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Abstract

:

Interseeding silage corn into an alfalfa stand following its spring harvests to produce mixed silage would feasibly break the restriction of alfalfa production during a hot-rainy summer. In this 2-yr experiment, the alfalfa–silage corn intercropping system (AC) with nitrogen (N) fertilization rates of 0, 60, 120, and 180 kg N ha−1 and corn plant densities of 30,000, 45,000, and 60,000 plants ha−1 was compared with the monocultured corn (CK) managed using the local farmers’ practice. Intercropping with alfalfa significantly decreased the dry matter (DM) yield of the corn by 31.5% on average, while increasing the N application rate and corn plant density promoted DM yield and crude protein (CP) accumulation of the intercropped corn, and the intercropping system could achieve the same CP yield as CK—it did in most cases. Although the DM contents, pH values, and NH3-N concentrations were decreased in the mixed silage, its fermentation quality was not reduced and the CP, water soluble carbohydrates, and lactic acid contents were dramatically increased by 16.3%, 17.8%, and 72.9% compared with those of CK, respectively. For the opposite effects of N fertilization and corn density on silage quality, the treatment combination with a medium corn density (45,000 plants ha−1) fertilized at a medium N rate (120 kg N ha−1) was evaluated as the optimum for more balanced system productivity, silage nutritive values and fermentative characteristics during the coexisting period.
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1. Introduction


Silage corn (Zea mays L.) is the most essential feedstuff for ruminant livestock, but continuous corn production increases the environmental risks such as nitrogen (N) losses and soil degradation [1,2]. Thus, a wide variety of cover crops or living mulches are developed as companion crops with corn, and the cover crops could also be harvested as forage to boost the system productivity and enhance forage quality [2,3].



Alfalfa (Medicago sativa L.), a kind of high-quality legume forage, is not only commonly fed to dairy cattle, but also served as a popular cover crop [4,5]. However, the climate of high temperature and heavy precipitation during summer may lead to alfalfa yield loss and quality reduction. Previous studies showed that the alfalfa yield during summer only accounts for less than 40% of the total annual yield in the North China Plain (NCP), which has a typical temperate monsoon climate with hot-rainy summers [6,7,8]. The concentrated rainfall and subsequent muddy soils would also exacerbate the risks and costs of alfalfa harvesting and processing by machinery.



Corn and alfalfa are often planted in rotation or intercropping and fed together to maximize performance for the complementary agronomic and nutritional characteristics [9,10,11]. For the reason that alfalfa has a low fermentable carbohydrate content and high buffering capacity, it is difficult to be ensiled alone and ensiling corn with alfalfa has been suggested to be a good strategy to improve fermentation quality [12,13].



According to the environmental and production requirements of regions such as the NCP, we proposed an intercropping system of alfalfa and silage corn in which (i) alfalfa is harvested as hay in spring, (ii) interseeding silage corn into the alfalfa stand while alfalfa serves as ground cover during summer, (iii) a mixture of corn and alfalfa is harvested in the autumn for use as silage [7]. Previous papers published from the study of this new system reported the system productivity, influences of interspecific competition and the benefits achieved from the agronomic, environmental and economic points of view [14,15]. It has been shown that the alfalfa–silage corn intercropping system was advantageous in promoting the overall forage production, and the alfalfa production during spring was not affected. Furthermore, we want to evaluate the system performances during summer, especially for the influences of intercropping on the silage quality.



Many studies focused on the influences of an appropriate legume–grass ratio in the silage mixtures on the silage quality [13,16], and they showed that the alfalfa–silage corn mixtures improve silage crude protein (CP) content and in vitro digestibility which leads to higher feed intakes and milk production compared with corn silage alone [17,18,19]. However, the effects of ground cover companions and the field managements on silage mixtures are seldomly mentioned. Previous studies have shown that perennial ground covers can lead to a yield reduction of 10–23% in silage corn [10,20], while the appropriate N application improves corn yield and its CP concentration, especially in intercropping with the strong competitor alfalfa [2,14,21]. Increasing corn plant density has a positive effect on the silage yield of corn but negatively affects the alfalfa stands, which is shade-intolerant, for the limiting of light transmittance [22,23]. Therefore, the N application rate and corn plant density have further effects on the alfalfa and silage corn ratio, nutritive values, and fermentation characteristics of the mixed silage.



The winter wheat (Triticum aestivum L.) and summer corn rotation bas been the most popular cropping system in the NCP since the 1970s [24]. In this study, to better evaluate the advantages of the alfalfa–silage corn intercropping system in production performances during summer, the monoculture silage corn managed according to local farmers’ practices, which could represent the local production levels, was set as a control. A 2-yr experiment was conducted to examine the effects of intercropping, the N rate and corn plant density on the yield and N accumulation of both alfalfa and corn, as well as on the fermentation quality and chemical composition of the corresponding silage mixture products. We hypothesized that: (i) intercropping would decrease system yield while increasing the crude protein yield, (ii) N application would improve the yield and CP content of the intercropped corn but decrease the alfalfa yield, and it would improve CP content of the mixed silage, and (iii) a high corn plant density had a significant negative effect on alfalfa growth as well as silage quality. The objectives of this study were to identify whether the improvement of silage quality could compensate for the yield loss of silage maize in intercropping compared with local farmers’ practices and to explore the appropriate field management methods to improve system yield, nutritive value, and ensilability.




