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Evaluating the nitrogen (N) use efficiency of animal manure is essential to optimize its application for profitable crop production without impairing the environment. A four-year field study was conducted under corn (Zea mays L.)–soybean (Glycine max L.) rotation in a Brookston clay loam soil using the yield control approach. Treatments included inorganic fertilizer (IN), and liquid (LM), solid (SM), and composted (CM) swine manure applied at the rate equivalent to an available N of 200 kg ha−1 and a non-fertilization control (CT). Seven N use indices were employed to evaluate N use efficiency. LM obtained comparable corn yields relative to IN. Corn yield in SM was inconsistent from one year to another, and CM had minimal agronomical value in our study. Soybeans with IN posed the highest grain yields of 3,468 and 3,761 kg ha−1 in 2005 and 2007, respectively. In contrast to grain yield and total N uptake, the gain N removal of either corn or soybeans was comparable between the two alternative years. The distinctions between N supply dynamics of manures and their influences on yield, grain N removal, and total above-ground plant N uptake of corn were well discriminated by N use efficiency (NUE), N uptake efficiency (NUpE), N utilization efficiency (NUtE), N agronomic efficiency (NAE), and N recovery efficiency (NRE), but not by N physiological efficiency (NPE) and N harvest index (NHI). Legacy effects on soybean yield from the preceding corn were detected by NAE and NRE. Based on grain yield in conjunction with N use efficiency parameters, the IN performed the best, followed by LM. The NUE, NUpE, NUtE, NAE, and NRE parameters used to evaluate chemical fertilizer N were also applicable to evaluate manure N efficiency.
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INTRODUCTION
Proper use of animal manure as a soil amendment can be an agronomically and economically feasible management practice to treat livestock waste and support sustainable crop production. Despite the distinct nature and composition of manures (e.g., solid vs. liquid and cattle vs. swine), manure applications often have positive effects on crop production (Edmeades, 2003; Lithourgidis et al., 2007; Hua et al., 2020), soil physical structure (Wong and Ho, 1991; Butler and Muir, 2006), and soil nutrient levels (Sutton et al., 1986; Eghball et al., 2004; Hao et al., 2018; Zhang et al., 2021). However, the diversity of manure types (Webb et al., 2011) and sources also posed difficulties for evaluating its agronomic effectiveness and environmental risks. Over-application of animal manure is a commonplace around the agricultural area with intensive livestock production (Beegle and Lanyon, 1994; Saam et al., 2005; Qin et al., 2020). Excess nitrogen (N) supply from manure can cause N loss from the agricultural field and consequently impair the quality of groundwater (Allen et al., 2006) and surface water (Ribbe et al., 2008; Cui et al., 2020) and subsequently affect negatively the aquatic ecosystems. Therefore, evaluating the N use efficiencies of manures is the essential step to optimize manure application for profitable crop production without impairing the environment (Li et al., 2019).
As a predominantly agricultural region in the province, southern Ontario has been receiving much concern about its non-point source pollution contributing to the Lake Eire. The excess nutrients from agriculture have a detrimental impact on the water quality of the lake, which can lead to toxic algae blooms (Hopkins et al., 2016). Ontario has several of the most intensive manure-producing sub-sub-drainage regions across the country. For example, of the five sub-sub-drainages across the country of Canada with manure production levels over 6,000 kg ha−1, four are located in Ontario (EnrioStats, 2015). Since data obtainable in 1986, the number of hogs raised in Ontario, Canada, increased to 3.8 million in 2007 (Statistics Canada, 2008). Ontario is the second-largest hog-producing province in Canada, with 24.4% of all hogs, and the majority is in southern Ontario (Khan et al., 2018). On average, a feeder hog excretes 11 kg N head−1 year−1 (Fraser, 1985). With an equivalency of over 90 thousand metric tons of urea fertilizer, improving the agronomical value of hog manure as a nutrient source is increasingly of interest for Ontario farmers. In 2006, Canadian livestock produced over 180 million tons of manure. Of this total, 9% was produced by swine (EnrioStats, 2015).
Of the factors that influence the N use efficiency of manures, the C:N ratio is the most important one that controls many important processes, like mineralization and immobilization (Qian and Schoenau, 2002). When manure is applied to the soil, either N mineralization or immobilization will occur, depending on the C:N ratio (Beauchamp, 1986; Qian and Schoenau, 2002; de Freitas et al., 2003). Liquid hog manure contains a greater amount of N relative to organic C, and the organic matter in liquid hog manure is easily decomposable compared to that produced by ruminant livestock (Sommer et al., 2007). The microbial biomass activity often results in a fast release of inorganic N (de Freitas et al., 2003) after applying manures with a low C:N ratio. On the contrary, manure application might cause N immobilization at a high manure C:N ratio up to 15–16:1 (Beauchamp, 1986; Qian and Schoenau, 2002). Solid hog manure mixed with straw bedding increases its C:N ratio; thus, there are chances for N immobilization once applied. Manure composting changes organic matter characteristics, and the dynamics of available N release from composted manure would be different from those from uncomposted ones (García et al., 1991; Gale et al., 2006). The decomposition-recalcitrant compound leftovers after composting are much more stable than the humic acids in uncomposted organic materials and are only slowly available to microbial biomass (Deiana et al., 1990; García et al., 1991).
Other factors such as local climate, soil characteristics, and crop management also play important roles in affecting manure N use efficiency through mineralization and immobilization, which affect the supply of available N in opposite ways (Trehan and Wild, 1993; Sørensen and Jensen, 1995; Norvan et al., 1997; Tate, 2020). Many approaches have been developed to evaluate N use efficiency on chemical fertilizer N in mono-cropping systems (Sowers et al., 1994; Delogu et al., 1998; LÓpez-Bellido and LÓpez-Bellido, 2001). For the crop rotation system, however, there is a lack of proper methodology and suitable parameters to evaluate the N use efficiency of manures (Schmitt et al., 1999; Mooleki et al., 2002; Wen et al., 2003; Mooleki et al., 2004; Yang et al., 2020).
