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 ABSTRACT 

Application of biosolids as an alternative source of Nitrogen (N) is becoming a 

common silviculture practices on loblolly pine forest. However, little is known about how 

biosolids type, application rate, and timing affect forest floor and soil N availability in 

pine plantations. The objectives of this study were to determine the effect of different 

types, rates, and season of application of biosolids on forest floor and soil N. The study 

was established in a 17-year-old loblolly pine plantation in Amelia County, VA. 

Anaerobically digested (AD225), lime stabilized (LS225), and pelletized (Pellet225) 

biosolids and a conventional inorganic urea plus diammonium phosphate fertilizer 

(U+DAP225) were surface applied at a rate of 225 kg ha-1 based on Plant Available 

Nitrogen (PAN) between March 5
th

 and 10
th

, 2006. Anaerobically digested biosolids were 

also surface applied at the rates of 900 kg PAN ha-1 and 1800 kg PAN ha-1 (AD900 and 

AD1800). Anaerobically digested biosolids at the rate of 900 kg PAN ha
-1

 were also 

applied on November 5
th

, 2005 (AD900F).  

Surface application of different type of biosolids in a loblolly pine plantation 

increased soil N availability and mineralization when biosolids were applied at the 

permitted rate of 225 kg PAN ha
-1

. Surface soil NH4-N and NO3-N availability and N 

mineralization was significantly different among biosolids type over time. N release from 

different type of biosolids depends on the initial inorganic N content, and N 

mineralization in biosolids. The average soil N availability and mineralization was 

significantly greater in the Pellet225 treatments than in all the other treatments. Soil N 

availability decreased in winter in all the treatments but remained generally higher than 

the control until the end of the second growing season. Nitrate-N concentrations in 

lysimeters were below water quality standard limits in all the treatments applied at the 

rate of 225 kg PAN ha-1. Accumulation of N, C, and Ca in the forest floor was well 

correlated with the amount of biosolids applied on each treatment. The surface 



 

application of different type of biosolids had minimal impact upon total N and C in the 

mineral soil. Increasing application rates of anaerobically digested biosolids directly 

increased soil N availability and mineralization. Nitrate-N concentrations in lysimeters 

were above water quality standards limits during several months in the AD900 and 

AD1800 treatments. Significant differences in the forest floor total N, C and Ca were 

observed with increasing application rates of biosolids. Total C accumulation was 

significantly higher in the forest floor in the AD1800 treatment. However, we observed 

no effect on soil total C with increasing application rates of biosolids. We found that 

biosolids application during spring significantly increased soil extractable N, N 

mineralization, NO3-N leaching, and total C in the mineral soil in comparison to the fall 

application. Fall application significantly increased NH4-N leaching and soil extractable 

Ca. We observed no significant effect on ion exchangeable N measured on membranes, 

total N, C, Ca, and pH measured in the forest floor, and soil total N and pH in the mineral 

soil. Our results demonstrated that permitted surface application of biosolids at the rate of 

225 kg PAN ha-1 in a loblolly pine plantation increased surface soil N availability without 

increasing the potential for NO3-N groundwater pollution. 
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Chapter 1 

Introduction 

 

 

1.1. Justification 

 

Biosolids are solid or liquid materials produced during the treatment of sewage sludge 

that has been sufficiently processed to allow land application (Evanylo 1999). The term biosolids 

was introduced by the wastewater treatment industry in the early 1990s, and lately incorporated 

by the U.S. environmental protection agency (USEPA), to distinguish high quality, treated 

sewage sludge from raw sewage sludge or from sewage sludge containing large amounts of 

pollutants.  Approximately 7.2 million dry Mg of biosolids were beneficially used or disposed in 

the USA in 2004. From this total, about 55% were land applied for agriculture, forestry, or land 

reclamation purposes (Goldstein 2007). 

In Virginia, 224000 dry metric tons of biosolids were land applied during 2004, nearly all 

of it in agricultural land. From the total biosolids applied, about 52000 dry metric tons of 

biosolids were generated in Virginia wastewater treatments plants, and the remaining difference 

came from Maryland and Washington D.C. (Beech et al. 2007). Most of biosolids have been 

applied in agricultural land close to the different biosolids sources, however, 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 alternative 

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 
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concluded that land application of biosolids to forestland is one of the most cost-effective and 

environmentally sound processes for the recycling biosolids (Bastian 1986). 

Although land application of biosolids is considered a beneficial reuse of wastewater 

treatments residuals as a source of nutrients for plant growth, there are environmental risks and 

public concerns associated with land application, like biosolids odor, heavy metals accumulation, 

groundwater pollution, and pathogens. As pointed out 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 and incorporate the ability of the forest soil to 

assimilate nutrients and affect nutrient bioavailability over time. Additional research on the 

growth response and environmental impact of biosolids application in forest ecosystems in the 

Virginia Piedmont is warranted in order to increase the understanding of biosolids properties and 

forest site characteristics. 

 

1.2. Major Objectives 

 

The major objectives of this research are to:   

1. Compare the impact of different types of biosolids on N availability, 

mineralization, leaching and organic matter accumulation over time. 

2. Compare the impact of different application rates on N availability, 

mineralization, leaching and accumulation over time, and 
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3. Compare the impact of different season of application of biosolids on N 

availability, mineralization, leaching and accumulation on the forest floor over 

time. 

 

1.3. Hypotheses Tested 

 

We will achieve these objectives by testing the following null hypothesis: 

1. Ho: Different types of biosolids, application rates, and season of application of 

biosolids do not change surface soil N availability. 

2. Ho: Different types of biosolids, application rates, and season of application of 

biosolids do not change surface soil N mineralization. 

3. Ho: Different types of biosolids, application rates, and season of application of 

biosolids do not affect N leaching. 

4. Ho: Different types of biosolids, application rates, and season of application of 

biosolids do not change N and carbon accumulation on the forest floor and 

mineral soil after surface application of biosolids. 
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Chapter 2 

Literature Review 

 

2.1. Introduction 

Biosolids are solid or liquid materials produced during the treatment of sewage sludge 

that have been sufficiently processed to allow land application of these materials as dictated by 

the regulatory requirements for land application as defined in the Code of Federal Regulations 

(Part 503) (N.R.C. 2002). The term biosolids was developed in the 1990s to differentiate 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. Of the 16583 estimated publicly owned treatment 

works (POTW) in the United States, approximately 68% land-apply biosolids. Approximately 

7.2 million dry metric tons of biosolids were beneficially used or disposed in the U.S.A during 

2004. From this total, about 55% were applied to land for agronomic purposes, and a lower 

proportion was applied to forestland and land reclamation areas (Beech et al. 2007; Goldstein 

2007)  . 

 

2.2. Regulation of Land Application of Biosolids in Virginia  

 

Land application of biosolids is regulated at the federal level by the US Environmental 

Protection Agency (USEPA 1994). The regulations governing the land application of biosolids 

were established by the USEPA 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 
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specific chemicals and the treatment and use requirements designed to control and reduce 

pathogens or disease vectors.  

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 Environmental Quality (DEQ) regulates biosolids land 

application since 2008. Previously, land application of biosolids was under the regulatory 

oversight of the Virginia Department of Health (VDH). 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 (U.V.A. 1997) . The current 

key provisions of the Virginia regulations include: 1) site specific permits valid for 5 years must 

be obtained from DEQ; 2) required buffers along streams and water body 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 for and soil pH. 

Approximately 380000 ha of Virginia’s more than 3.2 millions of ha are permitted for the 

land application of biosolids (Leone 2005). The permitted sites include cropland, pasture and hay 
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land, and forestland. Among these different uses, spreading on pastureland appears to be the 

most common. 

The major source of out-of-state biosolids is the DC-Water and Sewer Authority Blue 

Plains wastewater treatment plant (Washington, DC). Biosolids from the Blue Plains facility 

accounted for roughly 60 % of the out-of-State biosolids applied in Virginia in 2002. Other out-

of-state sources have included treatment plants in Maryland, New Jersey, New York, and 

Pennsylvania (VDH 2004).  

 

2.3. Beneficial Aspects of Land Application of Biosolids 

 

Land application of biosolids falls under beneficial reuse provisions because they contain 

plant essential nutrients that may benefit plant growth when applied under the appropriate 

circumstances (Kroiss 2003). The growth, yield, quality and health of crop plants typically are 

better when optimal levels of plant essential nutrients are available in the soil. Land application 

of biosolids are mainly executed in agricultural sites where food crops and nonfood crops are 

grown (Beech et al. 2007). Nonagricultural sites include forests, rangeland, mine reclamation 

land, and public use sites such as parks and golf courses.  

Biosolids function as slow-release fertilizers, releasing plant essential nutrients over time 

to the crop plants. Application of biosolids to agricultural land in Virginia is done principally to 

supply N, P, and, sometimes, lime (Evanylo 1999a). The biosolids 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 biosolids 

application rates based on crop N and P requirements, or soil lime requirement as appropriate, 
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(3) Calculate supplemental fertilizer needs by subtracting the plant available N and P supplied by 

biosolids from the calculated nutrient requirements. 

 

2.4. Nitrogen Forms and Availability 

 

Nitrogen limits growth in most pine plantations, and N fertilization is needed to increase 

productivity of most forests (Fox et al. 2007). Although many soils contain large pools of N, less 

than 5% of the organic N in soils is mineralized annually, and the resultant available N may be 

used by soil microbes or by competing vegetation (Vitousek et al. 1983). 

Understanding the behavior of N in the soil system helps to maximize forest productivity 

while reducing the potential negative impacts of N fertilization on the environment. Nitrogen can 

be found in soil in various forms, with 95% or more present as organic N (Tisdale et al. 1985). 

The inorganic forms of N, nitrate (NO3-N) or ammonium (NH4-N) are components of the 

complex nitrogen cycle and have many fates in the ecosystem. They can leach through the soil 

profile, volatilize, adsorb to cation or anion exchange site, be immobilized by microbes, or be 

taken up by plants (Tisdale et al. 1985). 

The amount of a specific form of N present at a given time depends on physical, 

chemical, biological and environmental factors that affect N transformations and losses from the 

soil (Boyle 1990; Bramryd 1981; Gilmour et al. 2003). Some of these factors are soil water 

content, pH, temperature, soil aeration, and microbial activity, presence of plants, liming, and 

applied fertilizers. Changes in N availability following biosolids applications to forest can be 

attributed to biosolids properties, and how they affect tree N uptake, leaching, ammonia 

volatilization, and denitrification, immobilization and mineralization of the organic compounds 
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(Hallett et al. 1999; Magesan et al. 1998; Medalie et al. 1994; Robinson and Polglase 2000; 

Wang et al. 2004).  

Nitrogen can be added to the soil through organic matter mineralization, also as inorganic 

or organic fertilizer (Bosatta and Berendse 1984; Maimone et al. 1991), or through rainwater 

containing NH4-N and NO3-N. It may also be fixed by lightning, combustion, industrial, and 

biological processes by which molecular nitrogen (N2) is combined with H2 or O2 (Brumme and 

Khanna 2008).  

Mineralizable N is defined as the active fraction of soil organic N that can be converted 

to NO3-N and NH4-N through microbial activity (Maimone et al. 1991). Nitrogen mineralization 

from biosolids varies greatly between different sources of material (Wang et al. 2004) , and once 

biosolids are applied, the  N mineralization and/or immobilization is influences by soil properties 

and temperature (Barbarika et al. 1985). Microorganisms will immobilize NH4-N or NO3-N in 

the soil if there is a high C:N ratio in decomposing organic matter (Tisdale et al, 1985).  

