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Summary

     
Sulfur is an essential element for higher plants. It is the fourth most important nutrient, in terms of concentration required in the plant, ranking just below N, P and K. In recent years, deficiencies of S in crops have increased worldwide. 


Flue gas desulfurization (FGD) by-products are created when coal is burned and SO2 is removed from the flue gases. These FGD by-products contain a considerable quantity of S and many other elements required by higher plants. However, there are few reports on the use of FGD by-products as S fertilizers for enhancement of crop growth and environmental impacts concerning such use. Field experiments were conducted for two years in Ohio to assess the impact of FGD by-product (Sorbent Technologies Corporation, Twinsburg, OH) and N-Viro Soil (a product containing FGD by-product manufactured by N-Viro International Corporation, Toledo, OH) on growth of alfalfa (Medicago sativa L.) and soybean (Glycine max L.). Gypsum was also tested as a S source. Results were compared to an unamended control treatment. Environmental impacts based on accumulation of toxic elements or heavy metals such as arsenic (As) in plant tissue, soil, and subsoil solution were also studied.


The FGD by-product, N-Viro Soil and gypsum were applied to two agricultural soils (Wooster silt loam and Fremont sand) in the spring of 2000 at rates of 0, 16, and 67 kg S ha-1. Growth of alfalfa was increased 16.9 % to 42.0 % by the S treatments compared to the untreated control. Soybean yield was increased 3.4 % to 11.6 %. In 20001, these same materials were spring applied at the Wooster site (rates again were 0, 16 and 67 kg S ha-1) and to two additional established alfalfa fields located in Wayne County and Hancock County, Ohio. The application rates for these two additional sites were 0, 8, 16 and 24 kg S ha-1. Averaged across all sites, alfalfa forage yields were increased by 4.0 % (N-Viro Soil), 6.5 % (FGD by-product) and 11.3 % (gypsum) when applied to soil to provide 16 kg S ha-1. 


Soybean yields in 2001 were measured at the Wooster site and a new site in Clark County, OH. Application rates were 0, 6 and 17 kg S ha-1. Soybean crop did not respond to S treatments in 2001. 


In general, we can conclude that alfalfa, compared to soybean, has a greater need for S. Some soils in Ohio may be S deficient in terms of supporting optimum alfalfa growth. An application rate of 20 kg S ha-1 seems sufficient to overcome any S deficiencies that may occur in Ohio soils.


Calcium concentrations in alfalfa were slightly decreased b0000000y the application of FGD by-products at the 16 kg S ha-1 application rate as compared to the unamended control. There were no significant affects by the other treatments or when the soil was treated with the FGD by-product at the rate of 67 kg S ha-1. The only other elements whose concentrations in alfalfa tissue were significantly affected by treatments were Mg, Mn, N and P which were all reduced when soil was treated with FGD by-product at the 16 kg S ha-1 application rate. Surprisingly, none of the treatments significantly changed S concentrations in the alfalfa tissue. It seems that addition of S to soils, deficient in this element, stimulates crop growth more than uptake of S, thereby diluting its concentration in plant tissue. One other significant treatment affect, as compared to the control treatment, was a decrease in Mn concentration when N-Viro Soil was applied at the 67 kg S ha-1 rate.


Concentrations in alfalfa of other elements potentially toxic to plants or regulated by the Resource Conservation and Recovery Act (RCRA) were measured. Aluminum, As and Ba concentrations in alfalfa were not affected by the FGD by-product, N-Viro Soil or gypsum treatments as compared to the unamended control. Concentrations of Se were significantly decreased by all the treatments. Cadmium concentrations in alfalfa were significantly increased, compared to the unamended control, when soil was treated with FGD by-product at the high application rate and Pb concentrations were also increased by FGD by-product at the low application rate. Chromium concentrations were significantly increased by gypsum. 


Application of FGD by-product and N-Viro Soil generally increased the concentrations of available S and B in the soils when applied at the 67 kg S ha-1 rate. FGD by-product and N-Viro Soil can also increase trace element concentrations of the essential nutrients Fe, Mn, Zn, Cu in the soils. The soil concentrations of As, Ba, Cr and Pb, elements regulated by the Resource Conservation and Recovery Act, were sometimes increased by the S treatments, but were still much lower than the highest permitted levels. In the subsoil solution, no elements regulated by the Resource Conservation and Recovery Act were increased by the applications of FGD by-product and N-Viro Soil. Only the concentration of S was significantly increased by application of FGD by-product.


This study indicated that FGD by-product and N-Viro Soil provide S to improve growth of alfalfa and soybean and that they work as effectively as gypsum. They also provide other essential trace elements that enhance their value as a soil amendment. Environmental problems associated with the use of FGD by-product and N-Viro Soil were not observed when application rates as high as 67 kg S ha-1 were tested. Application of these materials can thus be safely applied to agricultural soils and provide economic benefit to farmers.