Traditionally, fertilizer N is applied in the corn phase as it is a N-demanding crop, followed by soybeans without N fertilization (Badaruddin and Meyer, 1994; Yamoah et al., 1998). When manure is applied to meet the corn N requirement, its residual effects on the subsequent soybean have rarely been taken into consideration. Although N in liquid hog manure was supposed to behave similarly to that in soluble fertilizer N, a portion of N was found to be immobilized after application (Sørensen and Amato, 2002; Azeez and Van Averbeke, 2010). A sizable amount of N in hog slurry remained in a relatively stable organic form in the soil years after application, along with enhanced microbial biomass activities (Peu et al., 2007; Lyyemperumal et al., 2008). In addition, N use efficiency by crop varies with the application rate and increasing the rate of N application usually decreases its use efficiency and vice versa (Latiri-Souki et al., 1998). A full characterization of N use efficiency usually requires multiple application rates, which is expensive and time-consuming. An yield control approach, a simplified experiment applying a single rate of N designed for agronomical yield, would obtain essential information at a low cost and allow fair evaluation of the phyto-availability of nutrients from different organic materials (Wen et al., 2002a; Wen et al., 2002b).
The objectives of this study were, therefore, to apply the yield control approach and to gain insights into the N use efficiency of liquid, solid, and composted hog manures in a corn-soybean rotation system using the multi-N use efficiency parameters derived from the evaluation of chemical fertilizer N. The findings were expected to be helpful in adjusting hog manure N use strategies in southern Ontario, as well as other areas in the world with similar soil, crop, and climate conditions.
MATERIALS AND METHODS
Site description and experimental design
The study was established in spring 2004 on a Brookston clay loam (fine loamy, mixed, mesic Typic Argiaquoll) at the Hon. Eugene F. Whelan Experimental Farm of the Harrow Research and Development Center, Agriculture and Agri-Food Canada, Woodslee, Ontario, Canada (42°13′N, 82°44′W). The climate is humid and cool-temperate with a long-term mean annual air temperature of 8.7°C and average annual precipitation of 875.5 mm. The precipitation in the growing season, May to October, ranged from 232.8 to 535.4 mm, and temperature ranged from 17.3 to 19.3°C, during the study period from 2004 to 2007 (Table 1). Before the experiment, grain corn was grown for 3 years with an annual application of 150 kg N ha−1 to homogenize soil fertility. The soil organic C and total N were considered typical of this area of Ontario. Selected physical and chemical properties of the soil are listed in Table 2.
TABLE 1 | Monthly and growing season’s means of precipitation and temperature at the study site, Woodslee, ON, Canada.
[image: Table 1]TABLE 2 | Selected chemical and physical properties of a Brookston clay loam soil (0–15 cm) in this study.
[image: Table 2]The experiment consisted of 19 treatments derived from three forms of swine manures (i.e., liquid, solid, and composted liquid), two application approaches (i.e., P-based vs. N-based), combinations of swine manure/compost with chemical fertilizers, and two controls, respectively with zero-nutrient and chemical fertilizers. The treatments had three replicates, totaling 57 plots, each in size of 9 m × 25 m. The plots were laid out as a randomized complete block design. Corn was grown in the year of initiation, followed by soybeans to form a 4-year corn-soybean rotation. There were five treatments selected for the current study, including three forms of swine manures: liquid (LM), solid (SM), and composted (CM), two controls with one for zero-nutrient (CT), and the other for inorganic fertilizer (IN) with the application of 200 kg N ha−1 as ammonium nitrate, the most recommended profitable N rate for corn in southern Ontario, in combination with 50 kg phosphorus (P) ha−1 as triple superphosphate and 100 kg potassium (K) ha−1 as marine K for an expected yield of 10,000 kg ha−1 (OMAFRA, 2009). Analyses of manure and compost for total N, P, and K, as well as the moisture contents were conducted two to 3 days prior to the application. Swine manures and compost were applied based on the rates that supplied an amount of total P of 50 kg ha−1. The designed N rate of 200 kg available N ha−1 was determined by considering 56, 38, and 40% of total N that were available for crops during the growing season in liquid and solid swine manures and swine manure compost (OMAFRA, 2002), respectively, with the balances of the designed N and K rates made up with ammonium nitrate (NH4NO3) and potassium chloride (KCL). All the K in manure was assumed to be available to crops (Table 3). All manures, compost, and chemical fertilizers were pre-planted, broadcasted, and incorporated immediately. The fertilizers and manures/compost were applied to the corn phase of the rotation in 2004 and 2006 but not to the soybean phase in 2005 and 2007.
TABLE 3 | Chemical and physical compositions of liquid, solid, and composted hog manure applied in the study.
[image: Table 3]Corn was seeded using a Kinze four-row planter (Kinze Manufacturing Co., Williamsburg, IA) with a row spacing of 75 cm (12 rows plot−1) at the rate of 76,852 seeds ha−1 on 24 June 2004 and 2 June 2006. Delayed planting in 2004 required an early-maturing variety (cv. N29A2, Syngenta Seeds Canada), whereas a normal variety (cv. N45A6, Syngenta Seeds Canada) was used in 2006. To ensure pest control, Roundup [glyphosate: (N-(phosphonomethyl) glycine), 1.4 kg a.i. ha−1] was applied on June 4, then, a mixture of Dual Magnum [s-metolachlor: (2-Chloro-N-(2-ethyl-6-methylphenyl)-N-((1S)-2-methoxy-1-methylethyl) acetamide, 1.4 kg a.i. ha−1], and Atrazine (6-Chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-2,4-diamine, 1.0 kg a.i. ha−1) were sprayed to all plots on 25 June 2004. In 2006, a mixture of Roundup (1.4 kg a.i. ha−1), Dual Magnum (1.2 kg a.i. ha−1), and Atrazine (1.0 kg a.i. ha−1) was sprayed to all plots on June 2.