In several type of agricultural and forest systems, nitrification occurred after fertilization 

and was favored by the large supply of soil NH4-N. Nitrification is also affected by the soil pH, 

the presence of oxygen, soil moisture contents and temperature. It occurs rapidly, and is very 

common, since the environmental factors that encourage plant growth also benefit the nitrifying 

organisms (Katterer et al. 1998; Vitousek and Matson 1984). Nitrogen can be lost from 

waterlogged or flooded soils by denitrification. This is a process that takes place under anaerobic 

conditions. The lack of oxygen may cause certain bacteria to shift from aerobic respiration where 

O2 is used as the terminal electron acceptor during organic matter decomposition. In anaerobic 

conditions NO3-N serves as a terminal electron accept or which converts the NO3-N to N2. 

Denitrification, a primary process in N reduction, can also occur in wet forest soils, such as those 
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in forested riparian buffers (Lowrance et al. 1985). Losses by volatilization of ammonia (NH3) 

usually happen from surface application of NH4-N fertilizers. This process is negligible in acid 

or neutral soils, but are critical when biosolids are surface applied to forest (Robinson and 

Polglase 2000).   

 

2.5. Potential Environmental Impacts of Land Application of Biosolids  

 

Although land application of biosolids is considered a beneficial reuse of nutrients, there 

are environmental risks and public concerns associated with biosolids (Basta 1995; O'Connor et 

al. 2005). The most noticeable 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 are also 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 (Pepper et al. 

2008). 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 contain N that may leach from the site following land application at rates that 

exceed the nutrient requirements of the vegetation (Basta 1995; USEPA 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 (Penn and Sims 2002). In Virginia, 

nutrient management plans are required for land application projects in the Chesapeake Bay 

Watershed (U.V.A. 1997). Buffer strips adjacent to streams and lakes ranging from 35 to 100 

feet are required on land spreading sites to protect water quality (U.V.A. 1997). The potential 
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negative impacts of land application of biosolids can be minimized through proper management 

practices. 

In 1974, Congress passed the Safe Drinking Water Act, which requires the USEPA to 

determine safe levels of chemicals in drinking water. These are based on potential health risks. 

The Maximum Contaminant Level (MCL) for N as nitrate allowed in drinking water is 10 mg L-1 

(USEPA 1986). High NO3-N levels contribute to the eutrophication of surface waters (Smith et 

al. 1999). This results in a high rate of fish death and a decrease in water quality (Boesch et al. 

2001; Forsbeg 1998). Improper N fertilizer management has been identified as a major 

contributor to excess NO3-N concentrations in ground water in the Chesapeake Bay area (Boesch 

et al. 2001). 

Nitrogen becomes a concern to water quality when it is leached in the form of NO3-N. 

When water moves through the soil profile it may carry NO3-N with it, allowing it to reach 

ground water. Conditions that promote percolation also increase NO3-N leaching, since NO3-N it 

is very soluble in water and highly mobile.   

High NO3-N concentrations in the soil, along with intense precipitation or excess 

irrigation on a highly permeable soil will result in NO3-N leaching losses. Most N in biosolids is 

in organic form. The organic N needs to be mineralized before it becomes available for plant 

uptake. The resulting NH4-N may be oxidized to NO3-N through nitrification (Jussy et al. 2004; 

Simmons et al. 1996).  

To minimize the risk of contamination of water bodies with N, it is important to match 

the pattern of biosolids application and N mineralization to the assimilating capacity of the forest 

ecosystem (Magill et al. 2000; Strahm and Harrison 2007; Vitousek and Matson 1984). Forest 

soil properties can reduce the negative impact of a potential nutrient leaching or overland flow 
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after biosolids application (Wang et al. 2004). The forest floor in pine plantations enhances 

infiltration and percolation of rainfall and reduces overland flow and the potential for nutrient 

loss in runoff (Aust 1994; Lowrance et al. 1984). 

High rates of application of biosolids may result in excessive leaching of NO3-N and 

captions (Aschmann et al. 1992; Brockway and Urie 1983; Harrison et al. 1995). Forest 

ecosystems are highly buffered with respect to the amount of nutrients lost to stream or ground 

water after nutrient addition. With the exception of forests saturated with N due to atmospheric 

deposition and low soil buffering capacity, fertilized forests generally release minimal N or P to 

stream water. In the Pacific Northwest, large applications of N (700 kg N ha
-1

) and P (500 kg P 

ha
-1

) to Douglas-fir [Pseudotsuga menziesii (Mirbel)] stands in the form of municipal biosolids 

resulted in minimal impacts to stream water quality (Grey 2002). Biologically available P and N 

were the same before and after biosolids application. Although NO3-N concentrations doubled 

after biosolids application, they remained less than 1 mg L
-1

.  

Levels of soil nutrient leaching decrease if biosolids are applied to areas with significant 

potential for plant uptake or soil immobilization (McLaren et al. 2007). 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). However, these 

potential problems could be less important in forests when there is a forest floor that favored 

nutrient immobilization (Bengtsson et al. 2003; Vitousek et al. 1992) and the retention of ions on 

the soil exchange complex (Pritchett and Fisher 1987; Strahm and Harrison 2006). Soils from the 

southeast Piedmont have chemical properties that could reduce the leaching potential because of 

the high nitrate sorption level (Eick et al. 1999; Strahm and Harrison 2007; Toner et al. 1989). 
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Nitrate-N sorption is influenced by soil pH, Al and Fe oxides levels in the soil (Strahm and 

Harrison 2007).  

 

2.6. Application of Biosolids to Forests 

 

Applications of biosolids to improve productivity have been widely use in agriculture. 

Land application of treated municipal and industrial wastewater on forestland has been utilized 

successfully at various locations and forest type around the world (Chapman-King et al. 1986; 

Henry et al. 1993). These researches have concluded that land application of biosolids to 

forestland one of the most cost-effective and environmentally sound processes for the recycling 

biosolids. Despite of the recognize benefits of biosolids application, less than 1% of the biosolids 

generated in the U.S. is applied to forest land (Goldstein 2007).  

Henry et al. (1994) listed several benefits of biosolids application on forest land; (1) 

increase nutrient availability in limited forest sites, (2) since forest land are normally far from 

populated areas, there are less concerns and pressure about public health concerns and land 

application regulations, (3) forest soils have the potential to immobilize larger amount of 

nutrients and,(4) the extensive amount of forest land available for biosolids application.  

However, the authors also recognized some forest specific potential conflicts with recreational 

uses, and forest wildlife.  

  

2.7 Types of Biosolids  

There are several different types of biosolids used in land application that are generated 

from different stabilization process (Rowell et al. 2001; Smith et al. 1998; Sommers 1977). Lime 

stabilized material is the most commonly use in the Mid Atlantic region, and consists of solid 
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material that is stabilized through the addition of alkaline material. The rise in biosolids pH 

decreases biological activity, reducing the pathogens and odor levels (Little et al. 1991).  It also 

immobilizes metals as long as pH levels stay high. Anaerobically digested material is 

biologically stabilized through conversion of organic matter to carbon dioxide, water, and 

methane. This reduces the biodegradable content and the quantity of material (Evanylo 1999b). 

Pelletized biosolids are a more highly processed material that requires greater initial production. 

The biosolids are heated at different temperatures and then dried to produce pellets (Matsuoka et 

al. 2006). The process used to produce pellets substantially reduces microbial populations, 

including pathogenic species, which changes the biosolids material from class B to class A in 

USEPA regulations (N.R.C. 2002). 

Rates of biosolids are usually determined based on the N required by the crop (Evanylo 

1999a). 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 224 kg of N and 28 kg of P fertilizer per ha (Fox et 

al. 2007).   

Only a portion of the total amount of N contained in biosolids is present in a plant 

available form. 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 (Cogger et al. 2004; Eldridge et al. 2008; 

Gilmour 2003). Evanylo (1999a) describes a simple method that can be used to calculate plant 

available nitrogen (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 
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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 1999a). In forest plantations, the extensive 

root system and accumulation of organic matter in biomass promotes retention of N and P in 

forest ecosystems (Jorgensen et al. 1980; Swanston et al. 2004). Managed pine forests tend to 

grow on nutrient deficient soils and, thus, are effective nutrient sinks.  

It has been hypothesized that additions of municipal biosolids will promote long-term 

improvements in site quality and productivity that exceed those of chemical fertilization 

(Brockway et al. 1986; Henry et al. 1993). These improvements are a consequence of prolonged 

mineralization of N and other nutrients and improved moisture retention. Most of the biosolids 

decomposition studies have been conducted in agriculture sites or laboratory conditions. Rates of 

decomposition of soil organic matter (SOM) vary widely among biosolids (Gilmour et al. 2003), 

with much of this variation attributable to the influence of soil temperature, moisture, texture, 

and disturbance. Substantial uncertainties remain in estimates of soil organic matter turnover 

times affected by the nutrient status. 
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 There have been few direct comparisons of tree growth responses to biosolids and 

conventional inorganic fertilization in forest. Prescott and Brown (1998) found no evidence of 

sustained growth response to biosolids in relation with conventional fertilizer, on the basis of 5-

year growth responses. In later measurements Prescott and Blevins (2005) reported for the same 

study, that biosolids appear to be as effective as chemical fertilizers in promoting growth of 

western red cedar (Thuja plicata), western hemlock (Tsuga heterophylla), and amabilis fir [Abies 

amabilis]. 

The growth response following biosolids application to loblolly pine forests has been 

inconsistent.  (McKee et al. 1986) showed that liquid, but not solid; biosolids 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 (Brockway 1983). 
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Chapter 3 

Soil Nitrogen Availability and Mineralization Following Biosolids Application to a Loblolly 

Pine (Pinus taeda L.) Plantation. 

 

Abstract 

Nitrogen (N) limits growth in most of southern pine plantations growing in the Piedmont. 

Application of biosolids as a source of N is a common practices on farms in Virginia, USA. 

However, little is known about how biosolids type, timing and rate affect N availability in pine 

plantations over time. The objectives of the study were (1) to determine changes in N availability 

and mineralization through time after one application of different type of biosolids, (2) to 

evaluate the effect of increasing application rate on N
 
availability, and (3) to determine the effect 

of season of application of biosolids. The study was established in Virginia at a 17-year-old 

loblolly pine plantation in Amelia County, VA. Anaerobically digested (AD225), lime stabilized 

(LS225) and pelletized (Pellet225) biosolids, and urea plus diammonium phosphate 

(U+DAP225) were applied at a rate of 225 kg ha
-1

 Plant Available Nitrogen (PAN) between 

March 5
th

 and 10
th

, 2006. Anaerobically digested biosolids were also surface applied at the rates 

of 900 kg PAN ha
-1

 and 1800 kg PAN ha
-1

 (AD900 and AD1800). Anaerobically digested 

biosolids at the rate of 900 kg PAN ha
-1

 was previously applied in November 5
th

, 2005 

(AD900F).  

Nitrogen availability, as measured by ion exchange membranes (IEM) significantly 

increased following surface application of biosolids and conventional fertilizer (p < 0.001). The 

average total extractable N (IEM-Nt) for the 20-month period was significantly higher in the 

Pellet225 treatment in comparison to the AD225 (p = 0.0039) and LS225 (p = 0.01) treatments. 