Introduction

Sulfur (S) is one of the elements essential for plant growth. It is a macronutrient and, like N, P, K, Ca, and Mg, must be available in relatively large amounts for good crop growth. Sulfur is a constituent of the amino acids cysteine and methionine and hence of protein. Both of these amino acids are precursors of other sulfur-containing compounds such as coenzymes and secondary plant products. Sulfur is a structural constituent of these compounds or acts as a functional group directly involved in metabolic reactions. Under conditions of S deficiency, protein synthesis is inhibited (Marschner, 1986).


During the early years of commercial fertilizer use, nearly all fertilizer elements were in the sulfate form. During the same years, sulfate was also abundantly supplied to the soil by rain, snow and dust. Thus it was difficult to visualize that S deficiency would ever become a problem in many soils. Sulfur deficiencies became more numerous and serious when heavy rates of highly purified fertilizers of N, P and K not in the sulfate form began to be applied to soils (Tucker, 1993; Marschner, 1986).  In recent years, deficiencies of S have become more common in North America and worldwide, including Australia and the regions of Scandinavia. This is attributed to: (1) intensive cropping systems and higher yielding varieties and hybrids that result in more S removal from the soil each year; (2) higher analysis fertilizers that contain little or no S; (3) less S deposition from the atmosphere; and (4) declining levels of organic matter (Tucker, 1993; Waddoups, 1971). The increasing need for S in various cropping situations has translated into greater demand for S fertilizers. The use of gypsum as a soil amendment in agriculture reached approximately 2 millions tons in 2001 (USGS, 2002). Much of this use was as a soil conditioner and S nutrient source.


In the United States, positive yield responses to application of S fertilizers have been reported for different crops and grasses even prior to 1970 (Olson et al., 1971). In North Carolina, S containing fertilizers increased the yield of cotton (Gossypium spp), tobacco (Nicotiana tabacum), and coastal bermudagrass (Cynodon dactylon), and the yields of coastal bermudagrass were increased by more than 60 %. Many fields across the coastal plains in North Carolina require a sulfur application to achieve optimum yields (Tucker, 1993). Sulfur-containing fertilizers increased cotton, Ladino clover (Trifolium spp)-grass swards and carpetgrass (Axonopus affinis) yields in South Carolina; yields of cotton, coastal bermudagrass, Ladino clover alone and bahiagrass (Paspalum notatum) in Georgia; and cotton, peanuts (Arachis hypogaea), legumes, grass, and legume-grass mixture yields in Florida. In Georgia, it is necessary to apply S fertilizer to all cotton grown in the state (Olson et al., 1971).


As yields of corn (Zea mays), sugar beets (Beta vulgaris), and clover have increased, the use of S fertilizers in Ohio has also increased (Olson et al., 1971). On soils having low organic matter (<2 %) or on soils which are coarse textured and have been heavily leached, there is a high probability that the sulfur content of the soil is low. When analysis of a soil demonstrates a need for S, a crop response to S supplementation is likely (Johnson and Hudak, 1999). Wheat is a crop that typically requires a relatively high amount of supplemental S. One reason for this need is that wheat experiences its most rapid growth during early spring when the rate of S release from soil organic matter is quite slow. On coarse, sandy soils, especially those low in organic matter, wheat can be expected to have a yield response to added S.


Alfalfa (Medicago sativa) also has a relative high requirement for S. Sulfur deficiency of alfalfa has been reported in Ohio, Indiana, Michigan, Wisconsin and Virginia during the 1960s and 1970s (Beaton and Fox, 1971). Sulfur deficiencies not only decrease alfalfa yields, but also influences the feeding value of the alfalfa. Sulfur deficiency has been reported to decrease the photosynthetic rate of soybean (Glycine max) and decrease yield in the field by up to 20 % (Agrawal and Mishra, 1994; Sexton et al., 1997). A deficiency of the S-containing amino acids cysteine and methionine limits the nutritional value of soybean protein (Sexton et al., 1997) 


Substantial acreages of farmland in western Canada are S deficient, and the yields of alfalfa and soybean were significantly increased by S fertilizer treatments (Beaton and Soper, 1986). Alfalfa yields were increased by gypsum application in sandy loams but not in silt loams in Minnesota (O’Leary and Rehm, 1989). Flue gas desulfurization (FGD) by-product applied to alfalfa in the upper Midwest at agronomic rates did not affect yields, but FGD by-product treatment increased the S content of alfalfa plants relative to alfalfa grown on untreated soil (Sloan et al., 1997). Alfalfa yields did not respond to elemental S or gypsum application in central Maryland and Prince Edward Island in Canada (Vough et al., 1986; Gupta and MacLeod, 1984).


