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Abstract

:

A comprehensive understanding of the potential effects of conservation practices on soil health, crop productivity, and greenhouse gas (GHG) emissions remains elusive, despite extensive research. Thus, the DeNitrification–DeComposition (DNDC) model was employed to evaluate the impact of eleven commonly practiced management scenarios on ecosystem services in the Western Lake Erie Basin, USA, from 1998–2020. Out of eleven scenarios, eight were focused on corn–soybean rotations with varied nitrogen application timing (50% before planting and 50% at either fall or spring during or after planting), or nitrogen source (dairy slurry or synthetic fertilizer (SF)), or tillage practices (conventional, no-till), or cereal rye (CR) in rotation. Remaining scenarios involved rotations with silage corn (SC), winter crops (CR or winter wheat), and alfalfa. The silage corn with winter crop and four years of alfalfa rotation demonstrated enhanced ecosystem services compared to equivalent scenario with three years of alfalfa. Applying half the total nitrogen to corn through SF during or after spring-planted corn increased yield and soil organic carbon (SOC) sequestration while raising global warming potential (GWP) than fall-applied nitrogen. The no-till practice offered environmental benefits with lower GWP and higher SOC sequestration, while resulting in lower yield than conventional tillage. The incorporation of CR into corn–soybean rotations enhanced carbon sequestration, increased GHG emissions, improved corn yield, and lowered soybean yield. Substituting SF with manure for corn production improved corn yield under conventional tillage and increased SOC while increasing GWP under both tillage conditions. While the role of conservation practices varies by site, this study’s findings aid in prioritizing practices by evaluating tradeoffs among a range of ecosystem services.
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1. Introduction


Conventional agricultural practices, including intensive tillage, overuse of fertilizers, and monoculture cropping, have been linked to significant soil degradation, poor water quality, and biodiversity loss [1]. This has spurred a growing recognition among farmers and researchers of the need for sustainable production systems with an emphasis on adoption of agricultural conservation practices [2,3]. Key conservation practices encompass strategies like crop diversification [4], such as the incorporation of cover crops (CCs) and perennial crops within corn–soybean rotations, reduction of tillage to limit soil disturbance [5], and the use of organic amendments [6]. These practices offer the potential to mitigate environmental impacts through the improvement in soil health [7,8,9] and the curbing of GHG emissions [10], while maintaining and/or enhancing crop productivity [11,12].



The practice of no-tillage (NT), for instance, enables crop residues to remain on the soil surface and minimizes soil disturbance. This approach makes a substantial contribution to soil erosion reduction [13], enhancement of soil aggregation and stability [14], preservation of soil water [15], and reduction of nitrous oxide emissions [16]. Furthermore, the combination of CCs and NT has been found to increase total carbon inputs and slow down soil carbon decomposition rates [17]. Similarly, the incorporation of manure amendments has been identified as a means to enhance the rates of soil carbon accumulation [5,7]. Additionally, the diversification of crop rotations has been observed to lead to reduced N2O emissions [10,18].



The extent of the environmental benefits derived from conservation practices, however, can largely be influenced by factors such as weather, soil composition, topography, and the specific management practices employed [13,14,16,19]. Although a significant number of previous studies have highlighted the positive environmental outcomes of CCs [20,21,22], a subset of research [23,24,25] has also indicated instances of yield reductions and higher GHG emissions. Similarly, Huang et al. [17] conducted a study on a continuous corn cropping system in Kentucky, U.S. and concluded that the carbon gain of 0.22 Mg C ha−1 yr−1 in topsoil from NT practices alone is insufficient to maintain SOC levels, even in a crop rotation with considerable residue inputs. A global meta-analysis focused on the impact of manure amendments on soil C and N [26] reported that it can take up to 37 years, even after continuous application of manure, to recover just 0.47 kg m−2 C and 0.051 kg m−2 N in the top 24 cm of soil depth—a small fraction of soil nutrients that are lost during the conversion of native vegetation to cropping. These diverse findings underscore the need for further research under varying weather and soil conditions, which can help assess the impact of conservation practices and the tradeoffs between different ecosystem services.



Current approaches for monitoring the impact of conservation practices on ecosystem services primarily rely on field works [27], making it challenging to compare different conservation practices [5], especially over the long-term, which is both time-consuming and costly. Furthermore, field-based studies often produce findings at a very coarse spatial and temporal scale, leading to mixed findings regarding the impact of the conservation practices. Developing holistic and integrated strategies for improving ecosystem services associated with agricultural conservations practices require understanding how different practices interact under diverse production systems [5,28]. Since the benefits of conservation practices often become evident only after long-term adoption and may not be immediately profitable [29], long-term evaluations are essential for understanding temporal dynamics, potential delays in effects, and the stability of observed improvements over time. Moreover, assessing a broader spectrum of ecosystem services, rather than focusing on a few specific aspects, is important for understanding the interconnectedness, tradeoffs, and synergies associated with various management practices.



