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INTRODUCTION 

Biosolids are solid or liquid materials produced during the treatment of sewage that have been sufficiently processed to allow land application of these materials (Evanylo 1999a). The term biosolids was coined in the 1990s to distinguish high quality, treated sewage sludge from raw sewage sludge or from sewage sludge containing large amounts of pollutants. Biosolids are removed from wastewater during the treatment process and have been modified chemically and physically to improve their handling characteristics, improve their suitability for use as a nutrient material, and reduce the environmental and public health concerns associated with land application. Approximately 5.6 million dry tons of sewage sludge are disposed of annually in the United States with approximately 60 % used for land application (NRC 2002).
Land application of biosolids is regulated at the federal level by the US Environmental Protection Agency. The regulations governing the land application of biosolids were established by the EPA  in 1993 in the Code of Federal Regulations, Title 40 (Part 503) under Section 405 (d) of the Clean Water Act. The Part 503 rule established management practices for land application of biosolids; setting concentration limits and loading rates for specific chemicals and the treatment and use requirements designed to control and reduce pathogens or disease vectors. Nine inorganic trace elements in biosolids are currently regulated: arsenic, cadmium, copper, lead, mercury, molybdenum, nickel, selenium and zinc. The allowable concentrations and loading rates of the pollutants were determined using a risk assessment approach based on their potential hazard through the most likely exposure pathways. The pathogen standards are not risk-based concentration limits for individual pathogens but are technologically based requirements designed to reduce pathogens and the potential exposure to them through a series of treatments and use restrictions. Biosolids are divided into two classes on the basis of pathogen content: Class A and Class B. Class A biosolids are treated to reduce the presence of pathogens below detectable levels. These materials can be used without any pathogen-related restrictions. They can be sold to the general public and applied at sites where there is public access. Class B biosolids are treated to reduce pathogens, but still contain detectable levels; therefore, Class B biosolids have site restrictions designed to minimize the potential for human and animal exposure until environmental factors such as heat, sunlight or desiccation have reduced the pathogens further. These materials cannot be sold to the general public or used at sites where there is public use.

In Virginia the Department of Health (VDH) regulates biosolids land application. The VDH superceded the State Water Control Board, which is now an adjunct of the Department of Environmental Quality (DEQ) in 1994 as the state agency charged with protecting public health during the land application of biosolids. In 1995, the VDH adopted the Biosolids Use Regulations 12 VAC 5-585 which incorporates into Virginia law the federal regulations established under the Part 503 rule. These regulations were amended in 1997. In several aspects, the Virginia regulations are stricter than those at the federal level (UVA 1997). The key

provisions of the Virginia regulations include: 1) site specific permits valid for 5 years must be obtained from VDH; 2) required streamside and water body buffers are generally wider; 3) nutrient management plans are required for land application within the Chesapeake Bay and for sites receiving frequent applications; and 4) application rates must be based on the agronomic rate and soil pH.

Land application of biosolids falls under beneficial reuse provisions because biosolids contain plant essential nutrients that may benefit plant growth when applied to land under the appropriate circumstances. The growth, yield, quality and health of crop plants typically are better when optimal levels of plant essential nutrients are supplied. Land application can be made to agricultural sites where food crops (including crops for animal consumption) and nonfood crops are grown. Nonagricultural sites include forests, rangeland and public use sites such as parks and golf courses. Biosolids have been used to reclaim disturbed land including strip mines and gravel pits (Moss et al. 1989). Of the 16,000 publicly owned treatment works (POTW) in the United States, approximately 68% land-apply biosolids (NRC 2002). In Virginia, approximately 50% (75,000 dry tons) of the biosolids produced annually by POTWs in the state are land applied (UVA 1997). It is estimated that biosolids are applied to 0.1% of the available agricultural land in the United States annually. In Virginia, the acreage permitted for biosolids land application represented approximately 2.5% of the 8 million acres in agricultural production in 1997 (UVA 1997).

