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Abstract

:

Modern agricultural systems rely on inorganic nitrogen (N) fertilization to enhance crop yields, but its overuse may negatively impact soil properties. Soil properties to a depth of 90 cm were studied after 36 years of inorganic N fertilization at successive rates of 0, 202, and 269 kg N ha−1 (N0, N202, and N269) in continuous corn production [Zea mays L.] (CCC), and the corn (Cs) and soybean [Glycine max (L.) Merr.] (Sc) phases of a corn-soybean (CS) rotation. Experimental plots were arranged as a split-plot in a randomized complete block design with three replications. High levels of N fertilization under CCC acidified the topsoil (N0 pH 6.6 vs. N269 pH 4.9), and increased the nitrate level eight-fold compared to unfertilized controls. Under CCC, N0 had more than twice the available phosphorus level (P) and 40% more potassium (K) than the fertilized soils. Though treatments did not impact the soil organic carbon (SOC) content, water aggregate stability (WAS) decreased during the soybean phase of the rotated treatment (Sc) when compared to CCC. Fertilization affected soil bulk density (BD), which decreased by 5% from N0 to N269 across rotations. Averaged since the start of the study, corn yields increased by 60% with N fertilizer use compared to the unfertilized controls (N0). The corn grain yield benefited from the rotation with soybeans rendering 17% more grain yield in Cs than in CCC. Yet this benefit rose to 45% more grain yield on average, when no N fertilizer was used in Cs. Our results showed that there are important trade-offs with N fertilization and long-term use of corn monocultures, as its long-term use, even in the fertile and resilient soils on the Midwestern U.S., has led to P and K depletion, soil acidification, and potentially exacerbated N losses to the environment.
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1. Introduction


As the most limiting crop nutrient worldwide, nitrogen (N) fertilization use exceeds 100 Tg N yr−1, leading to an estimated loss of 67 Tg N yr−1, or roughly two-thirds of all synthetic N applied [1,2,3]. Despite this inefficiency, modern N fertilization feeds 48% of the world’s population and is responsible for 30–50% of all crop yield increases [4]. In the US Midwest region (Iowa, Illinois, Nebraska, Minnesota, Indiana, Kansas, South Dakota, Ohio, Missouri, Wisconsin, Michigan, and North Dakota), a prime agricultural region that provides more than 86% of the US corn crop [5], the average annual N fertilization rate for corn production in 2018 was 167 kg N ha−1, which amounts to over four Tg N yr−1 [6]. Also, in the US Midwest, corn [Zea mays L.] and soybean [Glycine max (L.) Merr.] are the dominant crops cultivated continuously or in short rotation of each other, occasionally including other crops like wheat, alfalfa, and increasingly, cover crops [7]. The use of corn following corn is one of the common cropping systems in the region that typically receives N fertilizers at high rates each year [8]. Although this intense annual N fertilization to corn monoculture accompanies high crop productivity within the region, it has been a critical source of N loss leading to contamination and hypoxia of water bodies [9] and increased nitrous oxide (N2O) emissions [10]. These N losses are the symptoms of deteriorating soil health via chemical imbalances [11]. Thus, important soil properties like soil pH, soil organic matter (SOM), and nutrient availability are widely employed as indicators used to assess the impacts of agricultural management on soil health [12]. Yet, the long-term effects of inorganic N fertilization on the chemical and physical properties of the deep and fertile soils of the Midwest region have not been thoroughly documented.



Baseline characterization of agricultural systems is vital to gain an understanding of the inherent dynamics and overall sustainability of agricultural lands. Several long-term studies in the region have characterized various soil properties following different N fertilization rates [13,14,15,16]. Likewise, some have also compared the soil properties between different crop rotations based on corn and soybean [17,18,19,20]. Soil pH is a crucial property that closely interacts with other aspects of soil health like soil fertility, toxicity, and the soil microbiome. So far, past studies reported decreased surface soil pH with increasing N fertilization rates regardless of the form of N applied [14,15,16,21]. For example, Barak, et al. [21] reported decreasing soil pH with higher N rates after 12 years of N fertilization from a site initially cropped with tobacco and soybean, then corn. Another study in Kansas by Obour, et al. [22] also detected notable soil acidification following 50 years of ammonium nitrate application. Moreover, this trend is particularly evident for soils under corn monocultures as they receive N more frequently. Liebig, et al. [14] observed that the soil pH decreased under continuous corn compared to a corn-soybean rotation after 17 years. However, because most of these experiments did not span more than two decades, the magnitude of soil acidification from N fertilization and corn monoculture in the longer term remains unknown.



Meanwhile, reports have been equivocal on the effects of N fertilization and crop rotation on cation exchange capacity (CEC), an important parameter of soil fertility [13,18,19,21]. On one hand, Barak, et al. [21] reported decreasing CEC with higher N rates, while Jagadamma, et al. [23] found that CEC did not differ significantly by N rates nor between continuous corn and corn-soybean rotations in Mollisols. Similarly, reports on the effect of N fertilization on SOM and related physical properties like bulk density (BD) and water aggregate stability (WAS) also remain ambiguous. For example, in Illinois, Jagadamma, et al. [13], following 23 years of N fertilization on continuous corn and corn-soybean rotations, reported that higher N rates increased soil organic carbon (SOC) and reduced BD in the surface soil. Yet a study in Iowa by Russell, et al. [24] showed that N application increased organic matter decay rate and shortened its turnover time, resulting in generally no change in SOC by fertilization rates. On the other hand, Obour, et al. [22] observed that the topsoil SOC increased after 50 years of N fertilization at moderate rate (67 kg N ha−1), showing that SOC may nonetheless accumulate given enough time. Furthermore, WAS, a proxy for soil erosion potential, and BD responded differentially to N rate and cropping system. Jagadamma, et al. [23] showed that WAS increased with higher N rates in continuous corn rotation, which they attributed to the differences in the quantity and chemical properties of the residues returned to the soil by treatments. Conversely, Hoss, et al. [19] did not find any differences in WAS or BD from 12 years of rotated or continuous corn. In addition, Zuber, et al. [20] found notable differences between WAS of corn monoculture and that of soybean monoculture, but not corn-soybean short rotation. Therefore, more reports on the N rate and crop rotation effects on these soil properties should accumulate to resolve these conflicting results.