A common approach to bridge the knowledge gap on long-term impact of conservation practices on ecosystem services involves the use of biogeochemical or ecosystem models, which serve as alternatives to experimental studies when measurements are limited in availability or scope [30]. In recent times, process-based models such as APSIM, DSSAT, and Daycent [19,31,32] have gained traction for evaluating the impacts of conservation practices on environmental and agronomic outcomes [33,34]. Despite several prior studies focused on modeling of ecosystem services, there is a limited amount of research on a comprehensive, medium- to long-term assessment of various combinations of soil health-enhancing practices across a broad spectrum of ecosystem services, including SOC, GHG emissions, and crop productivity. Therefore, this study focuses on estimating and evaluating the effects of long-term tillage, CC use, and manure application on SOC, crop yield, and GHG emissions. For this, the study explores the use of the DeNitrification-DeComposition (DNDC) biogeochemical model.




2. Materials and Methods


2.1. Study Site


The study was conducted at one of the edge-of-field sites established in 2013 by the USDA Agriculture Research Service [35] located in Defiance County, northwest Ohio (Figure 1). The field is artificially drained with subsurface (“tile”) drainage lines installed at a depth of 1.0 m below the soil surface. The dominant soil texture is fine clay. The study site has a temperate climate with warm summers and cold winters.




2.2. Biogeochemical Model and Input Data


In this study, we used the Canadian version of DNDC (DNDC 9.5 v. CAN), a process-based model designed primarily for simulating biogeochemical processes in cool regions [36]. This model integrates six sub-modules—mineralization, nitrification, denitrification, fermentation, plant growth, and soil climate—that interact to simulate ecosystem services under various agricultural management practices and production environments [36,37]. It has the capacity to forecast crop performance [38,39,40], greenhouse gas fluxes (e.g., CO2, N2O, CH4, NOx), soil water, and temperature profiles, along with substrate concentrations [41,42] under various soil, weather, and management practices. The input data needed to run the DNDC model for this study were collected from various sources (Figure 2). Weather data consisted of historical daily maximum and minimum temperatures, precipitation, wind speed, solar radiation, and humidity collected for the period 1987 to 2020. Inorganic N deposition via rainfall was obtained from the National Atmospheric Deposition Program [43]. Soil inputs, such as textures, organic carbon, bulk density, slope, and water-related soil physical properties, were obtained from the Gridded Soil Survey Geographic Database (gSSURGO) [44]. The model was calibrated and validated for this study site as part of our previous work on the development of a DNDC model calibration approach to improve the simulation of water and nutrient dynamics [42].




2.3. Management Scenarios


The DNDC model was used to simulate the impacts of a stack of alternative management practices on a series of ecosystem services, including GHG emissions (N2O, CO2, and CH4), global warming potential (GWP), and changes in annual SOC and corn and soybean yields. Based on the inputs from farmers and the extension educators in the Western Lake Erie Basin on their preferred and commonly used management practices, eleven alternative management scenarios were developed. These scenarios involve varying combinations of crop diversity (including crop types and years in crop rotations), fertilizer types (such as manure and synthetic fertilizer), timing of synthetic fertilizer application for corn (with options including 50% prior to planting and the remaining half either in the fall, or during spring planting, or after planting), and tillage (both NT and conventional tillage (CT)) practices (Table 1). The site considered for this study is managed by a farmer and is also being used for the edge-of-field monitoring research by the USDA Agriculture Research Service [35] since 2013. Out of eleven scenarios, three management scenarios had silage corn (SC) following winter wheat (WW) or cereal rye (CR) and three to four years of alfalfa (AL), hereafter referred to as SC-AL scenarios (SN1–SN3). The SC-AL scenario, which includes SC and WW followed by three years of AL in a rotation (SN1), represents the current management practice in the study site. This practice is unique and uncommon compared to the traditional corn and soybean rotations dominant in the Midwest U.S. Therefore, we considered two baseline scenarios for comparing various management practices in our study, with the SC-AL scenario being one of them.



The remaining eight scenarios are based on corn (C) and soybean (S) rotation practices; collectively referred to as CS scenarios (SN4–SN11). Among these, the second baseline scenario (SN4) represents the corn–soybean rotation typical of the Midwest U.S. agricultural region, where 50% of the total N fertilizer is applied in the fall and remaining 50% at corn planting in the spring (Table 1). Other CS scenarios (SN5–SN11) varied from the baseline scenario in terms of CC, tillage, fertilizer source, or timing of synthetic fertilizer application to corn at the rate of 220 kg ha−1 (Table 1). SN5 and SN6 were similar to the baseline CS scenario except for the timing of synthetic fertilizer application. In SN 5, 50% SF was applied before planting and the remaining 50% at planting, whereas in SN6, 50% of total N fertilizer was applied before planting and 50% as a side dressing 28 days after planting. SN7 is similar to SN5 but with NT.