Biosolids function as slow-release fertilizers, releasing plant essential nutrients over time to the crop plants. Application of biosolids on agricultural land in Virginia is done principally to supply N, P, and, sometimes, lime (Evanylo 1999b). The application rates of biosolids in Virginia typically range from 5 to 8 dry tons per acre (UVA 1997). The biosolid application rates appropriate for use on agricultural land can be determined as follows:

1. Determine the nutrient requirements for the expected crop yield based on soil test values.
2. Calculate the biosolid application rates based on crop N and P requirements, or soil lime requirement as appropriate.
3. Calculate supplemental fertilizer needs by subtracting the plant available N and P supplied by biosolids from the calculated nutrient requirements.

Agronomic rates of biosolids are usually determined based on the N required by the crop (Evanylo 1999b). Crops usually require more N than any other nutrient, and the crop requirement for other nutrients are usually met when the N requirement is met. Nitrogen leaching to groundwater can be a concern when N is applied in excess of the crop demand. Only a portion of the total amount of N contained in biosolids is present in a plant available form (PAN). Organic N compounds must be broken down and mineralized before the N is available to the plants. The amount of N mineralized over time varies depending on the properties of the biosolids and the land application site Gilmour et al. 2003). Evanylo (1999b) describes a simple method that can be used to calculate PAN from which the agronomic biosolids application rate can be determined.
In specific circumstances, other properties of the biosolids must be used to determine appropriate application rates. For example, when using lime-stabilized materials, the impact of the biosolids on soil pH may determine the maximum application rate. Most agronomic crops require soils with pH values between 5.8 and 6.5.  Pine forests typically require that soil pH values remain below 6.0; thus, the maximum application rate must be based on the lime equivalent of the biosolids. On most soils, the P contained is biosolids rapidly sorbed on Fe and Al oxyhydroxide surfaces. In these soils, P concentrations in soil solution remain relatively low, and P leaching losses are minimal. In sandy soils with low amounts of Fe and Al, P sorption capacity is low and leaching of P may be significant if large quantities of P are applied in biosolids. Thus, on these soils, P loading rates may determine the maximum amount of biosolids that can be land applied. Methods have been developed to determine the agronomic P rate and lime requirement for biosolids applications (Evanylo 1999b).
Although land application of biosolids is considered a beneficial reuse of this material, there are environmental risks and public concerns associated with land application. The chief public concern with land application of biosolids is odor (Evanylo 1999c). Even when properly treated and applied, the odors from biosolids can be objectionable. There may also be public concerns with large amount of truck traffic required to transport biosolids to the application site. Health risks associated with exposure to biosolids are also a concern, particularly with Class B biosolids that contain detectable levels of pathogens. The leaching of regulated trace elements is usually not a significant concern  because biosolids typically contain concentrations that are well below established threshold levels;  however, biosolids usually contain large quantities of N and P
 that may leach from the site following land application at rates that exceed the nutrient requirements of the vegetation
 (EPA 2000). Surface runoff may also carry excess nutrients to surface waters.  These nutrients may contribute to nonpoint pollution and could lead to eutrophication of receiving waters. In Virginia, nutrient management plans are required for land application projects in the Chesapeake Bay Watershed (UVA 1997). Buffer strips adjacent to streams and lakes ranging from 35 to 100 feet are required on land spreading sites in Virginia to protect water quality (UVA 1997). The potential negative impacts of land application of biosolids can be minimized through proper management practices.
Land Application of Biosolids in Forest Ecosystems