As introduced earlier, N losses from agricultural systems are widely reported, and they greatly impact the environment. Numerous factors play into N loss, including asynchrony between fertilizer application and crop uptake, excess fertilizer N beyond crop needs, low N retention in managed soils, and soil N mineralization uncertainty [25]. Behnke, et al. [17] demonstrated that fertilization strategies associated with crop rotation alter soil N dynamics. They observed that N2O emissions and soil inorganic N levels were the greatest under continuous corn due to the greater N fertilizer use for maintaining yields. Moreover, N fertilization directly or indirectly affects phosphorus (P) and potassium (K) dynamics, which are major crop nutrients. For example, Congreves, et al. [18] found that soil P and K depleted differently under various crop rotations, leading to greater soil P and K levels under continuous corn and corn-soybean rotations than under continuous soybean. Furthermore, Jagadamma, et al. [23] reported greater soil K levels under continuous corn than under corn-soybean rotations. They attributed this K dynamics to differences in nutrients returned as crop residues, dictated by either the innate crop biomass production and chemical properties, or the amount of fertilizer applied in a cropping system. Thus, crop rotations and their yields dictate soil nutrient cycling as each crop phase may differ in nutrient requirements and the amount and composition of the residues returned to the soil [26,27]. However, long-term studies on soil nutrients are still scarce, especially those focusing on the effects of N fertilization in simple cropping systems.



The studies introduced so far have provided valuable information on the effects of different N fertilization rates and crop rotations on the soil properties of highly productive soils. However, knowledge on this relationship remains fragmented as most studies seldom assessed N rates and crop rotation together, or they were limited to certain soil properties or soil processes only at the soil surface. Moreover, results are often confounded by additional practices such as tillage systems and manure additions or by changes in management and cropping systems during the life of the long-term experimental plots. Therefore, our goal was to evaluate the soil chemical and physical properties to a depth of 90 cm, following 36 years of consistent management of N fertilization on corn monocultures and rotations with soybean crops. We hypothesized that the annual addition of N fertilizer in continuous corn will decrease soil pH, potentially due to nitrification and nutrient extraction by the crop, an effect that could be more pronounced on the surface soil and under the highest N rate. However, these fertilized corn monocultures could potentially increase soil organic matter and improve physical properties because of the greater volume of residue returned to the soil. Our results from this consistently managed long-term experiment will contribute to a better understanding of how innately fertile soils respond to the long-term use of conventional management practices typical of production-scale agriculture.




2. Materials and Methods


2.1. Experimental Site Description


The experimental plots were established in 1981 at the Northwestern Illinois Agricultural Research and Demonstration Center (40°55′50″ N, 90°43′38″ W), approximately 8 km northwest of Monmouth, Illinois (Figure 1). The location has a mean annual precipitation of 914 mm with a mean, maximum, and minimum annual temperatures of 10.6, 29.3, and −9.6 °C, respectively [28]. The experimental site was on Muscatune silt loam series (fine-silty, mixed, mesic Aquic Argiudoll) of nearly flat topography [29]. This soil series is dark-colored and very deep; it has moderate permeability and low surface runoff potential. This soil developed under the prairie vegetation in a layer of loess 2–3 m thick over glacial till [29].




2.2. Treatments and Field Management Practices


Research plots were initially designed to study the effects of N fertilization on corn yields under a monoculture (CCC) and short rotation with soybeans, with each phase present every year (Cs: Corn phase within corn-soybean rotation; Sc: Soybean phase within corn-soybean rotation). The site was set up in a split-plot arrangement of rotation (CCC, Cs, and Sc) and N fertilization rates (N0, N202, and N269; kg N ha−1) in a randomized complete block design with three replicates. Main plots were 18 m long by 30 m wide, and subplots were 18 m long by 6 m wide. Conventional tillage was used, which comprised of primary tillage with a chisel plow 20 to 25 cm deep in the fall after harvest, and secondary tillage with a field cultivator before planting in the spring. Corn and soybeans were planted in April or May each year in 76 and 38 cm rows, respectively, at the rate of 75,000 to 85,000 seeds ha−1 for corn, and at 340,000 to 350,000 seeds ha−1 for soybean. Fertilizer and pest management decisions followed the best practices for the site based on the Illinois Agronomy Handbook [30]. Urea (46% N) was applied until 1996 to corn in the spring at or before planting, which switched to urea ammonium nitrate solution (UAN 28%) thereafter. No N fertilizer was applied during soybean phases. Occasionally, P and K fertilizers and lime were applied to the entire field, when necessary, based on soil test results (the last application occurred in 2011). Historical yield data for corn from both CCC (from 1982 to 2017) and CS systems (in alternate years from 1983 to 2017), and for soybean from CS system (in alternate years from 1984 to 2017) were obtained from records at the Northwestern Illinois Agricultural Research and Demonstration Center. Every year, crop yields were harvested with a plot combine (Almaco, Nevada, IA, USA) and adjusted with 15.5 and 13% moisture for corn and soybean, respectively.




