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Abstract


The accelerating development of the forage industry and the land resources finiteness require the high-efficient forage cropping strategies. To investigate the nutritive quality of the mixed forage crop cultivation, a three-round field test of two double-cropping systems (DCSs) based on maize (Dongdan 60 and Dongdan 1331) and sorghum (1230 and cfsh30) as the summer forage crop and alfalfa as the preceding winter forage crop were compared. This study investigated the impact on nutritive value and silage fermentation quality. The M-A system (alfalfa following a preceding crop of maize) outperformed the S-A system (alfalfa following a preceding crop of sorghum) in silage fermentation quality (by 2.81 of M and 2.22 of A), crude ash (by 0.94% of M and 3.5% of A), phosphorus content (by 0.1% of M and 0.17% of A), and potassium content (by 0.47% of M and 0.41% of A). Within the M-A, the maize Dongdan 60 (M1)–alfalfa WL525 (A) combination under the suitable sowing condition (D1) achieved the best nutritive quality exhibiting, not only the highest Flieg score (88.17 of M1 and 92.5 of A) but also the highest crude ash content (6.71% of M1 and 11.82% of A), phosphorus content (0.38% of M1 and 0.48% of A), and potassium content (1.68% of M1 and 1.55% of A). Delayed sowing reduced nutrient accumulation and altered fermentation profiles, highlighting the importance of timely sowing. The study revealed that the double-cropping rotation of maize and alfalfa is a promising strategy to optimize nutritive quality.
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1. Introduction


The growing demand for livestock products, driven by population expansion and dietary shifts, has intensified pressure on global forage production systems [1,2]. China, with nearly 20% of the global population, relies on just 9% of the world’s arable land and 6% of its freshwater resources to produce food, including animal feeds [1,3]. In China, limited arable land, increasing consumer preference for high-quality animal products and seasonal climatic constraints necessitate innovative cropping strategies to meet annual forage demands while ensuring nutritive quality [4]. Double-cropping systems, sequential cultivation of two crops within a single year—have emerged as a promising approach to optimize land use efficiency and biomass yield, as evidenced by several studies [5,6,7,8,9]. A field test conducted over multiple years revealed that the integration of rye and maize resulted in an average annual dry matter (DM) biomass yield of 23,000 kg ha−1, marking a significant increase compared to the average yield of 19,000 kg ha−1 observed in single-cropped maize [9]. Studies have shown that incorporating plant diversification into double-cropping systems positively improves soil structure, increases soil organic matter content, and reduces soil erosion, which is significant for environmental protection [5,10,11,12,13]. However, the interplay between crop combination and nutritive quality remains insufficiently explored, particularly in the context of integrated forage-livestock systems. Therefore, increasing research on forage double-cropping systems, especially nutritive quality is of great significance to reducing reliance on imported high-quality forage, promoting the development of the regional forage industry, and ensuring global forage production.



Maize (Zea mays), sorghum (Sorghum bicolor), and alfalfa (Medicago sativa) are particularly suited for forage double-cropping systems due to their complementary growth cycles and agroecological adaptability. Maize and sorghum, as C4 grasses, provide high biomass yields and nutritional contents [14,15]. Alfalfa, a perennial legume, enriches forage protein content and enhances soil nitrogen fixation [16]. While double-cropping maize with winter cereals [12] has been widely adopted in temperate regions [17], integrating alfalfa into summer-dominant rotations presents unique challenges, including mismatched phenological phases and residue management [18,19]. Furthermore, sorghum’s better drought tolerance compared to maize makes it a viable alternative in water-scarce regions, yet its lignocellulosic composition may impede silage fermentation [20].



Recent studies highlight that crop sequencing and harvest timing significantly influence forage digestibility, crude protein (CP), and water-soluble carbohydrate (WSC) content—key determinants of silage quality [12,21]. For instance, intercropping legumes with grasses can elevate CP by 15–20% but may reduce WSC availability for lactic acid bacteria, potentially compromising fermentation [12,18,21]. Additionally, lignin accumulation in sorghum stems under delayed harvesting has been linked to reducing in vitro dry matter digestibility (IVDMD) by up to 12% [22]. Despite these insights, systematic evaluations of double-cropping systems combining maize, sorghum, and alfalfa, especially their synergistic or antagonistic effects on nutritive value and silage quality dynamics are lacking.



In our previous work [23], we proposed a relay double-cropping system of winter alfalfa and summer crops (maize and sorghum) in which winter crops are harvested in late spring and field growth is converted to summer crops in early summer. We demonstrated that the winter alfalfa and maize DCS could be a promising strategy to achieve high biomass productivity. Building upon previous findings, we assume that such crop strategies can also achieve good forage quality. This article aims to explore the impact of double-cropping systems based on maize, sorghum, and alfalfa on the quality of forage. The objectives of the present study were to (i) compare the nutritive value (soluble sugars, minerals) of maize and sorghum grown in double-cropping systems with alfalfa; (ii) evaluate the silage fermentation quality of maize, sorghum, and alfalfa in double-cropping systems, and (iii) identify optimal crop combinations balancing nutritive value and fermentation efficiency.




2. Materials and Methods


2.1. Experimental Site


A field study was conducted from May 2019 to July 2022 at Yueming Farm, located in Daqiao Town, Jiangdu District, Yangzhou City, Jiangsu Province, China (coordinates: 32°23′ N, 119°47′ E; elevation: 20 m). The area is characterized by a subtropical monsoon climate, with historical data (1980–2020) indicating an annual mean temperature of 16.1 °C and annual precipitation averaging 1020 mm, with 63% falling between June and August. Additionally, the region experiences an annual evaporation rate of 937.7 mm, enjoys 2140 h of sunshine annually, maintains an average relative humidity of 73%, and boasts a frost-free period of 220 days.




2.2. Soil Sampling


The preceding crop in the experimental field was rice, and the field was left fallow for one year. Prior to planting, surface soil samples (0–20 cm depth) were collected from the study site to assess the physical and chemical properties of the soil. To measure the total nitrogen content in soil, the Kjeldahl method was utilized [24]. The available phosphorus in the soil was determined using the molybdenum blue colorimetric technique [25]. Flame photometry was utilized for the determination of soil-available potassium [26]. The soil organic matter content was evaluated using the potassium dichromate volumetric technique [26]. The soil’s pH was measured utilizing pH test strips [27].



The analysis of the soil from the experimental field revealed that it was classified as clay loam, falling under the loamy soil texture category. The soil had a nitrogen content of 0.72 g N kg−1, an Olsen P level of 1.45 mg kg−1, an available potassium content of 279 mg kg−1, and an organic matter content of 17.09 g kg−1. Additionally, the soil exhibited a pH value of 6.8.




2.3. Crop Selection


Two summer crops, maize and sorghum, were evaluated, each with two varieties. The maize varieties tested were Dongdan 60 (M1) and Dongdan 1331 (M2), while the sorghum varieties were 1230 (S1) and cfsh30 (S2). The winter crop, alfalfa WL525, was relay-cropped and only one variety was tested.




2.4. Experimental Design


A three-round field experiment was conducted to compare two double-cropping systems (DCSs), both utilizing alfalfa as the preceding winter crop and either maize or sorghum as the summer crop. The four double-cropping combinations established were: Dongdan 60 maize with WL525 alfalfa (M1–A), Dongdan 1331 maize with WL525 alfalfa (M2–A), 1230 sorghum with WL525 alfalfa (S1–A), and cfsh30 sorghum with WL525 alfalfa (S2–A).



The experiment was set up as a randomized block design, comprising twelve treatments with three replicates per treatment (Table 1). Each plot of sorghum, maize, and alfalfa was subdivided into 10 rows, each measuring 5 m by 5 m. The rows were spaced 50 cm apart. To mitigate edge effects, a 2 m buffer plot was established around the perimeter of the experimental field. The seeds were sown at a depth of 2.5 cm. The planting density was set at 8 plants per square meter for maize, 12 plants per square meter for sorghum, and 12 plants per square meter for alfalfa. All plots received fertilization with urea and an NPK compound fertilizer (30% N, 4% P2O5, 6% K2O), with an annual nitrogen application rate of 315 kg per hectare for maize and sorghum, and 160 kg per hectare for alfalfa.