The average N mineralization was significantly higher in the Pellet225 than in the AD225 (p = 

0.0253). NH4-N concentration in ion exchange membranes (IEM-NH4) immediately increased in 
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the Pellet225, AD225, and U+DAP225 treatment. Soil NO3-N contributions (IEM-NO3) to the 

total available N were greater in the AD225, and LS225 treatments. The AD900 and the 

AD18000 significantly increased IEM-Nt and N mineralization in comparison to the AD225 (p < 

0.0001). Differences in IEM-Nt, IEM-NH4, and IEM-NO3 were not significant between the 

AD900F and AD900. The average N mineralization was significantly greater in the AD900S 

treatment than in the AD900F (p = 0.0427). Nitrogen release from biosolids depends on 

mineralization and the initial N content in biosolids. Application of biosolids to a loblolly pine 

plantation is a good source of N when they are surface applied to loblolly pine forests. 

 

3.1. Introduction 

Biosolids are solid or liquid materials produced during the treatment of sewage sludge 

that has been sufficiently processed to allow land application (Evanylo 1999a), following the 

regulatory requirements defined by USA Federal Regulations (Part 503) (N.R.C. 2002) . 

Approximately 7.2 million Mg of biosolids were produced in the year 2004. From this total, 

about 55% were applied to land as fertilizer for agronomic purposes, and in a lower proportion to 

forestland and land reclamation (Beech et al. 2007). In Virginia land application of biosolids to 

agriculture and forest land is becoming increasingly popular with about 136000 Mg land applied 

every year (VDH 2004).  

Nitrogen (N) and phosphorus (P) limit growth in most southern pine plantations, and 

fertilization with urea and diammonium phosphate (DAP) is a regular forest management 

prescription (Albaugh et al. 2007). In loblolly pine (pinus taeda), volume growth increases of 30 

% typically occur following fertilizer applications of 225 kg of N and 28 kg of P ha-1 (Fox et al. 

2007). Even though the surface application of urea rapidly increases N availability, the effect is 

generally short lived.  
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Application of biosolids to forest increases essential nutrients, particularly N and P 

(Brockway et al. 1986; Henry et al. 1994; Jokela et al. 1990; Prescott and Blevins 2005). Typical 

dried biosolids contain approximately 4% N, with 0.65% NH4-N and low or no NO3-N (Evanylo 

1999b). Several studies reported positive changes in soil nutrient availability and mineralization 

following biosolids application to forests (Brockway 1983; Hallett et al. 1999; Magesan et al. 

1998; Medalie et al. 1994; Wang et al. 2004).  

The N added as NH4-N in the biosolids initially increases soil N availability, although a 

portion may be lost through volatilization (Henry et al. 1999; Robinson and Polglase 2000). 

Long term N availability is regulated by the mineralization of organic N in biosolids (Robinson 

et al. 2002). Different sources of biosolids mineralize N at different rates depending on their 

chemical and physical composition. Biosolids that go through anaerobic digestion, lime 

stabilization, heat treatment or composting will decompose at different rates (Parnaudeau et al. 

2006; Rowell et al. 2001). For example, anaerobically digested biosolids had lower N 

mineralization rates than aerobically digested biosolids as a consequence of the stabilization 

processes (Garau et al. 1986). Certain biosolids treatments used to reduce pathogens, like lime 

addition, affect soil pH, reducing soil microbial activity and mineralization of organic N 

(Simmons et al. 1996).  

Permitted rates of land application of biosolids are usually based on the N additions and 

therefore, need to consider the initial organic and inorganic N concentration, application 

methods, type of biosolids, and plant demand (Evanylo 1999a; Henry et al. 1999; USEPA 1995). 

High application rates directly increase N availability, and also the potential for NO3-N leaching 

if the available N exceeds the plant requirements (Aschmann et al. 1992; Brockway and Urie 

1983; Kelty et al. 2004). The risk of N leaching decreases if biosolids are surface applied due to 
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low nutrient incorporation (Gove et al. 2002; Jaynes et al. 2003), and when biosolids are applied 

to areas with a large nutrient demand like forest (Henry et al. 1994; McLaren et al. 2007).  

There is little field data available on the changes in N availability and mineralization after 

surface application of different type of biosolids to pine plantations, and how this varies with 

application rate and season of application. The purpose of this study was to determine changes in 

available N and mineralization after surface application of several sources of biosolids to a 17-

years-old loblolly pine plantation.  We also evaluated the impacts of application rate and season 

of application on nitrogen availability. The specific objectives of the study were (1) to determine 

changes in N availability in the forest floor and surface mineral soil through time after one 

application of different type of biosolids, (2) to evaluate the effect of increasing application rates 

on N availability, and (3) to determine the effect of season of application on N availability. 

 

3.2. Materials and Methods  

 

3.2.1. Study Area 

  

The study was established in the summer of 2005 in Amelia County northeast of 

Blackstone, VA (37° 13’ N, 77° 48’ W). The site is located in the Piedmont physiographic 

province and supported a 17-year-old loblolly pine plantation. The stand was thinned in 2005 

using a combination of fifth-row removal and low thinning between the removed rows.  The 

mean annual temperature is 14 °C, with a mean of 4 °C in January and 25 °C in July. The mean 

annual precipitation is 113 cm with July and August being the wettest. The mean snowfall is 30 

cm concentrated between December and March (15-year period). The local climatologic recent 

records were obtained from the closest weather station in Blackstone, VA, which was 

approximately 40 km from the study site.  During the month of the spring application (March 
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2006), precipitation was only 0.68 cm, which was below the historical average 8.1 cm for the 

area (Fig 3.1). Conditions were near normal throughout most of the spring and summer of the 

same year, while rainfall from August to November 2006 was greater than normal. 

The soil at the site is the Appling series (Fine, kaolinitic, thermic Typic Kanhapludults). 

Slopes range from 2% to 5%. The thin Ap layer shows evidence of surface soil erosion caused by 

past agriculture practice, and in some areas is mixed with the argillic Bt horizon. Soil samples 

collected from 0 to 20 cm prior to treatments were analyzed for total C and N by combustion 

using a CNS analyzer (Elementar America Inc., Laurel, NJ), and Mehlich-1 extractable P, K, Ca, 

Mg using a ICAP-AES following the Virginia Cooperative Extension Methodology (Donohue 

and Heckendorn 1994; Mehlich 1953). Soil pH was determined in a 1:1 soil:water ratio. Soil 

cores were collected with a bulk density hammer and subsequently oven dried and weigh to 

measure bulk density (Table 3.1).  

 

3.2.2. Experimental Design and Treatments 

The experimental design was a randomized complete block design with four blocks and 

eight treatments comparing biosolids types, granular fertilizer, application rates, and season of 

application. Thirty-six plots of 0.45 ha (150 x 30 m) separated by a 30 m of untreated buffer area 

were established in September 2005. Three different types of biosolids were evaluated; lime 

stabilized, anaerobically digested, and pelletized. The anaerobically digested material was 

obtained from the AlexandriaVA, and Back River MD, wastewater treatment facilities, for the 

fall and spring application, respectively. The lime stabilized biosolids were obtained from the 

Blue Plains wastewater treatment facility DC. The pelletized biosolids were obtained from the 

Synagro pelletized facility in Back River MD. The granular fertilizer treatments were a mix of 

conventional urea-N (46-0-0) and DAP (18-46-0) obtained from Southern States Cooperative, 
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Inc., (Christiansburg, VA). Physical and chemical properties of the biosolids are presented in 

Table 3.2.   

The biosolids were applied during two seasons, fall and spring. Anaerobically digested, 

lime stabilized and pelletized biosolids and a conventional inorganic fertilizer were applied at a 

rate of 225 kg PAN ha-1 (plant available N). In order to understand the consequences of 

increasing the rates on N availability, anaerobically digested biosolids were added at 900 and 

1800 kg PAN ha
-1

. These treatments were applied between March 5
th

 and 10
th

, 2006. To test the 

impact of application timing (fall vs. spring), the anaerobically digested biosolids were added at 

900 kg PAN ha
-1

 on November 5
th

, 2005. Treatments descriptions and final rates are listed in 

Table 3.3. 

Biosolids application rates were estimated based on the average N concentration of 

samples analyzed during the six previous months before the beginning of the study, and 

corroborated with field samples. The treatments rates were based on PAN approach, determined 

according to recommendations established for VA when biosolids are surface applied (Evanylo 

1999a). 

PAN = NO3-N+Kvol (NH4-N)+Kmin (Org-N) 

Where: 

PAN = Kg of Plant Available N dry
-1

 Mg biosolids 

NO3-N = Kg nitrate-N dry-1 Mg biosolids 

Kvol = volatilization factor, or plant-available fraction of NH4-N (lime stabilized = 0.25, 

anaerobically digested = 0.5) 

NH4-N =Kg ammonium-N dry
-1

 Mg biosolids 
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Kmin = mineralization factor, or plant-available fraction of Org-N (lime stabilized = 0.3, and 

anaerobically digested = 0.2) 

Org-N = Kg organic-N dry
-1

 Mg biosolids (estimated by organic N = total Kjeldahl-N - NH4-N) 

 

Conventional granular fertilizer treatments were broadcast at the same time using a 

backpack spreader so the fertilizer evenly covered the forest floor.  The biosolids were 

transported from each wastewater treatment plant, piled at the site and applied during the same 

day. Biosolids were surface applied using a skidder with a side discharge spreader that went 

through the previously thinned corridors. The biosolids were not tilled into the soil. Four plastic 

collection trays (60 x 20 cm) were installed in each plot prior to application. The biosolids 

collected in each treatment were weighed, and moisture content was determined after the 

application. Samples were collected from the trays in the field and transported to A&L Eastern 

Agricultural Laboratories (Richmond, VA) for routine biosolids test analysis for total and 

volatile solids (SM2540G), nitrate-N (SM4500- NO3-F) (APHA 1998), pH according to SW 

846-9045C (USEPA 2002), and calcium carbonate equivalent (CCE) using AOAC 955.01 (Kane 

2000). Total Kjeldahl nitrogen (USEPA 351.3) and ammonium-N (USEPA 350.2) (USEPA 

1983). Phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), sodium (Na), 

iron (Fe), manganese (Mn), cadmium (Cd), copper (Cu), lead (Pb), molybdenum (Mo), nickel 

(Ni), and zinc (Zn) were measured according to SW846-6010B (USEPA 2002) (Table 2).  

The competing herbaceous understory vegetation was removed chemically using a foliar 

application of 5% Round-up Pro ™ (Monsanto Co, St Louis MO) applied with a backpack 

sprayer in all plots during the summer of 2005 and 2006. 
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3.2.3. Nitrogen Availability   

In situ monthly N availability was measured using ion exchange membranes (IEM) 

(Cooperband and Logan 1994; Subler et al. 1995). Cation and anion exchange membrane sheets 

(Ionics Inc., Watertown, MA) were cut into 10 by 10 cm pieces. Cation and anion membrane 

squares were kept separate, washed with de-ionized water, and soaked inside plastic carboys 

containing 1 M NaCl. In each plot, two pairs of cation and anion exchange membranes were 

randomly installed in a 45° angle through the surface soil to a depth of 10 cm, and horizontally 

between the forest floor layer and the topsoil. Individual membranes were carefully removed 

after four weeks, and a new set was randomly installed in each plot. Soil adhering to the 

membranes was removed, and membranes were stored on dry ice and transported to the lab were 

they were keep at 4 °C until extraction.  