2. Materials and Methods


2.1. Study Site, Field Experimental Design and Management Practices


The field experiment was carried out in 2017 and 2018 at the Dryland Farming and Water-saving Station of Hebei Academy of Agricultural and Forestry Sciences in Hengshui (Hebei, China: latitude 37°44′ N, longitude 115°42′ E, elevation 20 m above sea level). The study area has a warm-temperate sub-humid continental monsoon climate with an annual mean temperature of 13.3 °C and annual precipitation of 487 mm from 1980–2019, with 76% falling in June–September. The monthly precipitation totals and mean air temperature during experimental years (2017–2018) and the 40-yr average (1980–2019) are shown in Figure 1. Cumulative precipitation during silage corn growing season from June through September totaled 324 mm in 2017 and 339 mm in 2018, which were generally below 40-yr normal (365 mm). The 2017 season was the wetter year with a total rainfall amount of 521 mm, and there was a considerable amount of rainfall in October (149 mm) after corn harvesting. The precipitation in 2018 (502 mm) was more concentrated in growing seasons from March through August, with a pronounced peak (202 mm) in August. Mean monthly air temperature of the corn growing period from July through September was 0.3 °C and 0.5 °C higher than the 40-yr average in 2017 and 2018, respectively. The soil was a silt loam with pH of 7.75, organic matter of 14.4 g kg−1, alkali–hydrolyzable N of 74.0 mg kg−1, soil available phosphorus of 19.4 mg kg−1, soil available potassium of 202.1 mg kg−1 within the top 20-cm soil. The soil of the study site was relatively rich in nutrients and it can represent the local level of medium and high yield fields. The preceding crop was sorghum-sudangrass grown with an annual N application rate of 250 kg N ha−1 from 2012–2016.



The field experiment was established in March 2017. Alfalfa–silage corn intercropping system (AC) with four N application rates (whole-plot factor) and three corn plant densities (sub-plot factor) were assigned according to split-plot design with three replications. Monocultured corn (CK) managed according to local farmers’ practices was included in one whole plot per replicate as a control. The subplot size was 40 m2 (5 m × 8 m) with 1.5 m walkways to separate subplots.



For the alfalfa–silage corn intercropping system, a local variety of alfalfa “Zhongmu number 1” mixed with rhizobia was sown with a drill on March 16, 2017 in the seeding rate of 22.5 kg ha−1. An alternating row spacing of 20–40–20–40 cm was employed. After the alfalfa harvest in mid-June, a summer dual-purpose corn hybrid (Zhengdan 958) was drilled into the 40 cm wide gap between alfalfa rows at plant densities of 30,000 (D30), 45,000 (D45), 60,000 (D60) plants per hectare. Urea (46% N) was broadcasted by hand after corn sowing at 0 (N0), 60 (N60), 120 (N120), and 180 (N180) kg N ha−1. To eliminate phosphorus and potassium limitation, all plots of AC received 100 kg P2O5 ha−1 as granular superphosphate and 100 kg K2O ha−1 as potassium sulfate before alfalfa seeding in 2017 by broadcasting and after corn seeding in 2018 by side dressing.



Corn monoculture control was managed using the local farmers’ current management practices and rotated with winter wheat. The variety “Zhengdan 958” was planted on the same day as corn seeding in AC with a plant density of 75,000 plants ha−1. The row spacing was also 60 cm. A total of 112 kg N ha−1, 112 kg P2O5 ha−1 and 112 kg K2O ha−1 was broadcasted by hand as NPK compound fertilizer (15:15:15) after corn sowing.



Silage corn was harvested between 1 October to 5 October each year with a stubble of 10 cm. The alfalfa in AC was harvested once in 2017 (22 June) and twice in 2018 (3 May, 13 June) during the spring season, it was not utilized during summer and the remaining alfalfa was harvested together with corn and used as mixed silage. Alfalfa and corn were harvested manually and separately in the central area of 18 m2 (3 × 6 m) in each subplot to determine the fresh matter (FM) yield of each crop. A homogenized subsample of 500 g of alfalfa and five randomly selected corn plants were chopped and oven-dried at 65 °C for 48 h to determine dry matter (DM) yield. Whole-plant N content of each crop was measured by Dumas combustion method on an Elemental Vario Cube elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) and crude protein (CP) content was calculated by multiplying 6.25 with the N content according to the AOAC [25]. CP yield was determined by the DM yield of the crops multiplied by CP concentration. The total system yield or CP yield of the AC was defined as the sum of the yield or CP yield of alfalfa during the co-existing period and corn silage yield or CP yield.




2.2. Silage Preparation and Sampling


On the same day of harvesting, ten randomly selected whole-plant corn and 1.0 kg of alfalfa from each subplot were chopped into 1–2 cm pieces and mixed separately within the same treatment combination. Then, calculating alfalfa to corn FM yield ratio of each treatment combination (Table 1), we fully mixed two crops based on the ratio and ensiled immediately. The corn material of the corn monoculture control was ensiled as 100% corn silage control. We packed 3.75 kg of the forage mixture individually into a 5.0 L polyethylene bucket (17 cm in diameter, 28 cm in height and about 300 g per one) using a cylindrical rod and an axe, and the bucket full of forage mixture was tightened with a lid and finally covered with three layers of Scotch tape to prevent the exchange of gas between the inside and outside of the bucket. Three silos for each treatment combination were ensiled at a density of about 750 kg of FM per m3 with 39 silos in all at room temperature (20–25 °C) for 180 days each year.




2.3. Chemical Analyses


At silo opening, the topmost moldy or spoiled part (about 100 g) of silages was discarded, with the remaining mass mixed thoroughly. Twenty grams of each fresh silage sample was homogenized in a blender with 180 mL of distilled water for 2 min, and then filtered through four layers of cheesecloth and one layer of qualitative filter paper. Afterward, pH value was measured immediately using an electrode pH meter (PHS-3C, INESA, Shanghai, China). Then the filtrate was centrifuged at 20,000 g for 10 min and reserved for fermentation acids and ammoniacal nitrogen (NH3-N) analyses. Lactic acid (LA), acetic acid (AA), propionic acid (PA) and butyric acid (BA) were determined by high performance liquid chromatography (HPLC) (LC-20A; Shimadzu, Tokyo, Japan). The analytical conditions were as follows: column, Shodex RSpak KC-811S-DVB gel C (8.0 mm × 30 cm, Shimadzu); oven temperature, 50 °C; mobile phase, 3 mmol L−1 HClO4; flow rate, 1.0 mL min−1; injection volume 5 μL; detector, SPD-M20AVP (Shimadzu). The NH3-N concentration was determined by the phenol-hypochlorite colorimetric method according to Broderick and Kang [26]. V-score was calculated by the proportion of NH3-N in the total nitrogen and fermentation acid contents in the silage (percent of fresh weight) to assess the fermentation quality (Liu et al., 2016). According to V-score, fermentation quality of silage was defined in 3 levels: great (V-score ≥ 80), acceptable (60 ≤ V-score < 80), poor (V-score < 60).