For both maize and sorghum, the seeding dates for the three rounds of the experiment were as follows: 4 May (D1), 26 May (D2), and 17 June (D3) for the 1st round; 11 May (D1), 3 June (D2), and 28 June (D3) for the 2nd round; and 28 April (D1), 28 May (D2), and 14 June (D3) for the 3rd round. D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. Maize was harvested at the mid-milk maturity stage. Being a crop that can be cut multiple times, sorghum was mowed once at mid-milk maturity and then harvested when it reached the same stage. Alfalfa was planted after the harvest of the summer crops (sorghum and maize). For alfalfa, the seeding dates for the three rounds of the experiment were as follows: 26 August (after Maize of D1), 7 September (after Maize of D2), 27 September (after Maize of D3), 20 October (after Sorghum of D1), 9 November (after Sorghum of D2) and 5 December (after Sorghum of D3) for the 1st round; 31 August (after Maize of D1), 15 September (after Maize of D2), 30 September (after Maize of D3), 31 October (after Sorghum of D1), 16 November (after Sorghum of D2) and 5 December (after Sorghum of D3) for the 2nd round; 20 August (after Maize of D1), 10 September (after Maize of D2), 23 September (after Maize of D3), 25 October (after Sorghum of D1), 19 November (after Sorghum of D2) and 1 December (after Sorghum of D3) for the 3rd round. Alfalfa was harvested once at the early flowering stage. To facilitate planting for the next production round, it is ensured that alfalfa is harvested at least 7 days before the start of the next round, followed by plowing the land, applying base fertilizers, leveling the soil, and controlling pests and diseases, thereby creating a favorable growth environment for the seeding and growth of crops in the next round.



The study examined three seeding dates for each summer crop (sorghum and maize) and six different seeding dates for alfalfa, focusing on nutritive value and silage fermentation. The summer crops were planted following the harvest of alfalfa. Figure 1 presents the seeding and harvesting dates, as well as the cultivation period, for the two double-cropping (DC) systems.




2.5. Sampling and Analyses


2.5.1. Sample Preparation


For each treatment and replicate, a 1 m2 (1 m by 1 m) area was manually harvested. Maize and sorghum were both harvested at the mid-milk stage, while alfalfa was harvested at the early flowering stage. Following harvest, three 3 kg samples were collected from each plot for chemical analysis.




2.5.2. Determination of Nutritive Value


Samples were dried at 60 °C for 48 h and subsequently ground using a Willey mill machine (W-140; Ikeda Scientific Co., Ltd., Tokyo, Japan) to ensure they passed through a 1 mm sieve.



The soluble sugar content was determined using the anthrone colorimetric method [28]. The crude ash content was determined using the dry ash determination method [29]. Calcium was typically determined using atomic absorption spectrophotometry [30]. Magnesium content in forage can be accurately determined using atomic absorption spectrophotometry [30]. Phosphorus content was commonly determined using spectrophotometry [30]. Potassium content was often determined using flame photometry [31].




2.5.3. Determination of Silage Fermentation Quality


Samples were crushed to 1–3 cm in length by kneading and cutting machine, and then bundled, silaged, sealed, and stored. The pH forage silage was determined using the silage extract pH measurement method [32]. The lactic acid content can be accurately determined using the spectrophotometric method [33]. High-Performance Liquid Chromatography (HPLC) Method was utilized for the determination of acetic acid content and butyric acid content in forage silage [34]. The ammonia nitrogen content in forage silage was determined by using the distillation-titration method [35]. The Flieg scoring method was utilized for a comprehensive evaluation of the pH, lactic acid, butyric acid, acetic acid, and ammonia nitrogen indicators in forage silage, with higher scores indicating better silage quality [36,37].





2.6. Statistical Analysis


Statistical analysis was performed using SPSS 25 software. The data were subjected to a three-factor ANOVA, and post-hoc comparisons were conducted using Tukey’s test at a significance level of 0.05.





3. Results


3.1. Nutritive Value Comparison of Two Double-Cropping Systems Including M–A and S–A


There were significant differences in soluble sugar content among crop varieties (Figure 2, p < 0.05). Maize had 2.27% lower soluble sugar content than sorghum on average. The soluble sugar content of the same crop decreased with sowing date delay, with a maximum reduction of 4.55%. Among maize Dongdan 60 (M1) and Dongdan 1331 (M2), and between sorghum 1230 (S1) and cfsh30 (S2), no significant differences were found across three sowing dates. Sorghum 1230 (S1) had the highest soluble sugar content (17.63%) under suitable sowing (D1), while maize Dongdan 1331 (M2) had the lowest (12.07%) under late sowing (D3).



The soluble sugar content of alfalfa exhibited a significant decreasing trend as the sowing date was delayed (p < 0.05), with a maximum decrease of 1.15%. Under the same sowing time, the average soluble sugar content of A (M) (alfalfa following maize as a preceding crop) is higher than that of A (S) (alfalfa following sorghum as a preceding crop) by 1.79%. In all treatments, the highest soluble sugar content was achieved with A (M1) under the suitable sowing condition (D1), averaging 12.07% per year. In contrast, the lowest soluble sugar content was observed with A (S2) under the late sowing condition (D3), averaging 9.07% per round.



ANOVA showed significant differences in soluble sugar among sowing dates and crop varieties, with an interaction effect. The factor of the round had no significant effect or interaction with other factors. Overall, the sorghum 1230 (S1)–alfalfa WL525 (A) combination under D1 performed best in terms of soluble sugar content.



As the sowing date was delayed, the crude ash content of both maize and sorghum decreased significantly, with a max decrease of 1.66% for the same variety (Figure 3). Under the same sowing date, maize had a 0.94% higher crude ash content than sorghum on average. Within the same crop, maize variety Dongdan 60 (M1) had a 0.29% higher crude ash content than Dongdan 1331 on average, and sorghum variety 1230 (S1) had a 0.41% higher content than cfsh30 (S2) under the same conditions. Across sowing dates and years, maize variety Dongdan 60 (M1) under suitable sowing (D1) had the highest annual average content of 6.71%. Conversely, sorghum variety cfsh30 (S2) under late sowing (D3) had the lowest annual average content of 4.27%.



Alfalfa’s crude ash content also decreased significantly as sowing was delayed, with a maximum drop of 2.54%. Alfalfa A (M) had 3.5% higher crude ash content than A (S) in the same sowing period. There were no significant differences between A (M1) and A (M2), or between A (S1) and A (S2). A (M1) under D1 had the highest annual average crude ash content (11.82%), and A (S2) under D3 had the lowest (5.9%).



ANOVA showed significant differences in crude ash content among sowing dates and crop varieties, with an interaction effect. The factor of the round had no significant effect or interaction with other factors. Overall, the maize Dongdan 60 (M1)–alfalfa WL525 (A) combination under D1 performed best in terms of crude ash content.



With postponed sowing dates, mineral contents in the same crop variety decreased, with max decreases of 0.12% for calcium, 0.11% for magnesium, 0.17% for phosphorus, and 0.31% for potassium (Table 2). For the same sowing date, maize had lower calcium and magnesium but higher phosphorus and potassium than sorghum, with avg differences of 0.17% for calcium, 0.1% for magnesium, 0.1% for phosphorus, and 0.47% for potassium. When comparing crop varieties, M1 had higher mineral content than M2, with avg differences of 0.05% for calcium, 0.04% for magnesium, 0.05% for phosphorus, and 0.06% for potassium. Similarly, S1 had higher mineral content than S2, with avg differences of 0.05% for calcium, 0.04% for magnesium, 0.05% for phosphorus, and 0.06% for potassium. Under experimental conditions, S1 sown under suitable conditions (D1) had the highest calcium and magnesium, with annual averages of 0.63% and 0.45%. M2 under late sowing (D3) had the lowest, with 0.29% for calcium and 0.11% for magnesium. M1 under suitable sowing (D1) had the highest phosphorus and potassium, with 0.38% and 1.68%. Conversely, S2 under late sowing (D3) had the lowest, with 0.2% for phosphorus and 0.98% for potassium.



