in early spring. In the work of Brzozowska et al. [106] and Školníková et al. [152], the split application of different N rates (135–160 kg ha−1) had no significant influence on winter wheat yields. However, in many studies, the greatest increase in grain yield was reported when the total N rate in early spring was split into two equal doses (50:50) [70,104,153,154,155,156]. A high N rate in the early stages of growth can inhibit DM accumulation during grain filling (and decrease TGW) [70]. The split application of N fertilizer in spring exerts varied effects on the HI of winter wheat ([104,157,158], present study, Table 4). In a study by Pisarek et al. [157] and in the present experiment (Table 4), the HI was not influenced by the spring N rate applied in splits. In the work of López-Bellido et al. [104], the HI peaked when N was applied in two equal splits (50:50). In turn, in a study by Akhter et al. [158], the HI was highest when N was applied before sowing (25%), in the tillering stage (50%), and in the heading stage (25%).





5. Conclusions


In northeastern Poland, winter wheat can be sown in late September or early October without the risk of decreasing grain yields. Delayed sowing did not decrease but actually increased grain yields (by 1.16–1.22 Mg ha−1, i.e., by 12–13%) by boosting the number of spikes m−2 (10–12%) and TGW (by 1–2%) relative to early-sown wheat (beginning of September). Grain yields peaked in response to a sowing density of 400 live grains m−2, which can be attributed to an increase in the number of spikes m−2. The application of 40 and 100 kg N ha−1 in BBCH stages 22–25 and 30–31, respectively, maximized grain yields. This split spring N rate exerted a positive impact on the number of spikes m−2. However, in an era of rapid climate change, further research involving different winter wheat cultivars grown under different environmental conditions is needed to validate the present findings.
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Figure 1. Average monthly temperature (°C) and total monthly rainfall (mm) during the growing season of winter wheat in 2018–2021 and the long-term average (1981–2015) at the experimental site. 
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Figure 2. The effect of sowing date on the number of winter wheat plants in stages (a) BBCH 12–13, and (b) BBCH 22–25 (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 3. The effect of (a) sowing date and (b) split spring N rate on the number of shoots per plant of winter wheat (2018/2019, 2019/2020, 2020/2021; (a): mean for sowing density and split spring N rate; (b) mean for sowing date and sowing density). The number of shoots per plant was counted before the second application of N fertilizer. Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 4. The effect of sowing date on the number of shoots m−2 in BBCH stage 29 of winter wheat (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 5. The effect of sowing date on the number of winter wheat spikes m−2 (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 6. The effect of sowing date on the number of grains spike−1 in winter wheat (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 7. The effect of (a) sowing date and (b) sowing density on the grain yield of winter wheat (2018/2019, 2019/2020, 2020/2021; (a) mean for sowing density and split spring N rate; (b) mean for sowing date and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 8. The effect of sowing date on the straw yield of winter wheat (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 9. The effect of sowing date and sowing density on the straw yield of winter wheat (2018/2019, 2019/2020, 2020/2021; mean for sowing date and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Figure 10. The effect of sowing date on the harvest index of winter wheat (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. 
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Table 1. F-test statistics in ANOVA of plant density, tillering, grain yield components, biomass yield, and the harvest index.
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	Trait
	Plants m−2 (BBCH 12–13)
	Plants m−2 (BBCH 22–25)
	Shoots Plant−1 (BBCH 29)
	Shoots m−2 (BBCH 29)
	Spikes m−2
	Grains Spike−1
	1000-Grain Weight (g)
	Grain Yield

(Mg ha−1)
	Straw Yield

(Mg ha−1)
	Harvest Index





	Y
	11.086 **
	10.515 **
	32.657 **
	9.677 **
	179.406 **
	83.788 **
	101.954 **
	256.557 **
	46.733 **
	11.226 **



	SDE
	5.938 **
	5.310 **
	22.008 **
	32.784 **
	29.615 **
	0.893 ns
	6.377 **
	115.474 **
	3.745 *
	9.994 **



	SDY
	101.444 **
	93.057 **
	3.913 *
	68.407 **
	22.660 **
	15.478 **
	0.647 ns
	3.702 *
	3.602 *
	0.047 ns



	N
	0.025 ns
	0.030 ns
	3.542 *
	3.475 *
	3.382 *
	0.191 ns
	0.547 ns
	3.100 *
	0.892 ns
	0.261 ns



	Y × SDE
	8.551 **
	7.932 **
	12.085 **
	14.453 **
	22.752 **
	3.724 **
	1.372 ns
	28.858 **
	4.696 **
	4.245 **



	Y × SDY
	0.220 ns
	0.231 ns
	2.282 ns
	0.541 ns
	2.408 ns
	1.268 ns
	2.197 ns
	3.125 *
	0.499 ns
	0.941 ns