Decreasing availability of agricultural land suitable for biosolids application in eastern Virginia caused by urban expansion in the Washington-Richmond-Norfolk corridor, may limit ongoing land application programs. Forestland in the Piedmont and Upper Coastal Plain of Virginia provides an alterative location for land application of biosolids.  Published research shows that land application of treated municipal and industrial wastewater on forestland has been utilized successfully at various locations in the United States for over 30 years (Cole et al. 1986).  This research has concluded that land application of biosolids to forestland one of the most cost-effective and environmentally sound processes for the recycling sludge (Bastian 1986).
Large tracts of loblolly pine plantations exist in the Piedmont and Upper Coastal Plain of Virginia that are well suited to land application of biosolids. In plantations, the extensive root system and accumulation of organic matter in biomass promotes retention of N and P in forest ecosystems. Managed pine forests tend to grow on nutrient deficient soils and, thus, are effective nutrient sinks. Nutrient uptake by tree roots in the surface soil is rapid under most conditions, which coupled with high rates of evapotranspiration, decreases the potential for leaching (Wells et al. 1986). Loblolly pine provides rainfall interception, evaporation, and transpiration during the entire year. The forest floor in pine plantations enhances infiltration and percolation of rainfall and reduces overland flow and the potential for nutrient loss in runoff (Lowrance et al. 1984; Aust  1994). Denitrification, a primary process in nitrogen reduction, can also occur in wet forest soils, such as those in forested riparian buffers (Lowrance et al. 1985).

As in agricultural systems, biosolids supply plant essential nutrients that are deficient in most forest ecosystems, particularly N and P. The Forest Nutrition Cooperative has documented loblolly pine growth increases of 30% with 200 pounds of nitrogen and 25 pounds of phosphorus fertilizer per acre (NCSFNC 1997).  A significant growth response frequently occurs in forests following the application of biosolids (Chapman-King et al. 1986), but the growth response following sludge application to loblolly pine forests has been inconsistent.  For example, McKee and coworkers (1986) showed that liquid, but not solid, sludge applications increased the growth of loblolly pine plantations.  In young plantations, the increased competition from weeds whose growth was stimulated by the sludge application detrimentally affected the growth of the pine trees.
As pointed out almost 20 years ago by Nutter and Red (1986), effective design criteria are required for successful forestland application systems. Issues such as loading rate, nutrient assimilation rates in the ecosystem, nutrient losses, and growth response for various types of biosolids must be addressed. It may not be possible to simply extrapolate agricultural land application practices to forest settings. For example, Kim and Burger (1997) observed large nitrate losses following wastewater irrigation in a mature hardwood forest in Virginia. Additional research on the growth response and environmental impact of biosolids application in forest ecosystems is warranted.
Proposed Study Objectives:

1) Quantify the growth response of loblolly pine following the application of biosolids. [Study 1]
2) Determine the impact of biosolids application on cycling of N and P forest ecosystems. [Study 1]
3) Determine the potential for leaching of N and P from forest ecosystems following application of biosolids. [Study 1]
4) Evaluate the effectiveness of forest buffer strips in maintaining water quality in streams draining landscapes where biosolids are applied in forests. [Study 2]
MATERIALS AND METHODS 

Study 1: Nutrient Dynamics Following Land Application of Biosolids in Pine Plantations
A 3-year field plot study will be established in year 1 to address the growth response (Obj. 1), impact on nutrient cycling (Obj. 2), and leaching potential (Obj. 3) following biosolids application.  The study will be conducted in a loblolly pine (Pinus taeda L.) plantation approximately 10–15 years old. The stand will be located in the Piedmont or Upper Coastal Plain
 of Virginia.  The final selection of the study sites will be made in conjunction with project study team.  The stand will be fifth-row thinned prior to application of the biosolids. This will provide access corridors for the land spreading equipment on approximately 50 ft to 75 ft centers.
The study will be a established as a random complete block design with seven treatments and four blocks.  The six treatments will be:

