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Abstract

:

Alternative grazing systems that incorporate cover crops may be useful to achieve a longer grazing season and maximize forage production. However, little is known about their impact on soil properties, especially in the presence or absence of cattle grazing in the early spring. The aim of this study was to evaluate the interacting effects of cropping systems with and without cattle grazing in rotation with corn or soybean on the balance and dynamics of soil fertility and enzyme activity. This study was conducted as a system experiment between 2015 and 2019 in Minnesota and Pennsylvania, USA. The experimental design was a randomized complete block design with four replications. Treatments included presence or absence of cattle grazing and two types of cropping systems (pasture-rye-soybean-pasture [P-R-SB-P] and pasture-wheat/vetch-corn-pasture [P-W/V-C-P]. Soil samples were collected six times during the study. Soil properties analyzed were soil pH, organic matter, salinity, K, Ca, Mg, cation exchange capacity (CEC), P, β-glucosidase, alkaline phosphatase, aryl-sulfatase, fluorescein diacetate hydrolysis, ammonium, nitrate, permanganate oxidizable carbon (POXC), N%, C%, S%, and C:N ratio. Grazing increased glucosidase activity, available Ca, Mg, NO3−, NH4+, soil pH, soil C%, S%, and the C:N ratio. In the P-W/V-C-P cropping system, soil pH, available Ca, NO3−, and sulfatase activity were found to increase compared with the P-R-SB-P cropping system. In contrast, soil OM, available K, Mg, CEC, glucosidase, phosphatase, POXC, and total C%, N%, and S% were greater in the P-R-SB-P cropping system compared with the P-W/V-C-P cropping system. The results of this study suggested that rotational grazing can increase soil quality and microbial decomposition under the P-W/V-C-P cropping system, and that this result was greater than under the P-R-SB-P cropping system, leading to a faster nutrient cycling. These results show promise for producers who are seeking methods to diversify their farming operation and reduce the need for external inputs.
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1. Introduction


Enhancing soil ecosystem services, including regulating, supplying, and supporting services, is a high priority for the development of sustainable agricultural systems [1,2]. Organic agricultural systems primarily rely on ecological principles to maintain soil ecosystem services including biodiversity and natural soil fertility [3,4,5]. Furthermore, it is well established that organic farming practices are able to maintain and provide a more diverse set of soil ecosystem services than conventional farming systems [6,7,8,9]. The growing concerns on how global warming may affect global food production systems has spurred interest on how to use agriculture to enhance atmospheric sequestration of greenhouse gases, such as carbon dioxide (CO2), on terrestrial ecosystems [10]. Some forms of CO2 sequestration include the use of agricultural practices such as conservation tillage, cover crops, crop rotation, and fertilization [10,11]. Together those practices could optimize biomass growth, minimize reliance of fossil fuel-based fertilizer, and increase the amount of carbon being returned to soil ecosystems.



Unfavorable growing conditions, due to unpredictable weather over the last decade, have created many challenges for farmers located in the Midwestern region of the US [11]. The area is predominately cropped to corn (Zea mays L.) and soybean (Glycine max (L.) Merr.) and the vast majority of the land is under a conventional system with high reliance on chemical inputs. The soils under these agricultural systems typically include long periods of fall/winter fallow with low annual rate of carbon (C) return [10,11]. It has been estimated that the potential for agricultural land to support cover crops is 60% in some Midwestern regions; however, only 18.8% of this area is planted with reduced or conventional tillage following corn [12]. These systems are known to promote microbial activity and decomposition of soil organic matter (SOM), with little to no increase in soil organic carbon (SOC) [13]. In addition, these practices also contribute to the rapid deterioration of soil physical and chemical properties [14], further increasing the dependency on chemical inputs for adequate management. Considering the strong prevalence of corn and soybean as the main crop in conventional production systems, the absence of a soil cover is becoming a limiting factor [11,15].



Sustainability of agricultural systems can be achieved by enhancing the C-balance by increasing plant biomass production on the land [16]. In this sense, cover crops are an agricultural tool that can supply significant amounts of C-rich residues to the soil, thus modifying the quantity and quality of SOM [17] and improving soil fertility [14,18]. Moreover, planting cover crops is an effective method to reduce both nitrogen (N) leaching and soil erosion from agricultural lands [16]. The ability of certain cover crops to accumulate biomass even during the cold season, makes some winter cover crops such as rye (Secale cereale L.), hairy vetch (Vicia villosa Roth), and winter wheat (Triticum aestivum L.) an attractive option. Rye is a popular winter cover crop in the upper Midwest due to its adaptability to low temperatures, superior growth and N uptake compared to other species [19]. Hairy vetch is a winter legume that is widely adapted to most areas of the eastern United States [20]. Hairy vetch has a low C:N ratio (usually 10:1 to 15:1) that results in rapid biomass decomposition, with the majority of N mineralization occurring within the first 4 to 8 weeks after termination in the spring [21]. It can produce more than 150 kg N ha−1 when planting and termination dates are optimized [20,22]. Wheat is also a popular winter cover crop in the upper Midwest, as it matures later than rye but begins growing earlier in the spring than perennial forages. Having biomass on the land for an extended period of time not only provides a cover for bare soils but also presents an additional benefit to the land that is primarily used for grain production and cattle grazing. Therefore, incorporating winter cover crops may offer additional available forage for grazing cattle earlier than what is possible with perennial pastures in the spring [23].



Producers plant winter cover crops in the late-summer or fall with the target of establishing the crop in that same year, with re-growth in the spring—though this is often a challenge in the upper Midwestern states. The crops used as cover crops in the Midwest have been selected for their cold hardy characteristics and therefore grow in cooler temperatures more efficiently than most perennial grass species, making them an ideal forage source for grazing [24]. This may be a useful strategy because one of the main obstacles organic beef producers face is lack of supply of pasture-based feed [25]. Furthermore, grazing winter cover crops may help organic producers meet the soil-building plan and daily dry matter intake requirements mandated by the United States Department of Agriculture (USDA)—National Organic Program (NOP) [26].



Alternative grazing systems, which incorporate winter cover crops, may be useful for achieving a longer grazing season and maximizing forage production [25]. The role of cover crops in the upper Midwest has been studied by many researchers [27,28,29]. However, little is known about their impact on soil properties, especially with or without cattle grazing in early spring. We hypothesize that cover crop inclusion in different cropping systems, with or without cattle grazing, can improve soil quality and fertility, thus affecting nutrient availability and microbial activity in the long term. The aim of this study was to evaluate the interacting effects of winter cover crops and cattle grazing in rotation with corn or soybean on the balance and dynamics of soil fertility and soil enzyme activity.




