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Abstract

:

Diversifying agronomic production systems by combining crops and livestock (i.e., Integrated Crop Livestock systems; ICL) may help mitigate the environmental impacts of intensive single-commodity production. In addition, harvesting row-crop residues and/or perennial biomass could increase the multi-functionality of ICL systems as a potential source for second-generation bioenergy feedstock. Here, we evaluated non-CO2 soil greenhouse gas (GHG) emissions from both row-crop and perennial grass phases of a field-scale model ICL system established on marginally productive, poorly drained cropland in the western US Corn Belt. Soil emissions of nitrous oxide (N2O) and methane (CH4) were measured during the 2017–2019 growing seasons under continuous corn (Zea mays L.) and perennial grass treatments consisting of a common pasture species, ‘Newell’ smooth bromegrass (Bromus inermis L.), and two cultivars of switchgrass (Panicum virgatum L.), ‘Liberty’ and ‘Shawnee.’ In the continuous corn system, we evaluated the impact of stover removal by mechanical baling vs. livestock grazing for systems with and without winter cover crop, triticale (x Triticosecale neoblaringhemii A. Camus; hexaploid AABBRR). In perennial grasslands, we evaluated the effect of livestock grazing vs. no grazing. We found that (1) soil N2O emissions are generally higher in continuous corn systems than perennial grasslands due to synthetic N fertilizer use; (2) winter cover crop use had no effect on total soil GHG emissions regardless of stover management treatment; (3) stover baling decreased total soil GHG emissions, though grazing stover significantly increased emissions in one year; (4) grazing perennial grasslands tended to increase GHG emissions in pastures selected for forage quality, but were highly variable from year to year; (5) ICL systems that incorporate perennial grasses will provide the most effective GHG mitigation outcomes.
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1. Introduction


Diversifying agricultural systems by integrating livestock with row-crop production (i.e., Integrated Crop Livestock, ICL, systems) has the potential to increase economic and environmental resiliency and could help mitigate greenhouse gas (GHG) emissions from the agricultural sector [1,2,3]. Livestock integration can include grazing of annual crop residues, winter cover crops, or perennial grasslands [4,5]. Cash crop residues (i.e., stover), some cover crops, and perennial grasses can also be used as biomass feedstocks for second-generation biofuels, further diversifying the array of ICL system-based products while providing a low-carbon alternative to fossil fuels [6,7].



One component of ICL system adoption may include the conversion of existing cropland to grassland for supporting grazing and/or biofuel production. While shifting current land-use from highly intensive to lower-input production practices is key to mitigating the rise in atmospheric GHG concentrations [8,9], such conversions on highly productive croplands can have limited carbon sequestration benefits [10]. In contrast, the conversion of marginally productive lands from row-cropping to grass-based agriculture can increase farm profitability and environmental sustainability by integrating perennial vegetation [6,11].



The environmental and ecosystem service benefits of maintaining existing perennial vegetation or converting marginal land from cropland-to-grassland include reduced soil erosion, better soil health, increased soil organic carbon (SOC) sequestration, improved water quality, and greater habitat for wildlife and pollinators, among others [3,4,12]. Less clear are the impacts of ICL systems on soil emissions of non-CO2 GHGs (i.e., nitrous oxide, N2O; methane, CH4), particularly how livestock grazing of crop residues, cover crops, and perennial grasses affects these emissions. Soil emissions of non-CO2 GHGs are generally lower under perennial grasses compared to row-crops soils due to lower fertilizer N inputs [7,13,14,15]. When grazing is incorporated, decreasing fertilizer use as well as decreasing the intensity of grazing (i.e., lower stocking rates, using multi-paddock/rotational/flash grazing vs. continuous grazing) can decrease system GHG emissions compared to more conventional continuous grazing practices [16,17,18]. Soil GHG responses to grazing of crop residues, cover crops, and perennial grasses, however, are highly variable, reflecting the spatial and temporal complexity arising from interactions between ICL system design and management of row-crop, perennial grass, and livestock components [19,20]. Similarly, soil GHG responses to mechanical removal of annual or perennial biomass for offsite livestock use or bioenergy feedstock can also be highly variable as a result of site-specific interactions between weather, management, manure inputs, and soil conditions [21,22,23].



In this study, we evaluated short-term (<3 years) non-CO2 soil greenhouse gas (GHG) emissions from both row-crop and perennial grass phases of a field-scale model ICL system established on marginally productive, poorly drained cropland in eastern Nebraska USA. This model ICL system demonstration site included 8 ha of continuous corn (Zea mays L.) production where non-grain crop residue (i.e., stover) removal occurred by grazing or mechanical baling, with or without a winter cover crop (hexaploid triticale, x Triticosecale neoblaringhemii A. Camus); 4 ha each of ‘Newell’ smooth bromegrass (Bromus inermis L.), a cool-season pasture grass selected for improved digestibility [24]; ‘Liberty’ switchgrass (Panicum virgatum L.), a high-yielding, winter-hardy warm-season grass cultivar developed for bioenergy production [25]; ‘Shawnee’ switchgrass, a warm-season grass cultivar developed for improved forage quality [26]. Our objectives were to determine how growing season (GS) soil GHG emissions responded to (1) grazing or baling of row-crop residues, with and without cover crop use, and (2) different grazing practices (non-, flash-, or conventionally grazed) on different perennial grasses, including a bioenergy cultivar. We also compared GHG emissions between row-crop and perennial phases of this ICL system. These findings are expected to contribute to the growing body of published information to clarify how soil emissions of non-CO2 GHGs respond to various aspects of agricultural management within the multi-functional context of ICL systems.