1. Check (No Biosolids Application)

2. Lime Stabilized Biosolids at 200 lbs/acre PAN 

3. Lime Stabilized Biosolids at 400 lbs/acre PAN

4. Pelletized Biosolids at 200 lbs/acre PAN

5. Anaerobic Digested Biosolids at 200 lbs/acre PAN

6. Anaerobic Digested Biosolids at 400 lbs/acre PAN

7. Anaerobic Digested Biosolids at 200 lbs/acre PAN in Years 1 and 3.


Biosolids will be applied to 0.25-acre plots (approximately 200 ft x 50 ft) between the thinning lanes at each of the above rates. Untreated buffer areas of approximately 100 ft will separate each treatment plot. Measurements plots of 1/10 acre will be located within each treatment plot. Measurement plots will be marked with rebar pipes and PVC posts in each corner. We will quantify N, P, K, Ca, Mg, S, and  micronutrient  input of the biosolids in the measurement plots by placing ten  2 ft x 2 ft  plastic trays randomly in each plot and collecting  the biosolids after application.
All overstory trees in the measurement plots with DBH
 4 inches and larger will be tagged with an aluminum nail at DBH. Each tree will be sequentially numbered in a serpentine fashion with the tree number written on the nail head with a lead pencil. Total height, height to the base of the live crown, and DBH will be measured prior to treatment and annually after treatment. Understory trees with DBH less than 4 inches and taller than 4.5 ft will tallied by species and diameter class. In each measurement plot, two 1/1000 acre clip plots will be randomly located. All vegetation less than 4.5 ft tall will be cut at ground line and weighed after drying. Woody vegetation will be separated from herbaceous. Leaf area in each plot will be determined using hemispheric photos of the canopy taken at 4.3 ft. Photos will be taken in August and December to estimate maximum and minimum leaf area in the stands. Foliage samples will be collected from the overstory and midstory vegetation at the time the hemispheric photos are taken. Foliage from the overstory and midstory vegetation and the woody and herbaceous vegetation collected in the clip plots will be analyzed for total N, P, K, Ca, Mg, S, and micronutrients.
Forest floor samples will be collected annually in each plot from five 2 ft x 2 ft square sample areas. The forest floor will be dried, weighed and analyzed for N, P, K, Ca, Mg, S, and micronutrients.
The biogeochemical cycling of N and P and the processes affecting nutrient transport and retention in forests that affect water quality will be quantified  in these plots on a monthly basis using a variety of methods (Figure 1).  This will include nutrient uptake in plants and transformations within the ecosystem including phosphorus adsorption and desorption, nitrogen mineralization, volatilization and denitrification.  Nitrogen and phosphorus uptake by vegetation will be estimated based on the inventories of all vegetation in the plots, including overstory trees and understory vegetation.  Existing allometric equations will be used to estimate biomass of components of the vegetation not directly measured such as bark, branches and roots (Saucier and Clark, 1985, Clark et al. 1986, Clark and Souter 1996). Subsamples of above ground plant components (foliage, branches, bark, boles) will be collected and analyzed for N and P content.  

[image: image1.png]Chamber for fn situ
lon Exchange Denitrification and volatilization
Resin Membranes measurements

Soil Cores for In Situ
N Mineralization
Temperature

Probes

DR Tension Lysimeters
Rods Jero-Tension
Lysimeter Plates

Forest Floor

&

A Horizon

Bt Horizon





Figure 1. Schematic representation of instrumentation for detailed study of biogeochemical cycling of N and P.

Nitrogen and phosphorus in soil solution will be determined using porous cup tension lysimeters located at 15 cm and 50 cm. Nitrogen and phosphorus leaching from the forest floor will be sampled using zero-tension lysimeters 
placed at the bottom of the O and A horizons (Thompson and Scharf 1994). Nitrogen mineralization including ammonification and nitrification will be measured by the in situ core method (Raison et al. 1987, Rice et al.1987). Nitrogen and phosphorus fluxes to the soil will also be measured using ion exchange membranes buried in the forest floor and at 15 cm  and 50 cm (Bache and Ireland, 1980). Denitrification will be measured in the field using a closed chamber method (Ryden et al. 1979). Ammonia volatilization will be measured in open topped PVC chambers fitted with acid traps. The phosphate sorption capacity of these soils will be determined using adsorption and desorption isotherms (Axt and Walbridge 1999, Olsen and Sommers 1982).
Soil moisture content, temperature, and redox potential will be measured at 15 cm and 50 cm depths. Soil water content will be determined using Time Domain Reflectometry (TDR). Moisture release curves will be constructed for each site to convert volumetric moisture content to soil water potential. Soil temperature in the forest floor, and at 15 and 50 cm depths will be measured with electronic temperature recorders buried in the soil.