2. Materials and Methods


2.1. Experimental Design and Baseline Soil Sampling


This field-scale study of an integrated crop-livestock system experiment, described by Phillips et al. [25] and Nazareth et al. [30], was conducted between 2015 and 2019 at the University of Minnesota West Central Research and Outreach Center (WCROC) (Morris, MN, USA) and at the Rodale Institute (Kutztown, PA, USA). The experimental design was a randomized complete block design with four replications with a factorial arrangement of treatments. Treatments included presence or absence of cattle grazing and two types of model cropping systems (pasture-rye-soybean-pasture [P-R-SB-P] and pasture–mix of wheat and vetch-corn-pasture [P-W/V-C-P]. The pastureland included perennial forbs, grasses, and legumes, such as alfalfa (Medicago sativa L.), chicory (Cichorium intybus L.), meadow brome grass (Bromus biebersteinii L.), meadow fescue (Festuca pratensis L.), orchard grass (Dactylis glomerate L.), perennial ryegrass (Lolium perenne L.), red clover (Trifolium pretense L.), and white clover (Trifolium repens L.). The cover crops of winter wheat (WW) and winter rye (WR) were selected due to their success and popularity as cover crops in the upper Midwest, and for their grazing quality. The experiment began in 2015 on existing pastures, which were tilled and planted to WW and WR in separate blocks on 10 September 2015. These forage crops were grazed during 2016 (grazing details below). Using MN as an example, the WR stubble remained until a soybean crop was planted in the WR block on 20 May 2017. Hairy vetch was drilled into WW stubble on 15 August 2016 and then the WW block was planted to corn on 20 May 2017. Harvest of the corn and soybean occurred on 20 October 2017. The corn and soybean blocks were planted back to pasture on 20 April 2018. Manure from cattle during the grazing season fertilized pastures in this study, without additional commercial fertilizer or irrigation. No additional fertilizer was applied to the corn, soybean or pasture crops.



The 29 cattle for the study in Minnesota were derived from the organically managed cattle from the WCROC [31]. The Rodale Institute purchased 12 organic cattle for the experiment. During the grazing part of the experiment, a metal exclusion cage, measuring 6.1 m × 6.1 m, which prevented cattle grazing (the non-grazed portion of the study), was established in each replicated paddock. Crops and cattle were raised according to USDA-AMS organic regulations as set forth in the National Organic Program (NOP) rules [25,32].



At each site, the designated pasture area selected for the 4-year experiment was sampled prior to cover crop planting. Soil samples were taken (baseline sampling) from 0–15 cm depths. Samples were collected randomly within each plot as an attempt to minimize variability using a metal soil probe, 2.54 cm diameter, and 8 cores were collected from each plot and combined into one composite sample. Soil samples were air dried after collection and ground to pass through a 2-mm sieve and saved for biological and chemical tests. Because the use of moist or dry soil can affect biological activity, dried and wet soils for the enzyme analysis in this study produced similar results, as verified on a set of subsamples prior to the start of the study (unpublished data). Soil pH and salinity were analyzed using 1:1 saturated paste soil extract methods described by Watson and Brown [33] and Whitney [34], respectively; SOM was analyzed using the ignition method described by Combs and Nathan [35], extractable K, calcium (Ca), magnesium (Mg), and cation exchange capacity (CEC) were determined according to Warncke and Brown [36]; available P was determined using the Bray-1 extractant [37]. β-glucosidase (E.C. 3.2.1.21), alkaline phosphatase (E.C. 3.1.3.1) and arylsulfatase (E.C. 3.1.6.1) activities were determined according to Tabatabai [38]. Fluorescein diacetate hydrolysis (FDA) was analyzed using a modified protocol adapted from Adam and Duncan [39]. For all enzymes, the reactions were measured against a control from the same soil sample to account for p-nitrophenol released from activity not related to enzymes. Both absorbance values were plotted on a calibration curve of known standards, and the difference was used to represent the enzyme activity (ug kg−1 h−1). Ammonium was analyzed after extraction in 2M KCl using the sodium salicylate method as described by Nelson [40]. Nitrate was determined after extraction in 2M KCL using the vanadium method [41]. Permanganate oxidizable carbon (POXC) was analyzed using the method described by Culman et al. [42]. Total N, C, and S percentage was determined on the vario MAX cube CNS analyser (Elementar Analysensysteme, Ronkonkoma, NY, USA). The results are shown in Table 1 and Table 2.




2.2. Cattle Grazing of Paddocks


Each pasture was divided into seven 0.57-ha paddocks in order to implement rotational grazing methods, with a stocking rate of 4 or 5 steers per paddock. Grazing was initiated when forage height reached 15 cm at both sites in April 2016. Steers were randomly assigned to graze either WR or WW, and remained in their groups throughout the grazing season, separated by paddocks using temporary fencing. As an example, in Minnesota, starting from the north end of the seven paddocks, steer groups rotationally grazed until 13 June 2016 with free-choice mineral supplements for seven weeks. Steers moved to a new paddock every three days and grazed the same paddock three times during the study. Briefly, steers grazed on WR and WW had similar (p = 0.88) average daily gains (ADG; 0.87 kg d−1) from birth until harvest, which are similar to results in Bjorklund et al. [43] who reported an ADG range of 0.62–0.82 kg/d for grass-fed and organic steers of similar breeds in the current study. Furthermore, steers grazed on WR (0.33 kg d−1) and WW (0.32 kg d−1) had similar (p = 0.64) ADG from the first day of grazing to the last day of grazing [25]. Steers were prevented from grazing inside exclusion cages throughout the course of the experiment.