Sulfur is usually present in relatively small amounts in soils and most of this S is in organic forms. Sulfur deficient soils are often low in organic matter, coarse-textured, well-drained, and subject to leaching (Waddoups, 1971). The S status of Ohio’s soils is not well defined, and the effect of adding S on the growth of crops has not been extensively researched. At the Wooster (Ohio) site, annual SO4 deposition gradually decreased from 34.8 kg ha-1 in 1979 to 16.9 kg ha-1 in 1999 (National Atmospheric Deposition Program, 2002).  Based on the S status model used by McGrath and Zhao (1995) in England, many regions in Ohio need supplemental S for optimum growth of crops. Therefore, crop response to S application on some agriculture soils in Ohio is expected.


Plants take up S from soils in the form of divalent sulfate anions (SO42-). The organic form must be transformed to sulfate by a largely biological process before utilization by plants. Therefore, most of commercial S fertilizers are mineral forms such as sulfate, trisulfate or elemental S. These forms are rapidly converted to sulfate that is easily taken up by plants.



In the United States, use of high sulfur coal for energy often requires the SO2 produced during burning be removed via some type of scrubbing technology to meet the clean air regulations. The materials that are produced during scrubbing are given the generic name of flue gas desulfurization (FGD) by-products. FGD by-products are typically composed of three components varying in proportion and composition which depends on the coal, sorbent and scrubbing process used. These components are: (1) the SO2 reaction products, which are primarily CaSO3 and CaSO4; (2) unreacted sorbent; and (3) coal combustion ash. Because of the unspent sorbent component, FGD by-products are usually highly alkaline and have significant neutralization potential. Several studies have shown that this property enables FGD by-products to be used as alkaline amendments for agricultural soils (Terman et al., 1978; Stout et al., 1979; Korcak , 1980; Stehouwer et al., 1995; Ritchey et al., 1996; Stehouwer et al., 1996; Chen et al., 2001).


Technologies for SO2 scrubbing that can be retrofitted onto existing facilities are needed if the Phase II regulations of the Clean Air Act are to be met. Many of these expensive retrofit technologies achieve only 40-50 % SO2 removal. A retrofitable duct-injection technology using vermiculite or perlite as a carrier for the Ca(OH)2 sorbent has been developed by Sorbent Technologies, Inc (Twinsburg, OH). The technology has a demonstrated SO2 removal rate of 80-90 % (Nelson et al., 1998). This process creates a new type of dry FGD by-product that contains CaSO3.and CaSO4, Ca(OH)2, fly ash, and vermiculite or perlite. This S, like that in commercial fertilizers, is readily available to plants. Therefore FGD by-products should be good substitutes for commercial S fertilizers


In addition to S, FGD by-product provides many other elements essential for plant growth. These elements are often referred to as micronutrients because they are required in lesser amounts than the major nutrients (i.e. N, P, and K). However, their presence in FGD can be beneficial and improve overall plant growth. FGD by-products, however, also contain some trace elements of environmental concern (Fowler et al., 1992). For example, As, a regulated element, also has been detected in FGD by-products. Even though the total As content in FGD by-product is very low, the As solubility in FGD by-products is high. 


Many different products have been developed from FGD by-products and tested (Dick et al., 2000). One such product, made by mixing biosolids and FGD by-product, is called N-Viro Soil (N-Viro International Corporation, Toledo, OH). The N-Viro Soil process uses the residual free lime contained in dry FGD by-product to react with the water in the biosolids creating heat through an exothermal reaction. The heat generated from this reaction aids in the disinfection of biosolids. These materials contain different minerals that are valuable in agriculture and help to maintain plant health. Sulfur, N, P, K, Mg, B and other trace nutrients are contained in the N-Viro Soil product. By using FGD by-product materials to treat biosolids, N-Viro Soil can offer a more valuable product than traditional biosolids of FGD alone.


In our work we hypothesized that the vermiculite FGD by-product and N-Viro Soil have the potential to be effective sources of S and other nutrients for crops. The objectives of this research were, therefore: (1) to determine the suitability of the FGD by-product and N-Viro Soil for agricultural use during production of alfalfa and soybean; and (2) to assess their potential environmental impacts based on accumulation of toxic elements or heavy metals on the quality of alfalfa tissue, soybean grain, soils and subsoil solutions.

Materials and Methods

Experiments in 2000


Two research sites were chosen for field experiments to test whether soils and plants are deficient in S and other trace minerals. One site is located near Wooster (in northeast Ohio and containing a Wooster silt loam) and the other near Fremont (in northwest Ohio and containing a Fremont sand). The Wooster site field had been maintained in a corn-soybean rotation with soybean being grown in 1998 and corn in 1999, the year before the 2000 study. The Fremont site field had been used for vegetable production with cabbage being grown in 1999. The two fields had no S fertilizer applied during the past several years. Before treatments, surface (0-20 cm) soil samples were collected, air-dried and analyzed to determine fertility status, pH, lime requirements and concentrations of elements essential for growth of higher plants (Table 1). 