For extraction, membranes were placed in centrifuge tubes and 25 ml of 1 M KCl 

solution was added. Tubes were shaken on a reciprocal shaker for 1 hour and the solution was 

filtered through Whatman #42 into 25 ml scintillation vials. Extracts were frozen until analyzed 

colorometrically for NO3-N (USEPA Method 353.2) and NH4-N (USEPA Method 350.1) using a 

TRAACS 2000 Auto Analyzer (SEAL Analytical, Mequon, WI). After extraction, the 

membranes were cleaned and recharged with 1M NaCl solution, and stored until the next 

sampling period. Five sets of membranes were used through the period of the study, and they all 

were used the same number of times.  

Ion exchange membranes provide an index of NO3-N and NH4-N availability, in both the 

forest floor and the surface mineral horizon following application of biosolids and conventional 

fertilizer. Trends in N concentrations from the exchange membranes were similar in the mineral 

soil and forest floor throughout the study; therefore N availability is reported as the sum of the N 
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extracted from the membranes located in the forest floor and the surface mineral soil. The 

concentrations of NH4-N and NO3-N extracted from the membranes are reported separately. In 

addition, the resultant sum of IEM-NO3
 
and IEM- NH4 is presented as total IEM-Nt. The total 

amount of N extracted from each type of membrane was divided by the amount of days that they 

were buried in the field, and expanded to 1 m2 surface of membranes. 

3.2.4. Field Nitrogen Mineralization 

In situ N mineralization (N-min) was measured in each treatment plot using sequential 

coring methods (Gurlevik et al. 2004; Raison et al. 1987). Cores were made of polyvinyl chloride  

(PCV) pipe (3.8 diameter by 20.3 cm in length). Two cores were installed next two each other at 

a  randomly located point  in each measurement plot. Cores were inserted vertically into the 

mineral soil, to a depth of 15 cm. Caps were placed on the cores to exclude rainfall, and small 

lateral wholes were drilled to allow gas exchange within core. One core was immediately 

removed and placed in a cooler and returned to the lab for processing and analysis. The second 

incubation core remained in place for 4 weeks. After the incubation period, the core left in the 

field was also removed and processed in the same manner.  In situ incubations were carried out 

every month. The soil was removed from the core and sieved with a #10 mesh screen. The sieved 

soil was stored at 4°C on plastic bags until extraction. At the time of soil extractions, 5 g. of field 

moist soil was dried at 105°C for 24 hours, and reweighed to determine moisture corrections. 

Another 5 g. sample of soil from the same sample was placed in a centrifuge tube with 50 ml of 

2 M KCl and shaken on a reciprocating shaker for 1 hour. Samples were centrifuged for 10 

minutes, filtered through Whatman #42 paper, and the extracts were transferred to scintillation 

vials. All extracts were analyzed colorometrically for ammonium (USEPA Method 350.1) and 

nitrate (USEPA Method 353.2) and using a TRAACS 2000 Auto Analyzer (SEAL Analytical, 

Mequon, WI). Nitrogen concentration measured from the mineralization cores was extrapolated 
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to kg per ha
-1

 based on surface soil bulk density and cores depth. 

Soil net mineralization was determined based on the difference in NH4-N + NO3-N 

extracted from the initial soil core and the soil core left in the field during the period of exposure. 

Cumulative N mineralization was determined by summing the net mineralization from each 

incubation period.  

Organic N mineralization in biosolids was calculated as the difference in N mineraliztion 

in the control plot and the biosolids amended plots. This assumes that soil N mineralization was 

not increased by addition of biosolids (Wang et al. 2003).  

3.2.5. Statistical Analysis 

All statistical analyses were conducted using SAS 9.1 statistical software (SAS Institute, 

Cary, NC). Analysis of variance (ANOVA) using the mixed models procedure with repeated 

measures were performed to test the effect of treatments, time, and the interactions on monthly 

IEM-Nt, IEM-NH4, IEM-NO3,, and N-min. Variance-covariance structures were examined to 

determine the best model for the repeated measures (Littell et al. 2006). Tests for normality, 

linearity, and constant variance of the residuals were performed. Logarithmic transformations 

were necessary to ensure the validity of the assumptions. Results are presented in untransformed 

values. When the treatment time interaction was significant (P<0.05 F test), Fisher-LSD test was 

conducted for multiple comparison at each sampling time at α = 0.05. Selected contrasts were 

performed to compare the main treatment effect.  

3.3. Results  

3.3.1. Effect of Type of Biosolids 

Different type of biosolids significantly affected IEM-NH4, IEM-NO3, IEM-Nt, and N-

min. The ANOVA indicted that there was a significant treatment by time interaction for all the 

response variables analyzed (Table 3.4). 
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3.3.1.1. IEM-NH4 

The contrast analysis for the main effect indicated that the average IEM-NH4 in the 

Pellet225 treatment was significantly higher than the U+DAP225, LS225, and AD225 (Table 

3.5). The U+DAP225 was significantly higher than the LS225 and the AD225, and no significant 

differences were detected between the LS225 and the AD225 (Table 3.5).  

Biosolids application immediately increased IEM-NH4 in the Pellet225, AD225, and 

U+DAP225 treatments relative to control and the LS225 (Fig 3.2.a, Table 3.6). The significant 

response persisted until December 2006 and then in June and July 2007. The peak response in 

IEM-NH4 in the Pellet225 treatment was 23.11 mg m-2 day-1 in July 2006, 15.86 mg m-2 day-1 in 

May 2006 in the U+DAP225 and 9.56 mg m
-2 

day
-1 

in May 2006 in the AD225 treatment. From 

March 2006 to June 2006, there was no difference in IEM-NH4 among the Pellet225, AD225, 

and the U+DAP225 treatments. However, IEM-NH4 concentration in the AD225 and 

U+DAP225 treatments declined after July 2006 (Fig 3.2.a). During the period from July 2006 to 

December 2006, IEM-NH4
 
was greater in the Pellet225 treatment than in the AD225 and the 

U+DAP225 treatment. After January 2007, IEM-NH4 in the Pellet225, AD225 and U+DAP225 

treatments were relatively low and similar to the control except in February, June, July, and 

August 2007 (Table 3.6).  

The pattern of IEM-NH4 in the LS225 treatment was different than the other biosolids 

treatments. Initially, IEM-NH4 in the LS225 treatment was lower than the other biosolids 

treatments and close to the control treatment (Fig 3.2.a, Table 3.6). However, it increased in June 

2006 and was significantly greater than the control through September 2006. IEM-NH4 in the 

LS225 treatment peaked at 6.54 mg m
-2 

day
-1

 in July 2006. After that, it declined and by October 

2006 was no longer significantly different than the control. As with the other biosolids 

treatments, IEM-NH4 in the LS225 treatment increased sporadically during 2007 (Table 3.6). 
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3.3.1.2. IEM-NO3  

Average IEM-NO3 availability in the plots treated with biosolids and conventional 

fertilizer were significantly higher than the control throughout the study (Table 3.5). The LS225, 

and the AD225 had the higher IEM-NO3 concentration in comparison with the Pellet225, and the 

U+DAP225 treatment, but no significant differences were detected between the AD225 and the 

LS225 treatment (Table 3.5). 

The application of biosolids significantly affected IEM-NO3, however the impact 

occurred more slowly than it did for IEM-NH4 (Fig 3.2.b, Table 3.7). Peak IEM-NO3 

concentration in the AD225 treatment were 8.69 mg m-2 day-1 in August 2006, 14.7 mg m-2 day-1 

in the LS225 treatment in December 2006, 2.18 mg m
-2 

day
-1

 in the Pellet225 treatment in 

November 2006, and 3.42 mg m
-2 

day
-1 

in May 2006 in the U+DAP225 treatment. 

IEM-NO3 concentrations in the AD225 and the LS225 treatment followed a similar 

pattern (Fig 3.2.b). IEM-NO3 concentration in both the AD225, and the LS225 were greater than 

in the control from March 2006 (LS225) to October 2006 (AD225) or November 2006 (LS225). 

In the AD225 treatment, IEM-NO3 increased gradually and reached a peak in August 2006, and 

then remained elevated until October 2006, a period when IEM-NH4 in the AD225 treatment was 

declining (Fig 3.2.a). IEM-NO3 in the LS225 treatment also increased through time, but IEM-

NO3 concentration declined by September 2007. 

 IEM-NO3 in the U+DAP225 and in the Pellet225 treatments followed a similar pattern 

and they were periodically greater than the control until December 2006, although the 

concentrations were relatively low (Fig 3.2.b, Table 3.7), and below the AD225 and the LS225 

treatments (Table 3.7). 
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3.3.1.3. IEM-Nt 

Treatments with both biosolids and U+DAP225 significantly increased IEM-Nt relative 

to the control treatment (Table 3.5). The mean average IEM-Nt response for the whole sampling 

period from the Pellet225 treatment was significantly higher than the LS225 and the U+DAP225. 

The LS225 and AD225 treatments were also significantly higher than the U+DAP225. The 

average IEM-Nt was significantly greater in the LS225 than in the AD225 treatment (Table 3.5).   

IEM-Nt significantly increased after application of biosolids in the Pellet225, AD225, 

and U+DAP225 treatments relative to the control (Table 3.8). The cumulative peak in IEM-Nt 

concentration in the Pellet225 treatment was 24.13 mg m-2 day-1 in July 2006, the AD225 peak 

was 12.33 mg m
-2 

day
-1

 in May 2006, the LS225 had a peak of 16.67 mg m
-2 

day
-1

 August 2006, 

and the U+DAP225 treatment with a peak of 19.27 mg m
-2 

day
-1

 in May 2006.  

Differences in total IEM-Nt throughout the different sampling points were explained by 

variable contribution of the IEM-NH4, and the IEM-NO3. The IEM-Nt concentrations in the 

Pellet225, AD225, and the U+DAP225 treatments immediately following biosolids application 

were driven by the IEM-NH4, with peaks in the summer after application. They remained higher 

than the control until October 2006, in the AD225 and the U+DAP225 treatments (Fig 3.3.c). 

The IEM-Nt declined in the U+DAP225 treatment after July 2006, but remained significantly 

elevated in the AD225 and the Pellet225 until October 2006 and April 2007, respectively (Table 

3.8). The contribution of the IEM-NO3 to the total IEM-Nt was relevant in the AD225, and the 

LS225 treatments (Fig 3.2, Table 3.8). The LS225 IEM-Nt pattern was similar to the IEM-NO3 

with a later peak in August 2006, to then slowly drop to control levels by December 2006. After 

December 2006, all the treatments tended to decline but stayed greater than the control until July 

2007 (Fig 3.2.c, Table 3.8).  
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3.3.1.4. N mineralization 

The average response in soil N-min over the entire sampling period was greater in all the 

biosolids treatments and U+DAP225 than in the control. The Pellet225 was significantly larger 

than the AD225 and the U+DAP225 (Table 3.5). N mineralization ( N-min) followed a similar 

pattern with the IEM-N results, with a greater early response in the Pellet225 and the U+DAP225 

treatments, and a slower increased N-min in the LS225, and the AD225 treatments (Fig. 3.3, 

Table 3.9). The peak N-min was 23.3 kg ha
-1

 in the LS225 in August 2006, 38.3 kg ha
-1

 in the 

Pellet225 in August 2006, and 68.9 kg ha-1 in the U+DAP225 in July 2006, 37.1 kg ha-1 in the 

AD225 late in June 2007. 