Soil solution samples collected in the zero-tension and tension lysimeters will be analyzed total N, total P,  NO3-N, NH4-N,  PO4-P,  K, Ca, Mg, Na, pH and conductivity. Ion exchange membrane extractable total N, total P,  NO3-N, NH4-N,  PO4-P,  K, Ca, Mg, Na will be determined. Standard analytical procedures for water and soil will be used (Lurry and Kolbe 2000, Page et al. 1982, Sparks et al. 1996). Organic forms of N and P will be determined by differences between direct measures of the total and inorganic forms. This will allow us to quantify the effect of soluble organic and inorganic fluxes of N and P, both of which have been shown to be important in these ecosystems (Qualls et  al. 2001).
Study 2: Quantifying the Effectiveness of Buffer Strips on Protecting Water Quality Following the Application of Biosolids in Forest Ecosystems
Riparian forest buffers have been shown to protect water quality from nonpoint pollution in agricultural and forested ecosystems (Anonymous 1997, Aust 1994, Binkley and Brown 1993, Lowrence et al. 1983, Lowrence et al. 1984, Lowrence et al. 1985). If sufficient funding is found, a companion study will be initiated in year 3 and continue through year 6.  This study will determine the effectiveness of forested buffers in protecting water quality following application of biosolids to the adjacent upland forest plantation. Paired-stream segments with adjacent loblolly pine plantations will be located with the help of  biosolids land appliers. These stream segments will be paired as closely as possible with respect to physiographic province, watershed and stream size, landscape position, geology, and soil type. Three replications of the paired segments will be established. One stream segment will be randomly selected where the adjacent loblolly pine forests will receive biosolids application. One source of biosolids will be applied to the treatment portion of the watershed. The source of biosolids will be determined based on results of the nutrient cycling and growth response study.  The other stream segment will serve as a control and the adjacent loblolly pine plantation will not receive biosolids. All required BMPs, including the required streamside management zones, will be employed in each watershed.
We will quantify stream water quality and stream biological condition in each paired stream segment. At each of the field study locations, stream water quality, aquatic habitat and benthic macroinvertebrate communities will be measured. Water chemistry will be evaluated based on water chemistry analysis of grab samples (Lurry and Kolbe 2000). Stream water will be sampled monthly from the treated and untreated stream segments. Pretreatment sampling will begin six months prior to application of biosolids and sampling will continue for 3 years after biosolids application.
 The aquatic habitat evaluation will be based on stream channel morphology at the stream reach and micro-habitat scales. Habitat will be evaluated once during the study unless major changes are observed in factors affecting aquatic habitat. Benthic macroinvertebrate population community structure, diversity and health will be used as a biologic assessment of the water quality as it relates to the health and integrity of the aquatic communities in the stream (Gibson et al. 1994, Lenat 1988, Lenat 1993). Benthic macroinvertebrates will be sampled six months and immediately  prior to biosolids application and at six month intervals for three years following biosolids application.
Water quality samples will be analyzed for temperature, dissolved oxygen, total N, P, and C, and inorganic NO3-N, NH4-N, PO4-P,  K, Ca, Mg, Na, pH, conductivity, fecal coliform and total coliform. Suspended sediment in the stream water samples will be quantified. The sediment will be analyzed for total N and P. Standard analytical procedures for water and sediment will be used (Lurry and Kolbe 2000, Page et al. 1982, Sparks et al. 1996). Benthic macroinvertebrate communities in various stream habitats will be sampled using D-frame dip nets, surber samplers and portable invertebrate benthos samplers (PIBS) (Lenat 1988, Lenat and Barbour 1994). Standard metrics associated with benthic macroinvertebrate population composition, species richness and relative abundance will be determined (Gibson et al. 1994, Barbour et al. 1996). A subsample of the invertebrates will be examined for the presence of colonial bacteria.  The presence of these bacteria may indicate exposure to excess amounts of nutrients, especially N and P (Lemly 1999).
Sampling points will be established in each watershed to evaluate surface and subsurface water movement to the stream. Sampling points will be located adjacent to the stream, in the center of the SMZ, on the upland edge of the SMZ and 50 ft inside the loblolly pine forest outside the SMZ. This will allow us to monitor changes in N and P as water passes through the forested buffer.
Surface flow will be collected by isolating slope sections with metal edging parallel to the slope and a sunken, covered PVC trough perpendicular to the slope (Douglas and Swift 1977). Troughs will be connected to 10:1 splitters and then to collection vessels, which will be sampled after each runoff event. Subsurface flow will be evaluated by collecting soil solution with porous cup tension lysimeters placed at 15 and 50 cm depths to sample soil solution in the Ap and Bt horizons. Lysimeter samples will be collected monthly. Nitrogen and phosphorus fluxes to the soil will also be measured using ion exchange membranes buried in the forest floor and at 15 cm and 50 cm (Bache and Ireland, 1980). Denitrification will be measured in the field using a closed chamber method (Ryden et al. 1979). Ammonia volatilization will be measured in open topped PVC chambers using acid traps. The phosphate sorption capacity of these soils will be determined using adsorption and desorption isotherms (Axt and Walbridge 1999, Olsen and Sommers 1982).
Soil moisture content, temperature, and redox potential will be measured at 15 cm and 50 cm depths. Soil water content will be determined using Time Domain Reflectometry (TDR). Moisture release curves will be constructed for each site to convert volumetric moisture content to soil water potential. Soil Redox at 15 and 50 cm depths will be measured with Pt electrodes. Soil temperature in the forest floor, and at 15 and 50 cm depths will be measured with electronic temperature recorders buried in the soil.