With delayed sowing, calcium, magnesium, phosphorus, and potassium contents in alfalfa decreased, with max decreases of 0.61%, 0.12%, 0.14%, and 0.34% respectively (Table 3). Under the same sowing date, A (M) had significantly higher contents than A (S): calcium by 0.8%, magnesium by 0.14%, phosphorus by 0.17%, and potassium by 0.41%. Under suitable sowing (D1), A (M1) had the highest contents: 2.15% calcium, 0.38% magnesium, 0.48% phosphorus, and 1.55% potassium. Conversely, A (S2) under late sowing (D3) had the lowest: 0.8% calcium, 0.13% magnesium, 0.2% phosphorus, and 0.83% potassium.



Analysis of variance (ANOVA) showed significant differences in mineral content among sowing dates and crop varieties, with an interaction effect between them. However, the round factor had no significant effect on mineral content and no interaction effects. Generally, the S1–A combination under D1 performed best for calcium and magnesium; the M1–A combination under D1 performed best for phosphorus and potassium.




3.2. Silage Fermentation Quality Comparison of Two Double-Cropping Systems Including M–A and S–A


Maize silage pH was 0.25 higher than sorghum on average (Table 4). As sowing date was delayed, silage pH increased. pH order: S1 < S2 < M1 < M2. Sorghum S1 under D1 had the lowest pH (3.48 annually). Alfalfa silage pH increased with postponed sowing (Table 5). A (M) pH was 0.55 lower than A (S) on average. pH order: A (M1) < A (M2) < A (S1) < A (S2). Alfalfa A (M1) under D1 had the lowest pH (3.66 annually) over three years. ANOVA showed significant pH differences among sowing dates and varieties, with an interaction effect. Round had no significant effect on pH.



As the sowing date was delayed, the lactic acid content of maize and sorghum decreased significantly, up to 4.2% (Table 4). Maize had 0.8% lower lactic acid than sorghum under the same sowing date. Maize M1 had 0.44% higher lactic acid than M2, and sorghum S1 had 0.47% higher lactic acid than S2. Sorghum S1 under D1 had the highest lactic acid (9.77% annually), while maize M2 under D3 had the lowest (5.63% annually). Alfalfa lactic acid decreased by up to 1.41% with delayed sowing. A (M) had 1.87% higher lactic acid than A (S) annually (Table 5). Alfalfa lactic acid order: A (M1) > A (M2) > A (S1) > A (S2). A (M1) under D1 had the highest lactic acid (5.7% annually). ANOVA showed significant differences in lactic acid among sowing dates and varieties, with an interaction effect. The round had no significant effect on lactic acid.



Maize has lower butyric acid than sorghum (Table 4). As the sowing date is postponed, the butyric acid content of the same crop variety increases by up to 0.07%. Maize M1 under D1 had the lowest butyric acid (0.017% annually) over three rounds. Alfalfa butyric acid increases with postponed sowing (Table 5). Within the same sowing period, A (M) has 0.1% lower butyric acid than A (S) annually. Alfalfa A (M1) under D1 had the lowest butyric acid (0.015% annually) over three rounds. ANOVA showed significant differences in butyric acid among sowing dates and varieties, with an interaction effect. The round had no significant effect on butyric acid.



As the sowing date is postponed, the ammonia nitrogen content of the same crop variety increases by up to 4.2% (Table 4). Ammonia nitrogen order: M1 < M2 < S2 < S1. Maize M1 under D1 had the lowest ammonia nitrogen (8.2% annually) over three rounds. Alfalfa ammonia nitrogen increases by up to 3.33% with postponed sowing (Table 5). Within the same sowing period, A (M) has 4.17% lower ammonia nitrogen than A (S) annually. Alfalfa ammonia nitrogen order: A (M1) < A (M2) < A (S1) < A (S2). Alfalfa A (M1) under D1 had the lowest ammonia nitrogen (3.81% annually) over three years. ANOVA showed significant differences in ammonia nitrogen among sowing dates and varieties, with an interaction effect. The round had no significant effect on ammonia nitrogen.



The results of the Flieg score showed that the scores for various crops decreased by up to 11.5 as the sowing date was delayed (Table 4). Under different sowing dates, the Flieg scores were consistently in the following order: maize Dongdan 60 (M1) > maize Dongdan 1331 (M2) > sorghum 1230 (S1) > sorghum cfsh30 (S2). Among all treatments, maize Dongdan 60 (M1) under the suitable condition (D1) consistently had the highest Flieg score throughout the three-year experiment with an annual average score of 88.17; whereas the lowest Flieg score was found in the the late sowing (D3) condition for sorghum cfsh30 (S2), averaging only 72.67. Similarly, the Flieg score of alfalfa decreases by up to 13.5 as the sowing date is postponed (Table 5). Under different sowing dates, the Flieg scores were consistently in the following order: A (M1) > A (M2) > A (S1) > A (S2). Among all treatments, alfalfa A (M1) under the suitable condition (D1) consistently had the highest Flieg score throughout the three- rounds experiment, averaging 92.5. Conversely, the lowest Flieg score was observed with the latest sowing date (D3) in the alfalfa A (S2), averaging only 78.75. In general, the maize Dongdan 60 (M1)–alfalfa WL525 (A) combination under the suitable sowing condition (D1) exhibited the best performance in terms of Silage fermentation quality.





4. Discussion


In one of our previous studies [23], two double-cropping systems based on maize/alfalfa and sorghum/alfalfa were compared using a three-round experiment. We investigated the biomass productivity of different cropping systems and demonstrated that winter alfalfa and maize double-cropping systems (DCSs) hold promise as a strategy to achieve high forage biomass productivity. The fresh matter biomass yield could reach 272 ± 1.04 (103 kg hm−2), during which winter alfalfa contributed 185.9 ± 3.18 (103 kg hm−2) and summer maize contributed 86.1 ± 2.18 (103 kg hm−2); while the dry matter biomass yield could reach 67.3 ± 0.64 (103 kg hm−2), during which winter alfalfa contributed 43.2 ± 1.47 (103 kg hm−2) and summer maize contributed 24.1 ± 1.6 (103 kg hm−2). In this study, the influence on nutritive value and silage fermentation quality was investigated.



4.1. Nutritive Value Comparison of Two Double-Cropping Systems Including M–A and S–A


The notable variations in soluble sugar content among diverse crop varieties observed in the present study highlight the pivotal role of soluble sugars in forage crops. Soluble sugars, such as glucose, fructose, and sucrose, are essential for livestock energy supply, feed palatability, utilization efficiency, digestion, and absorption, as well as stress resistance, making them a key indicator of feed quality [38,39,40,41]. Our results indicate that sorghum (S1 and S2) consistently exhibited higher soluble sugar content compared to maize varieties (M1 and M2) by an average of 2.27%. This finding aligns with previous studies, which have reported that sorghum often accumulates more abundant soluble sugars than other forage crops [42,43,44,45]. The higher soluble sugar content in forage sorghum may contribute to its enhanced nutritional value and palatability, making it a favorable feed option for livestock producers. It is also suggested that a later sowing date results in a shortened growing period and reduced accumulation of soluble sugars in forage crops. The soluble sugar content of A (M) is significantly higher than that of A (S), which is mainly attributed to the late harvest of the preceding sorghum, which leads to a delayed sowing time for the subsequent alfalfa, thereby shortening the growth cycle of A (S) compared to A (M). There was no significant difference in soluble sugar content between A (M1) and A (M2), nor between A (S1) and A (S2), indicating that the variety differences of the preceding crops had no significant impact on the soluble sugar accumulation of subsequently planted alfalfa.