2. Materials and Methods


2.1. Site Description and Experimental Design


The field study was located at the University of Nebraska-Lincoln’s Eastern Nebraska Research and Extension Center near Ithaca, Nebraska (41°09′20.4″ N, 96°26′47.2″ W). The site was established in 2015 on 20 ha of non-irrigated, marginally productive cropland. Cropland was defined as marginally productive because ~40% of the site area is classified as somewhat poorly drained. Soils were silt loams and silty clay loams of soil series common to this region: Tomek (Fine, smectitic, mesic Pachic Argiudoll; 40%); Filbert (Fine, smectitic, mesic Vertic Argialboll; 27%); Yutan (Fine-silty, mixed, superactive, mesic Mollic Hapludalf; 20%); Fillmore (Fine, smectitic, mesic Vertic Argialboll; 13%) [27]. Long-term mean annual precipitation and mean annual temperature were 747 mm and 9.9 °C, respectively [28]. Weather data were collected from a weather station located 600 m SE of the ICL system (Station ID Mead 6S). During the growing season (April–October) of 2017, 2018, and 2019, the site received 675, 537, and 633 mm of rainfall, respectively.



Of the 20 ha site area, 8 ha were planted to continuous corn production in 2015, 8 ha were planted to perennial grass in 2015 (4 ha each Newell smooth bromegrass and Liberty switchgrass), and 4 ha were planted to Shawnee switchgrass in 2006. Hereafter, these treatments are referred to as “Newell,” “Liberty,” and “Shawnee,” respectively. The 8 ha continuous corn area consisted of a randomized complete block design in 3 blocks (2.7 ha each) to assess corn stover removal practice (no removal, mechanical baling, or livestock grazing) and winter cover crop use (with or without triticale). Grazed subplot sizes were twice as large as non-grazed subplots to accommodate forage needs for cattle (grazing management described below).



In the remaining 12 ha of site, land was split into three 4 ha pastures, each with a different perennial grass. To measure soil and GHG fluxes, three pseudo-replicate areas within each 4 ha pasture were selected at random across the pasture landscape. An open-top cattle exclusion cage made of welded wire fencing (2 m W × 4 m L × 1.2 m H) was installed at each pseudo-replicate location and partitioned into two 2 m subsections plus a non-exclosed 2 m segment immediately adjacent to the exclosure. Each subsection was used for one of three grazing treatments: non-grazed and flash-grazed were within the exclosure, and conventionally grazed was in the adjacent area outside the exclosure. The non-grazed subsection was permanently exclosed for the duration of the study. The flash-grazed subsection was open for the first seven days of grazing during each conventionally grazed period, after which flash-grazed GHG bases were closed off from grazing. The conventionally grazed subsections were always open for continuous grazing when livestock were present in the pasture. Exclosures were located 50–150 m apart from each other within each pasture to ensure spatial representation of the pasture area. Exclosed areas were also used for measuring baseline soil properties in addition to soil GHGs (described below). All grazing in annual row-crop and perennial phases of the ICL system was done with crossbred yearling steers each year.




2.2. Row-Crop Management and Grazing of Stover, Cover Crop


Corn was planted in late April in 76 cm rows (~65,240 seeds ha−1). Nitrogen fertilizer was applied prior to planting in late April with 140 kg N ha−1 applied as UAN (28-0-0) using a multi-row applicator with injector coulters between corn rows to a soil depth of ~10 cm. Pre- and post-emergent herbicides were also applied. Corn grain was harvested in mid-late September, followed by triticale planting in early October. Triticale was planted at a rate of 112 kg ha−1 using a no-till drill with 9 cm row spacing. Stover removal by baling occurred after grain harvest (i.e., early October) in 2016 and 2017 using commercial hay equipment (self-propelled windrower with disc header knives and a large, round baler) approximating a ~50% removal rate.



Grazing duration was determined by initial cattle weight, grazing date, and corn yield for each year. Differences in grazing duration, across years, were largely the result of corn residue availability differences between 2018 and 2019. Stover removal by fall stalk grazing occurred in 2018 only for 10–14 days after triticale planting. As triticale biomass was very low, subplot areas with and without cover crop were combined for livestock grazing (total grazed subplot area = 1.35 ha−1 per block). In 2018, stover was grazed for 16 days (27 September to 12 October) with 6 steers (460 kg hd−1). In 2019, stover was grazed 7 days (23 October to 29 October) with 6 steers (379 kg hd−1). Triticale was chemically terminated in spring the following year approximately 10 days prior to corn planting.