Soil solution samples collected in the zero-tension and tension lysimeters will be analyzed total N, total P, NO3-N, NH4-N,  PO4-P,  K, Ca, Mg, Na, pH and conductivity. Ion exchange membrane extractable total N, total P,  NO3-N, NH4-N,  PO4-P,  K, Ca, Mg, Na will be determined. Standard analytical procedures for water and sediment will be used (Lurry and Kolbe 2000, Page et al. 1982, Sparks et al. 1996). Organic forms of N and P will be determined by differences between direct measures of the total and inorganic forms. This will allow us to quantify the effect of soluble organic and inorganic fluxes of N and P, both of which have been shown to be important in these ecosystems (Qualls et  al. 2000).A schematic of the instrumentation is presented in Figure 2.  
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Figure 2. Schematic representation of instrumentation for monitoring surface and subsurface movement of N, P, and sediment.

Total N, P, and C, and inorganic NO3-N, NH4-N,  PO4-P,  K, Ca, Mg, Na, pH, conductivity, fecal coliform, and total coliform will be determined in surface runoff and soil solution. Sediment collected in troughs will be analyzed for weight, organic matter, total N, C, P, and exchangeable cations. Standard analytical procedures for water and sediment will be used (Lurry and Kolbe 2000, Page et al. 1982). Organic forms of N and P will be determined by differences between measures of the total and inorganic forms.
Statistical Analyses 

Tree growth response data from the first study of biosolid applications to plots will be analyzed as a Randomized Complete Block Design (Table 1).
Table 1.  Generalized analysis of variance for tree growth response of trees following six different biosolids treatments 

	Source of Variation
	Degrees of Freedom

	Replication (r-1)
	
3

	Biosolid treatments (t-1)
	
6

	Error  
	
18

	Total corrected (rt-1)
	
27


Nutrient cycling data from this study collected on a monthly basis will be analyzed as a Randomized Complete Block Design with the repeated measures over time providing a split-split plot framework (Gomez and Gomez 1984; Steel and Torrie 1980). Biosolid treatment will be the main plot factor and monthly sampling date the subplot factor. An example of a generalized ANOVA is provided for 1 year of monthly samples (Table 2).