Sulfur sources for the field tests were vermiculite FGD by-product, N-Viro Soil and gypsum. The FGD by-product was obtained from Sorbent Technologies Corporation (Twinsburg, OH) and contained sulfate/sulfite, unused lime, and vermiculite. N-Viro Soil was provided by N-Viro International Corporation (Toledo, OH). Commercial agricultural gypsum, commercial name Nutrasoft Pelletized Gypsum, was produced by Rex International (Thomasville, NC). Characteristics of the FGD by-product, N-Viro Soil and gypsum (Table 2) were determined as described by Stehouwer et al. (1995).


Alfalfa and soybean were used as test crops. Plot sizes were 3 x 6 m for alfalfa and 6 x 6 m for soybean and were arranged in a randomized block design with three replications. Plots were supplied with P and K fertilizers based on soil test results and the Ohio Agronomy Guide (1995) recommendations at the beginning of the experiment. Soybean was planted in 38-cm rows at a population of 350,000 seeds ha-1 on June 3, 2000 at the Fremont site and on June 12, 2000 at the Wooster site. Alfalfa was planted using a seeding rate of 14 kg ha-1 in 20-cm rows on July 7, 2000 at the Wooster site. Immediately after seeding, the FGD by-product and N-Viro Soil were applied at rates equivalent to 16 and 67 kg S ha-1 and the gypsum was applied at a rate of 16 kg S ha-1 for alfalfa and at rates of 16 and 67 kg S ha-1 for soybean. The experimental design included an unamended control (i.e. zero S) treatment.


Because alfalfa was planted late and it takes time for alfalfa to become fully established, alfalfa was harvested only one time in 2000 (on September 8). In general, alfalfa was harvested at the late bud or early bloom stage by clipping a randomly selected 1 m2 area from each plot. Samples were dried at 60 oC for 5 days, weighed and ground to pass a 1-mm sieve. Concentration of total N in alfalfa tissue was analyzed using an automated Kjeldahl method adopted for measuring protein content in animal feed (JAOAC, 1976). Concentrations of other elements in the alfalfa were determined by inductively coupled plasma (ICP) emission spectrometry after digestion with a mixture of HClO4 - HNO3 (Isaac and Johnson, 1985). 


Soybean at the Wooster site was harvested by a small combine from the center 23 m2 area of each plot on October 13, 2000. Soybean grain was ground to pass a 1-mm sieve and elemental concentrations of elements were determined by the methods previously described for alfalfa. Soybean at the Fremont site was not harvested in 2000 because Phytophthora root rot severely reduced growth. Phytophthora root rot is a common soybean disease in Ohio and it was especially evident at the Fremont site in 2000 because of the heavy rains in the area in May and June. Total rainfall for May was 5.08 inches and for June it was 7.49. This amount of rainfall was 41 % and 87 %, respectively, more than the long-term averages at this site.


Three months after treatments were applied at the Fremont site (i.e. in September 2000), subsoil solution samples were collected using suction lysimeters. These lysimeters were placed 60 cm below the surface of the soybean plots treated with FGD byproduct and N-Viro Soil (at the 67 kg S ha-1 rate) and in the unamended control plots. The ceramic lysimeters were 6 cm long and 4.8 cm in diameter and were obtained from Soilmoisture Equipment Corporation (Goleta, CA). Total concentrations of elements in the subsoil solution were determined by ICP emission spectrometry and anion concentrations were determined by ion chromatography. 


Four months after applying treatments (i.e. in October), five cores (2.5-cm diameter) from the 0-15 and 15-30 cm soil layers were collected from the plots of the control and high S rate application in the two soybean fields and then bulked to create two samples (a 0-15 cm sample and a 15-30 cm sample) per plot. Soil samples were air-dried, crushed, passed through a 2-mm sieve, and extracted with Mehlich-3 solution (Mehlich, 1984). Extracted elements were then determined by the ICP emission spectrometry. 

Experiments in 2001


Field studies in 2001 for alfalfa were conducted on three fields. At the Wooster site, the same field that had been used in 2000 was again selected for study. The same treatments were applied to the same plots on April 2, 2001. In addition, we selected two established stands of alfalfa in different regions of Ohio. One was located in Wayne County and the other in Hancock County. These new sites did not have a recent history of S fertilizer application. FGD by-product, N-Viro Soil or gypsum were broadcast applied to plots (3 x 6 m in size) at rates of 0, 8, 16, and 24 kg S ha-1 in early April 2001(April 4 at the Hancock County site and on April 9 at the Wayne County site). The experimental design was a randomized complete block with four replications. Before applying treatments, soil samples from the 0-20 cm soil layer were collected and analyzed (Table 3). Alfalfa was harvested three times from the Wooster site and the Hancock County site and four times from the Wayne County site during May to September. All harvests were taken between the late bud and early bloom stage of maturity. Alfalfa was harvested by clipping a randomly selected 1 m2 area from each plot.