2.3. Soil Sampling during the Experiment


Soil samples were taken five times during the study at each location: (1) baseline measures before cover crop seed planting in Summer 2015 (MN: June; PA: July); (2) after cattle grazing in Fall 2016 (MN: September; PA: August); (3) after corn and soybean planting in Spring 2017 (MN: May; PA: April); (4) after corn and soybean harvest in Fall 2017 (MN: November; PA: December); (5) after perennial pasture planting in Spring 2019 (MN: May; PA: May). Additional samples were taken prior to cattle grazing in May 2016 at the MN site and after perennial pasture planting in November 2018 at the PA site. Soil samples were taken from 0–15 cm depths. Soil samples were collected randomly across the paddock/plot, taking care to avoid areas that had clear signs of urine or manure deposition. As with the baseline sampling, 8 probes were taken per paddock (2016), corn/soybean plot (2017), and pasture plot (2018–2019) and combined into one composite sample for analysis. The soil properties analyzed were soil pH, organic matter, salinity, K, Ca, Mg, cation exchange capacity, Bray-1 P, β-glucosidase, alkaline phosphatase, aryl sulfatase, fluorescein diacetate hydrolysis, ammonium, nitrate, permanganate oxidizable carbon, N%, C%, S%, and C:N ratio, following procedures mentioned previously.




2.4. Statistical Analysis


Data were analyzed by linear mixed models with repeated measures using the GLIMMIX procedure of SAS 9.4 (SAS Institute Inc.: Cary, NC, USA). Main fixed factors included grazing (2 levels: grazing and no grazing), cover crop (2 levels: rye and wheat), rotation, and sampling date (4 levels: Summer 2015, Spring 2017, Fall 2017, and Spring 2019), as well as their interactions. Separate models were built for each outcome. Main effects were deemed significant when the when the p-value for mean difference was p ≤ 0.05. In the presence of an interaction, pairwise mean comparisons were made using the lines option and differences are discussed when p ≤ 0.05. Data were analyzed separately by location due to different sampling dates in each experimental site.





3. Results


Weather patterns over the course of the study in Minnesota and Pennsylvania are shown in Figure 1. At the Minnesota site, statistical analysis showed that soil salinity, Ca, Mg, CEC, glucosidase activity, sulfatase activity, C%, and C:N ratio were significantly affected by the main effect of sampling date (Table 3). Soil pH, OM, K, Ca, Mg, CEC, glucosidase activity, phosphatase activity, sulfatase activity, POXC, N%, C%, and S% were significantly affected by the main effect of cropping systems (Table 3). Bray-1 P and NO3− content were significantly affected by the interaction between sampling date x cover crop (Table 3). Ammonium content was significantly affected by the interaction effect between grazing x sampling date x cover crop (Table 3).



At the Pennsylvania site, statistical analysis showed that soil OM, bray-1 P, phosphatase, sulfatase, and FDA were significantly affected by the main effect of sampling date (Table 3). Ammonium content was significantly affected by the interaction between sampling date x grazing (Table 3). The pH, salinity, Ca, Mg, CEC, glucosidase, NO3−, POXC, C%, S%, and C:N ratio were significantly affected by the interaction effect between grazing x sampling date x cover crop (Table 3).



3.1. Minnesota


Soil salinity was found to be higher in the last sampling in 2016 and also in the samplings collected in 2017, being always higher in samples collected in the fall than in the spring (Figure 2A). Calcium content was lowest in the first and sixth samplings compared with the other samplings (Figure 2B). Magnesium content fluctuated throughout the sampling times and was greatest in the fall of 2017 and both sampling collected in 2016 (Figure 2C). Cation exchange capacity followed the same behavior observed for Ca and Mg, which was expected since these metals represent more than 60% of the metals occupying the binding sites in the CEC (Figure 2D). Activity of the enzymes β-Glucosidase and aryl-sulfatase varied significantly during the study and were usually greater in samples collected early in the spring than in samples collected later in the fall within each year (Figure 2E,F). Carbon percentage also fluctuated throughout the study and tended to be higher after cover crop (19 May 2016) growth or corn harvest (2 November 2017) (Figure 3A). C:N ratio was lowest in the fourth sampling compared to all of the other samplings (Figure 3B).



Soil pH, Ca, and aryl-sulfatase activity were greater in plots under the P-R-SB-P cropping system; however, OM, K, Mg, CEC, glucosidase, phosphatase, POXC, N, C, and S were greater in the plots under the P-W/V-C-P cropping system (Table 4). Potassium concentrations were greater in the P-R-SB-P cropping system in the baseline measures than in the P-W/V-C-P cropping system by about 176 ppm (Table 1). While at the end of the study the differences were 113 ppm (Table 2).



Bray-1 P behaved differently between the two cropping systems as well as during the time the study was conducted (Table 5). In the cropping system, P-R-SB-P Bray-1 P levels in the soil tended to remain the same averaging around 19 mg P kg−1 (Table 5). In contrast, there was a significant difference in soil Bray-1 P levels in the P-W/V-C-P cropping system. In this case, samples collected in the fall 2016 had the highest P levels (38 mg P kg−1) compared with other sampling times (average 9.1 mg P kg−1) (Table 5). Nitrate levels showed a consistent increase after the spring in 2016 where levels increased from 3.3 to 46.3 and 1.0 to 28.8 mg N kg−1 in the P-R-SB-P and P-W/V-C-P cropping systems (Table 5). At Minnesota, extractable NH4+ showed high variability, but levels tended to stay close to initial levels (Table 6). The most noticeable significant differences were observed in the sampling taking place on 17 May 2017 and 2 November 2017 for the P-R-SB-P cropping system when NH4+ levels (22.3 and 27.9 mg N kg−1, respectively) were significantly higher than at any other sampling time (average 6.8 mg N kg−1) in this system (Table 6). For the P-W/V-C-P cropping system NH4+ levels were greatest at the sampling taking place on 2 November 2017 (23.9 mg N kg−1) compared with the other samplings (average 6.8 mg N kg−1) (Table 6). In addition, at both cropping systems NH4+ levels were the lowest in samples collected on 1 September 2016, likely a reflection of crop growth and nutrient removal (Table 6).




3.2. Pennsylvania


Soil organic matter levels were neither affected by cropping system nor by grazing, being mostly affected by time of sampling (Table 7). Organic matter levels in samples collected on the first sampling (5.8%) were greater than those collected on the second (5.0) and fourth (4.7) samplings (Table 7). Bray-1 P was greater in the first and second samplings and tended to decrease as the study went on (Table 8). Alkaline phosphatase and aryl-sulfatase activity were greater in the third sampling (3167 and 1959 µg p-nitrophenyl h−1, respectively) and lowest in the last sampling (2021 and 1060 µg p-nitrophenyl h−1, respectively) compared to any other samplings (Table 7). Fluorescein diacetate hydrolysis was greater in the first sampling compared to all other samplings (Table 7). Ammonium concentration in soil samples varied across sampling and was highest in the last sampling than during the study (Figure 4). Furthermore, samples collected at the 11/30/2018 sampling time showed that grazed plots had higher levels of NH4+ (6.0 mg N kg−1) in the soil than exclusion plots (0.2 mg N kg−1) (Figure 4). This trend was not observed at all sampling times and it could be due to the complex mechanism related to ammonium oxidation into nitrate [26]. Urine or feces deposition can affect the rate at which ammonium is converted into nitrate [26]. Therefore, it is possible that the results observed for the sampling taking place on 30 November 2018 were close to deposition of urine and/or feces and that is why we only observed this effect at this sampling time.