2.3. Perennial Grass Grazing Management


All grass cultivars were planted at a rate of 7.8 kg ha−1, or ~320 Pure Live Seed (PLS) m−2, using a no-till drill with 9 cm row spacing at the time of establishment (2015 for Newell and Liberty; 2006 for Shawnee). No fertilizer application and no grazing occurred in 2015 and 2016 to allow for adequate stand establishment. All perennial grass pastures were mechanically harvested for hay in 2016 (7 June for Newell, 15 November for Liberty and Shawnee). Beginning in 2017, each pasture received 56 kg N ha−1 annually in late April–early May and grazing was initiated. Both Liberty and Shawnee pastures were hayed in mid-November 2017–2019, corresponding with a post-killing frost harvest which is the recommended best management practice for harvesting warm-season perennial grasses for biofuel feedstock [29]. Fall biomass removal of switchgrass was considered a part of warm-season grass management and therefore not evaluated as a separate treatment within the switchgrass pastures.



In 2017, Newell was grazed for 21 days in the spring (18 May to 8 June) by 18 steers (342 kg hd−1). The steers were then moved to flash graze Liberty for 7 days (13–20 June). The same steers (367 kg hd−1) were then moved to graze Shawnee for 73 days (20 June to 1 September). The steers were moved back to Newell to graze smooth bromegrass re-growth for 29 days (7 September to 6 October). In 2018, 18 steers (394 kg hd−1) grazed Newell for 31 days (2 May to 1 June). The herd was then equally divided, moving 9 steers (416 kg hd−1) to graze Liberty and 9 steers (413 kg hd−1) to graze Shawnee for 79 days (11 June to 29 August). The herd was then recombined, and the 18 steers (457 kg hd−1) returned to graze the regrowth of Newell smooth bromegrass pasture for 13 days (5–18 September). Grazing in 2019 was managed identically to 2018, with 18 steers (289 kg hd−1) grazing Newell for 26 days (3–29 May), followed by splitting the herd and moving 9 steers (339 kg hd−1) to graze Liberty and 9 steers (340 kg hd−1) to graze Shawnee for 79 days (5 June to 23 August). The herd was again recombined after switchgrass grazing and the 18 steers (362 kg hd−1) returned to graze Newell regrowth for 23 days (3–26 September).




2.4. Baseline Soil Sampling


Baseline soils data were collected during the study establishment phase on 14 June 2016 using a hydraulic soil sampling system. In the continuous corn treatments, three cores (3.1 cm DIA) equally spaced along a linear transect through each plot were sampled and composited by depth increment (0–5, 5–15, 15–30, 30–60, 60–90, 90–120 cm). In the perennial grass pastures, two soil cores were sampled within each of the three grazing treatment subsections of each exclosure and composited by the same depth increments described above.



Soils were air-dried, homogenized, and passed through a 2 mm sieve prior to soil chemical analyses. Soil bulk density was determined by using the volume and dry weights (dried at 105 °C) from the sample cores [30]. Soil electrical conductivity (dS m−1) and pH were determined in solution after extraction with deionized water (1:1 soil:water ratio) using a combination electrode (Orion Star A215; Thermo Fisher, Waltham, MA, USA). A subsample of sieved soil was finely ground then analyzed for total carbon and nitrogen (%) using dry combustion (FlashEA 1112 Series NC Soil Analyzer; Thermo Fisher) [31]. A subsample of sieved soil was sent to a commercial testing lab for determination of exchangeable cations (K, Ca, Mg, Na) (Ward Laboratory; Kearney, NE, USA). For this study, baseline soil values were aggregated into means weighted by increment depth for the top 30 cm of soil (Table 1).




2.5. Soil Greenhouse Gas Emissions


Soil GHG emissions were sampled in all treatments in the continuous corn system (RCBD) and perennial grass system (pseudo-replicates) throughout the 2017–2019 growing seasons, regardless of whether the treatment was implemented or not in any given year. Soil GHGs were measured using vented static chambers following the standardized protocols from the USDA-ARS’s Greenhouse gas Reduction through Agricultural Carbon Enhancement network (GRACEnet) [32,33,34]. Sampling chambers were covered with reflective insulation to help maintain temperature, and both sampling chambers and bases were built with 20-gage stainless steel. The bases covered an area of 1707 cm2 (52.7 × 32.4 cm) and were installed to a soil depth of 5–7 cm, leaving 5–7 cm aboveground. One chamber base was used per experimental unit. In the corn system, the base was placed perpendicularly such that the corn row was ~1/3 inside the chamber area, parallel to the short edge of the chamber. The remainder of the base extended into the between-row area, resulting in a total footprint of 2:1 between-row to in-row microsite area. The between-row microsite included the fertilizer injection furrow. Bases were removed during any field operations that required machine traffic then re-installed when management was complete. The immediate effects of soil disturbance on GHG emissions following base installation were allowed to dissipate for a minimum of 24 h [35], but typically 2–4 days before gas sampling.