The CR after corn harvest was included in SN8 and SN9 with CT and NT, respectively. SN10 and SN11 were CS scenarios similar to SN5 but 160 kg of N was supplied with dairy slurry under CT and NT conditions, respectively. A total of about 2026 kg of C (equivalent to 30,600 gallons with 5% solids) was applied through a dairy slurry in the fall to supply 160 kg of plant-available nitrogen for corn. Manure with 10.43 kg of N per 1000 gallons of slurry was injected 5 cm below the soil surface in the fall after the soybean harvest. The factor was used to calculate the plant-available nitrogen (PAN) from fall-applied manure [51]. In the first year of application, only 33% of the organic N was considered to contribute to PAN [52]. Details on timing and management practices are provided in the supporting document (Supplementary Tables S1 and S2).




2.4. Model Simulation and Statistical Analysis


Eleven scenarios were simulated for a total of 34 years with the historical weather data starting in 1987. The first 11 years were used as a spin-up period to allow the modeled SOC levels to reach a baseline steady state as major oscillations occur in the first few years of the model runs [53,54,55]. The subsequent 23 years (1998–2020) were used for the analyses. Model outputs were averaged seasonally and annually for GHGs and GWP, and interannual variability was calculated to examine changes over time under various alternative scenarios. There were five complete sequences for SN1 (2001 to 2020), four for SN2 and SN3 (1998 to 2017), and eleven for CS scenarios (1999 to 2020) within the 23-year simulation period (1998–2020). For instance, in the SN1 scenario, different crops were planted in a specific sequence over four years. Thus, out of the 34 years, 11 were used for the model spin-up and 20 for completing five complete sequences, leaving 3 years with an incomplete sequence. Four seasons, including winter (January–March), spring (April–June), summer (July–September), and fall (October–December), were considered to examine temporal variability in model outputs. For SOC change, outputs were averaged annually, and variability in change in SOC among rotations within each scenario were calculated. Similarly, annual crop yield was averaged annually, and box plots were used to display the summary. Radar charts were used to assess differences in ecosystem services among various scenarios compared to baseline scenarios.




2.5. Climate


The annual average minimum and maximum temperatures from 1998 to 2020 ranged from 3.6 to 6.4 °C and 14.4 to 17.8 °C, respectively. The average temperature was higher in summer (21.5 °C) followed by spring (15.7 °C), fall (6.1 °C), and winter (−0.7 °C) (Supplementary Figure S1a). Spring was the wettest season with an average total precipitation of 297 mm followed by summer (270 mm), fall (209 mm), and winter (188 mm) (Supplementary Figure S1b).




2.6. Global Warming Potential (GWP)


GWP was calculated to measure the heat-trapping ability of GHGs including CO2, N2O, and CH4 emitted under different management practices into the atmosphere. It was determined by comparing the cumulative radiative forcing of these GHGs to that of an equivalent mass of CO2 [56]. The GWP was calculated following the Equation (1) [57].


GWP = CO2 + N2O × 265 + CH4 × 28



(1)








2.7. Land Use Change during the Study Period


Based on the crop land data layers spanning 2006 to 2022 obtained from CropScape [58], the study site had multiple crop rotations. The dominant rotation across most of the area consisted of corn, soybeans, and winter wheat, with alfalfa also included as a perennial crop in some sections from 2008 to 2010. Since a majority of the Midwest underwent significant land use change through the conversion of grasslands to row crop production [59,60,61], the assumption of the same crop rotation throughout the study period from 1998 to 2020 may not accurately portray the ecosystem services observed in the years prior to 2008.





3. Results


3.1. Annual and Seasonal CO2 Emission


The yearly average CO2 emissions ranged between 1723 kg C ha−1 yr−1 and 2738 kg C ha−1 yr−1 across all scenarios. The SC-AL scenario with three years of alfalfa (SN1) resulted in higher CO2 emission than the SC-AL scenarios with four years of alfalfa (SN2–SN3). The inclusion of CR as winter crop in the SC-AL scenario with four years of alfalfa led to lower emissions compared to scenario involving WW as a winter crop. Among the CS scenarios, corn fertilized with manure during winter and SF application in spring under CT resulted in the greatest annual CO2 emission (2472 kg C ha−1 yr−1) (Figure 3a). Conversely, a reduction in CO2 emissions was observed in the CS scenarios where corn was solely fertilized using SF, such as the baseline CS scenario. Use of 50% of total N as a side dressing to corn contributed to an increase in CO2 emissions when compared to applying the same amount of N at the planting (i.e., C-S[PP + P]). Adoption of NT practice into the CS system in the absence of CR (i.e., C-S[NT&PP + P], C-S[NT&M + SF]) reduced CO2 emission compared to equivalent scenarios under CT (C-S[PP + P] and C-S[M + SF]). The greatest reduction in CO2 emission (371 kg C ha−1 yr−1) under NT, as compared to a similar scenario under CT, was observed when manure-based management practices were employed in CS system. When CR was integrated in CS rotation, NT seems to be less beneficial over CT, as it resulted in slightly higher CO2 emissions (1 kg C ha−1 yr−1).