Soybean was seeded on 19 May 2005 (cv. S24-K4 RR, Syngenta Seeds Canada) and on 24 May 2007 (cv. 92M52-RR, Pioneer Hi-Bred Ltd.), using a Kearney eight-row planter (Kearney Planters, Thamesville, ON) with a row spacing of 38.1 cm and a rate of 3,73,132 seeds ha−1. On 16 May 2005, Roundup (1.4 kg a.i. ha−1) was sprayed, and on May 18, a mixture of PPI-Dual II Magnum (1.4 kg a.i. ha−1) and Sencor (metribuzin: 4-Amino-6-(1,1-Dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one, 0.5 kg a.i. ha−1) was pre-planted and incorporated into the soil on the plots. In 2007, a mixture of Dual II Magnum (1.4 kg a.i. ha−1) and Sencor (0.5 kg a.i. ha−1) was sprayed in the seeding day, and again, Roundup (0.9 kg a.i. ha−1) was sprayed on June 25.
Manure preparation and application
The liquid hog manure applied in 2004 and 2006 was from a finishing pig producer located in Essex County, approximately 50 km east of Woodslee. The farm raised 550 animal units annually with premixed and blended corn and soybeans. A concrete tank built 3-m deep below the ground was used to collect the slurry. The manure samples were collected, chilled to 4°C, and analyzed before application. The storage tank was agitated slightly before pumping slurry into the spreader tank and was partially emptied every spring. A 4-manifold system applicator attached to the spreader tank, covering 3 m width of spread, was used for field operation. The amount of slurry required for the treatment was pre-calculated, as previously described. The rate of spreading by the applicator was pre-adjusted using running water. Three passes were used to cover a plot. In 2004, the manure was spread on the soil surface on June 16, and the plots were disked (5–8 cm), triple K-ed (6–8 cm), and packed on June 22. The delayed spread incorporation in June was due to rainfall in May and between spreading and incorporation. In 2006, the manure was spread on May 29 and incorporated into the soil on May 30.
In 2004, solid hog manure was obtained from the aforementioned farm. In 2006, solid manure was obtained from a similar finishing hog producer in Kent County, approximately 125 km northeast of Woodslee, with 300–600 animal units on average. In both farms, the manure mixed with wheat-straw beddings was cleaned weekly from the pen and was continuously piled up till use. After delivery to the experimental site, a composite of eight samples was taken from the pile and mixed. The samples were analyzed three to four days prior to the application. On the day of application, manure was put into the spreader, passed through double beaters into a pile, pitchforked into tarred garbage pails, and manually weighed to determine the required rates, and it was then loaded back into the manure spreader and spread on the soil surface. Incorporation was done on the day of application by disk, triple-K, and pack.
Hog manure composts were prepared at the Ridgetown Campus, University of Guelph at Kent County (east of Woodslee). Composting started in May, using a composter of 15.24 m × 2.13 m × 1.82 m. Liquid hog manure was sprayed onto shredded wheat-straw bales. The materials were turned over on days 1, 4, and 8, following the application. The initial moisture after the slurry application was 70%. After reaching 55°C and stabilized for the initial 24 h, the materials were kept at 55°C–70°C for 2 weeks and then removed from the composter and stockpiled to a height of 3.6–4.2 m. The sampling, mixing, calibration, and application of the compost in both years were the same as the solid manure. The compositions of manures used are shown in Table 3.
Sampling and data collection
Soil from each plot was sampled at pre-planting and post-harvest. Composite samples of 12 cores from 0–15 cm depths were hand-collected using a 2.54 cm diameter auger. Fresh samples were used for inorganic N and bulk density measurements. The samples were then air-dried, passed through a 2 mm sieve, and stored at 4°C before other analyses. The pipette method was used for analyzing the soil texture (Gee and Bauder, 1986). The organic C and total N were analyzed by dry-combustion (LECO CNS-1000 Analyzer, LECO Corp., St-Joseph, MI). Soil NH4- and NO3-N were extracted with 2 M KCl and determined colorimetrically (Keeney and Nelson, 1982). Soil test P was estimated as Olsen P (Olsen and Sommers, 1982). Soil test K was determined using the ammonium acetate (NH4OAc) procedure (Knudsen et al., 1982). Soil pH was determined in a soil/water ratio of 1:2. Bulk density was measured as described by Grossman and Reinsch (2002).
Manure samples were dried under a fume hood with forced air at 40°C for determining moisture and then manually ground to pass through a 0.5 mm sieve for chemical analysis. Carbon and total N were measured using the LECO Analyzer. The samples were digested with H2SO4-H2O2. The concentration of total P was determined using a flow injection auto-analyzer (QuikChemFIA+8000 series, Lachat Instruments, Loveland, CO) with the ammonium molybdate ascorbic acid reduction method by Murphy and Riley (1962). The concentration of total K was measured using a flame photometer connected to the flow injection auto-analyzer (QuikChemFIA+8000 series, Lachat Instruments, Loveland, CO). A 10 g aliquot of hog manure was diluted with 100 mL of 2 M KCl and shaken for an hour. The mixture was filtered with vacuum suction, and NH4- and NO3-N were determined colorimetrically (Keeney and Nelson, 1982).
After crops reached the maturity level, 12 and 16 corn plants per plot in 2004 and 2006, respectively, and 20 soybean plants per plot were randomly chosen from the rows. Plants were hand-cut right from above the ground. Fallen leaves were collected. Dry weights of biomass in 2005 and 2007 were calculated based on plant density. Grain and straw sub-samples were taken for N analysis using the LECO analyzer. A combine was used to determine corn grain yield on the central four rows (3.048 m × 25 m) and soybean yield on the central 12 rows (4.57 m × 25 m). The grain moisture was determined using a grain analysis computer (GAC200, Dickey–John Corp., Cornwall, ON). The yields reported were converted to contain 15% and 13% of the moisture for corn and soybeans, respectively.
Parameters for N use efficiency evaluation