Table 2.  Generalized analysis of variance for 1 year of data collection of nutrient cycling data from plot study with six biosolids treatments.

	Source of Variation
	Degrees of Freedom

	Replication (r-1)
	
3

	Biosolid treatments (t-1)
	
6

	Error (r-1)(t-1)
	
18

	Time of observation (m-1)
	
11

	Biosolid treatment  x time (t-1)(m-1)
	
66

	Error t(r-1)(m-1)
	
231

	Total corrected (rtm-1)
	
335


This design will allow testing of the basic treatment hypothesis as well as evaluation of temporal effects. Time series analysis will also be used to analyze the trends in the monthly samples (Hintze 1991). 
The data from the paired stream segment study will be analyzed using paired t-tests. Time series analysis will also be used to test for trends in the monthly samples of stream water (Hintze 1991). 
The data on changes in nutrient concentrations in surface and subsurface runoff in the buffer strips will be analyzed as a random complete block with 3 replications of two treatments, The 4 locations in the stand will be analyzed as split plot. The monthly samples will be analyzed as a split-split plot study. Analysis of variance will be used to test for differences in surface runoff, and soil solution nutrients from the four locations sampled in the BMP effectiveness study (Table 3).
Table 3.  Generalized analysis of variance for 1 year of monthly data collection of runoff study comparing four locations in the stand with two biosolid treatments.

	Source of Variation
	Degrees of Freedom

	Replication (r-1)
	
2

	Biosolid Treatment (t-1)
	
1

	Error a (r-1)(t-1)
	
2

	Location in stand (l-1)

Treatment x Location (t-1)(l-1)

Error b t(r-1)(l-1)                                                             

Time of observation (m-1)                                                                                                                    
	
3

                     3

                    12

                    11

	Biosolid Treatment  x time (t-1)(m-1)
	
    11

	Location x time (l-1)(t-1)

Biosolid x location x time (t-1)(l-1)(m-1)

Error  tl(r-1)(m-1)
	
33

                   33

                   176

	Total corrected (rtlm-1)
	
287
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	Study  (Nutrient Cycling)
	
	

	Item 
	Year 1
	Year 2 
	Year 3
	
	
	
	

	PhD Assistantship #1 (Nutrient Cycling Study)
	$17,172 
	$17,687 
	$18,218 
	
	
	
	

	PhD Assistantship #2 (Water Quality Study)
	
	
	
	
	
	
	

	Fringe for Graduate Students
	$515 
	$531 
	$547 
	
	
	
	

	Tuition 
	$6,583 
	$7,175 
	$7,821 
	
	
	
	

	Student Wages
	$5,000 
	$5,000 
	$5,000 
	
	
	
	

	Travel
	$6,000 
	$6,000 
	$6,000 
	
	
	
	

	Materials and Supplies
	$10,000 
	$10,000 
	$10,000 
	
	
	
	

	Lab Supplies
	$13,830 
	$13,830 
	$13,830 
	
	
	
	

	Publication Costs
	$0 
	$0 
	$2,000 
	
	
	
	

	Total Direct Costs
	$59,100 
	$60,223 
	$63,416 
	
	
	
	

	Indirect Costs @ 26%
	$13,654 
	$13,792 
	$14,455 
	
	
	
	

	Total Costs
	$72,754 
	$74,015 
	$77,871 
	
	
	
	








�P will not pose a leaching threat in most soils. Only shallow, very coarse-textured soils need be addressed.


�or (for P) the sorption capacity of the soil


�This decision will affect leaching potential of P, which will not be an issue in the Piedmont.


�How will PAN be estimated? I’d suggest citing our work on estimating N mineralization of various biosolids in Gilmour et al. (2003).


�What is DBH? Spell out the first time used.


�How will these be installed without disturbing the soil?
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