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Much of the global nitrous oxide emissions are derived from agricultural management driving microbial N transformations. Crop rotation, no-till, and cover cropping are feasible conservation agronomic strategies used to prevent N losses to the environment, though their effect on soil microbial N cycling at the field scale remains relatively unknown. Our goal was to determine the effect of crop rotation (continuous corn [Zea mays L.], CCC; and continuous soybean [Glycine max (L.) Merr.], SSS), tillage (no-till, NT; and chisel tillage, T), and cover crops (cover crop mixture, CC; and no cover crop, NCC) on the quantification of functional genes related to the N cycle from different times throughout the growing season. The study was conducted during the growing season of the cash crops following the first season of cover crops introduced after 23 years of management. Using quantitative polymerase chain reaction (qPCR) techniques, we quantified nifH (N2 fixation), amoA (nitrification) and nirK, nirS, and nosZ (denitrification). Our results show that CCC increased nitrous oxide emissions by 44% compared to SSS and reduced soil pH by nearly 1 unit. The reduction in soil pH, coupled with an increase in fertilizer-derived ammonium, caused ammonia-oxidizing bacteria (AOB) and nirK copy numbers to increase. The SSS rotation showed opposite results. Bacterial denitrification via the nirK pathway was likely the N cycle mechanism behind nitrous oxide emissions in CCC. The cover crop mixture of cereal rye [Secale cereale L.] and hairy vetch [Vicia villosa Roth] reduced soil nitrate levels, though they did increase nitrous oxide emissions, likely due to priming and the inclusion of a legume in the cover crop mixture. Nitrous oxide emissions were affected by sampling date, crop rotation, and cover crop use, suggesting management factors that add abundantly available N alter the microbial N cycle directly or indirectly. Chisel tillage increased the abundance of all N cycle genes compared to no-till. Together, our work adds further insight into the microbial N cycle, especially nitrous oxide evolution, from three common conservation agricultural management practices, contributing to our understanding of key soil biogeochemical processes.
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INTRODUCTION

Understanding the microbial basis of greenhouse gas emissions during the growing season could help us improve our current conservation agricultural practices, such as crop rotations, tillage, and even the use of cover crops. Cost-effective fertilizer inputs increased global productivity (Erisman et al., 2008), and managing the soil nitrogen (N) cycle is a major component of agricultural sustainability (Williams et al., 2016). However, N losses due to fertilization pose a significant challenge for growers and regulators. The US Midwest (Illinois, Indiana, Iowa, Michigan, Minnesota, Ohio, and Wisconsin) is one of the most intensively cultivated areas globally (Hatfield, 2012). The large levels of agriculturally derived N allow for significant greenhouse gas (GHG) emissions and nitrate leaching. Losses of N to the environment are mediated by microbial guilds involved in the N cycle (Orellana et al., 2018; Ouyang et al., 2018; Kim et al., 2021). Diazotrophs, nitrifiers, and denitrifiers are dynamic and change in their abundances and activities in close relation to the changes in the soil environment (Basu et al., 2021). Fertilization levels and strategies, the choice of crops and sequence of crops, and the decision to till or not to till a field site will all influence the soil environment and thus the dynamic of these microbial guilds (Huang et al., 2019; Behnke et al., 2020b; Ray et al., 2020).

Agricultural soil management accounts for around 80% of the total US annual nitrous oxide (N2O) emissions, including synthetic fertilizer application, tillage practices, and crop rotation systems (Venterea et al., 2011; EPA, 2016). Losses of fertilizer N of up to 50% of the applied N have been reported (Millar et al., 2010), leaving the excess available for loss. Fertilizer N stimulates nitrous oxide production by providing a substrate for microbial N transformations (Venterea et al., 2005; Norton, 2008). By quantifying microbial functional genes responsible for those N cycle transformations, researchers are able to characterize the potential of the microbial community to fix N2 (nifH, diazotrophic genes), to activate nitrification (ammonia oxidizer genes), and denitrification (nirK, nirS, nosZ, denitrifier genes) (Jetten, 2008; Levy-Booth et al., 2014). A byproduct of microbial nitrification and denitrification, is nitrous oxide, a potent greenhouse gas (Myrold, 2021). Nitrification occurs when ammonium is either added to the soil in the form of fertilizers, as N fixation by legumes, or as mineralized soil organic matter (Paustian et al., 2016; Norton and Ouyang, 2019; Linton et al., 2020). Ammonium is converted to nitrite and eventually to nitrate during this microbial process, yet small quantities can be lost as nitrous oxide (Snyder et al., 2009). Likewise, in conditions of low soil oxygen, denitrifiers use nitrate as a terminal electron acceptor, and N2O is an intermediate step in complete denitrification to N2 gas (Aulakh et al., 1991; Robertson and Groffman, 2007; Paustian et al., 2016). Therefore, under aerobic soil conditions (<60% water filled pore space), nitrous oxide emissions are attributed to nitrification; in contrast, anaerobic conditions (> 60% water filled pore space) favor denitrification as the main contributor of nitrous oxide emissions (Moreau et al., 2019; Linton et al., 2020; Prosser et al., 2020). Nitrous oxide emissions are associated with the levels of available N in the soil as well as the soil pH, yet the reported correlations in the current literature are weak or moderate at most (Behnke et al., 2018; Wang et al., 2018).

Corn [Zea mays L.] crops may generate more nitrous emissions than soybean [Glycine max (L.) Merr.] crops due to their strong dependence on N inputs, creating a pool of easily available N prone to losses (Smith et al., 2011; Behnke et al., 2018). Fertilization of corn using ammonia-based fertilizers decreases soil pH compared to unfertilized corn and soybean (Segal et al., 2017; Zuber et al., 2017; Huang et al., 2019). In a global meta-analysis, Wang et al. (2018) examined 1,104 agricultural field experiments and concluded that soil pH influenced nitrous oxide the most compared to soil texture (sand, silt, and clay %'s) bulk density, soil organic C, and total N, observing greater nitrous oxide emissions from acidic soils. Due to fertilizer inputs, decreased soil pH affects the microbial N cycle (Fierer and Jackson, 2006; Zhu et al., 2013; Huang et al., 2019). The low pH environment coupled with abundant soil N favors nitrifying bacteria (ammonia oxidizers), leading to nitrous oxide emissions (De Graaff et al., 2019; Behnke et al., 2020b, 2021).