Subsamples of about 200 g from silage and mixed raw materials before ensiling were dried at 65 °C for 48 h to determine DM content. CP was determined as described above. Concentrations of neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined sequentially according to the procedures of Van Soest et al. [27]. Relative feed value (RFV) was calculated by reference to a standard digestible DM intake that has been adopted to standardize a full-bloom legume forage containing 53% NDF and 41% ADF for an RFV of 100 [28]. Water soluble carbohydrates (WSC) were determined using the anthrone method [29].




2.4. Multicriteria Assessment


To compare the overall performance of different treatment combinations in AC, the representative criteria of system productivity and silage quality performances were transformed to 0–10 scale using minimum average values (Min) and maximum average values (Max) of each indicator, with 0 being the worst performance and 10 the best performance [30,31]. Two-year total system DM yield, two-year total system CP yield, and two-year average DM content, two-year average CP content, two-year average LA and two-year average WSC of silage were calculated by the following formula:


Scale = 10 × (Value − Min)/(Max − Min)



(1)







Two-year average pH of silage was calculated by the following formula:


Scale = 10 − [10 × (Value − Min)/(Max − Min)]



(2)








2.5. Data Analysis


Approaches described by Piepho et al. [32] were used to analyze the effect of intercropping, N application rate and corn plant density using linear mixed model. The data of agronomic characteristics (DM and FM yield, CP content, CP yield) were analyzed based on split-plot experimental design while the data of nutritive and fermentation characteristics of raw materials or silage were analyzed based on a completely randomized design. Alfalfa–silage corn intercropping vs. silage corn monoculture control (AC vs. CK), N rate (NR) and corn plant density (PD) were treated as fixed effects. Block and its interaction with the whole-plot factor (N rate, only in the split-plot experimental design) were considered as random effects. The nesting of the two-way structure within the grouping of treatments vs. control can be expressed as below:


AC. vs. CK + AC. vs. CK·NR + AC. vs. CK·PD + AC. vs. CK·NR·PD











Data for each year were analyzed separately. If the analysis of variance showed significant treatment or interaction effects, Tukey’s Honestly Significant Difference (HSD) test was used for multiple comparisons. Residuals were visually checked for normality and equal variance. Significance level was set at p < 0.05. Analyses were performed in SPSS (version19.0, IBM SPSS Software Inc., Armonk, NY, USA).





3. Results


3.1. Subsection


Forage Fresh Matter Yield and Alfalfa to Corn Ratio


The effects of the N rate, corn plant density and their interaction in the alfalfa FM yield, silage corn FM yield and their ratio in the mixed silage in two experimental years are presented in Table 1. In the AC system, the alfalfa FM yield reduced as the corn plant density increased (p < 0.001), especially under a low N rate (N0) and high N rate (N120 and N180). Both the increasing N rate and corn plant density pronouncedly improved the corn FM yield (p < 0.05), and the corn FM yield was lower in 2018 than that in 2017 for the relatively long growing period. Thus, the alfalfa proportion on an FM basis in mixed silage, which negatively responded to the N rate and plant density treatment (p < 0.05), ranged from 3% to 25% with a mean of 9% in 2017 and 11% in 2018.





3.2. Forage Dry Matter Yield and Crude Protein Yield


The DM yield of alfalfa was very low during this co-existing period and only 0.82 and 0.95 t ha−1 were harvested in 2017 and 2018, averaged across all treatment combinations, respectively. The DM yield of alfalfa was affected by the N rate, corn plant density, and their interaction in 2017 (p < 0.001), but only by the corn plant density in 2018 (p = 0.001; Table 2). Corn plant density was the main factor that decreased the alfalfa DM yield by an average of 28.5% under D45 and 42.1% under D60 compared with that under D30. Intercropping, the N rate and corn plant density dramatically affected the corn DM yield (p < 0.01; Table 2). The DM yield of intercropped corn was pronouncedly decreased by up to 32.3% compared with that of monocultured CK during two experimental years (p < 0.001; Table 2). Although the increasing N rate and corn plant density significantly improved the DM yield of intercropped corn (p ≤ 0.001), the total system DM yield of AC during summer was still 14.0%–50.3% lower than that of CK (p < 0.001; Figure 2).



However, the total system CP yield of AC was dramatically improved for the mixture of alfalfa (p < 0.001; Table 2). Seven treatment combinations, especially under a high N rate and high corn density, achieved the same total system CP yield as CK did during the co-existing period across two experimental years (p > 0.05; Figure 2). Intercropping significantly improved the CP content of corn in 2017 and the increasing N rate had a positive effect on the CP content of intercropped corn in both 2017 and 2018 (p < 0.05). Despite that the corn CP content had a decreasing trend as plant density increased, the corn CP yield in AC was dramatically improved by both the increasing N rate and plant density (p < 0.05; Table 2). The CP content of alfalfa was less affected by the treatments and its CP yield was decreased as the corn plant density increased in both years (p < 0.001; Table 2).




3.3. Characteristics of Silage Chemical and Fermentation Characteristics


Compared with CK, the corn–alfalfa silage mixture had an 11.3% and 11.1% lower DM content in 2017 and 2018, respectively (p < 0.001; Table 3). On the contrary, the CP content of AC was significantly increased by 17.0% and 15.4% in 2017 and 2018, respectively (p < 0.001; Table 3). The effect of the N rate × corn density interaction was significant on DM and CP in both years, and the differences of DM among treatments within AC were relatively small while the increasing corn density could dramatically decrease silage CP content by 5.4–18.4% (p < 0.001; Table 3). Few differences were found in the values of NDF, ADF and RFV between AC and CK, the main effect of the N rate was significant while the differences among different N rates were relatively small (Table 3). The WSC of AC was 84.6% and 51.9% higher than that of CK in 2017 and 2018, respectively (p < 0.01), the increasing N rate could improve the WSC content in both years and the N rate × corn density interaction was significant in 2017 (p = 0.041; Table 3). The chemical compositions of raw materials before silage are presented in Table S1 and the treatment effects on nutritive values of raw materials were similar to those of silage (Table 3).