Seasonal CO2 emissions exhibited greater variation under SC-AL scenarios than the CS scenarios (Figure 3a). In the SC-AL scenarios, CO2 emissions were higher in summer followed by spring, fall, and winter, with considerable interannual variability in spring and summer. However, in the CS scenario, CO2 emissions were notably high in spring compared to summer. Across all scenarios, winter consistently exhibited the lowest CO2 emissions, accounting for approximately 6–9% of the annual emissions, followed by the fall season (Figure 3a). In general, SC-AL scenarios contributed to more CO2 emissions than CS scenarios. In the SC-AL scenarios, the summer season contributed approximately 42–43% of the annual CO2 emissions, while in the CS scenarios, the spring season accounted for approximately 38–47% of the annual CO2 emissions.




3.2. Annual and Seasonal N2O Emission


Both average annual N2O emissions and its interannual variability were higher in SC-AL than in CS scenarios (Figure 3b). The baseline SC-AL scenario resulted in more N2O than other SC-based scenarios. Among the CS scenarios, when manure was applied to corn as a supplement to SF during the fall under CT, it resulted in the highest N2O emissions. Conversely, the baseline CS scenarios exhibited the lowest levels of emissions. The application of half the total SF to corn as side dressing during spring led to increased N2O emissions than the similar CS scenarios where the same amount of SF was applied during fall or during planting. In the CS system, NT practices resulted in reduced annual N2O emissions relative to CT. CR did not cause any differences in N2O emission under CT, whereas it marginally decreased emission under NT.



The seasonal patterns of N2O flux exhibited a similar trend to that of CO2 emissions (Figure 3b). Within the SC-AL scenarios, the summer season accounted for 49–50% of total annual N2O emissions and exhibited greater interannual variability. However, in CS scenarios, emissions during spring shared 32–61% of annual emissions with greater interannual variability. Application of manure to corn during the fall to partially replace SF resulted in higher N2O emissions under both tillage practices, nearly one and half times the N2O emissions compared to the baseline CS scenario.




3.3. Annual and Seasonal Global Warming Potential


The annual GWP ranged from 2142 to 3579 CO2-eq ha−1 and it followed a trend similar to that of annual CO2 and N2O emissions across most scenarios. The GWP of SC-AL scenarios exceeded that of all CS scenarios. Among these, the baseline SC-AL scenario resulted in the highest annual GWP, while the baseline CS scenario exhibited the lowest (Figure 3c). Among the CS scenarios where SF was exclusively applied to corn and lacked CR in rotation, the scenario involving 50% of total N as spring side dressing to corn exhibited the highest GWP. The inclusion of CR in CS systems led to an increase in GWP under both tillage conditions. Among the CS scenarios, the application of manure to corn in fall as a partial replacement for SF resulted in elevated GWP, reaching up to 968 CO2 eq-ha−1 under CT compared to other CS scenarios. NT practice reduced the GWP of the CS system compared to CT (Figure 3c).



In the SC-AL scenarios, the GWP increased in the order of winter, fall, spring, and summer, with the latter season contributing 43.4% to 44.9% of the annual GWP. Similarly, in the CS scenarios, the order was winter, fall, summer, and spring, with the spring season contributing 36.8% to 45.6% of the annual GWP.




3.4. Annual Change in SOC


All scenarios resulted in higher SOC in 2020 compared to 1998 within a depth of 50 cm from the soil surface. The annual SOC change ranged between 265.7 and 809.2 kg C ha−1 yr−1 across all scenarios (Figure 4). Among the SC-AL scenarios, the scenario with WW as winter crop and four years of alfalfa in rotation retained the most SOC each year, followed by equivalent scenario with CR as winter crop.



The continuous use of NT practice increased carbon storage within a corn–soybean rotation over the 23 years period. It sequestered up to 809.2 kg C ha−1 yr−1 in the soil by 2020 when integrated with an N application that combines both manure and SF for corn compared to other CS scenarios. The use of CR in CS rotation resulted in higher SOC levels, with a more positive effect under NT. The application of 50% of the total N to corn as side dressing increased carbon sequestration (330.5 kg C ha−1 yr−1) in comparison to other CS scenarios where corn received N solely from SF and CCs were absent. Replacing a portion of total SF required for corn to supply N with manure showed the greatest potential to sequester carbon among the CS scenarios. Specifically, under CT and NT practices, the application of manure led to SOC gains of 339.1 and 498.9 kg C ha−1 yr−1, respectively, over the baseline CS scenario (Figure 4) for the study period. Moreover, substituting a portion of total SF required for corn with manure led to greater variations in SOC change from one complete crop rotation to another.