Tillage warms and aerates the soil, conditions that favor microbial activities and likely lead to N transformations and losses (Balesdent et al., 2000). No-till systems tend to increase soil organic C and total N compared to tilled systems (West and Post, 2002; Zuber and Villamil, 2016; Congreves et al., 2017). However, no-till systems increase surface soil pH because fertilizer N accumulates on the surface and is not incorporated (Crozier et al., 1999; Zuber et al., 2017). In the same way, the ammonia oxidizers are adapted to excess N and low pH, and show increases in copy numbers from the no-till (greater) vs. tilled (lower) cropping systems from continuous and rotated corn (Behnke et al., 2020b).

Differentiation between ammonia-oxidizing archaea (AOA) and bacteria (AOB) is also critical to understanding these N conversions from various agricultural systems (Coskun et al., 2017). In an Illinois, USA study comparing a corn-soybean rotation to continuous corn, the authors found that the continuous corn rotation increased nitrous oxide emissions and lowered pH, corresponding with increased AOB and nirK copy numbers (Behnke et al., 2018, 2020b). Huang et al. (2019) observed elevated AOB copy numbers values from a high N rate compared to zero N within the continuous corn rotation also from Illinois, USA. No differences were observed between rotated corn or soybean and continuous corn from either study. In a global meta-analysis by Ouyang et al. (2018), the authors found N cycling genes were affected by crop rotation and soil pH, showing AOB copy number decreases in monocultures and increases in both AOA and AOB copy numbers in near-neutral soil pH conditions. At low soil ammonium concentrations, AOA is more prevalent than AOB (Carey et al., 2016). In the previously mentioned long-term continuous cotton study by Hu et al. (2021) comparing tillage (no-till vs. conventional tillage) and cover crops, the authors found that tillage increased the relative abundances of nifH and nirS compared to no-till due to improved soil aeration, leading to better access to substrates with tillage. The authors also found that nirS and nosZ increased in abundance with N fertilization, corresponding to high soil nitrate levels and increased nitrous oxide emissions. Without fertilization, the leguminous cover crop, hairy vetch, contained similar N cycle gene expression as the fertilized no cover treatment (Hu et al., 2021). In a Michigan, USA study, Li and Cupples (2021) observed different tillage treatments within a corn-soybean-wheat rotation and found that no-till decreased copy numbers for each denitrification gene (nirK, nirS, and nosZ) compared to conventional tillage.

In a winter wheat-corn double-crop rotation testing tillage treatments from Yangling, Shaanxi, China, Wang et al. (2021) found that no-till decreased the abundance of AOB, nirK, and nirS copy numbers compared to conventional tillage, which reported larger abundances of denitrifiers and greater nitrous oxide emissions. In a winter wheat with and without summer cover crops in Oklahoma, USA, Somenahally et al. (2018) found that cover crops increased beneficial microbial communities, though nirK was elevated during the summer season when the cover crops were actively growing. The greater nirK gene abundance indicated that cover crops could contribute to incomplete denitrification, mediated by nitrite reducing bacteria, due to the freshly added cover crop residues and warm summer temperatures. The authors also found that the winter wheat system, regardless of tillage or cover crop management, selects for fast-growing, copiotrophic communities characterized by rapid N cycling (Somenahally et al., 2018). Similarly, Linton et al. (2020) found that a diverse rotation (corn-corn-soybean-wheat+red clover crop) compared to a simple rotation (corn-corn-soybean-soybean) increased the pathways (AOB, nirK, and nosZ) for nitrous oxide emissions from a trial in Ontario, Canada.

The spring growth of cover crops is usually terminated before planting the cash crops, creating a pool of freshly decomposing residues of high quality (low C:N ratio) that also feeds the microbial N cycling (Blagodatskaya and Kuzyakov, 2008; Kuzyakov, 2010; Hu et al., 2021). While actively growing, cover crops lower nitrate levels in the soil by sequestering N in their biomass, therefore reducing the N that can reach waterways or be lost to the environment through gaseous pathways (Basche et al., 2014; Kladivko et al., 2014; Dozier et al., 2017). However, once the cover crops are terminated, the addition of organic matter provides nutrients for microbial growth and stimulates activity (Kaleeem Abbasi et al., 2015; Frasier et al., 2016; Hallama et al., 2019). Cover crops increased total soil C by 8.5% and total N by 12.8% from a cover crop meta-analysis (Mcdaniel et al., 2014). Kim et al. (2020a) found that, globally, cover cropping significantly increased microbial abundance, activity, and diversity compared to no cover. The increased microbial activity accelerates biogeochemical cycling resulting in greater availability of N for the next crop, yet it could also lead to increased N losses via leaching or emissions through a process called priming (Basche et al., 2014). Priming occurs when fresh organic matter, low in C:N ratio, is quickly broken down, which leads to rapid N mineralization (Sainju et al., 2005; Norris et al., 2013; Chen et al., 2014). In a meta-analysis conducted by Basche et al. (2014), the authors found that 60% of the studies observed an increase in nitrous oxide emissions due to cover crops, regardless of cover crop type. The potential for cover crops to reduce nitrous oxide emissions was greatest under non-leguminous species (Basche et al., 2014). Likewise, Behnke and Villamil (2019) found that in Illinois during the cover crop growing season, nitrous oxide emissions and soil nitrate values decreased as cover crop biomass increased due to N uptake by the cover crop.