The pH value of AC was significantly higher than that of CK only in 2018 and the effect of the N rate × corn density interaction was significant in both 2017 and 2018 (p < 0.01). However, all the treatments had a pH value lower than 3.90 and the differences among treatments were relatively small (Table 4). The difference in the NH3-N concentration between AC and CK was not significant in both years (p > 0.05). Only the N rate had a significant positive effect on NH3-N, especially under the highest N rate (N 180), which was 36.1% and 33.2% higher than that under N0 in 2017 and 2018, respectively (p < 0.05; Table 4). The lactic acid concentration of AC was 8.5% and 38.8% higher than that of CK in 2017 and 2018, respectively, but the difference was significant only in 2018 (p = 0.001). All effects of N, corn density and their interaction on LA were significant in 2017 (p < 0.05) but not in 2018 (p > 0.05), and the LA was much lower in 2018 (Table 4). Except that the AA concentration of AC was dramatically increased by 60.6% in 2018 (p < 0.05; Table 4), few treatment effects were found on AA. All treatment effects on PA were significant in 2017 (p < 0.05; Table 4). AC pronouncedly lowered PA content by 41.9% compared with CK, and the increasing N rate and corn density could decrease PA concentration. PA was detected in only a few treatments in 2018 and the treatment effects were not pronounced. BA levels were very low and it was not detected in most cases (Table 4). All the treatments achieved a great level of silage fermentation quality with an average V-score of 99.25 and 99.03 in 2017 and 2018, respectively (Table 4).




3.4. Multicriteria Assessment on Overall Performances


Six representative criteria that were significantly affected by the N rate × corn density interaction (DM yield, CP yield, silage CP content, silage WSC content, pH value and LA concentration) were selected to assess the overall performances of seven treatment combinations that achieved a similar CP yield with CK (p > 0.05). As shown in the spider diagram (Figure 3), the treatment combinations of N60–D60, N120–D60, N180–D60, which had a high corn plant density, achieved high scores on agronomic indicators, e.g., a 2-yr total system DM yield (2.3, 9.3, and 10.0 for N60–D60, N120–D60, and N180–D60, respectively) and a 2-yr total system CP yield (6.0, 7.6, and 10.0, respectively) but had poor performances on nutritive and fermentative indicators, e.g., WSC (0, 2.4, and 2.7, respectively), CP content (0, 2.1, and 2.1, respectively) and LA (0, 2.1, and 5.3, respectively). On the contrary, the treatment combinations of N120–D30, N180–D30 with a low corn plant density performed better on silage quality (averaged in 7.0 and 7.7 for N120–D30 and N180–D30, respectively), while the system total DM yield and CP yield were relatively low (averaged in 0 and 2.6, respectively). The scores of N120–D45 and N180–D45 ranged from 3.9 to 8.5 for all criteria, showing a more balanced performance on both productivity and quality characteristics.





4. Discussion


4.1. Effects of Intercropping on System Productivity and Silage Quality


Previous studies have shown that alfalfa, as a vigorous perennial legume, is the superior competitor in the alfalfa–silage corn intercropping, and alfalfa could significantly reduce the root growth, phosphorus and nitrogen uptake, and DM yield of the intercropped corn [10,20,21,33]. Different from the system that alfalfa served only as ground cover which is always suppressed by agrichemicals, we should maximize alfalfa production in the spring and corn production in the summer in our intercropping system. Thus, both the alfalfa and silage corn in the AC conducted the same row spacing and production area as the monoculture did in the local area and the interspecific competition between alfalfa and silage corn during the co-existing period was increased. For the silage corn, except the competition from alfalfa, to ensure the alfalfa survival, the lowered corn density (30,000 to 60,000 plants ha−1) in intercropping instead of 75,000 plants ha−1 in monocultured CK also had a significantly negative effect on corn DM yield. As a result, a reduction of 31.5% in the yield of silage corn was found in the AC on average across two years (Table 2). For the reason that the intercropped alfalfa became wilting in late August and regenerated gradually from then, the alfalfa yield during this co-existing period was really low (0.25–1.66 t ha−1; Figure 2) and the CP content of alfalfa residues was only 175.1 and 170.1 g kg−1 in 2017 and 2018 (Table 2), which were much lower than that of alfalfa harvested in the bud or early bloom stage [13,34]. Consequently, the intercropped alfalfa during summer did not contribute much to system yield, while still significantly improving system CP yield (Figure. 2). Besides, the increase in system CP yield also benefited from silage corn. The improvement of CP content in corn intercropping with alfalfa had a positive effect on corn CP content which was further improved by N fertilization, especially in 2017 (Table 2), which is consistent with previous studies [35,36]. Furthermore, we harvested all corn at the same time, but the intercropped corn was less mature than CK (about 10–15 days’ delay) for the competition from alfalfa and the CP content decreased with the maturity [37]. The results showed that seven treatment combinations (N60–D60, N120–D30, N120–D40, N120–D60, N180–D30, N180–D40, N180–D60,) achieved the same CP productivity as CK did (Figure. 2), which could compensate for the DM yield losses to a great extent.



For silage quality, the addition of alfalfa always improves the CP content of grass silage [12,13]. Despite the low proportion (≤25%) and relatively low CP content (<19%) of alfalfa raw materials in the AC, the CP of the mixed silage was significantly increased by 16.3% compared with that of CK on average (p < 0.001; Table 3). Meanwhile, as mentioned above, the CP contents of corn materials were also significantly increased by intercropping which promoted silage CP concentration (Table 2 and Table 3). However, a high level of soluble protein in alfalfa silage can degrade rapidly and yield ammonia which prevents the pH value of silage from reaching the required level [13]. We indeed found that the ammonia-N contents in both years were increased by 7.9% on average in the mixed silage, but the differences between the two systems were not significant (p > 0.05; Table 4). What is more, the pH values of all treatments were lower than 4.0, which are optimal for silage preservation in a stable form [38]. In fact, alfalfa is difficult to ensile successfully not only for the relatively high buffering capacity, but also for the low WSC contents and low DM content [38], this is also one of the important reasons why we suggest interseeding corn into alfalfa during a hot-rainy summer instead of ensiling pure alfalfa. In our study, the addition of alfalfa significantly reduced the silage DM content (p < 0.001; Table 3), but significantly increased the WSC content by up to 68.4% compared with that of 100% corn silage control, this is inconsistent with previous studies which showed that WSC content had a linear increase as the proportion of corn increased [12,13]. This could also be explained by that the monocultured corn was more mature than the intercropped corn when harvested, for which the DM content increased but the WSC decreased sharply owing to starch accumulation [37]. Thus, a higher WSC content, as the primary fermentation substrate, enhanced the fermentation characteristics of the alfalfa–corn mixed silage with a relatively low pH value and a higher LA content (8.5% and 38.8% higher than that of CK in 2017 and 2018, respectively) [34,39]. Jahanzad et al. [40] also showed that the addition of the legumes resulted in the production of higher concentrations of organic acids. In spite of a slight reduction of V-score in AC compared with that in CK, the mixed silage achieved a great fermentation quality (Table 4). Intercropping and the following mixed ensilage had few effects on fiber content and RFV value (Table 2), the results agree with previous studies [13,40].