Headspace gas samples (25 mL) were collected via syringes and then injected into 12 mL evacuated vials at time 0, 10, 20, and 30 min for each sampling event. Over-pressurization of vials ensured that sufficient sample would be available for automated GHG analysis in the laboratory (described below). Samples were taken during the morning of each sampling date to account for diurnal variability and approximate daily average temperature. Repeated sampling occurred throughout the growing season (April–October) each year as weather, ground conditions, and resources allowed. Eight sampling events occurred during the 2017 growing season, 5 events in the 2018 growing season, and 9 events in the 2019 growing season. Additional data collected on each sampling date for making flux-suppression corrections (described below) included air temperature, soil temperature at 15 cm, and soil moisture from 0 to 15 cm depth measured with a handheld time domain reflectometer (FieldScout TDR 300; Spectrum Technologies, Aurora, IL, USA) with a site-specific calibration.



Sample GHG concentrations were analyzed within 10 d of sample collection using a headspace autosampler (CombiPAL; CTC Analytics, Zwingen, Switzerland) connected to a gas chromatograph (450-GC; Varian, Middelburg, the Netherlands) with different detectors for simultaneous measurement of N2O (electron capture detector), CH4 (flame ionization detector), and CO2 (thermal conductivity detector). Only N2O and CH4 data are reported here. Soil N2O and CH4 fluxes were calculated as the linear or quadratic change in the gas concentration in the headspace over time in the enclosed chamber volume [36,37]. Additionally, the soil N2O fluxes were corrected for suppression of the surface–atmosphere concentration gradient [38]. Positive or negative GHG fluxes were considered non-zero when rates exceeded the flux detection limit calculated by ambient gas concentration, analytical precision, and chamber deployment time [39]. Cumulative growing season N2O and CH4 emissions for each year were calculated by linear interpolation of daily emissions between sampling dates and summing daily emissions over the growing season (i.e., trapezoidal integration). Positive total growing season flux values indicated that soils were a GHG source, and negative values indicated that soils were a GHG sink.




2.6. Statistics


Statistical analyses to determine the effects of grazing management and crop residue management on growing season GHG fluxes were conducted separately for each phase of the ICL system due to experimental design differences. Moreover, separate analyses were completed for each year of the study to account for seasonal differences in management practice and/or uneven number of GHG sampling events across years (described below).



The continuous corn system was evaluated as a randomized complete block design to test the main and interaction effects of corn stover management (retained, grazed, or baled) and winter cover crop use (with or without triticale). In the continuous corn system, stover was removed by baling in fall 2016 and 2017 only, which would be expected to affect 2017 and 2018 growing season emissions, respectively. No grazing occurred in 2017 and 2018, so those experimental units were assigned as the “no removal” stover removal treatment. Therefore, 2017 and 2018 GHG emissions from corn were evaluated for the main and interaction effects of stover removal (no removal, baling) and cover crop (with or without triticale). Fall stover grazing occurred only in 2018 and was expected to affect 2019 growing season GHG emissions. Similarly, fall 2019 stover grazing was expected to affect 2020 growing season GHG emissions, but those emissions were not measured because the experiment was terminated in the spring of 2020 prior to the start of the growing season. Although stover was not baled in 2018, the experimental assignments were retained as “baled” due to baling history (2016, 2017). As a result, 2019 data were evaluated with their original assigned treatments (i.e., three levels of stover removal, two levels of cover crop).



The perennial grasslands were evaluated as a pseudo-replicated split plot design to test the main and treatment interaction effects of grass type (Newell, Liberty, Shawnee) and grazing management (non-grazed, flash grazed, conventionally grazed). Only one grazing treatment variance occurred in 2017 when Liberty was flash grazed only (i.e., no convention grazing). No treatment modifications occurred in 2018 or 2019.



In addition to the phase-specific analyses above, we also assessed whether different land-use affected soil GHG emissions (i.e., perennial grassland vs. annual corn production). For each year of the study, significant main or interaction means from perennial grass and continuous corn phases determined above were then compared using contrast statements. Given the experimental design differences between the perennial grass and corn phases of this ICL system, contrast statements were unbalanced because the most granular level of data were used.



All statistical tests were performed with SAS v9.3 [40]. Normality and homogeneous variance were evaluated using the conditional studentized residuals and the UNIVARIATE procedure, and data was ln-transformed when necessary. Main and interaction effects were evaluated with PROC GLIMMIX, and least significant means were reported for significant main effects or significant interactions. Significance was set at p < 0.05, and 0.05 < p < 0.10 was considered marginally significant. All treatment values are reported as untransformed means ± standard errors.