By understanding which microbial guild is activated at each stage during the growing season and how agronomic practices interact with each other in their effects on the microbiota participating in the critical steps of the microbial N cycle, we could develop targeted strategies or modify existing ones to prevent or diminish N losses to the environment. Ouyang et al. (2018) concluded that N fertilization form and duration, crop rotation, and soil pH governed microbial N cycling. While there is no way to avoid the priming effect following recent residue additions, stacking nutrient loss strategies, such as the implementation of cover crops and a reduction of fertilizer N, could reduce N losses. Likewise, acidic soil conditions due to N excesses has been shown to lead to increases in AOB copy numbers and subsequent nitrous oxide emissions, so management practices aimed at neutralizing pH and lowering N inputs could remove the competitive advantage copiotrophic microbes have in these systems (Huang et al., 2019; Behnke et al., 2020b; Kim et al., 2020b).

Crop rotation, tillage, and cover cropping modify the soil environment, yet their combined impact and interactions with the soil microbial communities are not well-understood. Though the N loss pathways are well-documented, there is limited knowledge on how soil microorganisms and their associated functional genes respond to multiple management practices at the field scale during the growing season. A few recent studies have been conducted at multiple events throughout the growing season, though all agree that timing has a significant effect on N cycle functional genes (Somenahally et al., 2018; Maul et al., 2019; Linton et al., 2020; Hu et al., 2021; Wang et al., 2021). We agree with Fierer (2017), who stated that agricultural needs have moved beyond simple bacterial to fungal ratios and descriptions of community diversity and into quantification and identification of complex patterns. Targeting and quantifying specific microbial N cycle genes is a relatively novel technique with few studies published from replicated, field-scale experiments and even fewer from long-term settings. There are no published studies investigating the combined effects of crop rotation, tillage, and cover cropping on microbial functional genes, on a temporal scale at the time of this writing.

We hypothesized that nitrous oxide emissions would increase under continuous corn rotation due to elevated levels of soil nitrate, low soil pH, and increased functional genes associated with N transformations. We also hypothesized that cover cropping would reduce nitrous oxide emissions by reducing soil nitrate and denitrification gene copy numbers. We anticipate these effects will be more pronounced at the beginning of the growing season because the systems are stressed following fertilizer application, tillage, and cover crop termination, which occurs early in the season. Likewise, soil moisture is typically greatest during the spring in Illinois. As the season progresses, the microbial community will recover back to an initial steady state, reflecting the resiliency of the systems. Therefore, the objective of this study was to use periodic gas and soil samples to compare nitrous oxide emissions and soil chemical variables with microbial functional gene quantities, specifically those related to N cycling and nitrification. This study addresses knowledge gaps as to how the genetic makeup of the nitrification and denitrification pathways relate to temporal nitrous oxide emissions. Results from this long-term study will help to identify management practices that reduce nitrous oxide emissions and understand their microbial origins.



MATERIALS AND METHODS


Experimental Site Description and Management Practices

The location of the experimental site was near Monmouth, Illinois (40°55′50″N, 90°43′38″W) and took place during the growing season of 2019. The field experiment was onset in 1996, and a complete description of the site history can be found (Behnke et al., 2018, 2020b). Briefly, the soils at this location are highly fertile silty clay loam and silt loam soil series (Muscatune 43%, Sable 40%, and Osco 17%) (Web-Soil-Survey, 2021). The mean annual temperature and precipitation were 10.3°C and 871 mm, respectively (Illinois-Climate-Network, 2021). For 2019, the mean temperature was 9.9°C, and the precipitation total was 1,204 mm (Supplementary Figure S1). The experimental design was a split-split-plot arrangement of two rotation levels, two tillage levels, and two cover crop levels in a randomized complete block design with three replications (blocks). The main plots (22 m long by 12 m wide) were crop rotation treatments, which consisted of continuous corn (CCC) and continuous soybean (SSS). The first split accommodated the tillage options, either no-till (NT) or chisel tillage (T) (subplot 22 m long by 6 m wide). Cover crop options were arranged within sub-sub plots (22 m long by 3 m wide), either a cover crop mixture or no cover crop control. The cover crop mixture used in this experiment consisted of 70% cereal rye (grass), and 30% hairy vetch (legume) drilled post-harvest at a combined seeding rate of 84 kg ha−1 on October 3rd, 2018. Following biomass sampling on April 25th, 2019, cover crop growth was chemically suppressed with glyphosate [N-(phosphonomethyl)glycine] at 3.4 kg ha−1 on May 6th, 2019. Tillage occurred following cover crop suppression using a disk-ripper to 35 cm in depth, and a soil finisher was used to prepare the seedbeds. No-till plots received zero tillage. Spring N fertilizer was applied on April 26th, 2019, as injected incorporated urea ammonium nitrate (UAN) at a rate of 246 kg N ha−1; soybeans received no fertilizer. Fertilizer and pest management practices followed regional recommendations (Nafziger, 2009). Fall fertilizer P (diammonium phosphate, 18-46-0) and K (potassium chloride, 0-0-60) was last applied to these plots uniformly on November 9th, 2016 at a rate of 225 kg ha−1. In 2019, corn was planted May 26th and harvested October 7th; soybean was planted May 27th and harvested September 30th. Grain yields were harvested with a plot combine (Almaco, Nevada, IA) then adjusted to 15.5 and 13% moisture for corn and soybean, respectively.