Soybean experiments in 2001 were conducted on silt loam soils located in Clark County, Ohio and at the Wooster site. These sites were no-tillage corn-soybean rotation fields where soybean had been grown in 1999 and corn in 2000. No S fertilizer had been applied to these fields during the past several years. Before application, soil samples (0-20 cm soil layer) were collected and analyzed (Table 3) and plots were supplied with P and K fertilizers based on soil test results and the Ohio Agronomy Guide (1995). The FGD by-products, N-Viro Soil or gypsum were broadcast applied to plots (6 x 6 m in size) at 0, 6, and 17 kg S ha-1. The experimental design was a randomized complete block with four replications. Materials were applied on April 25 at the Clark County site and on May 14 at the Wooster site. Soybean was planted in 38-cm rows at a population of 350,000 seeds ha-1 on April 30 at the Clark County site and on May 11 at the Wooster site. Soybean was harvested by a small combine from a 12 m2 area in the center of each plot on October 3, 2001 at the Clark County site and from a 9.7 m2 center of each plot on November 1, 2001 at the Wooster site.  

Data Analysis


The results obtained for each of the dependent variables in this study were analyzed statistically using a model that included treatment and replication as independent variables. Data were subjected to analysis of variance (ANOVA) using the PROC GLM statement of SAS statistics program (SAS, Cary, NC). When ANOVA generated a significant F-value (P ≤ 0.05) for treatments, treatment means were compared by the Least Significant Different (LSD) test using the appropriate error term to calculate the LSD value.

Results and Discussion

The results presented below are primarily presented in a way that tests differences in parameter values for the treated plots versus the control plots. When testing potential environmental impacts, it is a change from the natural baseline condition that is most important. For crop yield data, an increase in yield in the treated plots compared to the unamended control plots provides evidence that S, and/or trace elements, are contributing to better plant nutrition and improved crop yields.

Alfalfa Field Results for 2000


Mean dry weight yields of alfalfa harvested from the Wooster site are presented in Figure 1. These results are averages of the 16 and 67 kg S ha-1 application rate treatments and clearly show a positive yield response when FGD by-product, N-Viro Soil or gypsum were applied to this site. There were no significant differences in alfalfa yields, however, among the treatments indicating the FGD by-product or N-Viro Soil can be used as substitutes for gypsum in providing S to soil. 


The low application rate of S to this soil was sufficient for improving growth of alfalfa (Table 4). At the 16 kg S ha-1 application rate, mean alfalfa yields were increased 16.9 % to 42.0 % by the FGD by-product, N-Viro Soil or the gypsum treatment compared to the unamended control. These data strongly suggest that the alfalfa was responding to S (and possibly other trace minerals) because the 16 kg S ha-1 application rate is not high enough to significantly affect other soil properties. In addition, the gypsum treatment would be expected to contribute lower amounts of essential trace elements than the other treatments because of its more pure form and less material is needed to achieve the target S application rates. Thus, we conclude the primary treatment response is due to S. 


Other factors, however, may have affected yield at the higher rate. For example, the N-Viro Soil brought about higher alfalfa yields for the 67 kg S ha-1 rate than for the 16 kg S ha-1 rate (Table 4). The N-Viro Soil provides additional benefits due to inputs of alkalinity and N. In contrast, the alfalfa yields for a the FGD by-product were higher for the 16 kg S ha-1 rate than for the 67 kg S ha-1 rate. These results are in agreement with the studies of O’Leary and Rehm (1989). They applied gypsum to two sandy loam soil in Wisconsin at rates of 28 to 112 kg S ha-1. Yields responded to S treatment, but not to an increase in S application rate.
A study by Sloan et al. (1997) has also indicated that FGD by-products can serve as a ready B source for alfalfa production, particularly late in the growing season when native soil B availability decreases.


Concentration in alfalfa of Ca, a major element in the various treatments, was slightly decreased by the application of FGD by-products at the 16 kg S ha-1 application rate as compared to the unamended control (Table 5). There were no significant affects by the other treatments or when the soil was treated with the FGD by-product at the rate of 67 kg S ha-1. Goodroad et al. (1989) similarly found concentrations of Ca in soft red winter wheat (Triticum aestivum L.) were decreased when application rates of S were increased. One explanation for these results is that addition of S to soils, deficient in this element, stimulates crop growth more than uptake of S, thereby diluting its concentration in plant tissue. However, O’Leary and Rehm (1989) have observed that S concentrations in crops generally increased with addition of S to soil.