3.5. Dry Corn Silage and Corn Grain Yield


A SC-AL scenario with WW followed by four years of AL resulted in a higher dry silage yield than other SC-AL scenarios (Figure 5a). Likewise, in the CS scenarios, the highest corn grain yield was achieved when corn received a dual application of manure and SF as its N fertilizer source under CT practice. The side dressing was the best N management practice to get higher corn grain yield, particularly when N was exclusively supplied to corn via SF (Figure 5b). The NT practice resulted in a decrease in corn grain yield when compared to CT under equivalent management practices. CR demonstrated a minor corn yield advantage (31 kg C ha−1 yr−1) when combined with tillage, compared to analogous management scenarios lacking CR.




3.6. Soybean Yield


The average annual soybean yields over the twenty-three-year simulation ranged from 1142 to 1234 kg C ha−1 (Figure 5c). The CS scenarios where N was supplied to corn solely through SF in the absence of CR resulted in almost similar soybean yields. Corn fertilization with manure during fall, followed by SF in spring, resulted in lower soybean yields compared to scenarios where corn was solely fertilized with SF. The CR reduced soybean yields by 90 and 59.8 kg C ha−1 under CT and NT compared to the baseline CS scenario (Figure 5c).




3.7. Tradeoffs among the Ecosystem Services


The alternative SC-AL scenarios (SN2–SN3) compared to the baseline SC-AL scenario (SN1) were found to offer benefits, including lower GHG emissions and GWP, and higher corn dry silage yield and SOC sequestration (Figure 6a–f). Morover, the adoption of CR as an alternative to WW in the SC-AL scenario, with fours years of alfalfa in rotation, lowered CO2 emission and GWP, as well as reduced the SOC. Alternative scenarios of N application in CS rotation (SN5 and SN6) were found to be beneficial for SOC sequestration and crop yield enhancement relative to the baseline (SN4). However, they also led to higher GHGs emissions and an increased GWP. No-tillage practice exhibited superior environmental benefits with lower GHG emissions and GWP, along with higher SOC sequestration compared to tillage practice. Conversely, when it comes to provisioning services, particularly crop yields, NT practice generally demonstrated inferior performance compared to tillage practice. The incorporation of CR into CS rotation led to a mixed tradeoff in ecosystem services. While it contributed to an augmentation in carbon sequestration through an increase in SOC, it also led to an elevation in GHG emissions, and thus GWP. Similarly, it had a positive impact on corn grain yield, but conversely resulted in a decrease in soybean yield. The manure use as a partial substitute for SF to provide N to corn resulted in SOC enhancement. However, concurrently, it triggered an elevation in GHG emissions and GWP. The magnitude of this escalation was more pronounced under NT practice for SOC, and under CT for GHG emissions and GWP. Notably, the application of manure demonstrated benefits through increased corn yield only when combined with CT practice.





4. Discussion


4.1. Seasonal Fluctuations in GHG Emissions


In SC-AL scenarios, an increase in CO2 emissions during summer could be attributed to the use of manure in September before alfalfa planting, and to tilling in June to terminate alfalfa, followed by another round of tillage in July. Although CO2 emissions reached the maximum in June with the termination of alfalfa, there was a consistent release of high CO2 throughout July and August (Supplementary Figure S3a). Similar findings were observed for N2O emissions (Supplementary Figure S3e). Generally, microbial activities tend to increase following the tillage operations, leading to a rise in soil CO2 emissions [62]. Moreover, tillage enhances soil aeration by disturbing the soil, which consequently leads to an increase in GHG flux [63].



In CS scenarios under CT practice, the CO2 and N2O emissions were highest in the spring than in other seasons due to the timing of tillage practices and the application of N fertilizer (Supplementary Figure S3b–d). The initial tillage operations were performed in mid-April, followed by another round of tillage a week later. Subsequently, N fertilizer was also applied after the first tillage, and then again during the first week of May. In addition to these factors, variations in field emissions can be attributed to factors such as crop growth [64] and soil respiration, which are influenced by soil temperature and moisture levels [65] as reported by Biswas et al. [66] and Yilmaz [67]. As such, a noticeable increase in CO2 emissions can still be observed in soybean fields with an increase in temperature in the growing season despite no-tillage and fertilizer operations (Supplementary Figure S3b–d). Similarly, during the winter season, which is characterized by lower temperatures and the absence of actively growing crops, emissions were lower.




4.2. Annual CO2 and N2O Emissions


All scenarios involving manure application resulted in more CO2 than scenarios without manure. Our findings are in agreement with previous studies that have reported higher CO2 emissions from fields treated with manure compared to fields where only SF was used [68,69,70,71]. A global meta-analysis on the impacts of manure application on soil carbon balance reported 27.6% higher CO2 emissions associated with manure applications compared to chemical fertilizers [72]. The addition of manure as a substrate increases microbial biomass, which in turn stimulates better root growth and higher root respiration [73], contributing to increased CO2 emissions [72,74].