Gas Sampling Procedures

Greenhouse gas emissions were taken five times throughout 2019 and complied with the GRACEnet chamber-based trace gas flux measurement protocol (Parkin and Venterea, 2010). The five sampling events were (1) before cover crop suppression, on April 26th, 2019; (2) the day after planting, on June 5th, 2019; (3) 1 week after fertilization, on June 13th, 2019; (4) 12 weeks after fertilization, on August 27th, 2019; and (5) 1 week before harvest, on October 10th, 2019. Prior to cover crop suppression, 24 polyvinyl chloride (PVC) white chamber bases, 0.031 m2 in size, were installed in the experimental plots before cash crop planting and fertilizer application. A pair of chamber bases were utilized in corn plots: one in-row and one between-row. Corn rows were 76 cm wide. One chamber was used in each of the soybean plots between soybean rows. Soybean rows were 38 cm wide. Measurements of GHG emissions were taken following the procedure described in Behnke et al. (2018). Briefly, chamber bases were left in place before cover crop termination, throughout the growing season, then removed before harvest. Gas samples were obtained around noon when air temperatures were near the normal for the day. Nitrous oxide emission rates were obtained by taking gas samples at 0-, 10-, 20-, and 30-min intervals. Then, gas samples were analyzed using a gas chromatograph (GC) with an electron capture detector and flame ionization detector (Shimadzu® GC 2014 with AOC-5000). Following GC analysis, soil GHG fluxes were calculated as the rate of change in gas concentration over the 30-min sampling time.



Soil Sampling, Analysis, and Procedures

Two composited soil samples were collected from each plot during gas sampling using an Eijkelkamp grass plot sampler (Eijkelkamp Soil & Water, Morrisville, North Carolina, USA) to a depth of 10 cm. Those two subsamples consisted of around ten random plugs throughout the whole plot totaling ~400 g of soil each. All samples were preserved on ice until returning to the laboratory facilities. Once at the lab, samples for soil DNA were separated into 50 mL centrifuge tubes and frozen to −20°C. The remaining field moist soil was then extracted for available N concentrations: ammonium and nitrate (NH4-N and NO3-N), using a 1:5 ratio of soil to KCl solution. The soil extracts of NH4-N and NO3-N (1M KCl) were measured colorimetrically by flow injection analysis with a Lachat Quick-Chem 8000 (Lachat Quickchem Analyzer, Lachat Instruments Loveland, CO). Gravimetric water content was determined for each soil sample and used to calculate NH4-N and NO3-N. Soil pH was determined using potentiometry (1:1 water to soil) (Mclean, 1983).



Soil DNA Extraction and Real-Time Quantitative PCR Analysis

The guidelines and protocols described in Huang et al. (2019) were followed for soil DNA extraction and qPCR determinations. Briefly, soil DNA was obtained using Power Soil DNA isolation kits (MoBio Inc., Carlsbad, California, USA), following the manufacturer's instructions. The DNA extracts were checked for purity and quantity with gel electrophoresis and a Nanodrop1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Soil DNA concentrations were between 10–77 ng/μl with A260/A280 values ranging 1.6–2.3. Quantification of abundance for six marker genes (AOA, AOB, nifH, nirK, nirS, and nosZ) was obtained via high-throughput qPCR at the Roy Carver Biotechnology Center for Functional Genomics lab at the University of Illinois at Urbana-Champaign, using known primers published in Huang et al. (2019) in a FluidigmBioMark HD™System. For each target gene, DNA standard curves used a dilution series (representing 102–108 copies of each target gene/μl) of fluidigm-prepared amplicons from 225 pooled soil samples as detailed in Huang et al. (2019). Standards, samples, and controls were run in six replicates on eight plates. Melting curve analyses after the final qPCR cycle permitted monitoring amplicon specificity. Under the specified qPCR conditions, the amplification efficiencies were >99% for all the primers. Target gene copy numbers were derived from standard curves of known concentrations using the comparative Ct (2–ΔΔCt) method (Livak and Schmittgen, 2001).



Statistical Analysis

The experiment aimed to test the effects of sampling time, crop rotation, tillage, and cover crops on greenhouse gas emissions, soil properties of pH and soil available N (nitrate and ammonium), and microbial functional genes. Linear mixed models were fit to each variable using the GLIMMIX procedure in SAS software version 9.4 (SAS Institute, Cary, North Carolina, USA) with a Kenward-Rogers degree of freedom adjustment (ddfm=kr) for model complexity and missing data (Gbur et al., 2012). Crop rotation, tillage, and cover crops were analyzed as fixed effects, while blocks and sampling time and their interactions with the fixed terms were considered random effects in the ANOVAs. A lognormal fit was deployed for nitrous oxide, nitrate, and ammonium due to a lack of normality of model residuals using the dist=logn option in the model statement. When appropriate, least-square means were separated using the lines option of the lsmeans statement, and the Type 1 error probability (α) was set to 0.10. Probability values associated with the analyses of variance (ANOVA) are provided in Table 1.


Table 1. Analysis of variance (ANOVA) results for the effects of month, crop rotation (Rot), tillage (Till), and cover crop (CC) and their interactions for nitrous oxide (N2O), available nitrogen (NO3 and NH4), pH, ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB), nifH, nirK, nirS, and nosZ.

[image: Table 1]