Inspection of the data in Table 5 shows that the only other elements whose concentrations in alfalfa tissue were significantly affected by treatment were Mg, Mn, N and P which were all reduced when soil was treated with FGD by-product at the 16 kg S ha-1 application rate. Again this seems due to increased growth (a 42 % yield increase) causing a dilution in the plant tissue. One other significant treatment affect, as compared to the control treatment, was a decrease in Mn concentration when N-Viro Soil was applied at the 67 kg S ha-1 rate. Surprisingly, none of the treatments significantly changed S concentrations in the alfalfa tissue. Our results are similar to those of Spiers and Braswell (1989) who also observed S treatments reduced Ca and Mg concentrations in the leaves of blueberries (Vaccinium ashei). Goodroad et al. (1989) found that Mn concentrations in soft red winter wheat were decreased when soil was amended with S fertilizer.


Concentrations in alfalfa of other elements potentially toxic to plants or regulated by the Resource Conservation and Recovery Act (RCRA) are shown in Table 6. Aluminum, As and Ba concentrations in alfalfa were not affected by the FGD by-product, N-Viro Soil or gypsum treatments as compared to the unamended control. Concentrations of Se were significantly decreased by all the treatments. Cadmium concentrations in alfalfa were significantly increased, compared to the unamended control, when soil was treated with FGD by-product at the high application rate and Pb concentrations were also increased by FGD by-product at the low application rate. Chromium concentrations were significantly increased by gypsum. 

Soybean Field Results  for 2000


Soybean grain yields were increased when FGD by-product, N-Viro Soil, or gypsum were applied to soil at the Wooster site (Figure 2). These results are averages of the 16 and 67 kg S ha-1 application rate treatments as compared to the unamended control. Only the N-Viro Soil treatment significantly increased yields at the P ≤ 0.05 level, but at the 10 % level of significance (data not shown), all treatments caused a significant yield increase compared to the unamended control.  There were no consistent rate effects on soybean yields (Table 7) with all treatments increasing yield from 3.4 % to 11.6 %.


Effects of FGD by-product, N-Viro Soil and gypsum treatments on concentrations of essential plant nutrients (both major and minor nutrients) in soybean grain harvested from the Wooster site are presented in Table 8. The only significant treatment differences were observed for Ca, K, Mg, and S concentrations, which were significantly decreased, when compared to the unamended control. Calcium concentrations were decreased in soybean grain from plots treated with the high rate of FGD by-product. Potassium concentrations were decreased by both of the N-Viro Soil treatments and by the high rate of gypsum. Magnesium concentrations were decreased by the high rate of FGD by-product and by the high rate of N-Viro Soil. Finally, S was decreased by the high rate of the N-Viro Soil and by the low rate of gypsum. No other effects on essential plant nutrient concentrations were observed when FGD by-product, N-Viro Soil or gypsum were applied to soil as S sources.


Concentrations, in soybean grain harvested from the Wooster site, of elements potentially toxic to plants or regulated by the Resource Conservation and Recovery Act are shown in Table 9. Concentrations of Ba were significantly (P ≤ 0.05) decreased when plots were treated at the high rate of FGD by-product and N-Viro Soil and at the low rate of gypsum as compared to the unamended control. Concentrations of Cr were increased by the high rate of FGD by-product. Concentrations of Al, As, and Pb were not affected by the FGD by-product, N-Viro Soil or gypsum treatments. Cadmium and Se concentrations were always below the detection limits of 0.12 mg kg-1 for Cd and 6.0 mg kg-1 for Se.

Soil Quality Data from Soybean Plots in 2000 


Four months after applying treatments to the Wooster site soil and after soybean harvest, concentrations of most essential plant elements in the 0-15 cm soil layer of the treated plots were found to be similar to those in the unamended control plots (Table 10). We used a Mehlich-3 extractant which is weakly acidic and extracts elements that are thought to be in a plant available form. Zinc concentrations in both soil layers were increased by application of FGD by-product at the 67 kg S ha-1rate as compared to the unamended control. The high rate of FGD by-product and N-Viro Soil also significantly increased concentrations of Fe in the 15-30 cm soil layer. The high rate of N-Viro Soil increased concentrations of Mn in both soil layers and the low rate of FGD by-product increased concentrations of Cu in the 15-30 cm soil layer. Finally, the high application rate of FGD by-product was found to increase B concentrations in both soil layers. Since none of these elements were affected by the gypsum treatment, these elements are thought to have been derived from the fly ash portion of the FGD by-product or from both fly ash and biosolids in the N-Viro Soil. 