3. Results


3.1. Growing Season Soil CH4 Fluxes


3.1.1. Continuous Corn


Total growing season (GS) soil CH4 fluxes in the continuous corn system were low and fluctuated around zero for all years and treatments, showing slight positive fluxes (i.e., CH4 emission) or slight negative fluxes (i.e., CH4 consumption) (Figure 1). Stover and cover crop treatments affected soil CH4 in 2017 only, when there was a significant stover-by-cover crop interaction (p = 0.041). Soils CH4 emissions were highest in 2017 when stover was baled and no triticale cover crop was present (0.24 ± 0.06 kg C ha−1). All other treatment means were not significantly different from zero (no removal/no triticale = −0.04 ± 0.04; no removal/with triticale = −0.05 ± 0.14; baled/with triticale = −0.14 ± 0.05 kg C ha−1). In 2018, total GS soil CH4 emissions were significantly greater than zero when no stover was removed, but there were no significant treatment effects (2018 mean = 0.14 ± 0.03 kg C ha−1). In 2019, total GS soil CH4 emissions were significantly greater than zero when stover was baled and triticale cover crop was present, and when stover was grazed with no triticale present. There were no significant main or interaction treatment effects (2019 mean = 0.72 ± 0.34 kg C ha−1).




3.1.2. Perennial Grass


Total GS CH4 fluxes in perennial grass pastures were low and fluctuated around zero (Figure 1). In 2017, there was no effect of grazing and only the main effect of grass type was significant (p = 0.001). Growing season CH4 fluxes were not different between soils under Newell and Liberty (0.17 ± 0.05 and 0.03 ± 0.05 kg C ha−1, respectively), but Liberty fluxes were not significantly different from zero. Growing season CH4 fluxes were the lowest in Shawnee among all pasture treatments, indicating significant CH4 consumption (−0.16 ± 0.05 kg C ha−1). In 2018, the grass type-by-grazing interaction was significant (p = 0.007), and all treatment means were significantly greater than zero except for non-grazed soils in Shawnee pasture. Soil CH4 emissions tended to be numerically greatest in non-grazed Newell pasture and lowest in Shawnee pasture. In 2019, the grass type-by-grazing interaction was marginally significant (p = 0.061), with only two treatment means significantly greater than zero (non-grazed Newell, conventionally grazed Liberty).





3.2. Growing Season Soil N2O Emissions


3.2.1. Continuous Corn


Total GS N2O fluxes in the continuous corn system were positive (i.e., emissions) over the three-year study for almost all treatment combinations. In 2017, there were no significant treatment effects, and all soils were N2O sources (2017 mean = 5.5 ± 0.9 kg N ha−1). In 2018, there were no significant treatment effects and only soils with no stover removal (with and without triticale) had N2O emissions significantly greater than zero (2018 mean = 4.6 ± 1.4 kg N ha−1). In 2019, there was a main effect of stover removal treatment only (p = 0.044) on GS N2O emissions and only soils that were grazed (with and without triticale) had fluxes significantly greater than zero (Figure 2a).




3.2.2. Perennial Grass


Total GS N2O fluxes in the perennial grass systems were positive over the three-year study for almost all treatment combinations. In 2017, there were no significant treatment effects, and all Shawnee soils (non-grazed, flash grazed, conventionally grazed) and flash grazed Liberty soils showed emissions that were significantly greater than zero (2017 mean = 0.8 ± 0.1 kg N ha−1). In 2018, there was a significant grass type-by-grazing interaction (p = 0.053), with all soils emitting N2O except for conventionally grazed Liberty and non-grazed Shawnee which had fluxes not different than zero (Figure 2b). Soil N2O emissions under different grass types did not differ when flash grazed, and there was no difference among grazing treatments in Liberty soils. The highest emissions tended to occur in the Newell pasture system and whenever pastures were conventionally grazed. In 2019, total GS N2O emissions differed by grass type only (p < 0.001), where Newell had the highest emissions (5.5 ± 0.4 kg N ha−1) compared to either switchgrass cultivar (Liberty = 1.0 ± 0.2 kg N ha−1; Shawnee = 1.9 ± 0.4 kg N ha−1) (Figure 2c). All soils in 2019 were N2O emitters except for flash grazed Liberty, where flux was not different from zero.





3.3. Land-Use Effects on Growing Season Soil GHG Emissions


The impacts of land use were evaluated using contrast statements for each year of the study due to differences in experimental design between the continuous corn phase and perennial grass phase of the ICL system. Here, we report only those contrasts for significant treatment differences that were different from zero which indicated a significant positive (or negative) flux. Positive or negative fluxes indicated that soils were a GHG source or sink, respectively.



3.3.1. Soil CH4 Fluxes


In 2017, the only treatments with significant non-zero total GS CH4 fluxes were continuous corn soils where stover was baled and no triticale cover crop planted (positive flux), Newell smooth bromegrass (positive flux), and Shawnee switchgrass (negative flux). For these three systems, CH4 emissions from the continuous corn system were not different than Newell, and both were significantly higher than Shawnee. In 2018, almost all significant treatments were non-zero GS CH4 emissions, where the overall continuous corn average was lower than non-grazed Newell and grazed Liberty (flash, conventional). In 2019, no significant differences in GS CH4 fluxes occurred between any continuous corn or perennial grass system.