RESULTS


Nitrous Oxide, Soil N, and pH

Nitrous oxide emissions were affected by the sampling date (month), crop rotation, and cover crops, with one significant interaction of month*rotation (p = 0.0042), shown in detail in Figure 1. Nitrous oxide emissions were greatest in the CCC rotation following fertilization, where emissions topped out on June 5th and on June 13th and remained greater than SSS until later in the growing season or compared to before planting, where the April 26th, August 27th, and October 10th events showed no differences between CCC and SSS. Likewise, no differences in crop rotation were observed before harvest (October 10th) or planting (April 26th). The main effect of cover crop (p < 0.0001) was found to increase nitrous oxide emissions compared to the no cover control (Table 2). Soil nitrate values were affected by month, tillage, rotation*tillage, cover crop, month*cover cropping, and till*cover crop (Table 1). The month*cover crop interaction (p < 0.0001) revealed that soil nitrate values were lowest in the cover crop treatment prior to termination and remained lower than the no cover control until June 13th, when the cover crop treatment and control were not different, eventually overtaking the control and was the greatest for the entire year on August 27th (Figure 2A). Overall, the no cover crop control combined with no-till resulted in the largest nitrate values compared to the other treatment combinations (Figure 2B). Likewise, the SSS rotation combined with no-till had greater soil nitrate amounts compared to the other treatments (Figure 2C). Similar to soil nitrate, soil ammonium also contained several significant effects and interactions, including main effects of month and rotation, and interactions of tillage*cover crop, month*tillage*cover crop, rotation*tillage*cover crop, and a four-way interaction of month*rotation*tillage*cover crop. The largest ammonium values were, as expected, observed following fertilization and primarily from the CCC rotation (Figure 3) and confirmed by the significant main effect of crop rotation (p = 0.0715, Table 2). The main effect of month was also found to be a significant (p < 0.0001, Table 2) driver of the four-way interaction. The largest ammonium values in the month*rotation*tillage*cover crop interaction were observed on June 5th and June 13th and also from the CCC rotation, which did receive N fertilization prior to that sampling event (Figure 3). As the year progressed, the soil ammonium values dropped. Soil pH contained a rotation main effect, and month*rotation and rotation*cover crop interactions (Table 1). The interactions were largely driven by a strong crop rotation main effect (p = 0.0291, Table 2) with CCC decreasing pH by nearly 0.7 (Table 2). The month*rotation interaction shows the lowest pH value occurring from the CCC rotation on June 13th (Figure 4A). The other CCC sampling events were not different, but all CCC sampling events were lower than the SSS counterpart. Upon further investigation, the interaction of rotation*cover crop (p = 0.0046) showed no difference between cover crop treatments, only the main effect of rotation (Figure 4B).


[image: Figure 1]
FIGURE 1. Mean lognormal transformed nitrous oxide emissions (g N2O-N ha−1 day −1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.



Table 2. Analysis of variance (ANOVA) results for the main effects of month, crop rotation, tillage, and cover crop on nitrous oxide (N2O, g N2O-N ha−1 day−1), available nitrogen (NO3 and NH4, mg kg−1) pH, ammonia-oxidizing archaea (AOA, copies μg DNA−1), ammonia-oxidizing bacteria (AOB, copies μg DNA−1), nifH (copies μg DNA−1), nirK (copies μg DNA−1), nirS (copies μg DNA−1), and nosZ (copies μg DNA−1).
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FIGURE 2. (A) Mean lognormal transformed soil nitrate values (mg NO3-N kg−1) throughout the 2019 growing season separated by cover crop [CC, cover crop (orange); NCC, no cover crop (blue)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10. (B) mean soil nitrate values (mg NO3-N kg−1) separated by cover crop [CC, cover crop (orange); NCC, no cover crop (blue)] and tillage [NT, no-till; T, chisel tillage]. Error bars above each main bar represent standard errors of the mean PC scores. Differences are significant at α = 0.10. (C) mean soil nitrate values (mg NO3-N kg−1) separated by crop rotation [CCC, continuous corn (black); SSS, continuous soybean (green)] and tillage [NT, no-till; T, chisel tillage]. Error bars above each main bar represent standard errors of the mean. Differences are significant at α = 0.10.



[image: Figure 3]
FIGURE 3. Mean lognormal transformed soil ammonium values (mg NH4-N kg−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)], tillage [NT, no-till (red); T, chisel tillage (black)], and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.
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FIGURE 4. (A) Mean soil pH values throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10. (B) mean soil pH values separated by cover crop [CC, cover crop (orange); NCC, no cover crop (blue)] and crop rotation [CCC, continuous corn; SSS, continuous soybean]. Error bars above each main bar represent standard errors of the mean PC scores. Differences are significant at α = 0.10.




Ammonia Oxidizers

Ammonia oxidizing archaea observed only main effects of month, rotation, and tillage. The lowest amount of copy numbers from AOA was observed on April 26th and was not different on any other sampling event (Table 2). The SSS rotation increased AOA copy numbers compared to CCC (Table 2). Similarly, tillage increased AOA copy numbers compared to no-till (Table 2). Ammonia oxidizing bacteria contained a strong rotation main effect, rotation*tillage, and month*rotation*cover crop interactions (Table 1). Figure 5A shows the month*rotation*cover crop interaction; all of the largest AOB copy numbers occurred in the CCC rotation, regardless of sampling event and cover crop treatment. The rotation*tillage interaction observed CCC-NT having the largest AOB copy numbers compared to both SSS-NT and SSS-T but not different from the CCC-T (Figure 5B). These interactions were driven by a highly significant main effect of rotation (p = 0.0285, Table 2), observing that CCC was greater than SSS.
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FIGURE 5. (A) Mean lognormal transformed ammonia-oxidizing bacteria (AOB) values (copies μgram DNA−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)] and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10. (B) mean lognormal transformed ammonia-oxidizing bacteria (AOB) values (copies μgram DNA−1) separated by tillage [NT, no-till (orange); T, chisel tillage (blue)] and crop rotation [CCC, continuous corn; SSS, continuous soybean]. Error bars above each main bar represent standard errors of the mean PC scores. Differences are significant at α = 0.10.