N-min in the U+DAP225 and the Pellet225 treatments were significantly higher relative 

to the control from April 2006 to September (U+DAP225) or October 2006 (Pellet225). After 

that, both treatments remained close to control levels (Table 3.9). The LS225 and the AD225 

were significantly larger than the control from August to December 2006 (LS225) or September 

to October 2006 (AD225) (Table 3.9). The LS225 and AD225 had lower N-min relative to the 

Pellet225 and U+DAP225 (Fig. 3.3, Table 3.9). All the treatments had a second N-min peak 

during May and June 2007.  

The total cumulative N-min during the 20-month measurements in the Pellet225 was 

331.4 kg ha
-1

, 298.4 kg ha
-1 

in the U+DAP225, 273.1 kg ha
-1 

in the LS225, and 230.2 kg ha
-1 

in 

the AD225 (Fig. 3.3). Organic-N mineralization from the biosolids in the first year following 

treatments application was 4.3%, 8.7%, and 45.5% of the total N added in the AD225, LS225, 

and the Pellet225, respectively. For the 20-month period N mineralization in biosolids was 

10.1% in the AD225, 14.6% in the LS225, and 64.7% in the Pellet225 treatments. 
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3.3.2. Effect of Biosolids Application Rates 

Increasing biosolids rates significantly increased the IEM-NH4, IEM-NO3, IEM-Nt, and 

N-min. There was a significant treatment by time interaction for the all the response variables 

(Table 3.4). 

3.3.2.1. IEM-NH4 

IEM-NH4 concentrations significantly increase with higher application rates of biosolids 

throughout the whole study. Contrast indicated that the AD1800 treatment had significantly 

higher concentrations of IEM-NH4 in comparison with the AD900 and the AD225 treatments. 

The IEM-NH4
 
concentration in the AD900S treatment was significantly higher than the AD225 

treatment (Table 3.5). 

The application of higher rates of biosolids significantly increased IEM-NH4 during most 

of the sampling dates (Table 3.10). The maximum IEM-NH4 concentration was 43.68 mg m
-2 

day
-1

 in March 2006 for the AD1800, 25.20 mg m
-2 

day
-1

 in April 2006 in the AD900, and 9.56 

m
-2 

day
-1 

in May 2006 for the AD225 (Fig 3.4.a ,Table 3.10). The IEM-NH4 declined through 

time at all three rates. IEM-NH4 concentration in the AD900, and the AD1800 remained higher 

than the AD225 until March 2007 (AD900) or May 2007 (AD1800). In contrast, the IEM-NH4 in 

the AD1800 and the AD900 remained at similar levels through most of the study (Fig 3.4.a, 

Table 3.10) 

3.3.2.2. IEM-NO3 

Increasing application rates of biosolids directly increased the average IEM-NO3 

concentration in the three biosolids treatments throughout the whole study (Table 3.5). 

Like the IEM-NH4 response, the IEM-NO3 concentrations also increased as biosolids 

application rate increased. However, IEM-NO3 concentration increased more gradually than 

IEM-NH4 concentrations (Fig 3.4.b). IEM-NO3 concentrations peaked at 8.69 mg m
-2 

day
-1

and 
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16.99 mg m
-2 

day
-1 

in August 2006 for the AD225, and AD900 treatment respectively. IEM-NO3 

concentration peaked one month later, in September 2006, in the AD1800 treatment at 32.84 mg 

m
-2

 day
-1

. These peaks in IEM-NO3 were later than the IEM-NH4 peaks (Fig 3.4). IEM-NO3 

concentrations declined after July 2007, and there were no significant differences among the 

three application rates until November 2006. IEM-NO3 concentrations in both the AD1800 and 

the AD900 treatment remained elevated throughout the study period relative to the AD225 

treatment from November 2006 to April 2007 (Fig 3.4.b, Table 3.11). 

 

3.3.2.3. IEM-Nt 

The IEM-Nt concentration was most influenced by the concentration of IEM-NH4 in all 

the treatments, with higher concentrations in the AD1800, relatively to the AD900 and the 

AD225 (Table 3.5). IEM-Nt from the AD1800 treatment peak was 47.71 mg m-2 day-1 in March 

2006, and then slowly declined by the end of the second year (Fig 3.4.c). The peak in IEM-Nt in 

the AD225 was 12.33 mg m
-2

 day
-1

 in May 2006, and during the first year was significantly 

lower than the than AD1800 in March, May, and June 2006 (Table 3.12). The IEM-Nt were 

similar in the all the tree treatments from July to October 2006. The AD225 tended to decline 

after that and remained significantly lower than the AD1800 and the AD900 until April 2007. 

The IEM-Nt in the AD1800 was significantly higher than the AD900 treatment during March 

2006, and then later in September 2007 (Table 3.12). The AD900 treatment had a peak of 28.38 

mg m-2 day-1 during April 2006, and remained close to the AD1800 throughout most of the study 

(Table 3.12). 
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3.3.2.4. N-mineralization 

Increasing application rates of biosolids increased the average N-min (Table 3.5). The 

mean estimated N-min during the whole study was significantly greater in the AD1800 and the 

AD900 in comparison to the AD225. However, there was no significant difference in the N-min 

between the AD1800 and the AD900 (Fig 3.5, Table 3.5).  

The N-min for the AD1800, and the AD900 treatments were significantly greater than the 

AD225 immediately after treatments application in March 2006 (Table 3.13). The AD1800 and 

the AD900 N-min remained higher than the AD225 until October 2006 (AD1800) or February 

2007 (AD900). The AD900 treatment was significantly greater than the AD1800 from 

November 2006 to January 2007. However, the AD1800 increased again in February 2007, and 

stayed elevated until May 2007 in comparison to the other two rates. The peak N-min was 173.2 

kg ha-1 in the AD1800 during September 2006, 117.3 kg ha-1 in the AD900 in September 2006, 

and 37.1 kg N ha
-1

 in the AD225 late in June 2007 (Table 3.13). The total cumulative N-min in 

the AD1800 was 1196 kg ha
-1

, 891 kg ha
-1

 in the AD900, and 230.2 kg ha
-1

 in the AD225. 

Organic N mineralization in biosolids for first 12 months following treatments 

application was 5.4%, 26.1%, and 17.2% in the AD225, AD900, and the AD1800 treatment, 

respectively. For the 20-month period N mineralization was 10.3% in the AD225, 30.7% in the 

AD900, and 20.8% in the AD1800 treatments. 

3.3.3. Effect of Season of Biosolids Application 

3.3.3.1. IEM-NH4, IEM-NO3, and IEM-Nt 

Season of application did not significantly increased total IEM-NH4, IEM-NO3, and total 

IEM-Nt after surface application of the same rate of anaerobically digested biosolids during 

November 2005 (fall), and March 2006 (spring) (Fig 3.6, Table 3.5, 3.14, 3.15, and 3.16).  
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3.3.3.2. N mineralization 

Season of application of biosolids significantly affect N-min after surface application of 

the same rate of anaerobically digested biosolids. Nitrogen mineralization in the AD900S was 

greater than the AD900F (Table 3.5). N-min in both treatments tended to be similar throughout 

most of the sampling dates, with the exception of five months (Table 3.17). 

Both applications followed the same mineralization pattern, with low levels after 

biosolids application to then slowly started to increased four (AD900F), and three months after 

application (AD900S). The peak N-min was 129.9 kg ha
-1

 in the AD900F seven months after 

application, and 161.5 kg  ha
-1

 in the AD900S treatment, five months after application. Both 

treatments declined by December 2006, and were sporadically greater than the control during 

2007 (Table 3.17). The cumulative N mineralization was 689 kg ha-1 in the AD900F and 892 kg 

ha-1 in the AD900S (Figure 3.7). 

Organic N mineralization in biosolids for the first year following treatments application 

was 21.7%, and 26.1% in the AD900F, and in the AD900S, respectively. For the 20-month 

period N mineralization was 21.6% in the AD900F, and 30.8% in the AD900S treatment. 

 

3.4. Discussion 

3.4.1. Effect of Type of Biosolids on N Availability 

Our results have demonstrated that N availability increases following land application of 

biosolids to forests, as shown in both the IEM-N availability and N mineralization data. Similar 

results were observed in other studies of biosolids application on Pinus resinosa Ait and Pinus 

strobus (Brockway 1983), Pinus ponderosa (Powers 1980), Thuja plicata (Prescott and Zabek 

1997), mixed northern  hardwoods forest (Hallett et al. 1999); and Pinus radiata (Wang et al. 
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2004). Increases in soil N availability have also been observed in loblolly pine plantation after 

application of different type of liquid biosolids (Corey et al. 1986). 

Nitrogen release from biosolids was similar to inorganic fertilizer. This clearly indicated 

that biosolids could be a source of N to improve pine plantations productivity. A number of 

studies reported significant tree growth after application of biosolids to pine forest (Berry 1987; 

Wang et al. 2004). Prescott et al. (1993) observed no differences in tree growth response for five 

years following biosolids and conventional fertilizers application on Thuja plicata, Tsuga 

heterophylla, and Abies amabilis.  

Our findings of differences in soil N concentration among biosolids type were similar to 

other studies that compared N release from biosolids (Beauchamp et al. 1979; Chae and 

Tabatabai 1986). N mineralized from the organic N in biosolids was 64.7% in the Pellet225, 

14.6% in the LS225, and 10.1% in AD225 treatments in the 20-month period. These values were 

consistent with other field and laboratory studies (Cogger et al. 2004; Gilmour et al. 2003; 

Matsuoka et al. 2006; Parnaudeau et al. 2004). The lower N mineralization in the AD225 agrees 

with other studies reporting limited N mineralization in anaerobically digested biosolids (Garau 

et al. 1986; Wang et al. 2003).  

Several processes explain differences in N availability among biosolids treatments. First, 

other researches attributed differences in mineralization rate due to the rapid mineralization of 

the labile portion of the biosolids, and the slow decomposition of the more recalcitrant organic N 

resistant to mineralization (Boyle and Paul 1989a; Gilmour et al. 1996; Lerch et al. 1992; Smith 

et al. 1998). Second, a number of studies indicated that much of the N available or mineralized 

following surface application of biosolids can be lost through volatilization, immobilization, and 

denitrification (Donovan and Logan 1983; Epstein et al. 1978). Anaerobically digested biosolids 
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were shown to lose 60% of N through volatilization during the five-day period following surface 

application (Beauchamp et al. 1978), and between 71 to 81% within a 3 weeks period when they 

were applied to forest (Robinson et al. 2002). The total precipitations following treatments 

application in March 2006 was particularly low (Fig 3.1) and favored N volatilization from 

biosolids. 

  In our study, the initial release of N observed in the biosolids during the first year was a 

combination of release of inorganic N and mineralization. In the AD225 and the U+DAP225, the 

initial pulse of available N measured in the IEM suggests release of inorganic N present at the 

start (Table 3.2). This release pattern was similar to the findings reported by Mudano (1986) 

following conventional fertilization in a loblolly pine plantation in the Piedmont. This rapid 

response in soil nitrogen was also observed on several biosolids studies (Boyle and Paul 1989b; 

Hallett et al. 1999; Terry et al. 1979; Wang et al. 2003), and it has been attributed to the initial 

inorganic N content in the biosolids, and the rapid mineralization of the labile organic N in 

biosolids.  