Although there were several significant differences in soil pH, the most biological meaningful trend was that soil pH decreased from the beginning of the study (pH 6.5) to the end of the study (6.1) by 0.4 units (Table 8). Soil salinity varied during the study without any clear-cut trend (Table 8). Under the P-R-S-P cropping system, extractable soil Ca and Mg behaved similarly. Calcium and Mg levels in samples collected on 31 August 2016 and 8 December 2017 were found to be greatest in plots that were grazed (1335 and 1446 mg Ca kg−1 and 137 and 133 mg Mg kg−1, respectively) than in the exclusion plots (1249 and 1293 mg Ca kg−1 and 113 and 121 mg Mg kg−1, respectively) (Table 8). Overall, Ca and Mg levels tended to decrease from the beginning (1192 mg Ca kg−1 and 113 mg Mg kg−1) of the study to the end (889 mg Ca kg−1 and 91 mg Mg kg−1) of the study (Table 8). Soil CEC followed a similar behavior to Ca and Mg and was highest at the beginning of the study (9.3 cmolc kg−1) and lowest at the end of the study (7.8 cmolc kg−1) (Table 8). β-Glucosidase activity was greater in the samples collected at the 4/15/2017 sampling time than at any other sampling times (Table 8). No clear-cut trend was observed for the effect of grazing on β-Glucosidase activity (Table 8). Soil NO3− content also varied significantly during the course of the study without any clear-cut trend (Table 9). In general, NO3− was greater during a cash crop year or the year after (Table 9). The highest NO3− levels were observed for the P-W/V-C-P cropping system in 2017 (average 19 mg kg−1) compared with the other sampling times and cropping system (average 7 mg kg−1) (Table 9).



Permanganate oxidizable carbon was greater at the beginning of the study (average 6.5 mg kg−1 in 2015) and decreased as the study went on (average 6.1 mg kg−1 in 2019) (Table 9). Carbon and S percentage, and C:N ratio in the soil changed randomly during the course of the study without a clear-cut trend (Table 9).





4. Discussion


Early responses of soil enzymatic activity and soil fertility to differing cropping systems under cattle grazing have been difficult to document. However, the results of this study demonstrated that grazing had a significant impact on many soil properties, e.g., increased glucosidase activity, available Ca, Mg, NO3−, NH4+, soil pH, soil C%, S%, and also C:N ratio. The effects of cover crop use on soil quality were even more evident in this research. The results of this study showed that the soil properties measured varied according to which cropping system was adopted. In the P-W/V-C-P cropping system, soil pH, available Ca, NO3−, and sulfatase activity were found to increase compared with the P-R-SB-P cropping system. In contrast, soil OM, available K, Mg, CEC, glucosidase, phosphatase, POXC, and total C%, N%, and S% were greater in the P-R-SB-P cropping system compared with the P-W/V-C-P cropping system. Although increased available nutrients in the soil can benefit crops, some might pose risks to the environment, e.g., increased NO3− can impair water quality. Therefore, the combination of grazing with cover crops is beneficial because, under correct management practices, negative aspects of one practice can be ameliorated by the other practice. In this case, grazing increased NO3− but the use of a P-R-SB-P rotation enabled mitigation of the increased NO3−.



The results of our study showed that, under the P-R-SB-P cropping system, soil OM and glucosidase and phosphatase activity levels were greater, suggesting that although more OM was available in this system, greater enzymatic activity by microorganisms was needed for decomposition. It is possible that the quality of the OM being added in the P-W/V-C-P cropping system was of greater quality for the microbial community since this system had lower enzyme activities and also lower total C%, N%, and S%, suggesting greater OM decomposition. Similarly, other studies have reported that cover crops can increase soil OM and improve soil structure, fertility, and soil biological activity [44,45,46]. In addition, the quality and quantity of plant residue entering the soil can significantly influence soil microorganisms and soil microbial processes [47,48,49]. Both crop residue and OM quality have the potential to increase functional diversity in soil microbial communities [44,50,51]. It should be expected that overall plant growth and development could be affected by the different cropping system tested [52] and, consequently, nutrient cycling in the soil would affect soil fertility and enzyme activity as observed in this study. Muñoz et al. [53] showed that the change of C:N ratio in soil indicated different degrees of microbial decomposition, considering that C depletion was a product of microbial activity. Therefore, it is possible that microbial decomposition under the P-W/V-C-P cropping system was greater than under the P-R-SB-P cropping system.



Cover crops would be expected to use soil water and N during the period from April through June, when the plants were accumulating biomass. The increase in cover crop biomass, above and below ground, could explain the greater C%, β-glucosidade, and aryl-sulfatase activity, as needed for biomass decomposition, as well as the greater NO3− and NH4+ levels with the P-R-SB-P cropping system during the spring sampling at the Minnesota site. Additionally, it is known that plant biomass increases lead to increased root density, which could have led to the increases in the soil enzyme activities and microbial respiration [54], reinforcing the importance of the cover crops in organic systems. After planting soybean or corn, a reduction in the C:N ratio, due to tillage practices should be expected, which was observed at the Minnesota site, speeding up C decomposition. Soil microorganisms play a central role in decomposition and respiration, and influences C storage in soil [55]. Therefore, the enzymatic activity would be greater at this sampling date. The results of this study did show increased β-glucosidase, phosphatase, and aryl-sulfatase soon after soybean or corn planting at the Pennsylvania site. Soil enzymes are important components of the biochemical functioning of soils as they take part in OM decomposition and nutrient cycling [54,55,56,57]. These enzymes most likely act in an extracellular manner and are involved in the hydrolytic reactions that convert inorganic compounds from organic sources and they are considered as microbiological activity indexes in soils [54].