The collected plant and soil data were used to performed N use efficiency analyses with seven parameters (Table 4): N use efficiency (NUE) (Eq. 1), N uptake efficiency (NUpE) (Eq. 2), N utilization efficiency (NUtE) (Eq. 3), N agronomical efficiency (NAE) (Eq. 4), N recovery efficiency (NRE) (Eq. 5), N physiological efficiency (NPE) (Eq. 6), and N harvest index (NHI) (Eq. 7).
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where Nx and N0 denote the amount of N applied at a rate with designated treatment and at zero rate (CT), respectively, (the same definitions apply to the other N parameters thereafter).
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TABLE 4 | The summary of parameters for N use efficiency evaluation.
[image: Table 4]Data analysis
Analysis of variance on crop yield, seed N uptake (N removal), plant N uptake and N-use efficiency parameters were conducted by PROC GLM (SAS Institute, 1999). Fisher’s protected LSD was employed for the mean separation of treatments. A paired t-test across treatments was used to compare the difference between years within the same crop. All statistical analyses were performed at the significance level of p ≤ 0.05. Figures were plotted using SigmaPlot (v12.5, SY Software, San Jose, CA).
RESULTS AND DISCUSSION
Corn and soybean yields
While both liquid (LM) and solid manure (SM) with adjusted total N produced comparable corn grain yields with IN in 2004 (Figure 1, 2004), only LM did in 2006. SM yielded significantly (p < 0.05) lower corn grain than IN and LM in 2006 (Figure 1, 2006). The grain yields with CM were significantly (p < 0.05) lower than those with LM and SM in both corn phases in the 4-year rotation. Averaged across the treatments, corn grain yield was significantly (p < 0.05) higher in 2006 (6,650 ± 471 kg ha−1) than in 2004 (5,300 ± 440 kg ha−1). In addition to the short season variety used in 2004, severe drought in September (Table 1) (precipitation was 25% of the 47-year average) might have also influenced the yield; even the corn was approaching the end of kernel filling in September. Corn is most susceptible to drought from the flowering stage to the kernel filling stage (Grant et al., 1989; Chapman et al., 1996). Corn kernels are particularly sensitive to the negative effects of drought stress during grain filling (Bruce et al., 2002; OMAFRA, 2022). Moisture stress at this stage could result in grain abortion and decreased productivity (Luo et al., 2010). Corn grain yield with IN in 2006 (9,000 ± 274 kg ha−1) was close to the expected agronomical yield (10,000 kg ha−1). As LM produced comparable yields relative to IN in both years, it suggested that the proposed N calibration coefficient was suitable for LM fertilization. The variable yield with SM implied that more variables governed the N availability in SM fertilization than in LM, such as pH, which might have altered the effects of solid manure application in acidic soils (pH = 5.8 in this study). Adjusting pH to near neutrality by manure application, the crop production in acidic soils can be improved greatly by increasing nutrient solubility (Whalen et al., 2000). While the total N in SM in 2006 was much higher, the proportion of inorganic N over total N and the resultant input of inorganic N was much lower than that in 2004 (Table 3). The fact that the grain yield did not benefit from CM application indicated that this composted hog manure was not a suitable N source for crop production under the current calibration system.
[image: Figure 1]FIGURE 1 | Grain yields of corn and soybean in rotation from 2004 to 2007. The abbreviations of CT, IN, LM, SM, and CM referred to the control without fertilization, inorganic fertilizer, liquid swine manure, solid swine manure and composed swine manure, respectively. There was no significant difference between the bars labeled with the same letter on it within the same year under Fisher’s protected LSD test at significance level of p ≤ 0.05.
No significant (p > 0.05) differences in soybean grain yield were found among the fertilized treatments and CT in 2005, except for a marginally lower yield in LM plots (Figure 1B). However, soybean grain yield was significantly (p < 0.05) higher in the fertilized plots than in the non-fertilized CT in 2007, probably attributable to the synthetic effects of residual N from preceding fertilization and symbiotic N2 fixation by soybean. On average, the yield was significantly (p < 0.05) higher in 2007 (3,380 ± 122 kg ha−1) than in 2005 (2,950 ± 164 kg ha−1), probably due to the severe drought in 2005 (Table 1) where the total precipitation was 56% of the 47-year average.
Grain N removal and total plant N uptake
The manifestation of grain N uptake as influenced by treatments with either corn or soybeans in any given year was similar to that of grain yields (Figure 2). The grain N removal by corn or soybeans was consistent between the two growing seasons. The pattern of total plant N uptake in corn as influenced by treatments in 2004 and 2006 resembled to that of corresponding grain N removal (Figure 2A; Figure 3A), while the total N uptake pattern in 2007 corresponded to grain N removal (Figures 2B, 3B), and no significant difference was observed among treatments in 2005. In contrast to the consistent grain N removal by corn or soybean between the two growing seasons, the averaged total N uptake was significantly (p < 0.05) lower in 2004 (77.1 ± 7.8 kg ha−1) than that in 2006 (88.2 ± 7.6 kg ha−1) for corn, while it was significantly (p < 0.05) higher in 2007 (210 ± 12.5 kg ha−1) than that in 2005 (190 ± 6.9 kg ha−1) for soybeans.
[image: Figure 2]FIGURE 2 | Grain N removal (seed N) of corn and soybeans in rotation from 2004 to 2007. The abbreviations of CT, IN, LM, SM, and CM referred to the control without fertilization, inorganic fertilizer, liquid swine manure, solid swine manure, and composed swine manure, respectively. There was no significant difference between the bars labeled with the same letter on it within the same year under Fisher’s protected LSD test at a significant level of p ≤ 0.05.
[image: Figure 3]FIGURE 3 | Total above-ground plant N uptake of corn and soybean in rotation from 2004 to 2007. The abbreviations of CT, IN, LM, SM, and CM referred to the control without fertilization, inorganic fertilizer, liquid swine manure, solid swine manure, and composed swine manure, respectively. There was no significant difference between the bars labeled with the same letter on it within the same year under Fisher’s protected LSD test at a significant level of p ≤ 0.05.