Similarly, our study indicated that prolonged application of manure can lead to a gradual accumulation of C in the soil, which can result in increased N2O emissions. Our findings are in agreement with a prior modeling study by Deng et al. [34] in which N2O emissions from agricultural systems treated with poultry manure and inorganic fertilizer were estimated for over 100 years. The study reported that manure application can result in the highest annual N2O emission as quickly as 40 years. This increase in N2O emission may result from increased SOC from manure amendments, which provides more substrate, serving as an energy source for the microbial communities to thrive [75], which in turn induces denitrification [34,76].



The presence of alfalfa, which generally has a higher dinitrogen fixation capacity than soybean [77], could be the contributing factor to higher N2O emissions in SC-AL scenarios. In addition to N fixing capacity of alfalfa, the breakdown of its fine roots after alfalfa termination enhances soil N availability, which promotes denitrification and hence higher N2O emissions [78,79].



In this study, in most cases, both CO2 and N2O emissions were lower under NT than CT. The lower emissions under NT are consistent with findings from previous field studies [42,75,80]. The tillage practice impacts the decomposition of SOC and crop residues, subsequently influencing the carbon and nitrogen pools in the soil [81]. When crop residues are partially removed from the field, they tend to accumulate on the soil surface under NT. These accumulated residues decompose at a slower rate compared to when they are incorporated into the soil through tillage, which disturbs the soil, increases soil temperature and aeration, and promotes the formation of macroaggregates that favor microbial population [82]. Consequently, the decomposition rate increases [81,82], leading to higher emissions. However, with CR in CS rotation, the model predicted an equal magnitude of CO2 emissions under both CT and NT.



Typically, tillage increases the rates of residue N mineralization and soil nitrate availability, which in turn stimulates increased denitrification processes. A minimal difference in N2O emissions between tillage practices observed in this study may partly be attributed to the effect of tile drains on nutrient dynamics. Tile drainage improves soil drainage, which promotes aerobic conditions within the soil and increases the likelihood of soil nitrate transport down the soil layers, thereby reducing N2O emissions [83].



CS scenarios with CR exhibited higher annual CO2 emissions compared to similar scenarios without CR. This can be attributed to the increased soil carbon inputs resulting from the incorporation of CR residues into the soil. The higher carbon substrates, microbial activity, and soil respiration associated with CR contribute to elevated CO2 emissions [84,85]. A global meta-analysis that examined the effects of CCs on GHG emissions, based on 41 field-based experiments (including nine in or near the Midwest region), also reported increased CO2 emissions with the presence of CCs compared to their absence [86]. On the other hand, CR has no significant effect on N2O emissions under tilled conditions. This can be explained by the fact that biomass with a high carbon-to-nitrogen (C:N) ratio can result in partial immobilization of N [87]. Due to this reason, the CR incorporation might have caused N2O emissions similar to other scenarios without CR. The lower N2O emissions observed under NT with CR residue are consistent with findings from other studies [85,86].



When chemical fertilizers were the sole N source for corn in CS scenarios with no CR, the side dressing of chemical N fertilizer led to higher CO2 and N2O emissions compared to other scenarios. Based on an experiment conducted in Purdue, Illinois, in 2010 and 2011, Burzaco et al. [88] observed higher N2O-N flux by 0.6 kg with a side dressing of chemical fertilizer compared to pre-emergence applications. This difference was attributed to several factors, including higher water-filled pore spaces, higher temperature, and greater availability of mineral N. In the SN6 scenario of this study, half of the total N from SF was applied to corn on June 3rd. In other similar CS scenarios without side dressing, the same amount of N was applied to corn on May 6th, at the time of planting. However, the average maximum and minimum temperatures in June were 4.8 °C and 5.3 °C higher, respectively, compared to May. Therefore, higher temperatures and availability of mineral nitrogen might have played a major role in higher N2O and CO2 emissions with side dressing compared to the early application of chemical N fertilizer. Typically, the addition of N fertilizer increases microbial activities, which results in higher CO2 fluxes [89] along with N2O.




4.3. SOC Change


Manure application was found to be a contributor to the buildup of SOC, as evidenced by the increased SOC levels in the scenario where manure was applied compared to the scenarios where only chemical fertilizer was used to supply N to corn. This finding is consistent with prior studies. A meta-analysis reported that manure application leads to a greater increase in soil carbon stock rates when compared to other practices, such as crop residue, inorganic N fertilizers, and CCs on changes in SOC [7].