N Cycle Functional Genes

The functional gene for N fixation, nifH, contained a main effect of tillage and interactions of month*rotation*cover crop and month*rotation*tillage*cover crop (Table 1). In the four-way interaction, many of the chisel till treatments contained more copy numbers compared to the no-till treatments, with little effect of sampling time (Figure 6). This trend is evident by the significant main effect of tillage (p = 0.0573), showing chisel till having greater numbers of nifH copy numbers compared to no-till (Table 2). The first denitrification functional gene, nirK, showed main effects of month, rotation, and tillage, with one interaction of month*rotation*cover crop (Table 1). The nirK copy numbers were greatest at the beginning of the season, before fertilization, and not different among rotation or cover crop treatments (Figure 7). The two June sampling events showed the greatest variability in nirK copy numbers, with the CCC rotation with no cover crops recording elevated copy numbers compared to both SSS cover crop treatments. The strong effect of rotation is validated by the detection of a significant main effect for rotation (p = 0.0052), with the CCC rotation having more copy numbers compared with the SSS rotation (Table 2). The CCC with cover crops was not different from either SSS cover crop treatment. The two later sampling events showed no differences in nirK copy numbers (Figure 7). In addition, nirK also contained a main effect of tillage with chisel tillage having greater copy numbers compared to no-till (Table 2). The second denitrification gene, nirS, contained a main effect of tillage and interactions of month*rotation*tillage, rotation*cover crop, month*rotation*cover crop, and month*rotation*tillage*cover crop (Table 1). This four-way interaction saw many no-till treatments recording fewer copy numbers than chisel till (Figure 8). This finding is confirmed by the significant main effect of tillage, where chisel till had more copy numbers compared to no-till (Table 2). The third and final denitrification gene, nosZ, included main effects of month and tillage and a month*rotation*cover crop interaction (Table 1). Similar to nirK, nosZ had elevated copy numbers at the April 26th sampling event and then decreased throughout the growing season and also observed large variability at the two June sampling events (Figure 9). The main effect of month confirms that the April sampling event did contain the largest amount of nosZ copy numbers; however, the June 13th sampling event was not different from the April 26th event (Table 2). Likewise, the final two sampling events showed no differences from each other (Figure 9). The main effect of tillage was also significant (p = 0.0069), with tillage increasing nosZ copy numbers compared to no-till (Table 2).
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FIGURE 6. Mean lognormal transformed soil nifH (copies μgram DNA−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)], tillage [NT, no-till (red); T, chisel tillage (black)], and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.
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FIGURE 7. Mean lognormal transformed soil nirK (copies μgram DNA−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)] and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.
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FIGURE 8. Mean lognormal transformed soil nirS (copies μgram DNA−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)], tillage [NT, no-till (red); T, chisel tillage (black)], and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.
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FIGURE 9. Mean lognormal transformed soil nosZ (copies μgram DNA−1) throughout the 2019 growing season separated by crop rotation [CCC, continuous corn (circles); SSS, continuous soybean (squares)] and cover crop [CC, cover crop (partial fill); NCC, no cover crop (solid fill)]. Significant differences in treatment means can be interpreted by the Least Square Differences (LSD) error bar to the right of the figure. Mean values that fall beyond the distance of the LSD are significant at α = 0.10.


Corn yields were affected by the addition of cover crops, but not tillage or their interaction (Table 3). Compared to no cover, a corn yield reduction of 2.4 Mg/ha was observed in the cover crop treatment. Soybean yields were affected by both main effects, tillage and cover crops, and their interaction (p = 0.0781). The chisel till with no cover crops had the greatest yields at 3.99 Mg/ha, then no difference between the no-till, no cover crop treatment and the cover crop, tillage pair (3.75 and 3.55 Mg/ha, respectively) and, lastly, the no-till, cover crop treatment combination at 3.04 Mg/ha (Table 3). Cover crop biomass was not affected by the treatments in this study and averaged 2.69 Mg/ha over the entire experiment (Table 3).


Table 3. Analysis of variance (ANOVA) results for the main effects and interactions of crop rotation (Rot), tillage (Till), and cover crop (CC) on corn and soybean yields (Mg ha−1) and cover crop biomass (Biomass, Mg ha−1).
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DISCUSSION


Temporal Trends in Microbial N Cycling

Following more than 20 years of consistent crop rotation and tillage management, cover crops were included in the rotation to study their effects on soil microbial N dynamics, nitrous oxide evolution, and other soil properties. There are no published studies from the field-scale investigating the effects of crop rotation, tillage, and cover cropping simultaneously on soil microbial genes at multiple points throughout the growing season. Overall, sampling event date had a significant main effect or was part of an interaction for all of the variables tested, meaning that each variable changed throughout the growing season. Tracking those changes is particularly interesting for the microbial functional genes as little is known about how the microbial N cycle changes at different parts of the growing season. At corn fertilization, an influx of inorganic N alters the soil environment and pH drops, which temporarily increases bacterial nitrification (this will be discussed in detail in subsection Soil pH Dictates Microbial Nitrification) and nitrous oxide emissions. As the season progresses and soil ammonium values drop, pH returns to pre fertilization levels, and bacterial nitrification decreases. The microbial N cycle in the SSS rotation behaved differently due to the neutral soil conditions and, unlike the CCC, did not experience a large peak of activity and nitrous oxide emissions. Our results show AOA having the lowest values prior to fertilization then increasing throughout the growing season (AOA will be discussed in detail in subsection Bacterial Denitrification via nirK Linked to Nitrous Oxide Emissions). Other studies have shown that fertilized row crops experience increases in microbial N cycle activity near fertilization followed by a leveling out as the growing season progresses due to an influx of inorganic N; a peak in nitrous oxide emissions following fertilization substantiate that finding (Somenahally et al., 2018; Linton et al., 2020; Hu et al., 2021; Wang et al., 2021).



Crop Rotation, Tillage, and Cover Cropping Influence the Soil Environment

Similar to a previous 4-year study at these same plots, nitrous oxide emissions from the CCC rotation were greater than the SSS due to N fertilization (Behnke et al., 2018). Results from other studies also show corn nitrous oxide emissions were greater than soybean due to fertilizer inputs (Omonode et al., 2011; Smith et al., 2011). In a global meta-analysis studying nitrous oxide emissions, Shcherbak et al. (2014) found a near-linear relationship between N rate and nitrous oxide emissions. Those authors also found that acidic soil conditions are related to greater nitrous oxide emissions. Wang et al. (2018) and Wang et al. (2021) found that low soil pH resulted in greater nitrous oxide emissions. Therefore, soil pH has been identified as an influential variable associated with microbial community composition (Behnke et al., 2021), microbial N cycle functional genes (Ouyang et al., 2018; Huang et al., 2019; Sun et al., 2019; Behnke et al., 2020b). Furthermore, soil pH was found to be correlated with numerous response variables in this study as well. In a low pH environment, as characterized by the CCC rotation, nitrous oxide emissions increase (p = 0.0365), so too does nirK copy numbers (p = 0.0603) and AOB copy numbers (p = 0.0079), whereas AOA copy numbers decrease (p = 0.0001).