4.2. Multicriteria Assessment on Productivity and Quality Performance of Alfalfa–Silage Corn Intercropping


In the establishment year 2017, the productivity of alfalfa was lower than that in the following production year (p < 0.05; Table 2). Meanwhile, the alfalfa needed a longer growth period in spring 2017, and silage corn was planted a few days later than that in 2018. So, the corn was harvested at the one-third milkline in 2017, while at the two-third milkline in 2018. This longer growth period increased the silage DM content but reduced the silage WSC content, LA concentration, as well as the forage FM yield in 2018 (Table 1, Table 2 and Table 3) [37]. For the effect of N fertilizer, the DM yield and CP content of the intercropped corn increased significantly as the N rate increased (p < 0.05; Table 1 and Table 2), for the reason that the addition of N fertilizer could reduce interspecific competition for N and improve N nutrition in silage corn [3,41]. The alfalfa DM yield and CP content were affected by the N rate only in 2017 (p < 0.01; Table 1 and Table 2), when the alfalfa was newly established and more sensitive to the N addition and the increased shading from the larger corn canopy. Corn plant density was the key factor affecting the alfalfa to silage corn ration in the mixed silage for the significantly opposite effects on alfalfa and corn yield in both years (p < 0.05; Table 1 and Table 2). The previous paper published from the system has reported that the density of alfalfa stands decreased with the increasing of corn plant density [14], and the alfalfa yield during summer was also significantly affected by the corn plant density (Table 1 and Table 2). As a result, the alfalfa proportion ratio in mixed silage based on an FM basis was influenced by the N rate, corn plant density, their interaction (Table 1, Table 2, Table 3 and Table 4), and the year, the total system DM yield and CP yield were negatively related with the alfalfa proportion in the mixed silage (data not shown).



For the nutritive values of the mixed silage, the proportion of alfalfa, which has a high CP content but low WSC content, was one of the key factors affecting the CP and WSC of the mixed silage [12,13]. Besides, consistent with previous studies, both the CP and WSC content of the corn was improved by the increasing N fertilizer and decreased by the increasing corn plant density [42,43]. Thus, we found that the treatments of low corn densities (D30, D45) combined with high N rates (N120, N180) had a relatively higher CP and WSC content, while they were relatively low under treatments of a high corn density (D60) (Figure 3). The DM content of the mixed silage was affected by the N rate × corn density interaction in both years (Table 3), but there was no linear correlation relationship with the alfalfa proportion [34]. Previous studies also have shown that neither corn plant density nor N fertilizer affected corn NDF [44,45], which agree with our results that only minor differences of NDF, ADF as well as RFV were found among different N rates or corn plant densities in both raw materials or the mixed silage (Table 3 and Table S1).



For the fermentation characteristics, consistent with other studies [40,43], the NH3-N content was significantly increased by N fertilizer. Given that pH values and LA contents were affected by the N rate and corn plant density, the differences of fermentation characteristics among treatment combinations of the mixed silage were relatively small (Table 4).



Proper field management is important for a new cropping system to achieve high productivity and forage quality. To evaluate the better N rate and corn plant density of the alfalfa–silage corn intercropping system we proposed, the multicriteria assessment on all agronomic, nutritive and fermentation characteristics was used, and we found that the treatment combinations under a high N rate and medium corn density (N120–D45 and N180–D45) could achieve high scores on both productivity and quality characteristics during the summer season (Figure 3). We have also proven that although the alfalfa stand density was decreased, the alfalfa productivity during spring was not affected, except for the treatment combination N180–D60 compared with the monocultured alfalfa, and the treatment combination of N120–D45 which achieved a higher annual system DM yield, annual system protein yield and land equivalent ratio with relatively low environmental costs [14,15]. Conclusively, we suggested the N120–D45 as the most advantageous alfalfa–silage corn intercropping combination for this system. However, further studies should be conducted in a variety selection, water management, etc., to improve the productivity and flexibility of the intercropping system.





5. Conclusions


Although the total system DM yield during the co-existing period was decreased, interseeding silage corn into the alfalfa stand would not decrease the system CP yield compared with the monocultured corn control in most cases. Despite that the intercropped alfalfa had negative effects on the DM contents, pH values and NH3-N concentrations of the mixed silage, the CP, WSC and LA contents of AC were dramatically increased. These improvements in CP yield and silage quality in AC would compensate for the DM yield losses to a great extent. The N input and corn plant density are the important management practices in the system, and significantly affected the silage nutritive values and fermentation characteristics, including the DM, CP, WSC, pH and LA contents of the mixed silage. Considering the different performances on system productivity and silage quality, we evaluated the treatment combinations by multicriteria assessment and suggested the N120–D45 as the optimal alfalfa–silage corn intercropping combination in NCP which had a more balanced yield, nutritive value and ensilability.
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Figure 1. Monthly precipitation totals and temperature averages for 2017–2018 and 40-yr average (1980–2019). 
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Figure 2. System total dry matter (DM) yield (a) and crude protein (CP) yield (b) of alfalfa–silage corn relay intercropping (AC) and silage corn monoculture control (CK) as affected by nitrogen application rate (NR) and corn plant density (PD). N0, N60, N120 and N180 mean N application rate of 0, 60, 120 and 180 kg N ha−1. D30, D45 and D60 mean corn seeding rate of 30, 45 and 60 thousand plants ha−1. Different letters indicate significant differences at the level of p < 0.05. *** indicates significant difference at p < 0.001; ns indicates not significant at p < 0.05. 
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Figure 3. Multicriteria assessment of treatment combinations in alfalfa–silage corn relay intercropping system. A 2-yr system total dry matter (DM) yield, 2-yr system crude protein (CP) yield, and 2-yr average DM content, 2-yr average CP content, 2-yr average pH, 2-yr average lactic acid (LA) concentration and 2-yr average water soluble carbohydrate (WSC) of silage transformed to 0 to 10 scores, 0 being the worst score and 10 the best score. N60, N120 and N180 mean N application rate of 60, 120 and 180 kg N ha−1. D30, D45 and D60 mean corn seeding rate of 30, 45 and 60 thousand plants ha−1. 