2.3. Soil Sampling and Determinations


Soil samples were collected in the fall of 2017, following harvest and 36 years after the initiation of the experiment. Within each experimental unit, three individual soil cores (4.3 cm diameter) to a depth of 90 cm were taken with a tractor-mounted soil sampler with soil sleeve inserts to keep the soil intact (Amity Tech, Fargo, ND, USA) and divided into four sections in the lab: 0–15 cm, 15–30 cm, 30–60, and 60–90 cm. Field-moist subsamples were analyzed for available N (NO3− and NH4+ in mg kg−1) using KCl extraction (1:5 ratio of soil to solution) followed by flow injection analysis with a SmartChem 200 (Westco Scientific Instruments, Inc., Danbury, CN, USA). Total inorganic N (TIN) was calculated as the sum of NO3− and NH4+. The Amity Tech soil sleeves allowed accurate measurement of the soil bulk density (BD, Mg m−3) by keeping the soil volume exact. Thus, about 10 g of soil per subsample was oven-dried at 105 °C in DKN-810 Mechanical Convection Oven (Yamato Scientific America Inc., Santa Clara, CA, USA) to measure gravimetric water content at each depth, and obtain BD using the core method [31]. An additional 4 g of soil per subsample was ground to measure the water soil aggregate stability (WAS, %) using West Sieving Apparatus (Eijelkamp, Giesbeek, The Netherlands) as the fraction of dry weight of stable aggregate separated with NaOH solution (1 M) from the total soil aggregate dry weight. The remaining soil of each subsample was sent to a commercial laboratory (Brookside Laboratories, Inc., New Bremen, OH, USA) for the determination of rest of the soil properties through standard procedures for the US North Central region (https://www.blinc.com/resources/testing-methods (accessed on 20 February 2022)). Thus, soil organic matter (SOM, %) was determined by loss-on-ignition [32], later converted to soil organic C content (SOC, g kg−1) using the equation developed by Konen, et al. [33] for Illinois soils. Soil pH (1:1 soil:water) was determined via potentiometry [34], available phosphorus (P, mg kg−1) with Bray I extraction [35], and the extractable elements including sulfur (S, mg kg−1), calcium (Ca, mg kg−1), magnesium (Mg, mg kg−1), potassium (K, mg kg−1), sodium (Na, mg kg−1), and aluminum (mg kg−1) were measured using Mehlich 150 III procedures [36]. Cation exchange capacity (CEC, cmolc kg−1) was estimated by the summation method [37].




2.4. Statistical Analyses


Linear mixed models were fit to each soil property using PROC GLIMMIX of SAS software version 9.4 (SAS Institute, Cary, NC, USA). Factors Rotation (Rot), N fertilizer rate (Nrate), and sampling depth (D) were considered fixed effects in the analyses of variance, while replicates (blocks) were considered random effects. Depth (D) was analyzed using a repeated-measures approach with the variance-covariance structure of heterogeneous autoregressive [type = arh(1)] for each soil variable consistently selected based on the lowest Akaike’s Information Criteria [38]. When appropriate, least-square means were separated using the lines option of the lsmeans statement, setting the probability of Type I error (α) at 0.05, and using a Tukey correction (adjust = Tukey). All plots were created within the R environment, version 4.1.0 [39], using the package ggplot2 [40].





3. Results


Table 1 shows the mean values, and standard error of the treatment mean (SEM) values for the soil properties of CEC, soil pH, SOC, WAS, and BD, while Table 2 shows the corresponding estimates for the nutrients, including N (as TIN comprised of NO3− and NH4+), available P, and K determined under each level of crop rotation (Rot), N fertilization rate (Nrate), and soil depth (D). Table 2 also includes the observed response of mean corn yields to crop rotation and fertilization for the duration of the experiment. Both tables display the probability values (p-values) and degrees of freedom (df) associated with the different sources of variation in the analysis of variance (ANOVA) of the effects of Nrate, Rot, D, and their interactions on the soil properties under study and the corn crop yields. A complete set of treatment means for all the treatment interactions, their SEM, df, and p-values, are provided in Supplementary Table S1.



Two-way interaction effects of Rot × Nrate (p = 0.002) and Rot × D (p = 0.003) were detected for CEC. For the Rot × Nrate effect, CEC was higher under N269 than other rates within Cs phase, but it did not differ significantly by Nrate within Sc and CCC. It was higher under N0 and N202 within Sc rotation than those of N0 and N202 within Cs rotation, and N202 and N269 within CCC rotation (Figure 2a). As for the Rot × D effect, CEC was lower within CCC than other rotation at 0–15 cm, lower within Cs than other rotations at 30–60 cm, and higher within Sc rotation than others at 60–90 cm; CEC did not differ significantly by rotation at 15–30 cm depth (Figure 2b). A three-way interaction effect of Rot × Nrate × D was detected for soil pH (p = 0.0351). The interaction indicates a differential response of both variables to fertilization for each rotation at successive depths. Within the CCC rotation, soil pH decreased significantly within the 0–15 cm depth as N rates increased, while it decreased with N269 at 15–30 cm (Figure 3).



All soil variables showed a statistically significant main effect from soil depth (p < 0.05). Soil depth was the only source of variation for SOC; SOC decreased consistently with depth. In turn, WAS was greater at intermediate depths (15–30, 30–60 cm) than within the top and lower layers (Figure 4a). There was a significant main effect of rotation on WAS, which was greater under CCC compared to Sc, with the Cs showing intermediate values (Figure 4b). Soil BD values were also affected by depth and a higher BD was recorded at the 15–30 cm of depth (Figure 4c). A statistically significant effect of N fertilization was determined for BD (p < 0.05) with the highest BD values associated with N0, and the lowest BD registered under N269 (Figure 4d).