	Y × N
	0.050 ns
	0.040 ns
	3.750 **
	2.862 ns
	1.636 ns
	1.886 ns
	0.430 ns
	0.686 ns
	0.496 ns
	0.154 ns



	SDE × SDY
	0.820 ns
	0.758 ns
	0.512 ns
	1.039 ns
	1.821 ns
	0.662 ns
	0.867 ns
	1.950 ns
	6.093 **
	0.511 ns



	SDE × N
	0.040 ns
	0.032 ns
	0.219 ns
	0.184 ns
	2.325 ns
	0.793 ns
	1.992 ns
	0.906 ns
	1.094 ns
	0.155 ns



	SDY × N
	0.022 ns
	0.015 ns
	0.211 ns
	0.240 ns
	0.380 ns
	0.286 ns
	0.377 ns
	0.800 ns
	0.526 ns
	0.313 ns



	Y × SDE × SDY
	1.948 ns
	1.829 ns
	1.822 ns
	1.859 ns
	0.893 ns
	0.772 ns
	0.756 ns
	0.414 ns
	1.707 ns
	0.889 ns



	Y × SDE × N
	0.036 ns
	0.041 ns
	0.142 ns
	0.188 ns
	0.945 ns
	0.352 ns
	0.488 ns
	0.381 ns
	0.245 ns
	0.094 ns



	Y × SDY × N
	0.030 ns
	0.028 ns
	0.227 ns
	0.135 ns
	1.805 ns
	1.853 ns
	0.096 ns
	0.343 ns
	0.266 ns
	0.082 ns



	SDE × SDY × N
	0.032 ns
	0.044 ns
	0.352 ns
	0.209 ns
	1.151 ns
	0.771 ns
	0.805 ns
	0.191 ns
	0.623 ns
	0.630 ns



	Y × SDE × SDY × N
	0.040 ns
	0.039 ns
	0.280 ns
	0.256 ns
	1.155 ns
	0.781 ns
	0.558 ns
	0.181 ns
	0.388 ns
	0.444 ns







* significant p ≤ 0.05; ** significant p ≤ 0.01; ns—not significant; Y—growing season; SDE—sowing date; SDY—sowing density; N—split spring N rate.













 





Table 2. Plant density and tillering of winter wheat.
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Parameter

	
Plants m−2

	
Shoots Plant−1

(BBCH 29)

	
Shoots m−2

(BBCH 29)




	
BBCH 12–13

	
BBCH 22–25






	
Growing season




	
2018/2019

	
257 b

	
254 b

	
5.0 b

	
1268 b




	
2019/2020

	
319 a

	
316 a

	
3.9 c

	
1232 b




	
2020/2021

	
285 b

	
282 b

	
5.4 a

	
1491 a




	
Sowing date, mean for 2018–2021




	
Early

	
299 a

	
295 a

	
5.4 a

	
1560 a




	
Delayed (+14 days)

	
301 a

	
298 a

	
4.7 b

	
1380 b




	
Delayed (+28 days)

	
261 b

	
258 b

	
4.1 c

	
1051 c




	
Sowing density (live grains m−2), mean for 2018–2021




	
200

	
193 c

	
191 c

	
5.0 a

	
959 c




	
300

	
286 b

	
283 b

	
4.7 ab

	
1326 b




	
400

	
381 a

	
377 a

	
4.5 b

	
1705 a




	
Split spring N rate (kg ha−1), mean for 2018–2021 †




	
40 + 100

	
287

	
284

	
4.5 b

	
1272 b




	
70 + 70

	
285

	
282

	
4.6 ab

	
1292 ab




	
100 + 40

	
288

	
286

	
5.0 a

	
1427 a








† BBCH 22–25 + BBCH 30–31. Plant density and the number of shoots per plant were determined in spring before the second application of N fertilizer. Early: 3–6 September; delayed (+14 days): 17–20 September; delayed (+28 days): 1–4 October. Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. Means without letters indicate that the main effect is not significant.













 





Table 3. Yield components of winter wheat.
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Parameter

	
Spikes m−2

	
Grains Spike−1

	
1000-Grain Weight (g)






	
Growing season




	
2018/2019

	
538 a

	
43.7 c

	
45.53 b




	
2019/2020

	
507 b

	
45.4 b

	
47.76 a




	
2020/2021

	
406 c

	
51.5 a

	
43.39 c




	
Sowing date, mean for 2018–2021




	
Early

	
452 b

	
47.3

	
44.95 c




	
Delayed (+14 days)

	
504 a

	
46.5

	
45.72 b




	
Delayed (+28 days)

	
495 a

	
46.7

	
46.01 a




	
Sowing density (live grains m−2), mean for 2018–2021




	
200

	
456 b

	
48.8 a

	
45.60




	
300

	
492 a

	
46.3 b