Crude ash serves as an important indicator of feed quality, with an optimal content reflecting balanced mineral composition and superior feed quality [46,47,48]. The present study investigated the variations in crude ash content among different crop varieties and across different sowing periods. The postponement of the sowing date led to a decreasing trend in crude ash content for the same crop variety. This observation underscores the influence of sowing timing on plant nutrient acquisition. In the present study, the maize Dongdan 60-alfalfa combination sown early consistently had the highest crude ash content throughout the annual round. Delayed sowing may affect the duration of the growing season, thereby altering the plant’s ability to absorb and accumulate minerals from the soil. Furthermore, environmental factors such as temperature, light intensity, and soil moisture availability during the shortened growing period may also contribute to the observed decrease in crude ash content [49,50].



Minerals, such as calcium, magnesium, phosphorus, and potassium, are indispensable nutrients for livestock, playing pivotal roles in maintaining health, optimizing production outputs, and ensuring normal physiological functions [51,52,53,54]. Our results demonstrate that a delayed sowing date led to a decrease in the content of these essential minerals in the studied crop varieties. This observation aligns with previous studies that have reported a correlation between growing period duration and mineral accumulation in plants [54,55,56]. A shortened growing period, because of a later sowing date, may limit the plant’s ability to fully assimilate and accumulate minerals from the soil, thus resulting in lower mineral contents in the forage. This finding underscores the importance of timing sowing dates to maximize mineral content and, consequently, the nutritional quality of forage crops [57,58,59]. Our analysis revealed notable differences in mineral content between different forage crop species. For instance, sorghum exhibited significantly higher calcium and magnesium contents compared to maize, while maize had significantly higher phosphorus and potassium contents than sorghum. The interspecific differences in mineral profiles between maize and sorghum reflect their distinct physiological and metabolic adaptations. Maize’s higher phosphorus and potassium levels compared to sorghum may be attributed to its C4 photosynthetic pathway, which demands greater ATP (and thus phosphorus) for carbon fixation, and its larger biomass accumulation requiring potassium for turgor-driven cell expansion [60,61]. Conversely, sorghum’s superior calcium and magnesium acquisition could relate to its deeper root system enhancing access to soil cations, as well as its evolutionary adaptation to nutrient-poor environments [62,63]. The consistent superiority of maize Dongdan 60 (M1) over maize Dongdan 1331 (M2) and sorghum 1230 (S1) over cfsh30 (S2) highlights the role of genetic variation in nutrient-use efficiency, corroborating findings on varietal differences in ion transporter expression [64,65]. The observed decreasing trends of calcium, magnesium, phosphorus, and potassium contents in alfalfa with the delay of sowing date are consistent with previous studies [18,66]. Considering these findings, it is imperative for forage producers and livestock farmers to carefully consider sowing dates and crop selection to optimize the mineral content of forage crops. This strategy can contribute to improving the nutritional quality of feedstuffs and, ultimately, enhancing the health and productivity of livestock. Future research should focus on elucidating the underlying mechanisms governing mineral accumulation in forage crops and exploring agronomic practices that can enhance mineral content, particularly under conditions of delayed sowing.




4.2. Silage Fermentation Quality Comparison of Two Double-Cropping Systems Including M–A and S–A


The pH value of high-quality silage generally falls below 4.2. If the pH value is too high, it may indicate poor fermentation or that the silage has spoiled. The findings presented in this study highlight variations in silage pH values among different crop varieties and sowing dates, with implications for forage quality and animal nutrition. The increasing trend in silage pH values with delayed sowing dates within the same crop variety suggests that environmental factors and plant developmental stages play crucial roles in determining silage quality [67]. Delayed sowing may lead to changes in plant maturity at harvest, affecting the balance of sugars and organic acids, which are key determinants of silage pH [68]. When comparing different varieties within the same crop, the slightly higher silage pH values of maize Dongdan 1331 (M2) over Dongdan 60 (M1) and sorghum cfsh30 (S2) over 1230 (S1) across sowing periods could be indicative of genetic variations influencing metabolic pathways related to acid production during ensiling [69,70]. Within the same sowing period, the significantly lower silage pH values of alfalfa A (M1) and A (M2) compared to A (S1) and A (S2) suggest that management practices, such as irrigation, fertilization, and harvest timing, may differentially affect the fermentation process and resultant silage quality [36,71,72].



The results highlight significant differences in lactic acid content among various crop varieties and sowing dates, with important implications for forage quality and silage preservation [73,74,75]. Previous studies have established that the accumulation of lactic acid is crucial for activating and maintaining digestive enzyme activity in feed, thus enhancing the digestibility and utilization efficiency of forage, improving palatability, reducing nutrient losses, and extending the storage life of silage [73,74,76]. The postponement of the sowing date resulted in a decreasing trend in lactic acid content for the same crop variety. This observation aligns with previous research indicating that environmental conditions, including temperature and moisture availability during the growing season, can significantly influence the microbial communities responsible for lactic acid fermentation during ensiling [75,77]. Therefore, the strategic selection of sowing dates could be an additional management tool to optimize lactic acid production and, consequently, silage quality. When comparing lactic acid contents among different forage types, alfalfa WL525, regardless of management practices (A (M1) and A (M2)), consistently displayed significantly higher levels compared to the same variety under different conditions (A (S1) and A (S2)). This finding underscores the inherent capacity of alfalfa to support robust lactic acid fermentation, likely due to its high sugar content and favorable microbial environment [74,77].



Acetic acid is of great significance in enhancing plant stress resistance, promoting feed fermentation, improving feed palatability and nutritional value, as well as being economically and environmentally friendly [78]. The results indicate that the maize varieties, Dongdan 60 (M1) and Dongdan 1331 (M2), exhibit significantly lower acetic acid content compared to the sorghum varieties, 1230 (S1) and cfsh30 (S2). This observation aligns with previous studies that have highlighted the varietal differences in secondary metabolite production, including organic acids, which can significantly influence plant resilience and forage quality [79,80,81]. The decrease in acetic acid content within the same crop variety as the sowing date is postponed is particularly noteworthy. This trend suggests that environmental cues, such as temperature and photoperiod, might play a pivotal role in modulating the synthesis and accumulation of acetic acid [82]. Previous research has shown that environmental factors can influence the metabolic pathways involved in the production of organic acids, thereby affecting their levels in plant tissues [83,84]. The observed decline in acetic acid content in alfalfa with the postponement of the sowing date mirrors the trend observed in maize and sorghum, underscoring the generality of this response across different plant species. This finding underscores the importance of considering sowing timing in agricultural practices, as it can significantly impact the nutritional composition of forage crops [78,82,85,86].



Optimal butyric acid levels have been shown to enhance the performance of ruminants, encompassing improved feed intake, milk production, and meat quality. Excessive butyric acid content can lead to an unpleasant odor in silage, reducing its palatability and thus affecting animal intake [87]. In high-quality silage, the butyric acid content should be less than 0.1% (on a dry matter basis), and levels exceeding 0.3% are considered undesirable [88]. Delayed sowing leads to an increase in butyric acid content in silage forage. This is because delayed sowing results in higher moisture content in the silage material at harvest, providing favorable conditions for the growth of undesirable microorganisms such as clostridia [89]. Under the conditions of this experiment, butyric acid contents of all treatments meet the standards for high-quality forage in which maize Dongdan 60 (M1) and maize Dongdan 1331 (M2) are lower than sorghum 1230 (S1) and sorghum cfsh30 (S2). This finding is particularly noteworthy given the established benefits of butyric acid in forage crops, which has been widely recognized for its role in facilitating digestion and absorption in animals, maintaining gut health, and suppressing the proliferation of harmful bacteria [87,89,90].



The level of ammonia nitrogen (NH3-N) in forage can serve as an indicator of its quality attributes, directly impacting feed value and animal performance. The higher the ratio, the more protein breakdown occurs, indicating poor silage quality [21]. Generally, if the ammonium nitrogen accounts for less than 1/10 of the total nitrogen, it indicates a good fermentation process with less protein breakdown and better silage quality [91]. The results presented provide valuable insights into the variations in ammonia nitrogen (NH3-N) content among different forage crops and within the same crop variety under varying sowing dates. Notably, the significantly lower NH3-N content observed in maize Dongdan 60 (M1) and Dongdan 1331 (M2) compared to sorghum 1230 (S1) and cfsh30 (S2) indicates that maize undergoes less protein breakdown during the fermentation process, reducing the loss of nutrients and making it more suitable for silage with better palatability [19,92].