There were marginally significant (p < 0.1) two-way interaction effects of Rot × D and Nrate × D on the TIN, the inorganic N, a summation of NO3− and NH4+. As shown in Figure 5a,b, TIN generally decreased with depth, but did not differ by N rate nor crop rotation within each depth. Unlike TIN, soil NO3− showed significant responses to both N rates and crop rotation, while NH4+ did not respond to them (Table 2). Thus, soil NO3− had significant (p < 0.05) interaction effects from Rot × Nrate and Rot × D, and marginally significant (p < 0.1) effects from Nrate × D. At 0–15 cm, NO3− was significantly greater with N269 than N0, while it did so for both N202 and N269 compared to N0 at 15–30 cm; NO3− did not differ by N rate at 30–60 cm and 60–90 cm depths (Figure 5c). Soil NO3− was significantly greater under CCC than Cs and Sc at 0–15 cm (Figure 5d). It was also greater under CCC than Sc at 15–30 cm; yet at the lower depths, NO3− did not differ by crop rotation (Figure 5d). Within CCC, NO3− increased significantly with higher N rates, but it did not respond to N rate under Cs and Sc (Figure 5e). On the other hand, soil depth was the only source of variation for NH4+, which decreased with depth (Figure 5f).



Soil available P had marginally significant (p < 0.1) Rot × Nrate interaction effect and a statistically significant (p < 0.05) Nrate × D interaction effect. Thus, under CCC, soil available P decreased with N application and with the inclusion of soybean, thereby being the greatest with N0 from CCC than all other Rot × Nrate combinations (Figure 6a). Likewise, soil P was greater with N0 than other N rates within the topmost depth, and greater than N202 at 15–30 cm (Figure 6b). Extractable soil K showed a statistically significant effect of the Rot × Nrate (p < 0.05) interaction term and a marginally significant effect of the Rot × D (p < 0.1) interaction. As with soil P, soil K was greater with N0 under CCC than under all other N rate × Rot combinations (Figure 6c). Soil extractable K was greater under CCC than Cs and Sc at depths 0–15 cm and 30–60 cm. The K levels were the lowest within 30–60 cm of depth (Figure 6d).



The average corn crop yield over the 36 years differed significantly (p < 0.0001) between rotations, N rate, and their interaction (Table 2). Overall, the mean corn grain yield over the experimental period was significantly (p < 0.0001) greater with N fertilization compared to N0, and following soybean in the corn-soybean rotation (CS) instead of after corn in the CCC (Figure 7). There were no significant yield increases between the top N levels, N202 and N269, over the study period. On average, corn yields increased 60% with N fertilization, and they increased the most when N was added into the unfertilized systems. Averaged across N rates, CS resulted in 31% higher average corn grain yield (11.07 Mg ha−1) than under CCC (8.44 Mg ha−1) (p < 0.0001) management. Increasing the rate of N application resulted in greater corn grain yield for both CCC and CS systems (Figure 7), with values ranging from 4.90 (N0) to 10.34 (N269) Mg ha−1 for CCC and 8.88 (N0) to 12.16 (N269) Mg ha−1 for CS (p < 0.0001). Compared to the unfertilized controls, the averaged corn grain yield in treatments was 45% higher in the CCC system and 37% higher in the CS system, indicating a greater response to N fertilizer in the CCC system. Likewise, within N0, rotated corn yielded 45% more than CCC. Yet, once N was supplied, the additional gain from soybean decreased to 17%. Because the experiment was originally set up to study corn yields, soybean yields were not collected by N rate and rotation, and were only reported as an average for the year. The mean crop yield for soybean through the study period was 3.83 Mg ha−1 (Figure 7).




4. Discussion


This study characterized the key soil properties after 36 years of N fertilization in continuous corn and corn-soybean rotation. Long-term, replicated, and consistently managed research plots are uncommon, and offer a unique opportunity to determine the long-term effects of these practices. Among the soil properties assessed, soil pH, CEC, and the levels of NO3−, available P and K responded to both high N fertilization rates and crop rotation. As hypothesized, annual N fertilization to continuous corn greatly acidified the topsoil, from a pH of 6.5~7 with no fertilizer to a pH of 4.9 under the highest N rate (N269). Similarly, Barak, et al. [21] demonstrated soil acidification (from pH 5.6 to 4.8) from the increased concentration of H+ in the soil associated with the use of inorganic N fertilizer (0 to 156 kg N ha−1). Partially, greater crop yield from these practices may have contributed to the soil acidity as more crop roots excrete H+ during nutrient uptake [41]. Also, the present study showed that soil NO3− levels increased eight-fold in the top 15 cm soil with more N fertilizer added within the continuous corn rotation. Conversely, NH4+ levels remained unchanged despite the direct urea and NH4+ inputs, suggesting that they readily nitrified and translated into NO3− levels [42,43,44]. Thus, the H+ from nitrification would have contributed greatly to the observed soil acidification due to N input within corn monoculture. Yet, soil acidification from N fertilization was not evidenced within any phase of the corn-soybean rotation. A study by Behnke, et al. [45] explored the effects of 20 years of crop rotation and tillage on greenhouse gas (GHG) emissions, yields, and soil properties on similar soil. The authors reported soil acidification by pH 1.1 in the topsoil under continuous corn than corn–soybean rotation, similar to our results. Liebig, et al. [14] also showed more soil acidification under continuous corn than a corn–soybean rotation with increasing N rate up to 180 kg N ha−1. Thus, the effects of N fertilization on soil pH and NO3− may have not been pronounced within the corn-soybean rotation because it received N at half the frequency than corn monoculture. This may also explain why CEC tended to increase slightly during the soybean phase of the rotated corn. Soil acidification can lower CEC by decreasing the negatively charged sites in SOM, weathering the clay mineral interlayer, and replacing it with non-exchangeable hydroxyl-Al complexes [21]. Without N fertilizers during the soybean phase, these effects on CEC may have been minimized. Meanwhile, Huang, et al. [46] observed that the ammonia-oxidizing gene, amoA, increased with higher N rates under continuous corn within our experimental site, thereby providing the genomic evidence that such practices promote nitrification, subsequently acidifying the soil. Therefore, our results demonstrated that prolonged N fertilization to corn monoculture at above-optimal rates could greatly acidify even the fertile and resilient soils of the US Midwest, from which other symptoms of soil health degradation like iron toxicity and loss of soil fertility may arise [47]. The fact that our site had been limed across treatments further accentuates the impacts of these practices. Villamil, et al. [48] on the microbial signatures of our site have reported that the microbial indicators of acidophilic guilds became more abundant with N fertilization. Our results, together with theirs, suggested that soil acidification from frequent and high rate N fertilization may substantially disturb the soil microbial community.