Soil ammonium values were driven by strong main effects of time of sampling (month) and crop rotation (Table 2). The CCC rotation would be expected to have elevated soil ammonium values immediately following the spring UAN fertilizer application, then level off as crop uptake and microbial N transformations occur. The actively growing cover crops reduced soil nitrate through plant uptake prior to termination and slightly after but returned to no differences later in the season (Figure 2). In a Midwestern rye cover crop experiment over 10 years, (Parkin et al., 2016) found no differences between the no-cover control and the rye cover crop; however, the rye cover crop did reduce nitrate leaching by 54%. Following 5 years of cover cropping from a corn-soybean rotation, Behnke and Villamil (2019) observed that when spring cover crop biomass had favorable winter growing conditions, nitrous oxide emissions were reduced due to a significant reduction in soil nitrate values. However, post-termination GHG samples were not taken in that study.

In agreement with other studies, our results showed that actively growing cover crops decreased soil nitrate values through biomass immobilization (Acuña and Villamil, 2014; Lacey and Armstrong, 2015; Behnke and Villamil, 2019; Behnke et al., 2020a). Once the cover crops are terminated, however, the fresh residues provide the substrate needed for microbial growth and activity (Kaleeem Abbasi et al., 2015; Frasier et al., 2016; Hallama et al., 2019). Following termination, the increased microbial activity explains why cover crops increased nitrous oxide emissions in our study (Table 2). Cover crops were also found to increase nitrous oxide emissions more than half of the time, as observed in the meta-analysis by Basche et al. (2014). In a cover crop and tillage study in Illinois, USA, Kim et al. (2020b) observed that the decomposition of legume-grass cover crop species results in greater soil nitrate levels compared to grass-only covers. The authors found that the legume-grass cover crop rotations favored copiotrophic decomposers due to the higher inorganic N environment. The surplus N triggers positive priming, a situation where organic matter and residues are quickly decomposed (Norris et al., 2013; Chen et al., 2014). The low C:N ratio of the decomposing residues leads to N mineralization (Sainju et al., 2005). The stimulation of N cycling due to leguminous cover crops was also observed in a long-term cotton trial in Tennessee, USA; the authors found that hairy vetch increased N cycling genes compared to winter wheat, with effects lasting through the cotton-growing season (Hu et al., 2021). Cover cropping with cereal rye in Illinois, USA was found to have greater laboratory potential denitrification, though field scale nitrous oxide measurements had the opposite result (Foltz et al., 2021). Those authors found that rye cover crops decreased field nitrate levels and increased soil C, creating conditions that favor increases in laboratory assays (Foltz et al., 2021).



Tillage Impacts N Fixation

The abundance of nifH copy numbers was elevated under chisel tillage compared to no-till (Table 2) and drove the four-way interaction (Figure 6). In this study, soil samples were taken from the top 10 cm, so surface-applied N or crop residues (as is the case no-till) accumulate and cause ammonium levels to increase, leading to a decrease in fixation from no-till. In a continuous cotton experiment with tillage and cover crop treatments in Tennessee, USA, Hu et al. (2021) also found that overall tillage increased nifH compared to no-till. Ouyang et al. (2018) found that nifH is sensitive to soil N concentrations, and N fertilization may reduce the potential for biological N fixation. Furthermore, N fixation requires energy investments are as N becomes more abundant, fixation decreases (Gelfand and Robertson, 2015). From a trial in Iowa, soybean biomass production was the best predictor of total biological N fixation (Córdova et al., 2019). Soybean yields did improve with tillage by nearly 0.4 Mg/ha (Table 3). Similarly, soybean yields improved with tillage in a 4-year study from this site (Behnke et al., 2018).



Soil pH Dictates Microbial Nitrification

Prior to the addition of cover crops to these plots, Behnke et al. (2021) observed that bacteria, fungi, and archaea all responded to pH, creating niches for each indicator species at varying pH levels. Bacterial indicator species were grouped into acidophile and organic matter dependent vs. neutrophile and N adverse. Likewise, archaea indicator microbes were organized by pH requirements. Crop rotation and tillage practices that influence soil pH and soil organic matter were the drivers for the differences in indicator microbes (Behnke et al., 2021). A strong rotation effect drove soil pH values in our current study, with nearly one unit decrease in the CCC rotation compared to the SSS (Table 2). The month*rotation interaction for pH shows divergence on June 13th for both rotations, the CCC rotation decreased, and the SSS rotation increased slightly (Figure 4). This dip in soil pH can also be seen by the rise in AOB copy numbers in the CCC pairs that same sampling event (Figure 5). The soil pH drop (June 5th and 13th) followed the influx of fertilizer ammonium likely caused the spike in AOB copy numbers; then, as soil ammonium values decrease, so too does AOB. In this study, AOB and soil pH were negatively correlated (p = −0.0079). Other long-term studies have reported increased AOB abundance at lower soil pH (Segal et al., 2017; Huang et al., 2019; Sun et al., 2019; Behnke et al., 2020b). The increased levels of AOB in these low soil pH systems could also be due to an increase in ammonia from the UAN fertilizer application. Several studies also found that, in agricultural soils, AOB is more responsive to N fertilization (Ouyang et al., 2016, 2017; Ying et al., 2017).