Figure 3. Multicriteria assessment of treatment combinations in alfalfa–silage corn relay intercropping system. A 2-yr system total dry matter (DM) yield, 2-yr system crude protein (CP) yield, and 2-yr average DM content, 2-yr average CP content, 2-yr average pH, 2-yr average lactic acid (LA) concentration and 2-yr average water soluble carbohydrate (WSC) of silage transformed to 0 to 10 scores, 0 being the worst score and 10 the best score. N60, N120 and N180 mean N application rate of 60, 120 and 180 kg N ha−1. D30, D45 and D60 mean corn seeding rate of 30, 45 and 60 thousand plants ha−1.



[image: Agriculture 12 00357 g003]







[image: Table] 





Table 1. Forage fresh matter (FM) yield and alfalfa proportion (FM basis) in mixed silage of alfalfa–silage corn relay intercropping as affected by nitrogen application rate (NR) and corn plant density (PD).
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NR

	
PD

	
Alfalfa FM Yield, t ha−1

	
Corn FM Yield, t ha−1

	
Alfalfa Proportion in Silage, %




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
N0 a

	
D30 b

	
5.26 Aa

	
5.05 a

	
29.66 Bb

	
20.42 Bb

	
18 Aa

	
25 Aa




	

	
D45

	
2.75 B

	
3.40

	
33.59 ABb

	
24.52 AB

	
8 B

	
14 B




	

	
D60

	
1.54 B

	
3.17

	
37.84 A

	
27.83 Ab

	
5 C

	
11 B




	
N60

	
D30

	
3.23 c

	
2.67 b

	
34.70 Bab

	
26.61 ab

	
9 b

	
10 b




	

	
D45

	
3.24

	
2.06

	
38.30 ABab

	
31.61

	
8

	
8




	

	
D60

	
2.48

	
1.81

	
40.80 A

	
32.81 ab

	
6

	
6




	
N120

	
D30

	
3.41 Ac

	
3.82 ab

	
34.78 ab

	
25.39 ab

	
10 Ab

	
15 b




	

	
D45

	
3.18 A

	
2.56

	
39.84 ab

	
32.30

	
8 AB

	
8




	

	
D60

	
2.73 B

	
2.08

	
39.11

	
33.37 ab

	
7 B

	
7




	
N180

	
D30

	
4.38 Ab

	
3.90 Aab

	
36.36 Ba

	
27.30 Ba

	
12 b

	
14 Ab




	

	
D45

	
2.28 B

	
2.43 AB

	
45.37 Aa

	
31.95 A

	
5

	
8 AB




	

	
D60

	
1.19 B

	
1.17 B

	
47.26 A

	
36.07 Aa

	
3

	
3 B




	
Mean

	
3.00

	
2.84

	
38.57

	
30.21

	
9

	
11




	
SEM c

	
0.19

	
0.21

	
0.91

	
0.97

	
0.01

	
0.01




	
Source of variation p value




	
NR

	
ns d

	
ns

	
0.022

	
0.013

	
0.020

	
0.010




	
PD

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
NR × PD

	
<0.001

	
ns

	
ns

	
ns

	
<0.001

	
ns








Different lowercase letters in the same column indicate significant differences at p < 0.05 among N application rates under the same corn plant density, and different capital letters in the same column indicate significant differences at p < 0.05 among corn plant densities under the same N rate. a N0, N60, N120 and N180 mean N application rate of 0, 60, 120 and 180 kg N ha−1. b D30, D45 and D60 mean corn plant density of 30, 45 and 60 thousand plants ha−1. c Standard error of the overall mean. d ns indicates not significant at p < 0.05.
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Table 2. Forage dry matter (DM) yield, crude protein (CP) content, CP yield of alfalfa–silage corn relay intercropping (AC) and silage corn monoculture control (CK) as affected by nitrogen application rate (NR) and corn plant density (PD).
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Treatment

	
Alfalfa DM Yield

(t ha−1)

	
Corn DM Yield

(t ha−1)

	
Alfalfa CP Content

(g kg−1 DM)

	
Corn CP Content

(g kg−1 DM)

	
Alfalfa CP Yield

(kg ha−1)

	
Corn CP Yield

(kg ha−1)




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
Cropping system




	
CK

	

	

	
17.86

	
19.30

	

	

	
62.50

	
60.19

	

	

	
1114.70

	
1161.83




	
AC

	

	

	
13.35

	
12.09

	

	

	
73.77

	
62.47

	

	

	
986.08

	
756.23




	
N application rate




	
CK

	

	

	
17.86 a

	
19.30 a

	

	

	
62.50 c

	
60.19 ab

	

	

	
1114.70 a

	
1161.83 a




	
N0 a

	
0.93 a

	
1.27

	
11.75 d

	
9.63 c

	
175.35 ab

	
167.24

	
66.18 bc

	
59.02 b

	
162.96 a

	
212.93

	
778.32 b

	
567.31 c




	
N60

	
0.82 a

	
0.72

	
12.95 cd

	
12.51 b

	
165.38 b

	
169.57

	
74.44 ab

	
60.31 ab

	
135.29 ab

	
122.60

	
963.14 ab

	
749.01 b




	
N120

	
0.89 a

	
0.96

	
14.07 bc

	
12.66 b

	
181.77 a

	
169.05

	
76.59 ab

	
64.66 ab

	
162.23 a

	
162.67

	
1072.96 a

	
818.77 b




	
N180

	
0.65 b

	
0.85

	
14.63 b

	
13.56 b

	
177.92 a

	
174.55

	
77.84 a

	
65.88 a

	
116.47 b

	
146.94

	
1129.90 a

	
889.84 b




	
Corn plant density




	
CK

	