In this study, the Flieg scoring system was introduced to comprehensively evaluate the silage fermentation quality of various crops under different sowing dates [93]. The results of the Flieg score in this study indicate that the quality of silage, as measured by the Flieg score, decreases with delayed sowing dates for various crops. This trend can be attributed to the increased protein degradation and altered fermentation processes due to delayed sowing, which leads to higher levels of ammonium nitrogen and lower levels of lactic acid, thus reducing the overall quality of the silage [73]. These findings are consistent with previous studies that highlight the importance of timely sowing to optimize silage quality [85,94].




4.3. Future Directions for Mechanism Analysis


In the current study, we have primarily focused on superficial indicators such as yield and quality, while future research should delve deeper into the underlying mechanisms. One such mechanism that warrants further exploration is the allelopathic effects of alfalfa [95]. Our experimental results raise the question of whether these effects influence the overall annual crop performance and the subsequent crop in the rotation. Understanding the implications of alfalfa’s allelopathic effects on crop growth and development is crucial for fully comprehending and optimizing the performance of winter alfalfa and maize DCSs [96]. Another point is that the optimal soil pH for the growth of alfalfa is between 7.0 and 7.5, whereas the soil pH under the current experimental conditions is 6.8. In the future, attempts should be made to appropriately increase the soil pH by using additives such as lime, to further improve the yield and quality of alfalfa. Therefore, in-depth analyses focusing on these mechanisms are necessary for advancing our understanding and improving the efficiency of these cropping systems.





5. Conclusions


The present study clearly demonstrated the superiority of the maize/alfalfa combination (MA) over the sorghum/alfalfa combination (SA) in terms of silage fermentation quality, crude ash content, phosphorus content, and potassium content. Specifically, the maize Dongdan 60 (M1)–alfalfa WL525 (A) combination under the suitable sowing condition (D1) had the best annual nutritive quality, not only exhibiting the highest Flieg score (88.17 of M1 and 92.5 of A) but also possessing the highest crude ash content (6.71% of M1 and 11.82% of A), phosphorus content (0.38% of M1 and 0.48% of A), and potassium content (1.68% of M1 and 1.55% of A). This finding emphasized the importance of selecting appropriate crop varieties and sowing dates to optimize DCS nutritive performance. The sorghum/alfalfa combination (SA) consistently outperformed the maize/alfalfa combination in terms of soluble sugar content, calcium, and magnesium content, making it a viable choice. The sorghum 1230 (S1)–alfalfa WL525 (A) combination under the suitable sowing date (D1) achieved the highest sugar content (17.63% of S1 and 10.38% of A), calcium content (0.63% of S1 and 2.15% of A) and magnesium content (0.45% of S1 and 0.38% of A). The nutritive value and fermentation quality of forage crops in DCSs exhibit distinct patterns influenced by crop species, varieties, and sowing dates. It showed the double-cropping rotation of maize and alfalfa as a promising strategy to optimize nutritive quality.
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Figure 1. Growth period during cultivation period of 2019–2020 (the 1st round) (R1), 2020–2021 (the 2nd round) (R2), and 2021–2022 (the 3rd round) (R3) including double-cropping systems maize Dongdan 60–alfalfa WL525 (M1–A), maize Dongdan 1331–alfalfa WL525 (M2–A), sorghum 1230–alfalfa WL525 (S1–A), and sorghum cfsh30–alfalfa WL525 (S2–A). D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. 
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Figure 2. The soluble sugar content of maize/sorghum and alfalfa in 2019–2020 (the 1st round) (R1), 2020–2021 (the 2nd round) (R2), and 2021–2022 (the 3rd round) (R3). D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. M1 represents maize Dongdan 60, M2 represents maize Dongdan 1331, S1 represents sorghum 1230, and S2 represents sorghum cfsh30. A (M1) represents alfalfa following the preceding crop of maize Dongdan 60, A (M2) represents alfalfa following the preceding crop of maize Dongdan 1331, A (S1) represents alfalfa following the preceding crop of sorghum 1230, and A (S2) represents alfalfa following the preceding crop of sorghum cfsh30. Means followed by the same letters do not differ by Tukey’s test (p > 0.05). 
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Figure 3. The crude ash content of maize/sorghum and alfalfa in 2019–2020 (the 1st round) (R1), 2020–2021 (the 2nd round) (R2), and 2021–2022 (the 3rd round) (R3). D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. M1 represents maize Dongdan 60, M2 represents maize Dongdan 1331, S1 represents sorghum 1230, and S2 represents sorghum cfsh30. A (M1) represents alfalfa following the preceding crop of maize Dongdan 60, A (M2) represents alfalfa following the preceding crop of maize Dongdan 1331, A (S1) represents alfalfa following the preceding crop of sorghum 1230, and A (S2) represents alfalfa following the preceding crop of sorghum cfsh30. Means followed by the same letters do not differ by Tukey’s test (p > 0.05). 
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Table 1. Field test design factors.
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Treatment

	
Sowing Date

	
Crop Type




	
Maize/Sorghum

	
Alfalfa






	
1

	
Suitable sowing

(D1)

	
M1 (maize Dongdan 60)

	
A (alfalfa WL525)




	
2

	
M2 (maize Dongdan 1331)

	
A (alfalfa WL525)




	
3

	
S1 (sorghum 1230)

	
A (alfalfa WL525)




	
4

	
S2 (sorghum cfsh30)

	
A (alfalfa WL525)




	
5

	
Suitable delayed sowing

(D2)

	
M1 (maize Dongdan 60)

	
A (alfalfa WL525)




	
6

	
M2 (maize Dongdan 1331)

	
A (alfalfa WL525)




	
7

	
S1 (sorghum 1230)

	
A (alfalfa WL525)




	
8

	
S2 (sorghum cfsh30)

	
A (alfalfa WL525)




	
9

	
Late sowing

(D3)

	
M1 (maize Dongdan 60)

	
A (alfalfa WL525)




	
10

	
M2 (maize Dongdan 1331)

	
A (alfalfa WL525)




	
11

	
S1 (sorghum 1230)

	
A (alfalfa WL525)




	
12

	
S2 (sorghum cfsh30)

	
A (alfalfa WL525)











 





Table 2. Mineral content comparison of maize/sorghum.
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Round

	
Sowing Date

	
Crop Type

	
Calcium (%)

	
Magnesium (%)

	
Phosphorus (%)

	
Potassium (%)