The Fremont site soil, which contains more sand than the Wooster site soil and thus has more potential for elements to leach, showed several elements were affected by treatments in the 15-30 cm soil layer (Table 11). The high application rate of the N-Viro Soil treatment significantly (P ≤ 0.05) increased Ca, Fe, B and Ni concentrations in soil as compared to the unamended control and the low rate also increased concentrations of B and Mn. The high application rate of FGD by-product significantly increased B and Ni concentrations. Only B and Zn concentrations were changed in the 0-15 cm surface soil layer as compared to the unamended control. The low rate of the N-Viro Soil treatment caused an increase in Zn. B concentrations were increased in the surface soil layer by both rates of N-Viro Soil, the high rate of FGD by-product and by the gypsum treatment.


The one element that would be predicted to be most affected in soil by the various treatments is S. This is because the various treatments applied S to soil in the readily available sulfate form which can be easily extracted by the Mechlich-3 extractant. Sulfur concentrations in the 0-15 cm soil layer of the Wooster site soybean field were increased significantly (P ≤ 0.05) by the application of FGD by-product at the 67 kg S ha-1 rate (Figure 3).  In the Fremont site soil (Figure 4), the high rates of FGD by-product and N-Viro Soil significantly increased S concentrations above that of the unamended control. In the 15-30 cm soil layer, concentrations of S in both the Wooster and Fremont site soils were significantly increased by all treatments except for the low rate of FGD by-product (Figures 5 and 6). 


The concentrations of B in soil at both the Wooster site and the Fremont site where soybeans were grown were, as previously mentioned, increased significantly by the high rate application of FGD by-product (i.e. 67 kg S ha-1 ) (Tables 10 and 11). Concentrations of B in soil treated with some fly ash materials can reach phytotoxic levels (Sutton and Dick, 1987). However, the results from this study indicate that the alfalfa tissue and soybean seeds did not accumulate B. Many reports indicate foliar B applications can improve soybean yield (Gascho and McPherson, 1997; Reinbott and Blevins, 1995;  Schon and Blevins, 1990). Boron applied to soil at low rates can also increase soybean yields. When B was applied to a silty clay loam soil at a rate of 2.8 kg ha-1, soybean yields were increased by about 12 % (Reinbott and Blevins, 1995). In Georgia, broadcast applications of B to a loamy sand soil with low levels of soil test B at rates ranging from 0.28 to 1.12 kg ha-1 also increased soybean yields in that state by 4 % (Touchton and Boswell, 1975).


Concentrations of elements, in the Wooster site soil, potentially toxic to plants or regulated by the Resource Conservation and Recovery Act (RCRA) were measured (Table 12). Relatively few changes in Mehlich-3 extractable concentrations of elements were affected by treatments. Al, Cd and Se were not affected by any of the treatments in the Wooster soil when compared to the unamended control. The FGD by-product only affected Pb concentrations, which was increased in the 15-30 cm soil layer, when this material was applied to the Wooster soil at the 16 kg S ha-1 rate. Application of N-Viro Soil increased the concentrations of As and Cr in both soil layers and the Ba concentrations in the 15-30 cm soil layer. Application of gypsum did not affect the Mehlich-3 extractable soil concentrations of any of the elements shown in Table 12.


The Fremont soil (Table 13) again showed more affects of treatment and more affect at depth than did the Wooster soil due to its greater content of sand and potential for elements to leach. In the surface 0-15 cm soil layer, N-Viro Soil at the low application rate, significantly decreased Cd concentrations but increased Cr concentrations. The high application rate of N-Viro Soil at the high application rate also increased Al and Cr concentrations. The gypsum treatment decreased Cd concentrations in the surface soil layer. In the subsurface (i.e. 15-30 cm) soil layer, the high rate of FGD by-product and N-Viro Soil increased Al concentrations and gypsum decreased Ba concentrations. All treatments, except the low rate of FGD by-product significantly increased Cr concentrations in the 15-30 cm soil layer.

Soil Solution Quality Data from Soybean Plots at the Fremont Site in 2000 


Effects of FGD by-product and N-Viro Soil application on concentrations of major nutrients and trace elements in soil solutions from lysimeters are presented in Table 14. Only the concentration of S was significantly (P≤ 0.05) increased by application of FGD by-product at the rate of 67 kg S ha-1 (see also Figure 7). It is expected that this soluble S would be primarily in the form of  SO4-2 and this seems to be confirmed when only anionic S was measured (compare total S and SO4-2 data in Tables 14 and 15). 