In contrast, N released from the Pellet225 was mainly produced by mineralization of the 

organic N. We observed that higher N mineralization in the pellet225 corresponded to the 

continued elevate NH4-N observed in the IEM at the same sampling time (Fig 3.3.a). Rapid N 

mineralization has been reported by Tarrason et al (2008) when they compared thermally dried 

with anaerobically digested biosolids, and it is explained by the high proportion of labile organic 

N in pelletized or thermally dried biosolids (Smith and Durham 2002; Smith et al. 1998). 

Eldridge et al (2008) determined that about 50% of N mineralization occurred within two months 

after surface application of pelletized biosolids. Kelty et al. (2004) reported that 26% of the 

organic N applied with pelletized biosolids was rapidly mineralized following surface 
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application in red pine forest.  

 Initial IEM-NH4 in the LS225 treatment was much lower than the other biosolids. The 

lime stabilized biosolids used in this experiment was aerobically digested, which have been 

found to mineralized more rapid than other biosolids (Garau et al. 1986). Other studies observed 

that lime stabilized biosolids increased surface soil pH and N mineralization in acid soils (Little 

et al. 1991; Lyngstad 1992). However, the high biosolids pH are likely to increase losses of the 

mineralized N in biosolids through volatilization (Quemada et al. 1998; Terry et al. 1981). The 

initial pH in the biosolids applied in the LS225 treatment was 12.3. Donovan and Logan (1983), 

reported significant NH3 losses through volatilization when pH was 7.5 in comparison to 6.7 or 

5.1.  

We found that IEM-NO3 concentration increased few months after it did for the IEM-

NH4-N in the AD225, and the LS225 treatments. This lag time has been observed in other 

biosolids studies (Aschmann et al. 1992; Beauchamp et al. 1979), and it could be explained by 

the NH4-N fixation in the clay minerals (Feigenbaum et al. 1994), the restrictive effect that high 

salts concentration in biosolids have on microbial activity (Aschmann et al. 1992), the effect of 

acidic conditions in forest floor on nitrification (Burton et al. 1990).  

The higher pH and moisture content of the AD225 and the LS225 material compared to 

the Pellet225 may have created better conditions for microbial growth. Garau et al (1986) 

reported that nitrification in biosolids was greater in soils with pH 7.8 in comparison to acidic 

soils with pH of 5.5. Gilmour (1984) and Terry et al. (1981) also observed higher nitrification 

rate following biosolids application due to increases in soil pH. The higher IEM-NO3 response in 

the AD225 and LS225 treatments could be explained by the effect of higher soil pH on nitrifiers 

following application of alkaline biosolids (Gilmour 1984; Terry et al. 1981), the nitrifiers added 
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with the biosolids (Burton et al. 1990), and the response to biosolids of the microbial population 

existing in the forest soil (Raison et al. 1992; Vitousek and Matson 1985).  

Increase in surface soil NO3-N after surface application of biosolids was reported in the 

field and incubation studies (Bowden and Hann 1997; Chae and Tabatabai 1986; Correa et al. 

2005). They concluded that NO3-N availability was mainly a consequence of nitrification that 

occurred after the biosolids application. The lag time between NH4-N nd NO3-N concentrations 

in all the treatments, was previously reported in other biosolids studies (Aschmann et al. 1992; 

Beauchamp et al. 1979), and it is a consequence of the low NH4-N availability for nitrification 

(Boyle and Paul 1989b; Gilmour 1984), or the increase in surface soil salinity after biosolids 

application (Aschmann et al. 1992) that inhibited soil nitrifiers (Darrah et al. 1987; McClung and 

Frankenberger 1985). The effect of the acidic conditions in forest floor could also reduce 

nitrification from biosolids (Burton et al. 1990). The eventual increase in NO3-N concentration 

observed may be a result of growing presence of nitrifiers added with the biosolids (Burton et al. 

1990) or the response of the microbial population previously existing in the forest soil (Raison et 

al. 1992; Vitousek and Matson 1985).  

All the biosolids treatments tended to decrease total N availability during winter and 

early in the spring and then had a second peak early during the 2007 summer. A number of 

studies have found that N mineralization still occurred at lower rates one or two years following 

biosolids application (Hallett et al. 1999; Hernandez et al. 2002; Kelty et al. 2004; Mitchell et al. 

2000). The mineralization of the remaining organic N in the biosolids may have been responsible 

for the late response during the second year. 
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3.4.2. Effect of Biosolids Application Rates on N Availability 

Higher application rates of anaerobically digested biosolids leaded to high IEM-N and N 

mineralization. However, the relationship between the application rates of biosolids and the soil 

N availability was not linear probably as a consequence of biosolids properties and site 

characteristics that affect N mineralization. Similar results have also been found with increasing 

application rates of biosolids in forest (Aschmann et al. 1990; Brockway and Urie 1983; Haith et 

al. 1992).  

In this experiment, the large application of organic N increased IEM-N and N-min even 

after the end of the growing season and through the whole winter season. At this point, plant 

uptake is reduced increasing the potential for NO3-N leaching. Aschmann et al. (1992) found that 

soil NO3-N concentrations increased following the application of three increasing rates of 

biosolids applied to northern hardwood forest. Several studies reported deep NO3-N leaching 

with concentration above safe water quality standards following application of large rates of 

biosolids to forest (Brockway and Urie 1983; McLaren et al. 2005; Robinson et al. 2002).  

 

3.4.3. Effect of Season of Biosolids Application on N Availability 

Season did not affect the average available N after surface application of anaerobically 

digested biosolids at the same rates in November 2005 (fall) and March 2006 (spring) and have 

little effect on monthly N-min measurements. These results could be explained by the low 

incorporation rate of nutrients when anaerobically digested biosolids are surface applied 

(Gilmour et al. 2003),  the effect of soil and temperature on mineralization (Smith et al. 1998; 

Terry et al. 1979; Wang et al. 2003), and the effect of forest floor on nutrient mobility (Sollins et 

al. 1988).  
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3.5. Conclusions 

We demonstrated that surface application of biosolids to a 17-year-old loblolly pine 

plantation increased soil N availability and could be use as an alternative to conventional forest 

fertilization. When biosolids were applied at the permitted rate of 225 PAN kg ha
-1

, the average 

soil N in the pelletized biosolids was greater than the conventional fertilizer. Biosolids applied in 

the AD225 and the LS225 treatments have similar effect on soil N availability.  

Biosolids increased soil N availability at different rates over time as a consequence of the 

initial inorganic N content and the N mineralization. During the first year soil N immediately 

increased after biosolids application, and declined by the end of the growing season. N 

mineralization observed during the second year provided a long-term source of soil available N 

like a control release fertilizer.   

We found that high rates increased N availability and mineralization during the first and 

the second year following treatments application. Soil nitrate levels remained elevated with the 

900 kg PAN ha-1 and 1800 PAN ha-1 rates during most of the study. The adequate biosolids rate 

based on PAN needs to maximize plant nutrient uptake, minimizing N losses. One of the major 

environmental concerns in the Virginia Piedmont regarding biosolids application is the potential 

for NO3-N leaching and subsequent groundwater contamination.  

We demonstrated that biosolids application increased N availability in loblolly pine 

forest. However, in order to incorporate biosolids application as a silviculture practice in the 

Virginia Piedmont we need to increase the understanding of how site specific characteristics and 

biosolids type regulated N cycling and the accumulation of other nutrients. 
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3.7. Tables and Figures 

Table 3.1. Selected chemical and physical properties from the upper mineral soil from a 17-

year-old loblolly pine plantation, Amelia County, VA. 

 

PH BD C N P K Ca Mg

Soil Depth (cm) (1:1) g cc
-1

0-20 5.47 1.24 5700 484.0 4.0 32.0 342.0 73.0

mg Kg
-1
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Table 3.2. Selected properties for biosolids surface applied in a 17-year-old loblolly pine 

plantation in Amelia County, VA. Biosolids source for the fall application treatment was 

Alexandria (VA). Biosolids sources for the spring application were Blue Plain (DC) and 

Back River (MD), and Baltimore (MD). 

 

Lime Anaerobically Anaerobically Pelletized

stabalized Digested Digested

Properties (Blue Plain) (Alexandria) (Back River) (Baltimore)

pH 12.3 8.1 8.2 5.6

Solids 352300 241500 205100 929500

Nitrogen (TKN) 31300 47500 50300 56600

Water Insol N - - - 50900

Ammonia-N 1100 10200 11800 600

Phosphorus 10600 17300 20200 16100

Potassium 1300 1100 2100 2700

Sulfur 4300 10400 9300 5500

Calcium 114300 29400 22400 11200

Magnesium 2300 3300 3800 2200

Sodium 200 500 1000 400

Iron 44693 50749 55100 13682

Manganese 197 946 793 159

Copper 158 403 463 261

Zinc 314 796 867 395

Cadmium 1.2 5.8 10 -

Chromium 38 76 75 89

Nickel 16 37 36 14

Lead 38 66 66 20

Arsenic 2.9 3.6 2.1 3.9

Mercury 0.3 1.4 1.04 0.4

Selenium 2.0 3.6 4.7 2.1

mg kg
-1
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Table 3.4. Summary of Anova for the effect of biosolids and sampling time on IEM-NH4, 

IEM-NO3, IEM-Nt, and N-mineralization following surface application of biosolids and 

conventional fertilizer in a 17-year-old loblolly pine plantation in Amelia County, VA. 

 

IEM-NH4 IEM-NO3 IEM-Nt N-Min

Num

Source DF F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F

Block 3 0.62 0.6034 7.12 0.0002 2.07 0.1063 0.14 0.9373

Treatment 7 68.65 <.0001 138.22 <.0001 173.05 <.0001 41.95 <.0001

time 19 27.27 <.0001 14.85 <.0001 38.06 <.0001 25.34 <.0001

Treatment*time 133 2.46 <.0001 3.83 <.0001 3.3 <.0001 5.25 <.0001
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Table 3.5. Contrast for IEM-NH4, IEM-NO3, IEM-Nt, and N-Mineralization from the 

forest floor and surface mineral soil means averaged over 20 months in a 17-year-old 

loblolly pine plantation following surface application of biosolids. Treatments were control, 

anaerobically digested biosolids (AD225, AD900F, AD900, AD1800), lime stabilized 

biosolids (LS225), pelletized biosolids (Pellet225), and Urea+DAP225. 

Contrast IEM-NH4 IEM-NO3 IEM-Nt N-Min

Type of biosolids

Control vs LS225 <.0001 <.0001 <.0001 <.0001

Control vs AD225 <.0001 <.0001 <.0001 0.0002

Control vs Pellet225 <.0001 <.0001 <.0001 <.0001

Control vs U+DAP225 <.0001 <.0001 <.0001 0.0037

AD225 vs U+DAP225 0.0003 <.0001 0.0913 0.4743

LS225 vs AD225 0.7234 0.1483 0.7482 0.2486

LS225 vs Pellet225 <.0001 <.0001 0.01 0.2749

LS225 vs U+DAP225 0.0009 <.0001 0.045 0.0678

Pellet225 vs AD225 <.0001 0.0009 0.0039 0.0253

Pellet225 vs U+DAP225 0.0303 0.0022 <.0001 0.0042

Application rate

AD1800 vs AD900 <.0001 0.0004 <.0001 0.0634

AD1800 vs AD225 <.0001 <.0001 <.0001 <.0001

AD900 vs AD225 <.0001 <.0001 <.0001 <.0001

Season of application

AD900F vs AD900S 0.0974 0.1185 0.0945 0.0427

Pr > F
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Table 3.6. Estimated IEM-NH4 means at each sampling date following surface application 

of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA 

at the rate of 225 kg PAN ha
-1

. Treatments were control, anaerobically digested (AD225), 

lime stabilized (LS225), and pelletized (Pellet225) biosolids, and urea + DAP225. Units are 

mg of NH4
 
per m

2
 of IEM surface per day. Different letters at each month indicate 

significant difference between treatments (α<0.05). 