N use efficiency parameters with corn
The seven parameters involved in this study to evaluate the N use efficiency were summarized in Table 4. Each of them showed their validity to assess fertilizer N use on different aspects. While, NUE, NUpE, and NUtE were concerned about the total N supply or uptake that included soil residual N from the previous cropping system, NAE and NRE focused on the applied fertilizer N amount in farming practices (Table 4). However, NPE and NHI emphasized the N uptake difference between fertilization and zero-fertilization treatments (Table 4). Furthermore, the NUE and NUtE focused on the grain yield as the evaluation objective, but the rest regarded N uptake in either grain, above-ground, or N uptake increase as the target (Table 4).
Nitrogen use efficiency (NUE)
The index defines the efficiency of N from N supply to produce grain yield (Huggins and Pan, 1993; Li et al., 2019). In 2004 and 2006, per unit of total N supply in IN produced the highest grain yield among treatments as indicated by NUE (Figure 4). The CM produced the lowest yields, suggesting the N added with CM was inefficient in producing grain, presumably due to the N immobilization with the composted hog manure application. Although the C:N ratio (about 10) in CM was smaller than the reported critical ratio (15–16), triggering N immobilization in cattle manure (Beauchamp, 1986; Qian and Schoenau, 2002), N immobilization still apparently happened along with the composted hog manure application, as in addition to the C:N ratio, organic matter’s chemical structure, and composition of manure, and soil microbial biomass activity also affect N biological turnover (Kirchmann and Lundvall, 1993; de Freitas et al., 2003). It was found that lignin:N and polyphenol:N ratios in crop residues affected N mineralization negatively but promoted N immobilization (Trinsoutrot et al., 2000). Composting changed organic matter characteristics, and the N turnover from composted manure would be different from the un-composted ones (García et al., 1991; Yang et al., 2019). The organic matter in composted manure has a high molecular weight, polycondensed structure, and multiple bonding sites (Deiana et al., 1990; García et al., 1991; Yuan et al., 2019). They probably contain more energy per unit of weight to microbial biomass compared to the organic matter in un-composted organic materials. The relatively weak soil microbial biomass activity after the application of composted manure compared to low-C:N liquid manure (de Freitas et al., 2003; Lyyemperumal et al., 2008) might also not be conducive to the available N release from composted manure in this study. Further studies are needed to investigate if N immobilization in CM in our study was associated with high concentrations of these compounds.
[image: Figure 4]FIGURE 4 | Changes in the selected N use efficiency parameters for corn as affected by nutrient sources. (A) NUE, N use efficiency; (B) NUpE, N uptake efficiency; (C) NUtE, N utilization efficiency; (D) NAE, N agronomical efficiency; and (E) NRE, N recovery efficiency. The bars under a designated year and followed by different letters are significantly different as determined by the protected LSD. The abbreviations of IN, LM, SM, and CM referred to the treatments with inorganic fertilizer, liquid swine manure, solid swine manure, and composed swine manure, respectively.
Corresponding to grain yields, the averaged NUE overall treatments were significantly (p < 0.05) higher in 2006 compared to those in 2004. The N supply in NUE included soil inorganic N at seeding, mineralized soil N (Mmin) during the growing season, and the N applied. The Nmin was estimated as plant N uptake minus the difference between pre-planting and post-harvest soil inorganic N in CT (Huggins and Pan, 1993). The estimated Nmin (11.2 ± 8.4 and 33.5 ± 12.2 kg ha−1 in 2004 and 2006, respectively) appeared to be smaller as compared with in situ measurements (ranging from 96 to 120 kg N ha−1 during the corn growing season, equivalent to 2%–3% of the soil total N) from two other soils in eastern Ontario (Wu et al., 2008), as the Nmin in this study presented the net mineralization with the immobilized N and N loss through leaching and denitrification excluded.
Nitrogen uptake efficiency (NUpE)
The NUpE represented the efficiency of total N supply to crop N uptake (López-Bellido and López-Bellido, 2001). In this study, the higher NUpE with IN compared with the manure treatments was plausibly explained by the dynamics of available N supply. In contrast to that, a portion of organic N was not immediately available in manure treatments; the N in CT and IN was readily absorbed by plants any time. The lowest NUpE value with CM indicated that the highest amount of N unavailable for crop uptake during the growing seasons. As with NUE, NUpE was higher in 2006 compared to that in 2004, resulting in higher plant N uptake in 2006 than in 2004.
Nitrogen utilization efficiency (NUtE)
This parameter described the efficiency of assimilated N by the plant in grain production (Barraclough et al., 2010; Gouis et al., 2010). CM had higher NUtE compared with other fertilization treatments because N was a limited factor in the plots with the composed hog manure. With the N deficit, crops use the N assimilated more efficiently to maximize grain production (Ottman, et al., 2000). The result was also observed in a study with controlled releasing chemical fertilizer. The controlled releasing chemical fertilizer at the later growing stage was more efficiently used for grain production compared to the chemical N applied at seeding (Wen et al., 2001). A portion of absorbed N from LM and SM stemmed from the decomposition of the organic manure matter; it was released slowly and absorbed at a later stage of crop production; thus, it could be used more efficiently to grain production, reflected by higher NUtE with LM and SM. In contrast to the yield and total N uptake, the averaged NUtE was comparable between the growing seasons as the index reflects the dynamics of available N supply solely.
Nitrogen-agronomical efficiency (NAE)