Over the 36 years of experiment, N fertilization significantly increased crop yield and its residue returns (Figure 7). Also, as corn returns much more residue than soybean [49], corn monoculture typically produces more crop residues than a corn–soybean rotation in total. Based on this, we had hypothesized that SOC would increase with N fertilization and continuous corn. However, SOC responses to N rates and crop rotation were not statistically significant (Table 1). A study by Necpálová, et al. [50] compiled the SOC data from multiple long-term experimental sites in North Central USA (Wisconsin, Missouri, Iowa, Ohio, Michigan, Illinois, and Minnesota) to estimate the minimum detectable differences (MDDs) of SOC between treatments and time. The authors reported that the SOC should differ at least by 5.32 g C kg−1 to detect the statistically significant treatment effect in an experimental design with five replicates, based on the silt loam data from a site near ours. Their SOC dynamics modeling estimated that this much MDD would require about eighty years of experiments. Furthermore, they observed that soils with high SOC required greater MDD, which would be the case for SOC-rich Mollisols. On the contrary, at 0–15 cm depth, the present study observed that the highest N rate increased mean SOC only by 0.30 g kg−1 compared to unfertilized control (p = 0.313; Table 1); continuous corn rotation increased SOC only by 2.28 g kg−1 compared to the soybean phase of corn-soybean rotation (p = 0.284; Table 1). Thus, finding no statistically significant differences in SOC between treatments despite 36 years of history is unsurprising, and it affirmed the high productivity of this region’s soils.



The SOC of the Midwest region that this study’s experimental site represents is resilient to change, as demonstrated by Necpálová, et al. [50]. This SOC resilience may also result from the positive priming effect that offsets the labile SOC from continuous corn rotation and N fertilization after SOC has saturated the protected SOM fractions [51]. A comparable study by Brown, et al. [52], with similar N rates on continuous corn over Mollisols in Iowa for 12 years, also reported no significant N fertilization effects on mean SOC. The authors further observed no significant N rate impact on the protected SOC fraction, which is a factor of SOC saturation level. Therefore, the excess SOC unprotected by the soil aggregates is prone to mineralization. Chen, et al. [53] described two positive priming effect theories that could explain increased SOC mineralization with continuous corn rotation and N fertilization: the microbial N mining theory and the microbial stoichiometry theory. With the N-mining theory, the addition of residues of high C:N ratio deprives the soil microbes of readily-available N, thereby prompting them to procure N by decomposing SOM [53]. Thus, although corn monoculture returns more crop residues in total than corn-soybean rotation, its corn residues higher in C:N would trigger rapid decomposition of SOM and mineralize SOC in the process, thereby offsetting the differences in SOC between crop rotations. Meanwhile, the stoichiometry theory holds that soil with a stoichiometric balance between rich C from greater residue return and N from fertilizers would trigger accelerated SOM decomposition. This then results in a faster turnover between fresh residue input and SOM, which can offset the SOC input from increased residue return from N fertilization. This was indeed observed by Poffenbarger, et al. [54], who found faster C mineralization with above-optimal N input.



Crop rotation and high N rates also had some impacts on the physical soil properties. Though WAS was not affected by N rate, it decreased by 6.7% under the soybean phase of the corn-soybean rotation compared to continuous corn (Figure 4b). Soybean residues have lower C:N and decompose faster than corn residues [26]. Also, soybean residues have a lower phenolic acid content [27], leading to less stable soil aggregates that may explain the decreased WAS during the soybean phase. On the contrary, shorter experiments in similar cropping systems by Hoss, et al. [19] (12 years) and Zuber, et al. [20] (15 years) found no significant changes in WAS between corn monoculture and rotated corn. Perhaps, changes in WAS from different crop residues may have to accumulate over the years. Since the soil aggregate is a complex unit of soil mineral particles, microbes, and organic matter, higher WAS implies that the soil microbial community may better withstand the stresses from physical disturbance and wetting cycles [55]. An Australian study by Trivedi, et al. [56] on the relationships between crop rotation, soil aggregates, and the microbiome reported that agricultural practices with greater residue returns enhanced the soil aggregation and richer microbial inhabitants. Their results agree with ours where WAS increased under continuous corn due to greater residue return than rotated corn. Further analysis of the soil microbiome may uncover whether changes in WAS enhance agriculturally beneficial microbial guilds. Moreover, stable soil aggregates become a long-term source of SOM by securing it in their structure [55,57,58]. Unlike WAS, which was unaffected by N fertilization, soil BD decreased with higher N rate as a direct result of the increased level of residues returned to the soil, an effect that, in turn, increases the porosity of the soil, favoring crop root growth [23]. A similar decrease in BD with higher N rates has been reported by Halvorson, et al. [59], who compared the effects of N fertilization after ten years in a Colorado Mollisol and reported that BD decreased by 7.4% from 0 kg N ha−1 to 90 kg N ha−1. Also, Jagadamma, et al. [23] reported 6.7% decrease in BD from unfertilized soils to the highest N rate. Overall, the findings of the present study on the soil physical properties of WAS and BD showed the benefits of returning corn residues to the soil, compared to soybean residues, while N fertilization enhances this effect by increasing the volume of such residues.