Considering the increase in soil enzyme activities after cover crops and grazing at the Minnesota site, it can be concluded that soil microbiological activity was beneficial for corn and soybean crops. The results of this study showed that it is possible to intensify land use in organic cropping systems and maintain adequate soil fertility and microbial activity. However, corn and soybean crops can remove large amounts of nutrients [58,59] and water use due to a robust root system [60]. Furthermore, a well-developed root system will also increase nutrient absorption by plants, and consequently greater P, exchangeable bases, and OM (upon decomposition), reducing soil pH and enzymatic activity, as verified at the Pennsylvania site. In addition, the activity of soil microorganisms is suppressed due to low temperature and high soil water saturation, reducing oxygen availability [15], decreasing microbial biomass and soil pH [60]. This could explain the increased soil salinity, Ca, Mg, and CTC, and also NH4+ and P level with the P-W/V-C-P cropping system during the fall season at the Minnesota site.



Although cattle grazing provided a slight benefit for enzymatic activity and soil fertility, due to an increase in Ca and Mg levels in Pennsylvania and NH4+ in both sites, it had no negative impact on soil fertility and quality. Therefore, grazing has the potential to increase nutrient availability and nutrient cycling in the soil, and if crops are unavailable to remove or immobilize excess nutrients, non-point source pollution can result. In addition, the organic cattle system can be environmentally favorable, as it can help minimize N losses to groundwater, neighboring habitats, or mitigating greenhouse gases [61,62], leading to an increasingly sustainable agricultural production system.




5. Conclusions


The results of this study showed that grazing had a significant impact on many of the soil properties measured, including increased available nutrients and total C. Cover crop use was found to help minimize the potential negative impacts generated by grazing within a crop rotation system which includes grain crops. Further research is needed to determine best management practices that would facilitate the incorporation of grazing and cover crops for organic grain producers.
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Figure 1. Weather patterns over the course of the study in Minnesota and Pennsylvania. 
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Figure 2. Salinity (A), Ca (B), Mg (C), CEC (D), glucosidase (E), and sulfatase (F) as a function of sampling date in Minnesota site. Means followed by different letters are significantly different (p-value ≤ 0.05). CEC = cation exchange capacity; Glucosidase = β-Glucosidase; Sulfatase = Aryl sulfatase. 
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Figure 3. C (A) and C:N ratio (B) as a function of sampling date in Minnesota site. Means followed by different letters are significantly different (p-value ≤ 0.05). 
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Figure 4. NH4+ as a function of the interaction between sampling date and grazing in Pennsylvania site. Means followed by different letters are significantly different (p-value ≤ 0.05). 
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Table 1. Soil chemical attributes in 0–15 cm before the field trial at the Minnesota site.
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	Soil Chemical Attributes
	Units
	Rye
	Wheat





	pH
	(CaCl2)
	6.7 ± 0.2
	7.4 ± 0.1



	Organic matter
	(%)
	9.1 ± 1.0
	7.7 ± 0.6



	Salinity
	(dS m−1)
	0.33 ± 0.06
	0.30 ± 0.01



	K
	(mg kg−1)
	428 ± 237
	252 ± 28



	Ca
	(mg kg−1)
	3396 ± 425
	3684 ± 47



	Mg
	(mg kg−1)
	640 ± 84
	541 ± 10



	Cation exchange capacity
	(cmolc kg−1)
	24 ± 1
	23 ± 0.3



	Bray-1 P
	(mg kg−1)
	28 ± 17
	9.4 ± 4.6



	β-Glucosidase
	(µg p-nitrophenyl h−1)
	2401 ± 119
	2075 ± 194



	Alkaline phosphatase
	(µg p-nitrophenyl h−1)
	4600 ± 97
	3982 ± 112



	Aryl sulfatase
	(µg p-nitrophenyl h−1)
	2098 ± 215
	2359 ± 118



	Fluorescein diacetate hydrolysis
	(mg kg−1 in 3 h)
	2377 ± 282
	2093 ± 115



	Ammonium
	(mg kg−1)
	4.3 ± 0.7
	3.5 ± 0.3



	Nitrate
	(mg kg−1)
	2.6 ± 5.1
	0.8 ± 1.0



	Permanganate oxidizable carbon
	(mg kg−1)
	1064 ± 47
	990 ± 45



	N
	(%)
	0.45 ± 0.03
	0.42 ± 0.03



	C
	(%)
	5.0 ± 0.4
	4.6 ± 0.4



	S
	(%)
	0.07 ± 0.01
	0.07 ± 0.001



	C:N ratio
	
	11.2 ± 0.2
	11.1 ± 0.3







Number of repetitions (n) = 16.
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Table 2. Soil chemical attributes in 0–15 cm layer before the field trial at Pennsylvania site.
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	Soil Chemical Attributes
	Units
	0–15 cm





	pH
	(CaCl2)
	6.4 ± 0.1



	Organic matter
	(%)
	5.5 ± 0.5



	Salinity
	(dS m−1)
	0.11 ± 0.03



	K
	(mg kg−1)
	72 ± 22



	Ca
	(mg kg−1)
	1151 ± 114



	Mg
	(mg kg−1)
	113 ± 10



	Cation exchange capacity
	(cmolc kg−1)
	9.3 ± 0.5



	Bray-1 P
	(mg kg−1)
	160 ± 47



	β-Glucosidase
	(µg p-nitrophenyl h−1)
	1466 ± 259



	Alkaline phosphatase
	(µg p-nitrophenyl h−1)
	2544 ± 333



	Aryl sulfatase
	(µg p-nitrophenyl h−1)
	1460 ± 193



	Fluorescein diacetate hydrolysis
	(mg kg−1 in 3 h)
	2621 ± 418



	Ammonium
	(mg kg−1)
	3.3 ± 1.8



	Nitrate
	(mg kg−1)
	8.7 ± 4.8



	Permanganate oxidizable carbon
	(mg kg−1)
	871 ± 85



	N
	(%)
	0.36 ± 0.05



	C
	(%)
	2.5 ± 0.5



	S
	(%)
	0.04 ± 0.009



	C:N ratio
	
	7.1 ± 0.7







Number of repetitions (n) = 16.
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Table 3. Summary of statistical analysis for pH, OM, salinity, K, Ca, Mg, cation exchange capacity (CEC), Bray-1 P, glucosidase, phosphatase, sulfatase, fluorescein diacetate hydrolysis (FDA), NH4+, NO3−, permanganate oxidizable carbon (POXC), N%, C%, S%, and C:N ratio as a function of sampling date, cropping system and grazing in Minnesota and Pennsylvania from 2015 to 2018.
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Effect

	
(Minnesota)




	
pH

	
O.M.