	
The 1st round

	
D1

	
M1

	
0.43 ± 0.03 def

	
0.22 ± 0.02 def

	
0.43 ± 0.04 a

	
1.88 ± 0.04 a




	
M2

	
0.39 ± 0.01 efg

	
0.21 ± 0.02 ef

	
0.33 ± 0.03 bc

	
1.82 ± 0.04 a




	
S1

	
0.6 ± 0.05 a

	
0.43 ± 0.04 a

	
0.29 ± 0.04 bcde

	
1.31 ± 0.06 d




	
S2

	
0.52 ± 0.02 abc

	
0.33 ± 0.06 bc

	
0.26 ± 0.03 cdef

	
1.23 ± 0.04 de




	
D2

	
M1

	
0.39 ± 0.02 efg

	
0.2 ± 0.01 ef

	
0.35 ± 0.03 ab

	
1.82 ± 0.07 a




	
M2

	
0.34 ± 0.04 fgh

	
0.16 ± 0.02 fg

	
0.31 ± 0.02 bcd

	
1.77 ± 0.03 ab




	
S1

	
0.55 ± 0.03 ab

	
0.39 ± 0.03 ab

	
0.24 ± 0.02 defg

	
1.14 ± 0.04 ef




	
S2

	
0.48 ± 0.02 bcd

	
0.3 ± 0.02 cd

	
0.2 ± 0.02 fg

	
1.09 ± 0.04 efg




	
D3

	
M1

	
0.33 ± 0.03 gh

	
0.17 ± 0.01 fg

	
0.26 ± 0.03 cdef

	
1.66 ± 0.04 bc




	
M2

	
0.27 ± 0.03 h

	
0.11 ± 0.02 g

	
0.21 ± 0.02 efg

	
1.57 ± 0.06 c




	
S1

	
0.49 ± 0.03 bcd

	
0.32 ± 0.02 bc

	
0.18 ± 0.01 g

	
1 ± 0.06 fg




	
S2

	
0.44 ± 0.04 cde

	
0.26 ± 0.04 cde

	
0.17 ± 0.02 g

	
0.97 ± 0.05 g




	
The 2nd round

	
D1

	
M1

	
0.45 ± 0.03 de

	
0.25 ± 0.03 ef

	
0.48 ± 0.02 a

	
1.95 ± 0.02 a




	
M2

	
0.4 ± 0.03 ef

	
0.22 ± 0.02 fg

	
0.44 ± 0.03 ab

	
1.85 ± 0.04 ab




	
S1

	
0.64 ± 0.04 a

	
0.46 ± 0.03 a

	
0.33 ± 0.03 cd

	
1.4 ± 0.04 d




	
S2

	
0.58 ± 0.02 ab

	
0.36 ± 0.03 bc

	
0.28 ± 0.04 d

	
1.3 ± 0.03 de




	
D2

	
M1

	
0.4 ± 0.02 ef

	
0.2 ± 0.03 fg

	
0.39 ± 0.03 bc

	
1.85 ± 0.06 ab




	
M2

	
0.36 ± 0.03 fg

	
0.17 ± 0.02 gh

	
0.33 ± 0.03 cd

	
1.84 ± 0.04 abc




	
S1

	
0.59 ± 0.03 ab

	
0.43 ± 0.04 ab

	
0.28 ± 0.03 d

	
1.24 ± 0.04 e




	
S2

	
0.53 ± 0.03 bc

	
0.32 ± 0.02 cde

	
0.25 ± 0.03 de

	
1.17 ± 0.05 ef




	
D3

	
M1

	
0.34 ± 0.02 fg

	
0.16 ± 0.02 gh

	
0.3 ± 0.02 d

	
1.78 ± 0.03 bc




	
M2

	
0.29 ± 0.01 g

	
0.11 ± 0.03 h

	
0.28 ± 0.03 d

	
1.71 ± 0.02 c




	
S1

	
0.52 ± 0.03 bc

	
0.34 ± 0.03 cd

	
0.26 ± 0.04 de

	
1.07 ± 0.08 fg




	
S2

	
0.48 ± 0.01 cd

	
0.27 ± 0.02 def

	
0.18 ± 0.03 e

	
0.96 ± 0.06 g




	
The 3 rd round

	
D1

	
M1

	
0.47 ± 0.03 cde

	
0.25 ± 0.03 def

	
0.51 ± 0.02 a

	
1.95 ± 0.04 a




	
M2

	
0.43 ± 0.03 def

	
0.22 ± 0.02 efg

	
0.47 ± 0.01 ab

	
1.85 ± 0.04 b




	
S1

	
0.64 ± 0.04 a

	
0.45 ± 0.03 a

	
0.35 ± 0.05 cd

	
1.42 ± 0.07 d




	
S2

	
0.6 ± 0.03 ab

	
0.38 ± 0.02 ab

	
0.32 ± 0.03 de

	
1.34 ± 0.04 de




	
D2

	
M1

	
0.4 ± 0.02 ef

	
0.2 ± 0.03 fg

	
0.45 ± 0.04 ab

	
1.85 ± 0.05 b




	
M2

	
0.37 ± 0.02 fg

	
0.17 ± 0.02 fgh

	
0.42 ± 0.04 bc

	
1.79 ± 0.05 bc




	
S1

	
0.58 ± 0.03 ab

	
0.41 ± 0.03 ab

	
0.31 ± 0.03 de

	
1.27 ± 0.06 ef




	
S2

	
0.54 ± 0.02 bc

	
0.33 ± 0.04 bcd

	
0.28 ± 0.04 de

	
1.19 ± 0.04 fg




	
D3

	
M1

	
0.36 ± 0.01 fg

	
0.16 ± 0.02 gh

	
0.35 ± 0.02 cd

	
1.75 ± 0.03 c




	
M2

	
0.32 ± 0.02 g

	
0.11 ± 0.03 h

	
0.3 ± 0.04 de

	
1.7 ± 0.05 c




	
S1

	
0.53 ± 0.03 bc

	
0.34 ± 0.04 bc

	
0.27 ± 0.02 de

	
1.11 ± 0.07 gh




	
S2

	
0.48 ± 0.02 cd

	
0.29 ± 0.02 cde

	
0.24 ± 0.03 e

	
1.02 ± 0.05 h








D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. M1 represents maize Dongdan 60, M2 represents maize Dongdan 1331, S1 represents sorghum 1230, and S2 represents sorghum cfsh30. Means followed by the same letters do not differ by Tukey’s test (p > 0.05).













 





Table 3. Mineral content comparison of alfalfa.
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Round

	
Sowing Date

	
Crop Type

	
Calcium (%)

	
Magnesium (%)

	
Phosphorus (%)

	
Potassium (%)






	
The 1st round

	
D1

	
A (M1)

	
2.25 ± 0.09 a

	
0.35 ± 0.03 a

	
0.45 ± 0.03 a

	
1.51 ± 0.04 a




	
A (M2)

	
2.25 ± 0.12 a

	
0.34 ± 0.04 a

	
0.44 ± 0.03 a

	
1.49 ± 0.05 a




	
A (S1)

	
1.5 ± 0.08 d

	
0.18 ± 0.02 cd

	
0.25 ± 0.03 d

	
1.11 ± 0.04 d




	
A (S2)

	
1.49 ± 0.08 d

	
0.17 ± 0.02 de

	
0.26 ± 0.02 d

	
1.12 ± 0.04 d




	
D2

	
A (M1)

	
2.01 ± 0.08 b

	
0.26 ± 0.02 b

	
0.38 ± 0.01 b

	
1.36 ± 0.05 b




	
A (M2)

	
2.03 ± 0.08 b

	
0.27 ± 0.03 b

	
0.37 ± 0.03 b

	
1.36 ± 0.04 b




	
A (S1)

	
1.27 ± 0.08 e

	
0.13 ± 0.01 def

	
0.2 ± 0.02 e

	
1.01 ± 0.03 e




	
A (S2)

	
1.27 ± 0.08 e

	
0.13 ± 0.02 def

	
0.21 ± 0.02 e

	
0.99 ± 0.04 e




	
D3

	
A (M1)

	
1.78 ± 0.09 c

	
0.24 ± 0.02 b

	
0.34 ± 0.03 c

	
1.25 ± 0.04 c




	
A (M2)

	
1.77 ± 0.12 c

	
0.23 ± 0.02 bc

	
0.33 ± 0.03 c

	
1.23 ± 0.05 c




	
A (S1)

	
0.97 ± 0.11 f

	
0.11 ± 0.01 f

	
0.16 ± 0.02 f

	
0.86 ± 0.04 f




	
A (S2)

	
0.94 ± 0.11 f

	
0.12 ± 0.01 ef

	
0.16 ± 0.03 f

	
0.86 ± 0.06 f




	
The 2nd round

	
D1

	
A (M1)

	
2.16 ± 0.1 a

	
0.38 ± 0.04 a

	
0.49 ± 0.03 a

	
1.57 ± 0.05 a




	
A (M2)

	
2.15 ± 0.09 a

	
0.37 ± 0.03 a

	
0.44 ± 0.04 ab

	
1.56 ± 0.06 a




	
A (S1)

	
1.35 ± 0.09 d

	
0.23 ± 0.01 cd

	
0.29 ± 0.02 de

	
1.18 ± 0.04 d




	
A (S2)

	
1.34 ± 0.11 d

	
0.23 ± 0.02 de

	
0.28 ± 0.02 e

	
1.16 ± 0.05 d




	
D2

	
A (M1)