	

	
17.86 a

	
19.30 a

	

	

	
62.50 b

	
60.19

	

	

	
1114.70 a

	
1161.83 a




	
D30 b

	
1.07 a

	
1.24 a

	
11.74 c

	
10.15 c

	
178.28

	
173.35

	
77.60 a

	
64.46

	
191.79 a

	
214.38 a

	
913.87 b

	
655.99 c




	
D45

	
0.78 b

	
0.87 b

	
13.46 bc

	
12.59 bc

	
173.75

	
168.51

	
72.29 ab

	
61.31

	
135.16 b

	
146.61 b

	
979.34 ab

	
776.99 bc




	
D60

	
0.61 b

	
0.73 b

	
14.86 b

	
13.52 b

	
173.28

	
168.44

	
71.41 ab

	
61.64

	
105.77 b

	
122.90 b

	
1065.03 ab

	
835.71 b




	
Overall Mean

	
0.82

	
0.95

	
13.69

	
12.64

	
175.10

	
170.10

	
72.90

	
62.30

	
144.24

	
161.29

	
995.98

	
787.43




	
SEM c

	
0.05

	
0.06

	
0.35

	
0.47

	
1.97

	
1.70

	
1.26

	
0.73

	
8.6

	
11.07

	
27.31

	
30.23




	
Source of variation p value




	
AC vs. CK

	

	

	
<0.001

	
<0.001

	

	

	
0.004

	
ns

	

	

	
0.032

	
<0.001




	
NR

	
<0.001

	
ns d

	
0.001

	
0.001

	
0.003

	
ns

	
0.001

	
<0.001

	
<0.001

	
ns

	
<0.001

	
0.001




	
PD

	
<0.001

	
0.001

	
<0.001

	
<0.001

	
ns

	
ns

	
0.037

	
0.030

	
<0.001

	
<0.001

	
0.003

	
<0.001




	
NR × PD

	
<0.001

	
ns

	
ns

	
ns

	
0.008

	
ns

	
ns

	
ns

	
<0.001

	
ns

	
ns

	
ns








Different letters in the same column within the same treatment indicate significant differences (p < 0.05). a N0, N60, N120 and N180 mean N application rate of 0, 60, 120 and 180 kg N ha−1. b D30, D45 and D60 mean corn plant density of 30, 45 and 60 thousand plants ha−1. c Standard error of the overall mean. d ns indicates not significant at p < 0.05.
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Table 3. Nutritive values of the mixed silage from alfalfa–silage corn relay intercropping (AC) and whole crop corn from silage corn monoculture control (CK) affected by nitrogen application rate (NR) and corn plant density (PD).
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Treatment

	
DM (g kg−1)

	
CP (g kg−1 DM)

	
NDF (g kg−1 DM)

	
ADF (g kg−1 DM)

	
RFV

	
WSC (g kg−1 DM)