The NAE measures the efficiency of applied N in producing grain yield (Craswell and Godwin, 1984). Per unit of N applied with IN produced more than double yields compared to that with LM and SM in 2004 and 2006 (Figure 4), as the chemical fertilizer N was the most effective N source. Nitrogen from CM had minor contribution to yield, thus, had minor agronomical value in this study. No difference in NAEs was found between the 2 years, as the index reflects the nature of a fertilizing material in the ability to supply available N for grain production.
Nitrogen recovery efficiency (NRE)
About 36% and 43% of applied N with IN were recovered in 2004 and 2006, respectively, tripling that measured with LM and SM in 2004, and more than doubling that with LM and five folding that with SM in 2006 (Figure 4). Recovery from CM was very small in both the years, suggesting very limited N released from CM during the corn growing season.
Nitrogen physiological efficiency (NPE)
The NPE represented the yield associated with N from the applied N (Craswell and Godwin, 1984). The denominator representing the N uptake associated with the applied N. NPE is a further development of NUtE, defining the efficiency of assimilating N from the specified source to grain production. By introducing two more variables, the index increases the variability. In 2004, 54.9 ± 9.1, 85.3 ± 4.6, and 74.0 ± 12.9 (kg grain kg−1 N applied) were measured with IN, LM, and SM, respectively. In 2006, only IN and LM were measurable [59.4 ± 7.0 and 72.1 ± 6.0 (kg grain kg−1 N applied), respectively]. In general, the slightly higher NPEs with manures than with IN in both the years supported the assumption that the absorbed N from the manure sources at a later stage of crop growth was more efficiently used to produce grain (Ottman et al., 2000; Wen et al., 2001).
Nitrogen harvest index (NHI)
The NHI described the transfer efficiency of assimilated N from a specified N source to the grain associated with that source (Daba, 2017). In 2004, the NHI was 72.6 ± 5.0, 83.5 ± 2.8, and 76.8 ± 5.4 (%), and in 2006, 66.4 ± 3.8, 83.5 ± 4.6, and 89.9 ± 10.0 (%) for IN, LM, and SM, respectively. The higher NHIs with LM and SM than with IN indicated that the higher portion of N in grain stemmed from the manure sources at a later stage of crop production.
N use efficiency parameters with soybeans
The N uptake of soybeans either by grain or by the total plant was much higher than that of corn (Figure 2; Figure 3). Available N supply in the subsequent year was often much less than that in the year of application, regardless of chemical N fertilizer or manure (Anderson et al., 1997; Sørensen and Amato, 2002; Wen et al., 2003; Anderson, 2021). The majority of N in soybeans was from its symbiotic N2-fixation. Addition of N to soybean grown in fertile southern Ontario soils is not recommended, as it may delay root nodulation (OMAFRA, 2009). In addition to N, other nutrients applied, particularly for P, would affect soybean growth by influencing root nodule development and, subsequently, fixing N2 (Wen et al., 2008). Although the varied yield and the N uptake of soybeans were influenced by the overall residual effects left by corn, the determination of N use efficiency would help identify the best growing environment for soybeans.
The NAE and NRE were higher with IN than with others in most cases (Figure 5). On the contrary, the NAE and NRE were negative with LM in 2005, reflecting a deteriorated growth environment by the previous LM application for soybeans. Better growth conditions in 2007 resulted in significantly higher NAE and NRE in 2007 compared to those in in 2005.
[image: Figure 5]FIGURE 5 | Changes in the selected N use efficiency parameters for soybeans as affected by nutrient sources applied in preceding corn. NAE, N agronomical efficiency, and NRE, N recovery efficiency. The bars under a designated year and followed by different letters are significantly different as determined by the protected LSD. The abbreviations of IN, LM, SM, and CM referred to the treatments with inorganic fertilizer, liquid swine manure, solid swine manure, and composed swine manure, respectively.
The effect of treatments on NUtE, NHI, and NPE faded out in both 2005 and 2007; this was attributed to the fact that most of the absorbed N for all the treatments was from the same source of self N2-fixation. Averagely, the values were higher in 2007 than in 2005, specifically, 17.8 ± 0.1 vs. 14.8 ± 0.3 (kg grain kg−1 total N uptake) for NUtE, 0.95 ± 0.04 vs. 0.77 ± 0 (%) for NHI, and 16.2 ± 0.7 vs. 13.1 ± 1.6 (kg grain kg−1 N applied) for NPE. Again, better growth conditions in 2007 resulted in higher N uptake, higher transfer of uptake N to grain, and subsequently higher grain yield compared to that in 2005. The legacy effects of treatments were plausibly reflected by NAE and NRE but not by NUtE, NHI, and NPE. This is because the former two indices focus on the N applied only, whereas NUtE, NHI, and NPE emphasize total N supply or uptake that cannot discriminate N sources of external applied and soil residual.
CONCLUSION
Judged by yield in conjunction with NUE, NUpE, NAE, and NRE, the corn with IN performed the best in both 2004 and 2006, followed by LM. Interestedly, CM had little agronomic value in our study. Comparable yields between IN and LM treatments for the rotation corn in two alternative years proved that N in liquid manure can be used as a predictable N source for the agronomic production of corn. However, this study demonstrated distinctions in the dynamics of N supply between chemical fertilizer and liquid hog manure by measuring seven N use efficiency parameters. While the higher NUE, NUpE, NAE, and NRE with IN quantified its advantages over manure N in multi-aspects, the higher NUtE with LM revealed that the crop absorbed N from its slowly released organic N was more efficiently used to produce grain for corn. The corn yield promotion by the N in solid hog manure was inconsistent in the 2 years. Care should be taken to use the proposed N calibration to project the available N in solid hog manure. For the subsequent soybean in the rotation, higher NAE and NRE with IN than with the manure sources indicated that inorganic N applied to the preceding corn had left better production potentials for the subsequent soybean from a plant nutrition point of view.
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Precipitation (mm) Temperature (°C)