	
1.86 ± 0.09 b

	
0.31 ± 0.02 b

	
0.39 ± 0.02 bc

	
1.42 ± 0.05 b




	
A (M2)

	
1.83 ± 0.1 b

	
0.31 ± 0.01 b

	
0.38 ± 0.02 c

	
1.41 ± 0.04 b




	
A (S1)

	
1.07 ± 0.11 e

	
0.19 ± 0.01 ef

	
0.24 ± 0.02 ef

	
1.01 ± 0.05 e




	
A (S2)

	
1.08 ± 0.08 e

	
0.18 ± 0.02 fg

	
0.24 ± 0.02 ef

	
0.98 ± 0.05 e




	
D3

	
A (M1)

	
1.58 ± 0.09 c

	
0.27 ± 0.02 bc

	
0.35 ± 0.02 c

	
1.31 ± 0.04 c




	
A (M2)

	
1.6 ± 0.08 c

	
0.27 ± 0.02 cd

	
0.34 ± 0.02 cd

	
1.31 ± 0.06 c




	
A (S1)

	
0.76 ± 0.11 f

	
0.14 ± 0.02 gh

	
0.2 ± 0.02 f

	
0.85 ± 0.04 f




	
A (S2)

	
0.73 ± 0.1 f

	
0.13 ± 0.02 h

	
0.21 ± 0.02 f

	
0.83 ± 0.05 f




	
The 3rd round

	
D1

	
A (M1)

	
2.05 ± 0.07 a

	
0.41 ± 0.03 a

	
0.49 ± 0.02 a

	
1.56 ± 0.04 a




	
A (M2)

	
2.03 ± 0.06 a

	
0.39 ± 0.03 a

	
0.45 ± 0.04 ab

	
1.53 ± 0.06 a




	
A (S1)

	
1.24 ± 0.07 d

	
0.27 ± 0.02 c

	
0.32 ± 0.02 d

	
1.14 ± 0.04 d




	
A (S2)

	
1.23 ± 0.09 d

	
0.27 ± 0.02 c

	
0.31 ± 0.03 d

	
1.13 ± 0.04 d




	
D2

	
A (M1)

	
1.82 ± 0.07 b

	
0.34 ± 0.02 b

	
0.45 ± 0.02 ab

	
1.38 ± 0.05 b




	
A (M2)

	
1.79 ± 0.07 b

	
0.33 ± 0.02 b

	
0.43 ± 0.03 bc

	
1.38 ± 0.02 b




	
A (S1)

	
1 ± 0.09 e

	
0.22 ± 0.01 d

	
0.28 ± 0.01 de

	
0.97 ± 0.05 e




	
A (S2)

	
0.98 ± 0.09 e

	
0.2 ± 0.02 de

	
0.28 ± 0.01 de

	
0.95 ± 0.05 e




	
D3

	
A (M1)

	
1.52 ± 0.08 c

	
0.29 ± 0.01 c

	
0.41 ± 0.03 bc

	
1.27 ± 0.04 c




	
A (M2)

	
1.5 ± 0.09 c

	
0.29 ± 0.02 c

	
0.38 ± 0.01 c

	
1.27 ± 0.06 c




	
A (S1)

	
0.73 ± 0.09 f

	
0.17 ± 0.01 ef

	
0.23 ± 0.02 ef

	
0.81 ± 0.03 f




	
A (S2)

	
0.73 ± 0.1 f

	
0.15 ± 0.02 f

	
0.22 ± 0.02 f

	
0.79 ± 0.05 f








D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. M1 represents maize Dongdan 60, M2 represents maize Dongdan 1331, S1 represents sorghum 1230, and S2 represents sorghum cfsh30. Means followed by the same letters do not differ by Tukey’s test (p > 0.05).













 





Table 4. Silage fermentation quality comparison of maize/sorghum.
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Round

	
Sowing Date

	
Crop Type

	
pH

	
LA (%)

	
AA (%)

	
BA (%)

	
NH3-N (%)