Cover crops play a significant role in increasing carbon sequestration, with sequestration rates ranging from 0.1 to 1 Mg C ha−1 yr−1 depending on factors such as initial soil carbon levels, the number of years the cover crops were planted, and biomass production [90]. In this study, CR in CS rotation was associated with increased SOC compared to similar CS scenarios without CR (Figure 3). Long-term (>20 years) simulation studies have shown a similar increase in SOC level from incorporating over-winter CCs in crop rotations [91,92,93]. Austin et al. [94] observed a significant portion of soil C in the top 10 cm of soil originated from mineralized C inputs after its termination, suggesting that CC incorporation in rotations every year results in soil C accumulation. Therefore, CC detritus is mainly responsible for annual changes in the SOC [17,92].



Consistent with prior studies [17,95,96,97], our results also demonstrated higher SOC sequestration under NT compared to CT. Under NT practices, crop residues or manure tend to accumulate on the soil surface. This accumulation has several effects, such as modifying soil temperature [62] and promoting slow [81,98] and partial [98] decomposition of the residues. As a result, carbon losses are reduced, leading to lower loss of soil C through CO2 emissions [62].




4.4. Dry Silage, Corn, and Soybean Grain Yield


Corn grain yield in the CS scenarios was higher when manure partially substituted SF as a N source. This increase in corn grain yield is expected due to improvements in soil structure, water-holding capacity, and soil fertility status resulting from the continuous application of manure [99]. These improvements provide favorable conditions for plant growth and development, ultimately leading to enhanced crop yield. This suggests that manure could be used as a supplement to chemical N fertilizer and can be equally effective in promoting crop growth and yield as chemical N fertilizer. O’Brien and Hatfield [100], in their meta-analysis, concluded that row crops fertilized with manure can achieve similar yields to those fertilized with SF if the manure is applied based on plant available N. Furthermore, the silage corn–WW–alfalfa scenario with four years of alfalfa cultivation may be a better option compared to three years of alfalfa or replacing wheat with CR.



Prior studies have reported mixed findings regarding the impact of CCs on crop yields [20]. In our study, we observed a slight advantage of CR in corn yields under tilled conditions. Research conducted by the Iowa Learning Farms and Practical Farmers of Iowa on cooperating farms from 2009 to 2012 reported that CR did not significantly affect corn yields, and with proper management, CR does not hurt corn yield [101]. However, the incorporation of CR into the soil before soybean planting lowered the soybean yields under both tilled and NT conditions. In field conditions, rye causes allelopathic effects on the following crop [102], which reduce soybean yields. Tyler [103] also observed lower average soybean yields with CR under both CT and NT from three-year research in Stoneville, Mississippi.



The lower corn yield under NT compared to CT practices observed in this study is consistent with the number of previous studies [104,105,106,107]. There are multiple reasons for a lower corn yield under NT. These include the accumulation of residues on the soil surface, which reduces soil temperature [108] and delays seed germination and emergence, leading to poor crop establishment [109]. Additionally, poor root growth can occur due to increased penetration resistance [108,110,111]. Though NT enhances SOC levels, the nutrient supply capacity is reduced due to a higher fraction of macroaggregates that are resistant to microbial decomposition [112].



Corn plants rapidly uptake nitrogen in active growth stages in summer; therefore, splitting the total N dose before planting and after planting as a side dressing helps to improve nitrogen use efficiency [113]. Corn requires high amounts of N only after four weeks of planting as only five percent of N is required for the first four to six weeks after planting [114]. Hence, the application of chemical fertilizer as a side dressing 28 days after planting when the plant’s demand for N is greatest might have improved the N uptake, leading to better crop growth and yield. Purucker and Steinke [115] have also found greater agronomic efficiency with split application of N fertilizer as pre-emergence and side dressing during the vegetative phase than with only pre-emergence application in Michigan corn fields. Similar advantages of side dressing over a single-pass N application strategy have been demonstrated by other researchers in the United States [116].