Copy numbers of AOA were elevated in the unfertilized SSS rotation (Table 2), with lower soil ammonium concentrations and greater pH values (Table 2). Soil ammonia is less available at a low pH, which would normally favor the AOA community (Hatzenpichler, 2012; Zhalnina et al., 2012; Lehtovirta-Morley, 2018). However, since AOA prefers low ammonia environments, the addition of fertilizer N to a system reduces the AOA numbers, and AOB has a competitive advantage (Carey et al., 2016; Ouyang et al., 2016; Ying et al., 2017; Kim et al., 2021). This trend is observed as soil ammonium values decrease throughout the growing season (Figure 3); AOB copy numbers do as well, though they are always greater in the CCC rotation than the unfertilized SSS rotation. Chisel tillage also increased AOA copy numbers, likely due to the mixing of fertilizer N, which would cause a dilution effect since AOA prefers low ammonium environments. Other studies have observed a decrease in soil pH under no-till due to an accumulation of surface-applied fertilizer N (Crozier et al., 1999; Zuber et al., 2017; Behnke et al., 2020b). In a long-term tillage study in Nebraska, Segal et al. (2017) found that tillage did not affect AOA abundance. Similarly, in another long-term CCC study, the effect of tillage was less pronounced in the summer for AOA abundance due to a lack of competitive advantage compared to AOB (Liu et al., 2020).



Bacterial Denitrification via nirK Linked to Nitrous Oxide Emissions

Our results indicate that nitrous oxide emissions were produced by bacterial denitrification, specifically using the nirK pathway. The functional gene nirK was positively correlated with AOB (p < 0.0001) and inversely correlated with AOA (p = 0.0165), suggesting that the nirK function was bacterial. In fact, all of the microbial N cycle genes (nifH, nirK, nirS, and nosZ were strongly correlated (p < 0.0001) to AOB, indicating that the bacteria were very active in these soils, so any emissions would be influenced by bacteria. Behnke et al. (2020b) also observed AOB having a positive relationship with nirK, nirS, and nosZ. The soils with elevated nitrous oxide emissions were affected by the CCC rotation, which contained 56% more nitrous oxide compared to the SSS rotation (Table 2). As discussed earlier, the CCC rotation also contained elevated levels of AOB due to lower pH conditions and elevated levels of soil ammonium. The strong effect of crop rotation (Table 2) influenced nirK copy numbers, showing increases in the CCC rotation. Behnke et al. (2020b) also observed that nirK copy numbers were elevated in CCC and speculated that nirK was the culprit for nitrous oxide emissions. Linton et al. (2020) found that the nirK community was stimulated following input of fertilizer N in corn-soybean systems. In instances of low soil oxygen, some AOB, known to harbor nirK, could also contribute to nitrous oxide emissions (Coskun et al., 2017; Tosi et al., 2020). Other studies have shown that nirK was involved in nitrous oxide production in corn (Wang et al., 2021), cotton (Hu et al., 2021), wheat (Somenahally et al., 2018), and functionally (Graf et al., 2014). On the other hand, some studies do not show correlations between nitrous oxide emissions and N cycle genes, though they were from more diverse cropping systems (Maul et al., 2019) and biochar (Pereira et al., 2015).

Chisel tillage increased all microbial N cycle genes (nifH, nirK, nirS, and nosZ) compared to no-till (Table 2). In a study from the Kellogg Biological Station in Michigan, each denitrification gene was also reduced in the no-till treatment compared to conventional tillage (Li and Cupples, 2021). Chisel tillage is used to help break down residues, which stimulates microbial activity through aeration and warmer soil conditions (Balesdent et al., 2000; Martens, 2000; Hu et al., 2021). In the meta-analysis by Zuber and Villamil (2016), the authors found that metabolic quotient, a proxy for general microbial activity, was elevated with tillage compared to no-till. Other studies have observed elevated levels of nifH and nirS (Hu et al., 2021); nirK and nirS (Tatti et al., 2015; Wang et al., 2019); nirS, nirK, and nosZ in tilled systems compared to no-till. In a long-term tillage study on wheat in China, Wang et al. (2021) found that conservation tillage decreased the abundance of genes involved in nitrous oxide production, nirK and nirS, but not nosZ. The authors found that nirK and nirS were likely to cause nitrous oxide production in conventionally tilled systems.




CONCLUSIONS

The results presented here offer a unique look into the seasonal dynamics that soil microbes experience throughout a typical growing season. Nitrous oxide emissions and ammonia oxidizing bacteria copy numbers were greater in the CCC rotation fundamentally due to acidic soil conditions, confirming our hypothesis. Of the four microbial N cycle genes, only nirK was affected by crop rotation, with elevated copy numbers in the CCC rotation, as well. Soil pH was negatively correlated with nirK, ammonia oxidizing bacteria, and nitrous oxide emissions. Our findings indicate that bacterial nirK denitrification is likely responsible for the elevated nitrous oxide emissions in our study. Cover crops were found to increase nitrous oxide emissions, which was contrary to our hypothesis; however, cover crops did reduce soil nitrate levels, which we did predict. Cover cropping was involved as part of interactions with microbial N cycle genes, though they were found not to be a significant driver of those interactions upon further investigation. We agree with the conclusion in Hu et al. (2021), microbial-driven nitrous oxide emissions are situational and determined by localities, such as soil properties and the environment. In systems where corn follows corn, greater N fertilizer amounts are needed to sustain high yields. These systems are characterized by large nitrous oxide emissions and excess soil N, leading to an acidic environment that favors bacterial nitrification and denitrification via nirK. Understanding the microbial dynamics behind typical agronomic practices that influence nitrous oxide emissions is critical in identifying mitigation strategies. Our work highlights the complex and temporal effect agricultural management has on key microbial functions related to the N cycle, adding to our understanding of soil biology and biogeochemical processes from an agricultural setting.
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