As hypothesized, the soil nutrients were sensitive to N fertilization and crop rotation. Higher N rates and corn monoculture that received them more frequently increased the total surface inorganic N (Figure 5a,b). As discussed above, a significant increase in NO3− directly from fertilizers and from nitrification of NH4+ input drove this change. Increased levels of NO3− in the soil under corn monoculture have been related to increased N2O emissions as more substrates for denitrification become available [17]. For example, Behnke, et al. [60] on the effects of crop rotation and tillage on soil properties and N-cycling functional genes observed that both amoA and denitrifying nirK increased with corn monoculture, which indicated a greater potential for microbial NO3− and N2O production. Thus, in addition to significant soil acidification discussed earlier, cropping systems receiving excessive N increase the risk of nutrient loss via not only NO3− leaching, but also N2O emission. As for soil P and K, Congreves, et al. [18] found that soil nutrients, including P and K, depleted differently under various crop rotations, leading to greater soil P and K levels under continuous corn (44 and 202 mg kg−1, respectively) and corn-soybean rotations (40 and 202 mg kg−1, respectively) than under continuous soybean (34 and 172 mg kg−1, respectively). The authors attributed these changes in soil P and K dynamics to the differences in nutrients returned as crop residues, dictated by either the innate crop biomass production and quality, or the amount of N fertilizer applied in a cropping system. Likewise, the results of the present study showed that the available levels of soil P and K were significantly greater with no fertilizer and under continuous corn management (23.08 and 147.50 mg kg−1, respectively) than all other treatment level combinations (12.40 and 99.58 mg kg−1, respectively, on average) (Figure 6a,c). As the corn yield increased with higher N rates, the crop uptake of P and K would increase accordingly [17,20]. The highest P and K levels were also found within the topsoil where residues accumulate (Figure 6b,d). While these nutrients decreased in the intermediate depths that are primarily explored by the crop root system, they slightly increased in the deeper layers that are closer to the parent materials [61,62]. Given the importance of P levels in these intensively managed systems that trigger environmental consequences due to unintentional P losses via runoff from agricultural fields, further studies should explore how N fertilization and rotation practices influence soil P dynamics and stocks throughout the soil profile, informing P budgets for comprehensive agroecosystem P management.



In 2004, Jagadamma, et al. [13,23] characterized the top 30 cm of the soil at the same experimental site as this study and used a multivariate approach to select soil properties that can predict crop yields. Jagadamma, et al. [23] showed that higher N rates acidified the soil from around pH 7 down to pH 5.5 within corn monoculture, and decreased BD by up to 9.1% and K+ levels by around 25%, similar to our findings. They also found greater soil N with higher N rates, although their report did not separate the contributions of NO3− and NH4+. Meanwhile, Jagadamma, et al. [23] reported that WAS increased by up to 25% with higher N rates under continuous corn rotation, but not within corn–soybean rotation. Therefore, the comparison between this study and Jagadamma et al. (2008) suggests that this agricultural system generally remained stable in the 13 years since this first report. Furthermore, although this study characterized the soils under typical cropping systems of the US Midwest, its implications extend to similar highly productive regions in the world, like the Northeast China and Argentinian Pampas. Corn is a major part of the cropping systems of the Northeast region of China, which often receives heavy N rates up to 600 kg N ha−1 [63,64]. Since reports from long-term field experiments are also uncommon in other parts of the world, the results from this study can provide valuable outlooks on the extent of soil acidification and N loss risks that excessive N fertilization on corn monoculture may have in other productive agricultural regions.