3.3.2. Soil N2O Fluxes


In 2017 and 2018, significant non-zero GS N2O emissions occurred in both continuous corn and perennial grass systems, with emissions from corn significantly higher than those from perennial grasses. In 2018, corn emissions were nearly five times greater than perennial grass emissions. In 2019, all continuous corn treatments emitted more N2O than Liberty, and all corn treatments except for baled stover emitted more N2O than Shawnee. Total GS N2O emissions from Newell, however, were higher than either corn stover retained or baled systems but significantly lower than grazed corn systems. Fall-grazed continuous corn systems had the highest total N2O emissions compared to any other land use.






4. Discussion


The adoption of ICL systems has increased in the last 10 years, particularly in the US Great Plains where both crop and livestock production contribute significantly to regional economies [3]. Although this agricultural diversification could enhance agroecosystem sustainability, it is unclear how land use decisions and associated management practices could impact the overall GHG mitigation potential of ICL systems, particularly on marginally productive lands. The limited number of empirical studies conducted in ICL systems indicate a high degree of spatial and temporal complexity as a result of management interactions between row-crop, perennial grass, and livestock components. In this study, we evaluated the impacts of various management practices on soil non-CO2 GHG emissions for both row-crop and perennial grass phrases in a model ICL system on marginally productive soils. Although soil CO2 emissions were also measured here, we did not present this data in the context of system GHG mitigation potential because chamber-based CO2 represents only CO2 outputs, not net ecosystem CO2 exchange [41].



We also note that the limited GHG sampling frequency used in this study introduces substantial uncertainty in the calculation of total growing season GHG emissions [42,43]. To reduce this uncertainty, we limited comparisons of total GHG emissions between treatments within growing seasons instead of across seasons and our results are discussed below.



4.1. Management Effects on Total Growing Season CH4 Fluxes


Our findings are consistent with other studies reporting that upland agricultural soils are typically minor emitters or minor sinks for CH4 [15,16,22,34,44,45]. For all years of this study, the total growing season (GS) soil CH4 fluxes tended to fluctuate around zero regardless of management. Soils generally acted as a slight CH4 source, except Shawnee in 2017 which was a CH4 sink. Other studies have also found that grazed pastures are minor CH4 sinks [16,46] or are CH4 neutral [47,48,49]. Similarly, we found no consistent effects of grazing on total GS CH4 fluxes from either perennial grass or continuous corn phases of this ICL system.



Livestock production systems are significant sources of CH4 globally [50,51], but >70% of direct cattle GHG emissions (CH4 + N2O) is from CH4 released during enteric fermentation and only 4% from manure CH4 [52,53]. The static chamber method here was limited to quantifying soil-derived GHG fluxes only, where livestock impacts occurred through current or legacy effects of excreta deposition or soil disturbance/compaction from hoof action within the GHG chamber footprint. Given that CH4 production is expected under more anoxic conditions [54], the low CH4 emissions measured here are consistent with the somewhat poorly drained classification of soils at this marginally productive site.




4.2. Management Effects on Total Growing Season N2O Fluxes


Total GS emissions of N2O were generally positive for all management treatments in all production systems, indicating that soils in both annual and perennial phases of this experimental ICL system were N2O sources. The range of total GS N2O emissions here (4.6 to 12.3 kg N ha−1) were within the range of reported values from other row-crop, perennial grassland, or ICL system studies in the US Great Plains region [20,22,49,55,56,57,58].



4.2.1. Cover Crop Effects on Soil N2O


In the continuous corn system, total GS emissions of N2O were numerically similar from year-to-year and showed no overall effect of winter cover crop use (i.e., triticale). Although cover cropping did decrease N2O emissions in two out of three years in a South Dakota USA corn–soybean (Glycine max (L.) Merr.) rotation system [56], there was no response to ungrazed or grazed winter cover crop use in different ICL systems in South Dakota [49,57]. Moreover, a study in a subtropical ICL system found that cover crop grazing increased soil N2O emissions [59]. These inconsistent results were confirmed by a global meta-analysis that found that 40% of studies reported cover crops mitigating soil N2O emissions while 60% exacerbated emissions, depending on N management and cover crop type (i.e., legume vs. non-legume) [60]. For non-legume cover crops used in high N input systems, the relative impact of using cereal cover crops increased with fertilizer rate but approximated a zero-response for the fertilizer rate used here (140 kg N ha−1) [60], which was consistent with our measured results.