	
Flieg Score






	
The 1st

round

	
D1

	
M1

	
3.84 ± 0.04 e

	
7.9 ± 0.2 d

	
1.9 ± 0.2 cde

	
0.01 ± 0.01 g

	
8.2 ± 0.2 i

	
89.5




	
M2

	
3.94 ± 0.05 d

	
7 ± 0.2 e

	
1.8 ± 0.1 def

	
0.02 ± 0.01 fg

	
8.5 ± 0.2 hi

	
88




	
S1

	
3.52 ± 0.05 g

	
9.9 ± 0.3 a

	
2.5 ± 0.1 a

	
0.04 ± 0.01 def

	
9 ± 0.2 gh

	
85




	
S2

	
3.68 ± 0.04 f

	
9.3 ± 0.2 b

	
2.3 ± 0.2 ab

	
0.03 ± 0.01 efg

	
8.8 ± 0.2 hi

	
84




	
D2

	
M1

	
4.08 ± 0.03 c

	
6.6 ± 0.3 ef

	
1.7 ± 0.1 defg

	
0.05 ± 0.01 cde

	
9.6 ± 0.2 fg

	
83.5




	
M2

	
4.11 ± 0.04 bc

	
6.2 ± 0.2 fg

	
1.6 ± 0.1 efg

	
0.04 ± 0.01 def

	
10 ± 0.2 f

	
82




	
S1

	
3.74 ± 0.05 ef

	
8.9 ± 0.2 bc

	
2.2 ± 0.2 abc

	
0.06 ± 0.01 bcd

	
12.2 ± 0.2 bc

	
82




	
S2

	
3.82 ± 0.04 e

	
8.4 ± 0.2 cd

	
2 ± 0.1 bcd

	
0.05 ± 0.01 cde

	
11.6 ± 0.3 cd

	
81




	
D3

	
M1

	
4.34 ± 0.05 a

	
5.2 ± 0.3 hi

	
1.4 ± 0.2 fgh

	
0.06 ± 0.01 abc

	
10.7 ± 0.3 e

	
79.5




	
M2

	
4.43 ± 0.07 a

	
4.7 ± 0.2 i

	
1.2 ± 0.1 h

	
0.05 ± 0.01 cd

	
11.3 ± 0.3 de

	
77




	
S1

	
4.13 ± 0.05 bc

	
5.7 ± 0.3 gh

	
1.5 ± 0.1 fgh

	
0.08 ± 0.01 a

	
12.9 ± 0.4 a

	
76




	
S2

	
4.2 ± 0.04 b

	
5.4 ± 0.3 h

	
1.4 ± 0.1 gh

	
0.08 ± 0.01 ab

	
12.5 ± 0.3 ab

	
73.5




	
The 2nd

round

	
D1

	
M1

	
3.75 ± 0.04 g

	
8.2 ± 0.2 d

	
2.2 ± 0.1 cd

	
0.02 ± 0.01 e

	
8.4 ± 0.2 i

	
88




	
M2

	
3.79 ± 0.02 g

	
7.6 ± 0.3 e

	
2 ± 0.1 de

	
0.01 ± 0.01 e

	
8.8 ± 0.1 hi

	
86.5




	
S1

	
3.44 ± 0.06 j

	
10.1 ± 0.3 a

	
2.7 ± 0.2 a

	
0.04 ± 0.01 d

	
9.6 ± 0.3 g

	
83.5




	
S2

	
3.48 ± 0.03 j

	
9.6 ± 0.3 ab

	
2.6 ± 0.1 ab

	
0.03 ± 0.01 de

	
9.1 ± 0.1 h

	
83.5




	
D2

	
M1

	
3.87 ± 0.02 f

	
7.5 ± 0.3 ef

	
1.8 ± 0.1 ef

	
0.05 ± 0.01 cd

	
10.3 ± 0.3 f

	
82




	
M2

	
3.93 ± 0.03 e

	
7 ± 0.2 f

	
1.7 ± 0.1 f

	
0.04 ± 0.01 d

	
10.7 ± 0.3 f

	
80.5




	
S1

	
3.57 ± 0.03 i

	
9.2 ± 0.2 bc

	
2.4 ± 0.1 bc

	
0.09 ± 0.01 ab

	
12.7 ± 0.3 bc

	
81




	
S2

	
3.66 ± 0.02 h

	
8.8 ± 0.2 c

	
2.3 ± 0.1 c

	
0.07 ± 0.01 bc

	
12.3 ± 0.3 cd

	
79.5




	
D3

	
M1

	
4.18 ± 0.03 b

	
5.4 ± 0.3 hi

	
1.3 ± 0.1 gh

	
0.07 ± 0.01 bc

	
11.2 ± 0.2 e

	
76.5




	
M2

	
4.27 ± 0.02 a

	
5.1 ± 0.2 i

	
1.1 ± 0.1 h

	
0.05 ± 0.01 cd

	
11.8 ± 0.1 d

	
78.5




	
S1

	
4.02 ± 0.03 d

	
6.5 ± 0.3 g

	
1.6 ± 0.1 fg

	
0.1 ± 0.02 a

	
13.4 ± 0.4 a

	
74.5




	
S2

	
4.11 ± 0.03 c

	
5.8 ± 0.2 h

	
1.4 ± 0.1 g

	
0.09 ± 0.01 ab

	
12.9 ± 0.3 ab

	
72




	
The 3rd

round

	
D1

	
M1

	
3.71 ± 0.02 g

	
9.9 ± 0.2 a

	
1.8 ± 0.1 de

	
0.02 ± 0.01 fg

	
8 ± 0.2 h

	
87




	
M2

	
3.76 ± 0.03 g

	
9.7 ± 0.2 a

	
1.6 ± 0.1 ef

	
0.02 ± 0.01 g

	
8.4 ± 0.3 h

	
85




	
S1

	
3.48 ± 0.04 i

	
9.4 ± 0.2 ab

	
2.6 ± 0.1 a

	
0.04 ± 0.01 def

	
9.5 ± 0.2 g

	
82




	
S2

	
3.51 ± 0.02 i

	
9 ± 0.2 bc

	
2.3 ± 0.1 b

	
0.03 ± 0.01 efg

	
9 ± 0.2 g

	
82.5




	
D2

	
M1

	
3.85 ± 0.03 f

	
8.6 ± 0.2 cd

	
1.5 ± 0.1 f

	
0.06 ± 0.01 cd

	
10.2 ± 0.4 f

	
81




	
M2

	
3.9 ± 0.01 e

	
8.2 ± 0.2 de

	
1.2 ± 0.1 g

	
0.05 ± 0.01 de

	
10.5 ± 0.4 f

	
80




	
S1

	
3.58 ± 0.02 h

	
7.8 ± 0.2 ef

	
2.2 ± 0.1 bc

	
0.09 ± 0.01 ab

	
12.7 ± 0.2 bc

	
80




	
S2

	
3.62 ± 0.02 h

	
7.7 ± 0.2 f

	
2 ± 0.1 cd

	
0.09 ± 0.01 ab

	
12.4 ± 0.4 cd

	
80.5




	
D3

	
M1

	
4.13 ± 0.03 b

	
7.3 ± 0.2 fg

	
0.8 ± 0.1 i

	
0.08 ± 0.01 ab

	
11.2 ± 0.2 e

	
78




	
M2

	
4.19 ± 0.02 a

	
7.1 ± 0.2 g

	
0.6 ± 0.1 i

	
0.07 ± 0.01 bc

	
11.9 ± 0.1 d

	
76




	
S1

	
3.97 ± 0.03 d

	
6.5 ± 0.2 h

	
1.1 ± 0.1 gh

	
0.1 ± 0.01 a

	
13.7 ± 0.3 a

	
75




	
S2

	
4.04 ± 0.03 c

	
5.7 ± 0.3 i

	
0.9 ± 0.1 hi

	
0.1 ± 0.01 a

	
12.9 ± 0.2 b

	
72.5








D1 represents suitable sowing, D2 represents suitable delayed sowing, and D3 represents late sowing. M1 represents maize Dongdan 60, M2 represents maize Dongdan 1331, S1 represents sorghum 1230, and S2 represents sorghum cfsh30. Means followed by the same letters do not differ by Tukey’s test (p > 0.05).













 





Table 5. Silage fermentation quality comparison of alfalfa.






Table 5. Silage fermentation quality comparison of alfalfa.





	
Round

	
Sowing Date

	
Crop Type

	
pH

	
LA (%)

	
AA (%)

	
BA (%)

	
NH3-N(%)

	
Fileg Score






	
The 1st

round

	
D1

	
A (M1)

	
3.71 ± 0.08 f

	
5.57 ± 0.24 a

	
1.39 ± 0.06 a

	
0.01 ± 0.01 f

	
3.64 ± 0.35 f

	
93




	
A (M2)

	
3.72 ± 0.08 f

	
5.53 ± 0.26 a

	
1.42 ± 0.07 a

	
0.01 ± 0.01 f

	
3.55 ± 0.36 f

	
92




	
A (S1)

	
4.06 ± 0.08 c

	
3.44 ± 0.18 d

	
0.72 ± 0.05 d

	
0.12 ± 0.02 cd

	
7.53 ± 0.5 c

	
92




	
A (S2)

	
4.06 ± 0.11 c

	
3.4 ± 0.15 d

	
0.7 ± 0.06 d

	
0.11 ± 0.02 d

	
7.66 ± 0.51 c

	
90.5




	
D2

	
A (M1)

	
3.79 ± 0.07 ef

	
4.89 ± 0.18 b

	
1.22 ± 0.11 b

	
0.04 ± 0.01 f

	
4.53 ± 0.39 e

	
89.5




	
A (M2)

	
3.82 ± 0.06 def

	
4.9 ± 0.15 b

	
1.21 ± 0.07 b

	
0.05 ± 0.01 f

	
4.48 ± 0.43 e

	
88




	
A (S1)

	
4.23 ± 0.08 b

	
2.88 ± 0.2 e

	
0.56 ± 0.05 de

	
0.14 ± 0.02 bc

	
9.68 ± 0.46 b

	
87.5




	
A (S2)

	
4.26 ± 0.08 b

	
2.86 ± 0.2 e

	
0.56 ± 0.06 de

	
0.15 ± 0.02 b

	
9.59 ± 0.47 b

	
86




	
D3

	
A (M1)

	
3.91 ± 0.06 de

	
4.2 ± 0.21 c

	
0.95 ± 0.08 c

	
0.07 ± 0.02 e

	
5.87 ± 0.4 d

	
83.5




	
A (M2)

	
3.94 ± 0.08 cd

	
4.21 ± 0.29 c

	
0.89 ± 0.06 c

	
0.08 ± 0.01 f

	
5.94 ± 0.44 d

	
82




	
A (S1)

	
4.46 ± 0.09 a

	
2.31 ± 0.14 f

	
0.44 ± 0.04 e

	
0.19 ± 0.03 a

	
10.86 ± 0.4 a

	
80.5




	
A (S2)

	
4.45 ± 0.07 a

	
2.3 ± 0.19 f

	
0.47 ± 0.05 e

	
0.18 ± 0.02 a

	
10.82 ± 0.4 a

	
79.5




	
The 2nd

round

	
D1

	
A (M1)

	
3.65 ± 0.09 f

	
5.83 ± 0.21 a

	
1.47 ± 0.06 a

	
0.02 ± 0.01 f

	
3.97 ± 0.34 f

	
92




	
A (M2)

	
3.66 ± 0.09 f

	
5.77 ± 0.2 a

	
1.45 ± 0.05 a

	
0.02 ± 0.01 f

	
4.01 ± 0.34 f

	
91




	
A (S1)

	
4.2 ± 0.08 c

	
4.07 ± 0.17 d

	
0.89 ± 0.09 d

	
0.12 ± 0.01 c

	
8.19 ± 0.35 c

	
90.5




	
A (S2)

	
4.23 ± 0.09 c

	
4.08 ± 0.21 d

	
0.87 ± 0.06 d

	
0.12 ± 0.01 c

	
8.03 ± 0.37 c

	
91.5