5. Conclusions


The assessment of soil physical and chemical properties to a depth of 90 cm, following 36 years of crop rotation and N fertilization, highlighted the unique resilience of Mollisols of the US Midwest region. While this study detected important changes in pH and nutrients as hypothesized following nearly four decades of treatments, the modifications measured for most other variables, including SOC, were minimal. Long-term management practices that reduce soil pH via accelerated nitrification are known to pose a significant threat to the environment through increased GHG emissions and nitrate leaching. Within the topsoil of continuous corn system, soil pH had nearly a two-unit reduction in soil pH and an eight-fold increase in soil NO3− from the highest fertilizer rate compared to those of unfertilized controls, implying substantial nitrification in this system. A decrease in soil aggregate stability during the soybean phase of the rotated corn system, points to the differences in tissue composition between the corn and soybean plants. Increased yields with fertilization within the continuous corn system improved the bulk density of the soil, likely associated with the volume of residues returned. On the other hand, SOC remained unaffected by the treatments, further demonstrating the stability of these soils. These Mollisols are resilient, yet the measured extents of soil acidification and N pollution flag the possibility of substantial soil health degradation that warrants further scrutiny on the practices that triggered them. The results of this study suggest that a deeper understanding of the microbial nutrient cycling dynamics within these highly productive agroecosystems should complement the typical chemical and physical properties studied here. Likewise, exploring management practices that encourage temporal and spatial diversification to alleviate nutrient losses, such as cover cropping or split N application, would help answer questions on the sustainability of current practices.
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Figure 1. Reference map of the long-term experimental site at Monmouth, Illinois, U.S.A. with its coordinates. 
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Figure 2. (a) Mean values of cation exchange capacity (CEC, cmolc kg−1) by crop rotation and N fertilization rate, and (b) by crop rotation and depth. In all cases, bars show the mean values and error bars represent the standard error of the treatment means. The placement of bars within each depth range (0–15, 15–30, 30–60, and 60–90; cm) does not signify differences in sampling depth. Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. The N fertilization rates were 0, 202, and 269 (kg N ha−1). Within each panel and a given depth, means followed by the same lowercase letters are not statistically different (α = 0.05). Lack of statistically significant differences among treatment means within a given depth is indicated by “NS”. 
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Figure 3. Mean soil pH under each crop rotation (panel columns), N fertilization rate (Y-axis), and depth (panel rows). Bars show the mean values and the error bars represent the standard error of the treatment means. Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. The N fertilization rates were 0, 202, and 269 (kg N ha−1). For a given depth and within each rotation, mean pH values for each N rate followed by the same lowercase letter are not statistically different (α = 0.05). Within each depth and across rotations, mean pH values followed by the same uppercase letter are not statistically different (α = 0.05). Lack of statistically significant differences among treatment means within a given depth is indicated by “NS”. 
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Figure 4. Mean water aggregate stability of the soil aggregates (WAS, %) determined for each (a) depth and (b) crop rotation. Mean soil bulk density (BD, Mg m−3) determined for each (c) depth and (d) N fertilization rate. In both plots, bars show the mean values and the error bars represent the standard error of the treatment means. Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. The N fertilization rates were 0, 202, and 269 (kg N ha−1). Within each panel, means followed by the same lowercase letters are not statistically different (α = 0.05). 
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Figure 5. Averaged total inorganic N (TIN, mg kg−1) determined at different depths of soils under different (a) N fertilization rates and different (b) crop rotations. Mean values of soil NO3− (mg kg−1) separated by (c) N fertilization rate at each successive depth, and by (d) rotation at each depth. (e) The interaction effect of N fertilization rate and crop rotation on NO3− levels. (f) The mean NH4+ values measured at each depth. In all cases, bars show the mean values and error bars represent the standard error of the treatment means. The placement of bars within each depth range (0–15, 15–30, 30–60, and 60–90; cm) do not signify differences in sampling depth. Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. The N fertilization rates were 0, 202, and 269 (kg N ha−1). Within each panel and a given depth, means followed by the same lowercase letters are not statistically different (α = 0.05). Lack of statistically significant differences among treatment means within a given depth is indicated by “NS”. 
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Figure 6. (a) Mean soil available P (mg kg−1) by crop rotation and N fertilization rate, and (b) by depth and N fertilization rate, and (c) mean soil K (mg kg−1) by crop rotation and N fertilization rate, and (d) by depth and crop rotation. In all cases, bars show the mean values and error bars represent the standard error of the treatment means. The placement of bars within each depth range (0–15, 15–30, 30–60, and 60–90; cm) does not signify differences in sampling depth. The N fertilization rates were 0, 202, and 269 (kg N ha−1). Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. Within each panel and depth, means followed by the same lowercase letters are not statistically different (α = 0.05). Lack of statistically significant differences among treatment means within the same depth is indicated by “NS”. 
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Figure 7. Average corn yield (Mg ha−1) during the 36 years of the study for each cropping system and for each level of N fertilization. Average soybean yield (Mg ha−1) is included as reference (dashed line). Error bars represent the standard error of the treatment means. Crop rotations are continuous corn (CCC), and the corn-soybean rotation (CS) as corn Cs and soybean (Sc) phase, respectively. The N fertilization rates were 0, 202, and 269 (kg N ha−1). 
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Table 1. The treatment mean values (Mean) and standard error of the means (SEM) of the soil properties: cation exchange capacity (CEC, cmolc kg−1), soil pH, soil organic matter (SOC, g kg−1), water aggregate stability (WAS, %), and bulk density (BD, Mg m−3) determined by the main effects of crop rotation [Rot, continuous CCC; corn phase of corn-soybean rotation (Cs), and soybean phase of corn-soybean rotation (Sc)], N fertilization rate (Nrate, 0, 202, and 269 in kg N ha−1), and soil depth (D, cm). Probability values (p-values) and degrees of freedom (df) associated with the different sources of variation in the analysis of variance are shown below.
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Treatments

	

	
CEC

	

	
pH

	

	
SOC

	

	
WAS

	

	
BD

	




	

	

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM






	
Rot

	

	

	

	

	

	

	

	

	

	

	




	
CCC

	

	
18.51

	
0.44

	
6.31

	
0.12

	
20.08

	
0.63

	
74.99

	
1.38

	
1.34

	
0.03




	
Cs

	

	
18.62

	

	
6.79

	

	
19.14

	

	
72.22

	

	
1.38

	




	
Sc

	

	
19.68

	

	
6.71

	

	
18.17

	

	
69.95

	

	
1.40

	




	
Nrate

	

	

	

	

	

	

	

	

	

	

	




	
0

	

	
19.06

	
0.38

	
6.73

	
0.08

	
18.90

	
0.58

	
71.42

	
1.38

	
1.41

	
0.02




	
202

	

	
18.85

	

	
6.59

	

	
19.08

	

	
73.26

	

	
1.38

	




	
269

	

	
18.90

	

	
6.49

	

	
19.41

	

	
72.49

	

	
1.34

	




	
D

	

	

	

	

	

	

	

	

	

	

	




	
0–15

	

	
19.39

	
0.45

	
6.40

	
0.09

	
25.56

	
0.48

	
64.80

	
1.21

	
1.37

	
0.02




	
15–30

	