05/2004 06/2005 07/2006 08/2007 05/2004 06/2005 07/200 08/2007
May 166 224 1044 53 156 133 155 160
 June 794 28 [ 66.8 58 194 | 231 201 100
>Iu.ly 89.8 [ 616 108.2 >3s | 217 239 239 217
» August 1242 51 [ 76 112 19.8 | 232 221 222
September 20 66.4 59.6 622 186 [ 197 166 187
October 56 86 108.2 58.6 1.9 124 9.9 15.1
November 688 60.8 1014 616 6.1 63 5.7 42
December 844 | 564 [ 558 |7 -12 | -3.1 25 -12
January 84 712 90.4 572 -4.6 22 -13 -19
February 462 494 [ 9.8 742 -22 | -16 -75 -40
| March | 82 542 69 | 688 0.15 29 34 0.01
April | 622 | 574 [ 66.8 [ 36.8 | 9.3 | 10.1 [ 7.6 100
May-October 535.4 2328 [ 5232 379 | 17.9 | 193 180 173

Time period of May-October is the growing season.
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Parameters N sources Evaluation objective References
NUE Total N supply Grain yield Huggins and Pan (1993)
NUpE Total N supply Above-ground N uptake Lopez-Bellido and Lopez-Bellido (2001)
NUE Total N supply including soil mineral N Grain yield Barraclough et al. (2010), Gouis et al.
depletion (2010)
NAE Applied fertilizer N amount More grain yield against zero-fertilization as control Craswell and Godwin (1984)
NRE More above-ground N uptake against zero-fertilization as Rao et al. (1992)
control
NPE More N uptake against zero-fertilization as More grain yield against zero-fertilization as control Craswell and Godwin (1984)
control
NHI More N uptake against zero-fertilization as More grain N uptake against zero-fertilization as control Daba (2017)
control