4.2.2. Effects of Stover Baling on Soil N2O


The effect of mechanical corn stover removal on soil GHG emissions is highly site-specific and spatially variable, particularly across the US Corn Belt region [22]. Generally, mechanical stover removal, particularly in more temperate regions, decreases soil N2O emissions by decreasing the availability of C and N for soil microbial use [21,22,61]. In Nebraska, mechanical removal of corn stover (~35–65% removal of non-grain biomass) decreased annual soil N2O emissions by 23% compared to when stover was retained [15,34]. In the current study, baling had no impact on soil N2O emissions in two of three years, but decreased emissions by ~50% compared to non-removed controls in 2019. The high variability of stover baling effects on soil N2O emissions reported here highlights the complexity of soil responses to site-specific management and variability in environmental conditions (i.e., soils, weather).




4.2.3. Effects of Stover Grazing on Soil N2O


Although fall grazing of corn stover was implemented in only one year of this ICL system field study (2019), total GS N2O emissions were three to seven times higher under grazing than when stover removed by baling or not removed, respectively. Information on the effect of annual crop residue grazing on soil GHG emissions is scarce. Grazing of corn stover did not affect GS N2O emissions in an ICL experiment in South Dakota [57] or another ICL study in North Dakota [20], though emissions were numerically greater when stover was grazed in both studies. In another ICL study, cumulative GS N2O emissions increased by five times when grazed compared to a previously ungrazed period [49].



The stimulation of N2O production under stover grazing could result from changes in both soil physical properties (i.e., compaction) and/or due to N inputs from livestock excreta. Potential compaction of soils by fall or winter livestock grazing could occur before soils freeze, leading to more anaerobic soil conditions that could promote N2O produced during denitrification [62]. Subsequent disruptions of soil aggregates during freeze–thaw cycles could make additional soil C and N resources available to denitrifiers, further exacerbating N2O losses [62]. Similar increases in N2O production were found with successive rewetting/drying cycles in compacted soils amended with synthetic cattle urine [63]. Urine and dung deposition supplies water and labile nutrients to soils that can rapidly increase soil N2O emissions [64]. Moreover, the effects of excreta inputs can persist throughout the growing season if soils receive adequate rainfall to maintain soil moisture [65]. While neither soil compaction nor livestock excreta effects were quantified in the current study, both mechanisms may have contributed to the significant increase in total GS N2O emissions when stover was grazed in 2019.




4.2.4. Effects of Perennial Grass Type on Soil N2O


In the perennial grass phase of this ICL study, we found that total GS N2O emissions tended to be greater in Newell, a cool-season forage grass, compared to the two warm-season switchgrass pastures (Liberty, Shawnee). Differences GS N2O emissions have been noted between pasture types in other studies, primarily as a positive function of fertilizer N inputs [18,66]. Similarly, fertilizer N inputs into non-grazed grass systems, such as those that may be targeted for second-generation bioenergy feedstock production, also have a direct impact on cumulative N2O emissions. For example, annual N2O emissions increased with fertilizer N inputs in perennial bioenergy grass systems grown on a marginally productive site in eastern Nebraska, with very high emissions occurring when fertilizer was applied in excess of perennial grass demand [15].



In the current ICL study, however, the same N fertilizer rate was used in all three perennial grass systems (56 kg N ha−1 year−1), suggesting that the high N2O emissions from Newell pasture may be related to site-specific soil differences. The location of the Newell pasture on the far north end of the study site is slightly higher in elevation, with somewhat better drainage. These conditions may have been more conducive to incomplete denitrification (and therefore greater release of N2O) compared to the more poorly drained Liberty and Shawnee pastures. While the effect of soil spatial variability on N2O emissions is beyond the scope of this study, we note that an electro-magnetic induction survey completed at this site (data not shown) also indicated that soil properties in the Newell pasture differed from those in the other grass pastures.




4.2.5. Effects of Perennial Grass Grazing Practices on Soil N2O


Grazing management of perennial grasses had limited effects on total GS N2O emissions in this experimental ICL system. Grazing practices affected N2O emissions in only one of three years of the study (2018), and only in the two perennial grasses that were selected for forage quality (Newell, Shawnee). In both pastures, GS N2O emissions increased with cattle grazing. While we found no consistent differences in flash vs. conventional (i.e., continuous) grazing treatments, other studies have noted that decreasing the intensity of grazing (i.e., lower stocking rates, using multi-paddock/rotational/flash grazing vs. continuous grazing) can decrease system GHG emissions compared to more conventional continuous grazing practices [16,17,18,46,58].




4.2.6. Land-Use Effects on Soil N2O


Although the experimental design of each row-crop and perennial grass phases of this ICL study precluded comparisons using traditional statistical methods, using contrast statements allowed us to compare total GS N2O emissions between the significant treatments in each annual or perennial crop phases each year of the study. As reported in other studies [20,57,67], we found that total soil N2O emissions were higher in the row-crop phase compared to the perennial grass phase of this ICL system. These general land use differences were attributed to higher annual fertilizer N inputs in continuous corn (140 kg N ha−1 year−1) compared to the perennial grass pastures (56 kg N ha−1 year−1).