	
Salinity

	
K

	
Ca

	
Mg

	
CEC

	
Bray-1 P

	
Glucosidase

	
Phosphatase






	

	
p-Value




	
Date (D)

	
0.683

	
0.476

	
0.001

	
0.995

	
0.001

	
0.005

	
0.001

	
0.307

	
0.001

	
0.628




	
Cropping system (C)

	
0.001

	
0.001

	
0.933

	
0.001

	
0.014

	
0.001

	
0.001

	
0.152

	
0.001

	
0.001




	
D × C

	
0.911

	
0.523

	
0.634

	
0.932

	
0.456

	
0.167

	
0.343

	
0.027

	
0.241

	
0.270




	
Grazing (D × C)

	
0.942

	
0.688

	
0.640

	
0.687

	
0.727

	
0.204

	
0.608

	
0.479

	
0.897

	
0.975




	

	
Sulfatase

	
FDA

	
NH4+

	
NO3−

	
POXC

	
N%

	
C%

	
S%

	
C:N ratio




	

	
p-Value




	
D

	
0.040

	
0.184

	
0.001

	
0.001

	
0.128

	
0.266

	
0.028

	
0.689

	
0.003




	
C

	
0.016

	
0.946

	
0.081

	
0.340

	
0.040

	
0.001

	
0.001

	
0.001

	
0.832




	
D × C

	
0.568

	
0.083

	
0.292

	
0.032

	
0.564

	
0.559

	
0.309

	
0.058

	
0.250




	
Grazing (D × C)

	
0.646

	
0.091

	
0.005

	
0.768

	
0.295

	
0.870

	
0.623

	
0.391

	
0.246




	

	
(Pennsylvania)




	

	
pH

	
O.M.

	
Salinity

	
K

	
Ca

	
Mg

	
C.E.C.

	
Bray-1 P

	
Glucosidase

	
Phosphatase




	

	
p-Value




	
D

	
0.001

	
0.022

	
0.001

	
0.262

	
0.051

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Grazing (G)

	
0.277

	
0.979

	
0.360

	
0.054

	
0.008

	
0.001

	
0.943

	
0.484

	
0.020

	
0.148




	
D × G

	
0.011

	
0.952

	
0.001

	
0.206

	
0.445

	
0.057

	
0.032

	
0.952

	
0.246

	
0.310




	
Cropping system (D × G)

	
0.001

	
0.069

	
0.001

	
0.187

	
0.001

	
0.001

	
0.015

	
0.997

	
0.002

	
0.493




	

	
Sulfatase

	
FDA

	
NH4+

	
NO3−

	
POXC

	
N%

	
C%

	
S%

	
C:N ratio




	

	
p-Value




	
D

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.052

	
0.527

	
0.001

	
0.530




	
G

	
0.921

	
0.372

	
0.195

	
0.226

	
0.277

	
0.280

	
0.173

	
0.319

	
0.239




	
D × G

	
0.135

	
0.068

	
0.010

	
0.001

	
0.011

	
0.595

	
0.378

	
0.081

	
0.078




	
Cropping system (D × G)

	
0.058

	
0.090

	
0.334

	
0.001

	
0.001

	
0.081

	
0.032

	
0.001

	
0.010








OM = soil organic matter; CEC = cation exchange capacity; Glucosidase = β-Glucosidase; Phosphatase = Alkaline phosphatase; Sulfatase = Aryl sulfatase; FDA = Fluorescein diacetate hydrolysis; POXC = Permanganate oxidizable carbon.
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Table 4. pH, OM, K, Ca, Mg, CEC, glucosidase, phosphatase, sulfatase, POXC, N, C, and S as a function of cropping systems in the Minnesota site.
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Cropping System

	
pH

	
OM

	
K

	
Ca

	
Mg

	
CEC

	
Glucosidase






	

	
(CaCl2)

	
(%)

	
(mg kg−1)

	
(cmolc kg−1)

	
(µg p-nitrophenyl h−1)




	
P-R-R-SB-P

	
6.7 b†

	
8.9 a

	
313 a

	
3670 b

	
669 a

	
26 a

	
2116 a




	
P-W-V-C-P

	
7.4 a

	
7.2 b

	
200 b

	
3875 a

	
556 b

	
25 b

	
1851 b




	
Cropping system

	
Phosphatase

	
Sulfatase

	
POXC

	
N

	
C

	
S




	

	
(µg p-nitrophenyl h−1)

	
(mg kg−1)

	
(%)




	
P-R-R-SB-P

	
4030 a

	
1336 b

	
1074 a

	
0.49 a

	
5.3 a

	
0.08 a




	
P-W-V-C-P

	
3277 b

	
1492 a

	
1025 b

	
0.42 b

	
4.7 b

	
0.06 b








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05). OM = soil organic matter; CEC = cation exchange capacity; Glucosidase = β-Glucosidase; Phosphatase = Alkaline phosphatase; Sulfatase = Aryl sulfatase; POXC = Permanganate oxidizable carbon.
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Table 5. Bray-1 P and NO3− as a function of the interaction between sampling date and cropping systems in Minnesota site.






Table 5. Bray-1 P and NO3− as a function of the interaction between sampling date and cropping systems in Minnesota site.





	
Date

	
Cropping System

	
Bray-1 P

	
NO3−




	
(mg kg−1)






	
6/16/2015

	
P-R-R-SB-P

	
21.6 ab†

	
4.3 de




	
5/19/2016

	
P-R-R-SB-P

	
19.6 ab

	
3.3 de




	
9/1/2016

	
P-R-R-SB-P

	
27.6 ab

	
46.3 a




	
5/17/2017

	
P-R-R-SB-P

	
9.5 b

	
31.1 bc




	
11/2/2017

	
P-R-R-SB-P

	
16.0 ab

	
17.9 cd




	
5/21/2019

	
P-R-R-SB-P

	
19.9 ab

	
13.5 de




	
6/16/2015

	
P-W-V-C-P

	
2.5 b

	
1.1 de




	
5/19/2016

	
P-W-V-C-P

	
7.7 b

	
1.0 e




	
9/1/2016

	
P-W-V-C-P

	
38.0 a

	
28.8 bc




	
5/17/2017

	
P-W-V-C-P

	
13.3 b

	
29.6 bc




	
11/2/2017

	
P-W-V-C-P

	
8.3 b

	
34.6 ab




	
5/21/2019

	
P-W-V-C-P

	
13.9 ab

	
9.3 de








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05).
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Table 6. NH4+ as a function of the interaction between sampling date, cropping systems, and grazing in Minnesota site.