Nitrate-N concentrations were all found to average more than the 10 mg L-1 regulatory level for safe drinking water (Table 15). The source of this N was not identified but did not seem to be caused by the two S treatments. The unamended control had average concentrations that were equivalent to or even higher than that for the two S treatments. FGD by-product contains only very small amounts of N and thus the observed soil nitrate levels that exceed the regulatory level cannot be due to N inputs by this treatment. The biosolids, that are part of the N-Viro Soil, would contain N but even for this treatment the levels in the soil solution were similar to those for the control plots. Some possibilities that could explain, at least partially, the high nitrate levels in the soil solution are (1) fertilizer N inputs for the previous year’s vegetable crop production and (2) input by the soybean crop itself. Soybean is a legume crop and can take atmospheric dinitrogen (N2) and convert in to plant available forms. This N is then introduced to soil when roots or other plant residues decay.  



The concentration of B was increased by the treatment of FGD by-product (Table 14), but this increase was not statistically (P ≤ 0.05) signified. None of the elements regulated by RCRA and elements potentially toxic to plants were increased by FGD by-product and N-Viro Soil applications (Table 16).
Alfalfa and Soybean Field Results for 2001

Alfalfa yields were also increased in 2002 when FGD by-product, N-Viro Soil or gypsum were applied to established alfalfa stands (Table 17). The most responsive site was the Wooster site which was a new planting of alfalfa in 2000. Average yield increases, above that for the unamended control, ranged from 15 % to 33 %. At the Wayne County site, the yield of alfalfa was lower compared to other sites. This was attributed, in part, to a lower level of available K in the soil (Table 3). Optimum soil test for most crops in Ohio is 100-200 mg K kg-1 soil (Ohio Agronomy Guide, 1995), but at this site it was only 73 mg K kg-1 soil. Alfalfa has a relative high K requirement, and low K in the soil limited the growth of the crop. 


There was no response of alfalfa yields to different rates of S addition to soil. Sulfur is generally needed in only relatively small amounts to reach sufficiency. The data suggest that a recommendation rate of approximately 20 kg S ha-1 would achieve maximum yields in most soils. 


Combining data for 2001 from all three sites (Table 18) provides further strong support that S additions can significantly boost alfalfa yields. Increases for the three treatments ranged from 4.0 % to 11.3 %. This level of increase is more than sufficient to justify the expense of adding S in the forms of FGD by-product, N-Viro Soil or gypsum.


The data in Table 18 also strongly suggest that the alfalfa is responding to S and not some other essential trace elements in the materials applied. Concentrations of many trace elements were generally lower in the gypsum compared to the other treatments (see Table 2). In addition, because treatments were based on rates of S to be applied to soil, the higher S analysis in gypsum meant that actual amount of material applied had to be greater for FGD by-product (50 % more) and N-Viro Soil (five times more). Thus if there were trace element responses, the FGD by-product and N-Viro Soil treatments should have resulted in greater yields than the gypsum treatment.


For the 2001 soybean experiment, analysis of variance indicated no significant differences in soybean grain yields when comparing the control versus the S application treatments or when comparing results for the various S application rates (Table 19). A severe drought occurred in the Wooster area in June and July of 2001 and limited the growth of soybean at this site. There also seemed to be sufficient S in the soil at the Clark County site so that treatment responses were not evident. 


A recent study from British Columbia, Canada (Kishchuk and Brockley, 2002) indicated that S additions to lodgepole pine (Pinus contorta) sites deficient in S, resulted in a much greater N fertilizer response. The interaction of S and N is something we did not study, but it is hypothesized that similar results could exist for agronomic crops. Sulfur is a component of two essential amino acids (cysteine and methionine) and if S is limiting, protein synthesis would be negatively impacted and responses to addition of N would be reduced. Such an interaction would often not be observed unless specific experiments were conducted to test for it. This would seem to be a fruitful future area of study.

Conclusions and Recommendations
1. Some soils in Ohio need supplemental S for optimum growth of crop. Soils that will respond to S inputs are expected to be those with low organic matter concentrations and low concentrations of S in Mehlich-3 extracts.

2. Alfalfa had a greater positive response than soybean when S treatments were applied to Ohio soils.

3. FGD by-product and N-Viro Soil are good S sources for improving growth of crops in Ohio. They have the same capacity as gypsum to increase yields of alfalfa and soybean.

4. The FGD by-product and N-Viro Soil may also provide additional growth benefits by supplying trace nutrients essential for plants. 

5. Additions of S at the 20 kg ha-1 rate would be sufficient to meet the needs of most crops growing in S deficient soils.

6. Concentrations in soil of trace elements essential for plant growth were generally unaffected or slightly increased when plots were treated with FGD by-product and N-Viro Soil.

7. Elements regulated by the Resource Conservation and Recovery Act (RCRA) did not accumulate in alfalfa tissue and soybean grain to a level that would impose any use restrictions. On the contrary many of the elements were reduced in concentrations by the various treatments. 

8. Interaction studies of S and N should be conducted to better assess growth responses to S additions. Establishing such an interaction would provide further incentive to farmers to apply S to their soils and could also allow a reduction in N fertilizer application rates, thus improving environmental quality.
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