5. Conclusions


This study used a calibrated and validated DNDC model to assess the impacts of tillage, CCs, and fertilizer practices on SOC, GHG emissions, and crop productivity in corn-based cropping systems in the U.S. Midwest. Based on 23 years of simulation, the partial substitution of SF with manure enhanced corn yields by 7.2% compared to the baseline CS scenario under tilled conditions while causing a slight reduction in soybean yields by 0.6 and 1.3% under CT and NT practices, respectively. Additionally, continuous application of manure improved SOC levels up to 339 and 499 kg ha−1 yr−1 by year 23 under CT and NT, respectively, compared to year 1. However, this practice also resulted in higher GHGs emissions from corn–soybean systems compared to SF scenarios. The NT practice slightly reduced corn grain yields compared to CT but increased SOC levels. The fall application of SF lowered GWP. However, it was accompanied by reduced corn grain yields and a lower increase in SOC compared to alternative N fertilization methods. The CR contributed more to global warming through GHG emissions from CS rotation, but it improved SOC under two tillage practices with minimal impact on crop yield. The silage corn followed by WW and four years of alfalfa offered a comparative advantage in terms of dry silage yield over the same rotation with three years of alfalfa. While the study offers comprehensive insights into the potential agronomic and environmental benefits of adopting various management practices with and without manure and/or CR, the high spatial and temporal variability of soil, weather, and management conditions that vary from site to site could limit the applicability of these findings to other areas with different weather and soil conditions.
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Figure 1. Location of the study area within the sub-basin of Maumee River Watershed. 
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Figure 2. Data and their potential sources for setting up the DNDC model for the MRW. Note: * sign denotes data source; gSSURGO [44], SPAW [45], PRISM [46], NASA [47], USDA NASS [48], Kalcic et al. [49], Panuska [50]. 
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Figure 3. Seasonal and annual (a) CO2 (kg C ha−1) emissions, (b) N2O emissions (kg C ha−1), and (c) GWP (CO2 eq-ha−1) by scenario. Note: SN1–SN3 are silage corn and alfalfa-based scenarios, and SN4–SN11 are corn and soybean rotation-based scenarios. SN1 and SN4 are the two baseline scenarios considered in the study. Error bars represent variability. 
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Figure 4. Annual change in SOC (kg C ha−1 yr−1) during 1998–2020. Note: Variation represents SOC change from one complete crop rotation sequence to another. 
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Figure 5. Simulated (a) corn dry stover yield (kg C ha−1 yr−1), (b) corn grain yield (kg C ha−1 yr−1), and (c) soybean yield (kg C ha−1 yr−1) under different scenarios during 1998–2020. Note: A line dividing the interquartile range denotes the median, and the solid black circle inside the interquartile range denotes the mean. 
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Figure 6. Percent change in average annual GHGs emissions (CO2, N2O), GWP, crop yield and SOC in various SC-AL and CS scenarios relative to their baseline scenarios. Note: While SN1 is the baseline scenario for SC-AL scenarios (i.e., SN2–SN3), SN4 is the baseline scenario for CS scenarios (i.e., SN5–SN11). In estimation of percent yield change, corn silage was considered for SC-AL scenarios, and corn and soybean yields were considered for CS scenarios. 
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Table 1. Cropping system and management details considered in the study.
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SN

	
Cropping System

(Scenario)

	
Tillage

	
Cover Crops

	
Fertilizer

	
Details






	
Silage corn and alfalfa-based scenarios (SC-AL scenarios)




	
1

	
SC-WW-AL×3

(SN1)

	
Yes

	
No

	
M + SF

	
Current practice in the field under study




	
2

	
SC-WW-AL×4

(SN2)

	
Yes

	
No

	
M + SF

	
Same as SN1 but with four years of alfalfa




	
3

	
SC-CR-AL×4

(SN3)

	
Yes

	
Yes

	
M + SF

	
Same as SN2 but with cereal rye as a cover crop during winter




	
Grain corn and soybean-based scenarios (CS scenarios)




	
4

	
C-S[F + P]

(SN4)

	
Yes

	
No

	
SF

	
A common cropping system in the Corn Belt Region with corn fertilized with SF (50% in fall and 50% at planting in spring)




	
5

	
C-S[PP + P]

(SN5)

	
Yes

	
No

	
SF

	
Same as SN4 but with a spring application of SF before and at planting (50% PP and 50% P)




	
6

	
C-S[PP + SD])

(SN6)

	
Yes

	
No

	
SF

	
Same as SN5 but with 50% of total SF before planting and the remaining 50% as a side dressing at 28 days after planting




	
7

	
C-S[NT&PP + P]

(SN7)

	
No

	
No

	
SF

	
Same as SN5 but with no-tillage




	
8

	
C-CR-S[PP + P]

(SN8)

	
Yes

	
Yes

	
SF

	
Same as SN5 but with cover crop and tillage




	
9

	
C-CR-S[NT&PP + P]

(SN9)

	
No

	
Yes

	
SF

	
Same as SN8 but with no-tillage




	
10

	
C-S[M + SF])

(SN10)

	
Yes

	
No

	
M + SF

	
Same as SN5 but with the use of manure as a substitute for fall SF and spring SF at planting




	
11

	
C-S[NT&M + SF])

(SN11)

	
No

	
No

	
M + SF

	
Same as SN10 but with no-tillage








SN—scenario, SC—silage corn, WW—winter wheat, AL×3—alfalfa for three years, AL×4—alfalfa for four years, CR—cereal rye, C—grain corn, S—soybean, P—planting, PP—prior to planting, SD—side dressing, NT—no-tillage, M—manure; dairy slurry was applied based on plant-available nitrogen to supply 160 kg N at fall (15th October after soybean harvest) in CS scenarios. The slurry was incorporated 5 cm below the soil surface. The remaining 60 kg N was applied at the time of planting through the synthetic nitrogen fertilizer. SF—synthetic fertilizer; anhydrous ammonia and urea were used as of synthetic fertilizer sources.
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