Table 6. NH4+ as a function of the interaction between sampling date, cropping systems, and grazing in Minnesota site.





	
(Minnesota)




	
Date

	
Cropping System

	
Grazing

	
NH4+ (mg kg−1)






	
6/16/2015

	
P-R-R-SB-P

	
Baseline

	
4.5 cde†




	
5/19/2016

	
P-R-R-SB-P

	
Excl

	
7.0 cde




	
9/1/2016

	
P-R-R-SB-P

	
Excl

	
4.1 de




	
5/17/2017

	
P-R-R-SB-P

	
Excl

	
22.3 ab




	
9/1/2016

	
P-R-R-SB-P

	
With

	
4.1 de




	
5/17/2017

	
P-R-R-SB-P

	
With

	
11.8 cd




	
11/2/2017

	
P-R-R-SB-P

	
Final

	
27.9 a




	
5/21/2019

	
P-R-R-SB-P

	
Final

	
9.3 cde




	
6/16/2015

	
P-W-V-C-P

	
Baseline

	
3.6 de




	
5/19/2016

	
P-W-V-C-P

	
Excl

	
5.6 cde




	
9/1/2016

	
P-W-V-C-P

	
Excl

	
2.6 de




	
5/17/2017

	
P-W-V-C-P

	
Excl

	
14.4 bc




	
9/1/2016

	
P-W-V-C-P

	
With

	
2.2 e




	
5/17/2017

	
P-W-V-C-P

	
With

	
7.9 cde




	
11/2/2017

	
P-W-V-C-P

	
Final

	
23.9 ab




	
5/21/2019

	
P-W-V-C-P

	
Final

	
11.0 cde








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05).













[image: Table] 





Table 7. OM, Bray-1 P, phosphatase, sulfatase, and FDA as a function of sampling date in Pennsylvania site.






Table 7. OM, Bray-1 P, phosphatase, sulfatase, and FDA as a function of sampling date in Pennsylvania site.





	
(Pennsylvania)




	
Date

	
OM

	
Bray-1 P

	
Phosphatase

	
Sulfatase

	
FDA




	

	
(%)

	
(mg kg−1)

	
(µg p-nitrophenyl h−1)

	
(mg kg−1 in 3 h)






	
7/15/2015

	
5.8 a†

	
160 a

	
2480 b

	
1532 bc

	
2646 a




	
8/31/2016

	
5.0 b

	
170 a

	
2470 b

	
1373 c

	
1952 d




	
4/15/2017

	
5.1 ab

	
100 b

	
3167 a

	
1959 a

	
2229 bc




	
12/8/2017

	
4.7 b

	
109 b

	
2211 bc

	
1699 b

	
2379 b




	
11/30/2018

	
5.3 ab

	
94 b

	
2451 b

	
1652 b

	
2116 cd




	
5/31/2019

	
5.1 ab

	
89 b

	
2021 c

	
1060 d

	
1502 e








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05). OM = soil organic matter; Phosphatase = Alkaline phosphatase; Sulfatase = Aryl sulfatase; FDA = Fluorescein diacetate hydrolysis.
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Table 8. pH, salinity, Ca, Mg, CEC, and glucosidase as a function of the interaction between sampling date, cropping systems and grazing in Pennsylvania site.






Table 8. pH, salinity, Ca, Mg, CEC, and glucosidase as a function of the interaction between sampling date, cropping systems and grazing in Pennsylvania site.





	
Date

	
Cropping System

	
Grazing

	
pH

	
Salinity

	
Ca

	
Mg

	
C.E.C.

	
Glucosidase




	

	

	

	
(CaCl2)

	
(dS m−1)

	
(mg kg−1)

	
(cmolc kg−1)

	
(µg p-nitrophenyl h 1)