Month Control AD225 LS225 Pellet225 U+DAP 225

Feb-06 0.66 0.62 0.62 0.47 0.78

Mar-06 0.75 c 8.70 a 2.19 b 13.94 a 13.76 a

Apr-06 1.09 b 7.98 a 2.45 b 15.54 a 12.57 a

May-06 0.80 b 9.56 a 2.72 b 10.87 a 15.86 a

Jun-06 0.54 c 8.33 a 1.92 b 10.75 a 9.21 a

Jul-06 1.01 c 3.10 bc 6.54 b 23.11 a 5.77 b

Aug-06 0.59 c 0.85 c 1.99 bc 16.71 a 3.43 b

Sep-06 0.50 c 0.92 c 4.95 b 15.81 a 3.29 b

Oct-06 1.43 b 1.00 b 6.32 ab 6.52 a 1.68 b

Nov-06 1.03 ab 1.29 ab 0.66 b 2.91 a 1.85 a

Dec-06 0.59 b 1.10 b 1.32 ab 3.06 a 1.87 ab

Jan-07 0.55 1.14 0.72 2.25 1.04

Feb-07 0.43 b 0.83 ab 0.46 ab 1.72 a 0.76 ab

Mar-07 0.99 1.42 1.66 1.77 1.24

Apr-07 1.54 1.22 3.48 2.47 1.95

May-07 0.73 0.98 2.46 0.88 1.51

Jun-07 0.52 b 3.29 a 2.47 ab 1.75 a 2.29 a

Jul-07 0.56 c 1.34 bc 1.59 ab 3.39 a 2.98 a

Aug-07 0.56 b 1.21 ab 1.23 ab 2.06 ab 2.24 a

Sep-07 0.90 0.98 1.05 0.71 1.60

IEM-NH4
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Table 3.7. Estimated IEM-NO3 means at each sampling date following surface application 

of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA, 

at the equivalent rates of 225 kg PAN ha
-1

. Treatments were control, anaerobically digested 

(AD225), lime stabilized (LS225), and pelletized (Pellet225) biosolids, and Urea+DAP225. 

Units are mg of NO3-N per m
2
 of IEM surface per day. Different letters at each month 

indicate significant difference between treatments (α<0.05). 

Month Control AD225 LS225 Pellet225 U+DAP225

Feb-06 0.29 0.40 0.31 0.18 0.12

Mar-06 0.43 b 2.36 a 2.32 a 1.94 a 1.26 ab

Apr-06 0.17 c 2.34 ab 3.17 a 1.42 b 1.97 ab

May-06 0.34 b 2.78 a 4.35 a 2.48 a 3.42 a 

Jun-06 0.40 c 3.42 ab 6.93 a 0.97 b 1.97 ab

Jul-06 0.12 c 5.68 a 5.94 a 1.02 b 1.79 ab

Aug-06 0.40 b 8.69 a 14.68 a 1.67 b 0.77 b

Sep-06 0.08 c 8.61 a 1.85 b 0.82 b 0.11 c

Oct-06 0.09 c 7.60 a 3.94 a 1.07 b 0.12 c

Nov-06 0.17 c 0.97 bc 2.42 a 2.18 ab 0.43 c

Dec-06 0.11 c 0.60 ab 0.15 c 0.84 a 0.18 bc

Jan-07 0.23 b 0.12 c 0.88 a 0.52 ab 0.31 ab

Feb-07 0.09 ab 0.03 c 0.16 ab 0.50 a 0.04 bc

Mar-07 0.30 1.39 2.73 1.47 0.36

Apr-07 0.37 ab 1.05 a 1.35 a 1.22 a 0.24 b

May-07 0.44 c 2.60 ab 5.11 a 1.57 abc 0.85 bc

Jun-07 0.19 b 2.11 a 4.12 a 0.76 ab 0.39 b

Jul-07 0.16 c 2.11 a 2.19 a 0.46 bc 0.63 ab

Aug-07 0.41 1.47 0.96 1.31 0.91

Sep-07 0.60 0.80 1.36 1.14 0.55

IEM-NO3
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Table 3.8. Estimated IEM-Nt means at each sampling date following surface application of 

biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County, VA, at 

the equivalent rates of 225 kg PAN ha
-1

. Treatments were control, anaerobically digested 

(AD225), lime stabilized (LS225), and pelletized (Pellet225) biosolids, and Urea+DAP225. 

Units are mg of N (IEM-NH4 + IEM-NO3)
 
per m

2
 of IEM surface per day. Different letters 

at each month indicate significant difference between treatments (α<0.05). 

Month Control AD225 LS225 Pellet225 U+DAP225

Feb-06 0.95 1.02 0.93 0.65 0.90

Mar-06 1.19 b 11.06 a 4.51 ab 15.87 a 15.01 a

Apr-06 1.26 c 10.32 ab 5.62 b 16.97 a 14.54 ab

May-06 1.14 b 12.33 a 7.08 ab 13.35 a 19.27 a

Jun-06 0.94 c 11.75 ab 8.84 b 11.72 a 11.18 ab

Jul-06 1.12 c 8.78 b 12.48 b 24.13 a 7.56 b

Aug-06 0.99 c 9.53 b 16.67 ab 18.38 a 4.20 c

Sep-06 0.57 d 9.53 b 6.80 c 16.63 a 3.40 d

Oct-06 1.52 c 8.59 a 10.26 a 7.60 b 1.81 c

Nov-06 1.20 b 2.25 b 3.09 a 5.10 a 2.27 b

Dec-06 0.70 c 1.70 b 1.47 c 3.89 a 2.05 b

Jan-07 0.78 b 1.26 b 1.60 ab 2.76 a 1.35 b

Feb-07 0.52 b 0.86 a 0.63 ab 2.21 a 0.80 ab

Mar-07 1.29 b 2.81 a 4.39 a 3.23 a 1.60 ab

Apr-07 1.91 b 2.27 ab 4.84 a 3.70 a 2.19 b

May-07 1.18 c 3.58 ab 7.57 a 2.45 abc 2.36 bc

Jun-07 0.71 b 5.40 a 6.59 a 2.51 b 2.68 b

Jul-07 0.72 b 3.45 a 3.78 a 3.85 a 3.61 a

Aug-07 0.97 2.68 2.20 3.37 3.15

Sep-07 1.50 1.77 2.41 1.85 2.16

IEM-Nt
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Table 3.9. Estimated N-mineralization rate means at each sampling date after surface 

application of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia 

County VA at the equivalent rate of 225 kg PAN ha
-1

. Treatments were control, 

anaerobically digested (AD225), lime stabilized (LS225), and pelletized (Pellet225) 

biosolids, and urea + DAP225. Different letters at each month indicate significant 

difference between treatments (α<0.05). 

Month Control AD 225 LS 225 Pellet225 U+DAP 225

Feb-06 5.5 3.9 4.9 6.8 4.9

Mar-06 7.74 7.08 6.79 5.20 9.4

Apr-06 3.10 b 9.44 ab 5.35 b 12.43 ab 16.2 a

May-06 14.31 ab 11.72 ab 6.87 b 22.80 ab 42.0 a

Jun-06 14.79 16.96 16.50 26.39 48.1

Jul-06 5.63 b 11.74 b 15.21 ab 28.13 ab 68.9 a

Aug-06 4.08 b 10.87 ab 23.26 a 38.34 a 25.1 a

Sep-06 2.24 b 13.02 a 22.00 a 33.07 a 12.4 a

Oct-06 3.21 b 14.29 a 22.60 a 18.76 a 8.9 ab

Nov-06 10.12 ab 5.26 bc 13.91 a 10.70 ab 3.3 c

Dec-06 2.73 ab 1.87 b 11.49 a 6.99 a 3.0 ab

Jan-07 4.41 4.77 5.19 1.79 3.6

Feb-07 2.51 ab 6.74 a 3.66 a 1.37 b 1.3 b

Mar-07 4.41 ab 11.95 a 2.82 b 8.19 a 5.4 a

Apr-07 13.87 17.30 18.44 14.99 7.5

May-07 4.15 b 15.47 ab 26.70 a 10.34 ab 4.8 ab

Jun-07 6.80 ab 37.08 a 16.98 ab 21.23 ab 6.4 b

Jul-07 18.09  9.82  13.57  33.50  9.1  

Aug-07 9.87 8.12 16.68 16.47 6.2

Sep-07 5.63 13.55 20.19 13.96 11.9

N-Min (kg ha
-1

)
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Table 3.10. Estimated IEM-NH4 means at each sampling date after surface application of 

biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA. 

Treatments rates were 225, 900, and 1800 kg PAN ha
-1

 of anaerobically digested biosolids. 

Units are mg of NH4
 
per m

2
 of IEM surface per day. Different letters at each month 

indicate significant difference between treatments (α<0.05). 

Month AD225 AD900 AD1800

Feb-06 0.62 0.63 0.69

Mar-06 8.70 b 16.68 b 43.68 a

Apr-06 7.98 b 25.20 ab 33.11 a

May-06 9.56 15.33 31.35

Jun-06 8.33 13.69 22.51

Jul-06 3.10 b 10.82 a 13.64 a

Aug-06 0.85 b 7.40 a 10.78 a

Sep-06 0.92 b 3.65 a 8.41 a

Oct-06 1.00 b 6.62 a 9.18 a

Nov-06 1.29 b 6.58 a 10.40 a

Dec-06 1.10 b 8.20 a 3.07 a

Jan-07 1.14 b 7.61 a 6.69 a

Feb-07 0.83 b 3.68 a 4.45 a

Mar-07 1.42 b 6.68 a 4.78 a

Apr-07 1.22 b 2.53 b 9.34 a

May-07 0.98 b 2.94 ab 4.42 a

Jun-07 3.29 3.24 5.58

Jul-07 1.34 b 2.01 ab 4.31 a

Aug-07 1.21 1.57 6.38

Sep-07 0.98 b 1.72 b 2.72 a

IEM-NH4
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Table 3.11. Estimated IEM-NO3 means at each sampling date after surface application of 

biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA. 

Treatments rates were 225, 900, and 1800 kg PAN ha
-1

 of anaerobically digested biosolids. 

Units are mg of NO3
 
per m

2
 of IEM surface per day. Different letters at each month 

indicate significant difference between treatments (α<0.05). 

Month AD225 AD900 AD1800

Feb-06 0.40 0.44 0.07

Mar-06 2.36 ab 0.97 b 4.04 a

Apr-06 2.34 3.19 8.23

May-06 2.78 b 12.57 a 10.71 a

Jun-06 3.42 b 8.56 ab 17.32 a

Jul-06 5.68 12.52 18.44

Aug-06 8.69 16.99 25.76

Sep-06 8.61 12.33 32.84

Oct-06 7.60 7.73 12.65

Nov-06 0.97 b 8.33 a 12.15 a

Dec-06 0.60 c 15.34 a 2.22 b

Jan-07 0.12 b 2.41 a 2.39 a

Feb-07 0.03 c 9.95 a 1.70 b

Mar-07 1.39 b 7.14 a 5.48 a

Apr-07 1.05 b 10.16 a 9.27 a

May-07 2.60 3.47 3.96

Jun-07 2.11 5.65 8.47

Jul-07 2.11 1.95 5.11

Aug-07 1.47 1.83 6.28

Sep-07 0.80 b 1.58 b 7.05 a

IEM-NO3
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Table 3.12. Estimated IEM-Nt means at each sampling date after surface application of 

biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA. 