NUE, N use efficiency; NUpE, N uptake efficiency; NUtE, N utilization efficiency; NAE, N agronomical efficiency; NRE, N recovery efficiency; NPE, N physiological efficiency; NHI, N harvest index.
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Prosperity

Mean (n

3) Standard error

Sand (%) 256 0

Silt (%) 344 12

Clay (%) 40 12

Bulk density (g cm™) 151 0.04

Organic C (g kg™) 27 0 7
Total N (g kg™") 195 0

Mineral-N (mg kg™) 14.1 155
Extractable P (mg kg™') 2 1

Extractable K (mg kg™") 131 19

Extractable Ca (g kg™) 243 01 -
Extractable Mg (g kg™') 039 0

CEC (cmol kg 188 04

pH 5.8 0.1
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Parameter

Dry matter (g kg™) 79.8 +3.09 604 027 262 + 147 486 + 8.50 488 + 331 279 £ 370
Organic C (g kg'") 48.0 £ 0.60 286 + 060 656+ 194 188 £ 699 947 £ 4.38 880 £ 508 ‘
Total N (g kg™") 9.57 +0.12 5.89 + 008 5.26 +0.17 237 +588 897 +0.29 183 + 112 ‘
C:N ratio 55 49 125 79 10.6 48 ‘
NH,"-N (g kg") 290 +0.11 250 +0.11 3.86 + 0.11 456 £ 0.15 147 £ 0.01 363 +036

Total P (g kg™) 3.14+074 173 £ 0.01 3.30 +0.17 379 + 042 161 = 0.08 291 + 042 ‘
Total K (g kg™) 3.80 £ 0.01 177 £ 0.01 6.02 % 0.42 784 £ 075 396 +0.23 418 £022 ‘
pH 7.8 i 72 82 74 6.6 1

Dry matter was measured on a wet weight basis and others on a dry weight basis (mean  se; 1 = 2 for dry matter and # = 3 for others.
L6 B4 and OM tafaored 10 trastroants with Bould swine sasnure: salld swlie manire; asd compaced swing tissure:
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