	
7/15/2015

	
Baseline

	
Excl

	
6.4 abc†

	
0.11 b

	
1170 cde

	
113 cdef

	
9.3 abc

	
1337 bc




	
7/15/2015

	
Baseline

	
With

	
6.5 ab

	
0.11 b

	
1214 bcd

	
113 cdef

	
9.3 ab

	
1392 bc




	
8/31/2016

	
P-R-R-SB-P

	
Excl

	
6.5 a

	
0.10 b

	
1249 bc

	
113 cdef

	
9.3 abc

	
1142 cdefg




	
8/31/2016

	
P-R-R-SB-P

	
With

	
6.5 ab

	
0.20 a

	
1335 ab

	
137 a

	
10.1 a

	
1296 cd




	
8/31/2016

	
P-W-V-C-P

	
Excl

	
6.3 cde

	
0.10 b

	
1062 def

	
104 efghi

	
9.2 abcd

	
889 g




	
8/31/2016

	
P-W-V-C-P

	
With

	
6.5 ab

	
0.13 b

	
1191 bcd

	
118 cde

	
9.2 abc

	
1287 cd




	
4/15/2017

	
P-R-R-SB-P

	
Excl

	
6.3 efg

	
0.10 b

	
1178 bcde

	
114 cdef

	
7.75 ghi

	
1733 a




	
4/15/2017

	
P-R-R-SB-P

	
With

	
6.4 bcde

	
0.10 b

	
1244 bc

	
122 bc

	
7.4 hi

	
1762 a




	
4/15/2017

	
P-W-V-C-P

	
Excl

	
6.1 hi

	
0.17 a

	
1033 def

	
98 fghi

	
8.9 bcdef

	
1254 cde




	
4/15/2017

	
P-W-V-C-P

	
With

	
6.1 fgh

	
0.10 b

	
1047 def

	
106 defgh

	
7.1 i

	
1572 ab




	
12/8/2017

	
P-R-R-SB-P

	
Excl

	
6.3 cde

	
0.18 a

	
1293 bc

	
121 bcd

	
8.5 cdefg

	
1183 cdef




	
12/8/2017

	
P-R-R-SB-P

	
With

	
6.4 abcd

	
0.20 a

	
1445 a

	
133 ab

	
9.1 bcde

	
1049 defg




	
12/8/2017

	
P-W-V-C-P

	
Excl

	
6.1 ghi

	
0.20 a

	
1056 def

	
98 fghi

	
7.7 ghi

	
1029 defg




	
12/8/2017

	
P-W-V-C-P

	
With

	
6.2 efg

	
0.18 a

	
1145 cde

	
113 cdef

	
7.6 ghi

	
1074 defg




	
11/30/2018

	
P-R-R-SB-P

	
Excl

	
6.2 efg

	
0.10 b

	
1124 cde

	
102 fghi

	
8.2 defgh

	
1059 defg




	
11/30/2018

	
P-R-R-SB-P

	
With

	
6.3 def

	
0.10 b

	
1181 bcd

	
105 efgh

	
7.9 fghi

	
1161 cdefg




	
11/30/2018

	
P-W-V-C-P

	
Excl

	
6.2 efgh

	
0.10 b

	
1123 cde

	
105 defgh

	
8.0 efghi

	
964 efg




	
11/30/2018

	
P-W-V-C-P

	
With

	
6.1 hi

	
0.10 b

	
1010 efg

	
97 ghi

	
7.8 ghi

	
943 fg




	
5/31/2019

	
P-R-R-SB-P

	
Excl

	
6.2 efgh

	
0.10 b

	
1065 def

	
105 efgh

	
8.1 efghi

	
1295 cd




	
5/31/2019

	
P-R-R-SB-P

	
With

	
6.1 hi

	
0.10 b

	
1154 cde

	
110 cdefg

	
9.0 bcde

	
1267 cd




	
5/31/2019

	
P-W-V-C-P

	
Excl

	
6.1 hi

	
0.10 b

	
838 g

	
87 i

	
7.7 ghi

	
918 fg




	
5/31/2019

	
P-W-V-C-P

	
With

	
5.9 i

	
0.10 b

	
939 fg

	
94 hi

	
7.9 fghi

	
1058 defg








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05). CEC = cation exchange capacity; Glucosidase = β-Glucosidase.
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Table 9. NO3−, POXC, C, S, and C:N ratio as a function of the interaction between sampling date, cropping systems, and grazing in Pennsylvania site.






Table 9. NO3−, POXC, C, S, and C:N ratio as a function of the interaction between sampling date, cropping systems, and grazing in Pennsylvania site.





	
Date

	
Cropping System

	
Grazing

	
NO3−

	
POXC

	
C

	
S

	
C:N Ratio




	

	

	

	
(mg kg−1)

	
(%)

	






	
7/15/2015

	
Baseline

	
Excl

	
6.1 fg†

	
6.4 abc

	
2.6 abcd

	
0.05 ef

	
7.1 ab




	
7/15/2015

	
Baseline

	
With

	
9.6 efg

	
6.5 ab

	
2.4 bcde

	
0.04 ef

	
6.6 abc




	
8/31/2016

	
P-R-R-SB-P

	
Excl

	
2.7 g

	
6.6 a

	
2.6 abcd

	
0.06 bcd

	
6.6 abc




	
8/31/2016

	
P-R-R-SB-P

	
With

	
18.4 abc

	
6.5 ab

	
2.8 ab

	
0.06 bcde

	
7.0 abc




	
8/31/2016

	
P-W-V-C-P

	
Excl

	
0.2 g

	
6.3 cde

	
1.9 de

	
0.05 cdef

	
5.8 c




	
8/31/2016

	
P-W-V-C-P

	
With

	
10.6 def

	
6.4 ab

	
2.8 abc

	
0.05 def

	
6.9 abc




	
4/15/2017

	
P-R-R-SB-P

	
Excl

	
5.2 fg

	
6.3 efg

	
2.7 abc

	
0.04 fg

	
6.5 abc




	
4/15/2017

	
P-R-R-SB-P

	
With

	
4.3 fg

	
6.4 bcde

	
2.7 abc

	
0.04 efg

	
5.9 bc




	
4/15/2017

	
P-W-V-C-P

	
Excl

	
21.2 ab

	
6.1 hi

	
2.4 bcde

	
0.03 g

	
5.9 bc




	
4/15/2017

	
P-W-V-C-P

	
With

	
13.7 cde

	
6.1 fgh

	
2.5 bcde

	
0.03 g

	
6.2 bc




	
12/8/2017

	
P-R-R-SB-P

	
Excl

	
18.0 abc

	
6.3cde

	
2.9 ab

	
0.05 def

	
7.1 abc




	
12/8/2017

	
P-R-R-SB-P

	
With

	
16.0 bcd

	
6.4 abcd

	
2.8 abc

	
0.04 efg

	
7.1 abc




	
12/8/2017

	
P-W-V-C-P

	
Excl

	
24.6 a

	
6.1 ghi

	
2.4 bcde

	
0.04 efg

	
6.2 bc




	
12/8/2017

	
P-W-V-C-P

	
With

	
17.1 bcd

	
6.3 efg

	
2.4 bcde

	
0.04 fg

	
6.3 bc




	
11/30/2018

	
P-R-R-SB-P

	
Excl

	
3.2 g

	
6.2 efg

	
1.9 e

	
0.06 bc

	
5.9 c




	
11/30/2018

	
P-R-R-SB-P

	
With

	
6.9 fg

	
6.3 def

	
2.8 ab

	
0.10 a

	
7.2 ab




	
11/30/2018

	
P-W-V-C-P

	
Excl

	
7.6 efg

	
6.2 efgh

	
2.5 bcde

	
0.07 b

	
6.6 abc




	
11/30/2018

	
P-W-V-C-P

	
With

	
3.9 g

	
6.1 hi

	
2.1 cde

	
0.06 bc

	
6.1 bc




	
5/31/2019

	
P-R-R-SB-P

	
Excl

	
2.6 g

	
6.2 efgh

	
2.6 abcde

	
0.04 efg

	
7.0 abc




	
5/31/2019

	
P-R-R-SB-P

	
With

	
3.7 g

	
6.1 hi

	
3.2 a

	
0.05 def

	
7.9 a




	
5/31/2019

	
P-W-V-C-P

	
Excl

	
4.9 fg

	
6.1 hi

	
2.5 bcde

	
0.04 fg

	
6.9 abc




	
5/31/2019

	
P-W-V-C-P

	
With

	
4.9 fg

	
5.9 i

	
2.3 bcde

	
0.04 fg

	
6.6 abc








† Means within the column followed by different letters are significantly different (p-value ≤ 0.05). POXC = Permanganate oxidizable carbon.
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