	
19.33

	
0.40

	
6.55

	
0.08

	
23.28

	
0.49

	
76.96

	
1.30

	
1.45

	
0.02




	
30–60

	

	
18.01

	
0.39

	
6.69

	
0.07

	
17.37

	
0.44

	
79.39

	
1.32

	
1.30

	
0.02




	
60–90

	

	
19.01

	
0.42

	
6.78

	
0.07

	
10.31

	
0.22

	
68.40

	
1.48

	
1.37

	
0.02




	
Source of Variation

	
df

	
CEC

	

	
pH

	

	
SOC

	

	
WAS

	

	
BD

	




	
Rot

	
2

	
0.108

	

	
0.0616

	

	
0.1250

	

	
0.0167

	

	
0.3104

	




	
Nrate

	
2

	
0.709

	

	
0.0057

	

	
0.8108

	

	
0.5158

	

	
0.0240

	




	
Rot × Nrate

	
4

	
0.002

	

	
0.0124

	

	
0.9789

	

	
0.2068

	

	
0.9287

	




	
D

	
3

	
0.001

	

	
<0.0001

	

	
<0.0001

	

	
<0.0001

	

	
<0.0001

	




	
Rot × D

	
6

	
0.003

	

	
<0.0001

	

	
0.2840

	

	
0.8282

	

	
0.3100

	




	
Nrate × D

	
6

	
0.414

	

	
0.0033

	

	
0.3125

	

	
0.3743

	

	
0.5247

	




	
Rot × Nrate × D

	
12

	
0.914

	

	
0.0351

	

	
0.3482

	

	
0.5991

	

	
0.9474
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Table 2. The treatment mean values (Mean) and standard error of the means (SEM) of the soil nitrate (NO3−, mg kg−1), ammonium (NH4+, mg kg−1), total inorganic nitrogen (TIN, mg kg−1), available phosphorus (P, mg kg−1), and potassium (K, mg kg−1) determined by the main effects of crop rotation [Rot, continuous CCC; corn phase of corn-soybean rotation (Cs), and soybean phase of corn-soybean rotation (Sc)], N fertilization rate (Nrate, 0, 202, and 269 in kg N ha−1), and soil depth (D, cm). Average corn phase yield (Mg ha−1, 1981–2017) determined for each N rate and rotation are included in the last column. Probability values (p-values) and degrees of freedom (df) associated with the different sources of variation in the analysis of variance are shown below.
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Treatments

	

	
NO3−

	

	
NH4+

	

	
TIN

	

	
P

	

	
K

	

	

	
Yield

	




	

	

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM

	
Mean

	
SEM

	

	
Mean

	
SEM






	
Rot

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CCC

	

	
7.65

	
0.84

	
6.15

	
4.74

	
13.72

	
4.16

	
14.19

	
1.56

	
119.86

	
4.62

	

	
8.44

	
0.40




	
Cs

	

	
3.15

	

	
5.54

	

	
8.73

	

	
14.14

	

	
99.11

	

	

	
11.05

	




	
Sc

	

	
2.78

	

	
11.86

	

	
14.65

	

	
12.42

	

	
95.75

	

	

	

	




	
Nrate

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
0

	

	
2.24

	
0.84

	
8.42

	
3.05

	
10.70

	
3.06

	
17.47

	
1.56

	
113.39

	
4.57

	

	
6.89

	
0.41




	
202

	

	
5.12

	

	
8.39

	

	
13.52

	

	
11.42

	

	
99.22

	

	

	
11.10

	




	
269

	

	
6.21

	

	
6.74

	

	
12.88

	

	
11.86

	

	
102.11

	

	

	
11.25

	




	
D

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
0–15

	

	
8.62

	
1.35

	
14.38

	
2.86

	
23.06

	
2.99

	
26.44

	
1.96

	
188.70

	
7.92

	

	

	




	
15–30

	

	
5.19

	
0.56

	
8.58

	
2.80

	
13.77

	
2.65

	
10.70

	
1.28

	
93.81

	
2.39

	

	

	




	
30–60

	

	
2.61

	
0.30

	
4.85

	
2.87

	
7.46

	
2.68

	
6.04

	
0.44

	
59.93

	
2.41

	

	

	




	
60–90

	

	
1.69

	
0.21

	
3.59

	
2.92

	
5.17

	
2.72

	
11.15

	
0.57

	
77.19

	
3.05

	

	

	




	
Source of Variation

	
df

	
NO3−

	

	
NH4+

	

	
TIN

	

	
P

	

	
K

	

	
df

	
Yield

	




	
Rot

	
2

	
0.0005

	

	
0.6122

	

	
0.5638

	

	
0.6632

	

	
0.0047

	

	
1

	
<0.0001

	




	
Nrate

	
2

	
0.0075

	

	
0.6428

	

	
0.5520

	

	
0.0207

	

	
0.0908

	

	
2

	
<0.0001

	




	
Rot × Nrate

	
4

	
0.0055

	

	
0.4296

	

	
0.2296

	

	
0.0973

	

	
0.0171

	

	
2

	
<0.0001

	




	
D

	
3

	
<0.0001

	

	
<0.0001

	

	
<0.0001

	

	
<0.0001

	

	
<0.0001

	

	

	

	




	
Rot × D

	
6

	
0.0097

	

	
0.8515

	

	
0.0972

	

	
0.6705

	

	
0.0870

	

	

	

	




	
Nrate × D

	
6

	
0.0643

	

	
0.2630

	

	
0.0547

	

	
0.0029

	

	
0.3401

	

	

	

	




	
Rot × Nrate × D

	
12

	
0.1996

	

	
0.7622

	

	
0.6334

	

	
0.1265

	

	
0.2185
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