In the US Great Plains, recent producer trends indicate the potential for greater adoption of more diverse, environmentally sustainable production systems with opportunities to profitably reintegrate livestock into conventional row-crop production systems [2,3,12]. This trend, in part, reflects profit-driven decision making by producers, as the profitability of crop production has decreased while cattle markets have remained relatively steady in recent years [12,68]. Moreover, direct grazing of crop residues after grain harvest can reduce feed costs [3], decrease the need for fertilizer inputs [69], and enhance cash crop yield [70]. Regional producers in Colorado, Kansas, Nebraska, North Dakota, and South Dakota already report substantial corn acreage used for residue grazing by livestock, ranging from 18 to 56% [71,72]. While challenges exist for expanding corn residue utilization for livestock grazing, stover can provide a cost-efficient winter forage for beef cows and enhance the net return to both crop and livestock enterprises through integration [72].



Converting marginally productive lands from more input-intensive row-cropping to less intensive grass-based agriculture can increase farm profitability and environmental sustainability by integrating perennial vegetation [2,6,11]. In addition to livestock forage, conversion of marginally productive cropland to perennial grassland further diversifies end-user options, such as harvesting grass for bioenergy feedstock. Both modeling and empirical field studies note the GHG mitigation potential of annual crop-to-perennial grassland conversions [11,13,15,73]. This and other studies demonstrate that the use of perennial grasses can decrease direct GHG emissions compared to row-crops, suggesting that the GHG mitigation potential of ICL systems can be improved by utilizing perennial grasslands or even perennial grass-based cover crops [20].






5. Conclusions


In many areas of the US Great Plains, monoculture cropping and associated external dependencies on GHG-intensive practices are increasingly unsustainable (Kumar et al., 2019). As more producers explore options to diversify their farming enterprises by incorporating livestock, there is a growing need for critical information to fill the knowledge gaps on the environmental and economic impacts of perennial grass incorporation and grazing management of crop residues, cover crops, and perennial grasses. In this model ICL system study, we found that direct emissions of non-CO2 gases from soils were generally higher in continuous corn systems than perennial grasslands due to synthetic N fertilizer use. We also noted that winter triticale cover crop use had no effect on total soil GHG emissions regardless of stover management treatment. Removing corn stover by mechanical means (baling) decreased total soil GHG emissions, though grazing stover significantly increased emissions in only one year when stover grazing was evaluated. Finally, our results showed that although grazing perennial grasslands tended to increase GHG emissions in pastures selected for forage quality, incorporating perennial grasses into the overall ICL system will likely provide the most effective GHG mitigation outcomes, particularly on marginally productive lands where intensive row-crop production practices would exacerbate, not abate, soil GHG emissions. Future work includes continued evaluation of perennial grass species management, grazing management in both perennial grasses and crop residues, and the incorporation of enteric emissions for a full system-level GHG assessment.
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Figure 1. Mean total soil CH4 fluxes for 2017 (a), 2018 (b), and 2019 (c) growing seasons (GS; 1 April–31 October) for Newell smooth bromegrass, Liberty switchgrass, and Shawnee switchgrass. Different lower-case letters within each grass type indicate grazing treatment differences (p ≤ 0.05). None = non-grazed, Flash = flash grazed, Conv = conventionally grazed. Symbols (†) indicate soil CH4 fluxes not significantly different from zero. 
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Figure 2. Total growing season (GS) soil N2O emissions for 2019 continuous corn (a), 2018 perennial grass (b), and 2019 perennial grass (c) (GS; April 1–October 31). Different lower-case letters in panels (a,c) denote significant stover removal method or grass type differences, respectively (p ≤ 0.05). In (b), different lower-case letters indicate significant grazing treatment differences within each grass type. None = non-grazed, Flash = flash grazed, Conv = conventionally grazed. Symbols (†) indicate soil N2O fluxes not significantly different from zero. 
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Table 1. Baseline soil properties. Field-level averages for surface soils (0–30 cm depth) at study establishment.
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Perennial Grass

	
Row-Crop




	
Soil Property

	
Units

	
Newell

	
Liberty

	
Shawnee

	
Corn






	
Bulk density

	
Mg m−3

	
1.34

	
1.31

	
1.21

	
1.34




	
Electrical conductivity

	
dS m−1

	
0.51

	
0.51

	
0.51

	
0.54




	
Soil pH (1:1 in water)

	
-

	
5.36

	
5.20

	
5.42

	
5.27




	
Total soil organic C

	
g kg−1

	
15.90

	
16.13

	
16.47

	
17.25




	
Total nitrogen

	
g kg−1

	
1.47

	
1.47

	
1.43

	
1.57




	
Total base cations

	
cmolc kg−1

	
14.70

	
15.76

	
16.3

	
14.97




	
Ca

	
cmolc kg−1

	
10.43

	
11.27

	
11.81

	
10.90




	
Mg

	
cmolc kg−1

	
3.46

	
3.58

	
3.68

	
3.09




	
K

	
cmolc kg−1

	
0.74

	
0.80

	
0.71

	
0.89




	
Na

	
cmolc kg−1

	
0.09

	
0.11

	
1.10

	
0.11
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