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
Cropping system




	
CK

	
387.31

	
483.70

	
71.20

	
62.83

	
447.16

	
444.67

	
275.13

	
258.85

	
180.45

	
247.29

	
19.54

	
10.85




	
AC

	
343.62

	
430.20

	
83.32

	
72.51

	
447.97

	
463.14

	
275.82

	
276.28

	
189.77

	
228.31

	
36.07

	
16.48




	
N application rate




	
CK

	
387.31 a

	
483.70 a

	
71.20 b

	
62.83 b

	
447.16 ab

	
444.67 b

	
275.13 ab

	
258.85 b

	
180.45

	
247.29 a

	
19.54 c

	
10.85 c




	
N0 a

	
343.07 bc

	
405.39 c

	
83.02 a

	
70.49 ab

	
468.89 a

	
481.01 a

	
288.19 a

	
290.83 a

	
184.03

	
211.86 b

	
28.73 bc

	
12.59 bc




	
N60

	
332.42 c

	
425.67 bc

	
81.87 a

	
68.24 ab

	
444.63 ab

	
445.01 b

	
265.98 b

	
262.45 b

	
195.68

	
246.81 a

	
33.77 ab

	
15.82 abc




	
N120

	
364.25 ab

	
436.54 bc

	
84.43 a

	
74.85 a

	
432.63 b

	
461.84 ab

	
283.75 ab

	
280.48 ab

	
185.01

	
227.37 ab

	
38.76 ab

	
18.33 ab




	
N180

	
334.74 c

	
453.18 ab

	
83.95 a

	
76.43 a

	
445.72 ab

	
464.68 ab

	
265.36 ab

	
271.37 ab

	
194.35

	
227.17 ab

	
43.00 a

	
19.16 a




	
Corn plant density




	
CK

	
387.31 a

	
483.70 a

	
71.20 c

	
62.83 c

	
447.16

	
444.67

	
275.13

	
258.85

	
180.45

	
247.29

	
19.54 b

	
10.85 b




	
D30 b

	
340.15 b

	
409.96 b

	
87.86 a

	
81.33 a

	
457.52

	
467.97

	
271.66

	
278.18

	
192.21

	
222.85

	
40.04 a

	
17.99 a




	
D45

	
343.43 b

	
435.99 b

	
82.47 ab

	
69.80 b

	
440.58

	
465.95

	
274.96

	
278.42

	
192.42

	
224.43

	
34.39 a

	
16.08 ab




	
D60

	
347.29 b

	
444.31 ab

	
79.62 b

	
66.39 bc

	
445.81

	
455.49

	
280.85

	
272.24

	
184.67

	
237.64

	
33.76 a

	
15.35 ab




	
Overall Mean

	
346.98

	
434.31

	
82.38

	
71.76

	
447.91

	
461.72

	
275.77

	
274.94

	
189.05

	
229.76

	
34.80

	
16.04




	
SEM c

	
3.49

	
5.17

	
0.95

	
1.28

	
3.94

	
3.53

	
3.26

	
2.63

	
2.65

	
3.38

	
1.51

	
0.72




	
Source of variation p value




	
AC vs. CK

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
ns

	
ns

	
ns

	
0.049

	
ns

	
ns

	
<0.001

	
0.009




	
NR

	
<0.001

	
<0.001

	
ns

	
<0.001

	
0.011

	
0.004

	
0.002

	
0.001

	
ns

	
0.03

	
<0.001

	
0.001




	
PD

	
ns d

	
<0.001

	
<0.001

	
<0.001

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
0.019

	
ns




	
NR × PD

	
<0.001

	
<0.001

	
0.001

	
0.028

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
0.041

	
ns








Different letters in the same column within the same treatment indicate significant differences (p < 0.05). ADF, acid detergent fiber; CP, crude protein; DM, dry matter; NDF, neutral detergent fiber; RFV, relative feed value; WSC, water soluble carbohydrate. a N0, N60, N120 and N180 mean N application rate of 0, 60, 120 and 180 kg N ha−1. b D30, D45 and D60 mean corn plant density of 30, 45 and 60 thousand plants ha−1. c Standard error of the overall mean. d ns indicates not significant at p < 0.05.
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Table 4. Fermentation characteristics of the mixed silage from alfalfa–silage corn relay intercropping (AC) and whole crop corn from silage corn monoculture control (CK) affected by nitrogen application rate (NR) and corn plant density (PD).
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Treatment

	
pH

	
NH3-N (g kg−1 TN)

	
LA (g kg−1 DM)

	
AA (g kg−1 DM)

	
PA (g kg−1 DM)

	
BA (g kg−1 DM)

	
V-Score




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
Cropping system




	
CK

	
3.82

	
3.61

	
49.02

	
45.83

	
66.96

	
29.49

	
10.26

	
5.99

	
1.91

	
ND e

	
ND

	
0.08

	
100.00

	
99.34




	
AC

	
3.79

	
3.65

	
54.08

	
51.52

	
72.66

	
40.92

	
9.64

	
9.62

	
1.11

	
0.20

	
ND

	
0.03

	
99.19

	
99.00




	
N application rate




	
CK

	
3.82

	
3.61 b

	
49.02 b

	
45.83 b

	
66.96

	
29.49 b

	
10.26

	
5.99 b

	
1.91 a

	
ND

	
ND

	
0.08

	
100.00 a

	
99.34 ab




	
N0 a

	
3.80

	
3.67 a

	
45.59 b

	
47.06 b

	
72.61

	
43.79 a

	
8.48

	
9.36 a

	
1.47 ab

	
0.14

	
ND

	
0.09

	
99.79 a

	
99.12 ab




	
N60

	
3.79

	
3.62 b

	
52.22 ab

	
46.35 b

	
71.59

	
39.07 ab

	
9.89

	
9.47 a

	
1.07 b

	
0.43

	
ND

	
ND

	
99.99 a

	
99.99 a




	
N120

	
3.79

	
3.64 ab

	
56.47 ab

	
49.97 b

	
67.69

	
41.28 a

	
10.54

	
9.40 a

	
0.92 b

	
ND

	
ND

	
ND

	
99.52 a

	
99.52 ab




	
N180

	
3.79

	
3.67 a

	
62.04 a

	
62.69 a

	
78.73

	
39.53 a

	
9.67

	
10.37 a

	
0.99 b

	
0.23

	
ND

	
0.01

	
97.47 b

	
97.39 b




	
Corn plant density




	
CK

	
3.82 a

	
3.61 b

	
49.02

	
45.83

	
66.96 bc

	
29.49 b

	
10.26

	
5.99 b

	
1.91 a

	
ND

	
ND

	
0.08

	
100.00

	
99.34




	
D30 b

	
3.77 b

	
3.66 a

	
55.39

	
52.57

	
83.53 a

	
40.13 a

	
10.16

	
9.49 a

	
1.73 a

	
0.19

	
ND

	
0.07

	
99.15

	
98.64




	
D45

	
3.80 ab

	
3.64 ab

	
53.44

	
50.89

	
75.50 ab

	
41.91 a

	
9.79

	
9.54 a

	
1.04 b

	
0.31

	
ND

	
0.01

	
99.17

	
99.11




	
D60

	
3.81 a

	
3.65 ab

	
53.40

	
51.08

	
58.93 c

	
40.72 a

	
8.98

	
9.83 a

	
0.56 b

	
0.11

	
ND

	
ND

	
99.26

	
99.26




	
Overall Mean

	
3.79

	
3.65

	
53.69

	
51.08

	
72.22

	
40.04

	
9.70

	
9.34

	
1.17

	
0.19

	
ND

	
0.03

	
99.25

	
99.03




	
SEM c

	
0.01

	
0.01

	
1.41

	
1.37

	
2.17

	
1.06

	
0.33

	
0.42

	
0.11

	
0.09

	
ND

	
0.02

	
0.21

	
0.26




	
Source of variation p value




	
AC vs. CK

	
ns d

	
0.005

	
ns

	
ns

	
ns

	
0.004

	
ns

	
0.001

	
<0.001

	
ns

	

	

	
ns

	
ns




	
NR

	
ns

	
<0.001

	
0.001

	
<0.001

	
0.035

	
ns

	
ns

	
ns

	
0.001

	
ns

	

	

	
<0.001

	
0.003




	
PD

	
<0.001

	
ns

	
ns

	
ns

	
<0.001

	
ns

	
ns

	
ns

	
<0.001

	
ns

	

	

	
ns

	
ns




	
NR × PD

	
0.005

	
0.009

	
ns

	
ns

	
0.048

	
ns

	
ns

	
ns

	
<0.001

	
ns

	

	

	
ns

	
ns








Different letters in the same column within the same treatment indicate significant differences (p < 0.05). AA, acetic acid; BA, butyric acid; LA, lactic acid; NH3-N, ammoniacal nitrogen; ND, not detected; PA, propionic acid. a N0, N60, N120 and N180 mean N application rate of 0, 60, 120 and 180 kg N ha−1. b D30, D45 and D60 mean corn plant density of 30, 45 and 60 thousand plants ha−1. c Standard error of the overall mean. d ns indicates not significant at p < 0.05. ND indicates not detected.
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