Treatments rates were 225, 900, and 1800 kg PAN ha
-1

 of anaerobically digested biosolids. 

Units are mg of N (IEM-NH4 + IEM-NO3) per m
2
 of IEM surface per day. Different letters 

at each month indicate significant difference between treatments (α<0.05). 

 

Month AD225 AD900 AD1800

Feb-06 1.02 1.07 0.76

Mar-06 11.06 b 17.66 b 47.71 a

Apr-06 10.32 28.38 41.34

May-06 12.33 b 27.90 a 42.06 a

Jun-06 11.75 b 22.25 ab 39.83 a

Jul-06 8.78 23.34 32.09

Aug-06 9.53 24.39 36.54

Sep-06 9.53 15.98 41.25

Oct-06 8.59 14.35 21.83

Nov-06 2.25 b 14.90 a 22.55 a

Dec-06 1.70 c 23.54 a 5.30 b

Jan-07 1.26 b 10.02 a 9.08 a

Feb-07 0.86 c 13.63 a 6.16 b

Mar-07 2.81 b 13.81 a 10.25 a

Apr-07 2.27 b 12.69 a 18.61 a

May-07 3.58 6.41 8.38

Jun-07 5.40 8.88 14.05

Jul-07 3.45 3.96 9.42

Aug-07 2.68 3.40 12.66

Sep-07 1.77 b 3.30 b 9.77 a

IEM-Nt
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Table 3.13. Estimated N-Mineralization means at each sampling date after surface 

application of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia 

County, VA. Application rates were 225, 900, and 1800 kg PAN ha
-1 

of anaerobically 

digested biosolids. Different letters at each month indicate significant difference (α<0.05). 

 

 mi

Month AD 225 AD 900 AD 1800

Feb-06 3.9 4.7 2.8

Mar-06 7.1 b 17.6 b 59.8 a

Apr-06 9.4 b 19.8 b 81.8 a

May-06 11.7 b 49.9 a 134.0 a

Jun-06 17.0 b 101.4 a 157.8 a

Jul-06 11.7 b 161.5 a 75.2 a

Aug-06 10.9 b 61.5 a 141.0 a

Sep-06 13.0 b 117.3 a 173.2 a

Oct-06 14.3 b 82.1 a 77.6 a

Nov-06 5.3 b 58.1 a 23.1 b

Dec-06 1.9 b 29.8 a 1.1 b

Jan-07 1.9 b 9.4 a 2.4 b

Feb-07 6.7 b 1.9 b 9.2 a

Mar-07 11.9 ab 5.1 b 16.4 a

Apr-07 17.3 ab 7.8 b 39.5 a

May-07 15.5 b 37.0 ab 95.7 a

Jun-07 37.1 32.5 39.5

Jul-07 9.8 b 55.8 a 27.5 ab

Aug-07 8.1 20.0 16.0

Sep-07 13.6 18.4 22.2

N-Min (kg ha
-1

)
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Table 3.14. Estimated IEM-NH4 means at each sampling date after surface application of 

biosolids on November 2005, and March 2006 to a 17-year-old loblolly pine plantation in 

Amelia County VA. Treatment rate was 900 kg PAN ha
-1

 of anaerobically digested 

biosolids. Units are mg of NH4
 
per m

2
 of IEM surface per day. Different letter at each 

month indicate significant difference (α<0.05). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Month AD 900F AD 900S

since

Application

1 21.97 a 0.63 b

2 27.93 16.68

3 15.57 25.20

4 9.22 15.33

5 16.98 13.69

6 11.43 10.82

7 21.02 a 7.40 b

8 9.71 3.65

9 5.12 6.62

10 6.99 6.58

11 3.27 8.20

12 3.59 1.11

13 2.36 3.68

14 2.30 b 6.68 a

15 0.94 b 2.53 a

16 1.36 b 2.94 a

17 2.16 3.24

18 1.46 2.01

19 2.33 1.57

20 1.23 1.72

IEM-NH4
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Table 3.15. Estimated IEM-NO3 means at each sampling date after surface application of 

biosolids on November 2005, and March 2006 to a 17-year-old loblolly pine plantation in 

Amelia County VA. Treatments rate was 900 kg PAN ha
-1

 of anaerobically digested 

biosolids. Units are mg of NO3
 
per m

2
 of IEM surface per day. Different letters at each 

month indicate significant difference (α<0.05) 

Month AD 900F AD900S

since

Application

1 1.49 0.44

2 2.51 0.97

3 1.29 3.19

4 2.30 b 12.57 a

5 2.27 b 8.56 a

6 5.73 12.52

7 10.74 16.99

8 14.20 12.33

9 22.31 7.73

10 7.95 8.33

11 7.99 15.34

12 4.06 1.52

13 1.44 b 9.95 a

14 4.16 7.14

15 1.82 b 10.16 a

16 4.25 3.47

17 1.59 5.65

18 3.21 1.95

19 3.81 1.83

20 2.73 1.58

IEM-NO3
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Table 3.16. Estimated IEM-Nt means at each sampling date after surface application of 

biosolids on November 2005, and March 2006 to a 17-year-old loblolly pine plantation in 

Amelia County VA. Treatments rates were 900 kg PAN ha
-1

 of anaerobically digested 

biosolids. Units are mg of N (IEM-NH4
 
+ IEM-NO3) per m

2
 of IEM surface per day. 

Different letters at each month indicate significant difference (α<0.05). 

 

Month AD 900F AD 900S

since

Application

1 23.46 1.07

2 30.44 17.66

3 16.86 28.38

4 11.52 b 27.90 a

5 19.24 b 22.25 a

6 17.16 23.34

7 31.75 24.39

8 23.91 15.98

9 27.43 14.35

10 14.94 14.90

11 11.25 23.54

12 7.65 2.63

13 3.79 b 13.63 a

14 6.46 13.81

15 2.76 b 12.69 a

16 5.61 6.41

17 3.74 8.88

18 4.68 3.96

19 6.14 3.40

20 3.96 3.30

IEM-Nt
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Table 3.17. Estimated means since application for N mineralization after surface 

application of anaerobically digested biosolids on November 2005 (fall), and March 2006 

(spring) to a 17-year-old loblolly pine plantation in Amelia County, VA. Application rates 

were 900 kg PAN ha
-1 

. Different letters at each month indicate significant difference 

between treatments (α<0.05). 

Month AD900F AD900S

since

Application

1 3.30 4.70

2 15.3 17.65

3 5.5 19.77

4 11.9 b 49.87 a

5 66.1 101.41

6 70.6 161.47

7 108.9 61.53

8 129.9 117.28

9 62.5 82.12

10 38.0 58.12

11 57.0 29.77

12 38.6 a 9.43 b

13 15.1 a 1.85 b

14 3.8  5.12  

15 3.0  7.78  

16 2.7 b 37.00 a

17 3.7 b 32.54 a

18 22.0 55.77

19 7.6 20.04

20 23.0 18.43

N-Min (kg ha
-1

)
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Figure 3.1. Average precipitation from 15-year period, (Blackstone, VA) and observed total 

monthly precipitation during the study duration (Amelia County, VA). 
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Figure 3.2. Monthly IEM-NH4(a), IEM-NO3(b), and IEM-Nt(c) from the forest floor and 

the upper 10 cm of mineral soil measured for 20-month. Treatments were control, 

anaerobically digested (AD225), lime stabilized (LS225), pelletized biosolids (Pellet225), 

and Urea+DAP, applied during March of 2006 at the rate of 225 kg PAN ha
-1

. Brackets 

indicate ± SE. 
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Figure 3.3. Cumulative N mineralization measured in the surface mineral soil over a 20-

month sampling period after surface applied biosolids on March 2006 to a 17 year-old 

loblolly pine plantation in Amelia County, VA. Application rate was 225 kg PAN ha
-1 

. 

Treatments were control, anaerobically digested (AD225), lime stabilized (LS225), 

pelletized (Pellet225), and urea + DAP.  
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Figure 3.4. Monthly IEM-NH4(a), IEM-NO3(b), and IEM-Nt(c)  from the forest floor and 

the upper 10 cm of mineral measured for 20-month. Treatments were control and 

anaerobically digested biosolids applied during March of 2006 at the rates of 225 (AD225), 

900 (AD900), and 1800 (AD1800) kg PAN ha
-1

. Graph units are in a different scale. 

Brackets indicate ± SE. 
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Figure 3.5. Cumulative N mineralization measures in the surface mineral soil over a 20-

month sampling period after surface applied anaerobically digested biosolids on March 

2006 to a 17 year-old loblolly pine plantation in Amelia County, VA. Application rates were 

225 (AD225), 900 (AD900), and 1800 (AD1800) kg PAN ha
-1 

.  
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Figure 3.6. Monthly IEM-NH4 (a), IEM-NO3(b), and IEM-Nt(c) from the forest floor and 

the upper 10 cm for a period of 20-month. Treatments are anaerobically digested biosolids 

applied during November 2005 (fall), and March (spring) of 2006 at a rate of 900 kg PAN 

ha
-1

, and reported in units of mg-N m
-2

 day
-1

 of IEM surface. Brackets indicate ± SE. 
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Figure 3.7. Cumulative N mineralization measured in the surface mineral soil over a 20-

month sampling period after surface applied biosolids on November 2005 (fall), and March 

2006 (spring) to a 17 year-old loblolly pine plantation in Amelia County, VA. Treatments 

were anaerobically digested biosolids applied at the rates of 900 kg PAN ha
-1

.
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Chapter 4 

Nitrogen Leaching Following Application of Biosolids in a Loblolly Pine (Pinus taeda L.) 

Plantation in the Virginia Piedmont. 

 

Abstract 

Application of biosolids to pine plantation in the Virginia Piedmont is a feasible 

alternative to application on cropland and pasture. Biosolids are a source of N to forests that is 

comparable to traditional inorganic fertilizers such as urea. However, leaching of nitrate-N (NO3-

N) into groundwater following application of biosolids is a major concern in the Chesapeake Bay 

watershed.  The objectives of the study were to determine changes in N availability and leaching 

through time after one application of (1) different type of biosolids, (2) different rates of 

biosolids application, and (3) different season of application of biosolids. The study was 

established in Virginia at a 17-year-old loblolly pine (pinus taeda) plantation in Amelia County, 

VA. Anaerobically digested (AD225), lime stabilized (LS225) and pelletized (Pellet225) 

biosolids, and a urea plus diammonium phosphate (U+DAP225) were applied at a rate of 225 kg 

ha
-1

 of Plant Available Nitrogen (PAN) between March 5
th

 and 10
th

, 2006. Anaerobically 

digested biosolids were also surface applied at the rates of 900 kg ha-1 PAN and 1800 kg ha-1 

PAN (AD900S, and AD1800) to compare the effects of biosolids application rates. 

Anaerobically digested biosolids at a rate of 900 kg ha
-1

 PAN was also applied on November 5
th

, 

2005 (AD900F) to compare the effects of season of application of biosolids. Surface soil was 

sampled once a month to a depth of 15 cm, and soil solution samples were collected at 80 cm 

depth on a monthly basis.  

Land application of different types of biosolids at a rate of 225 kg PAN ha
-1

 significantly 

increased KCl extractable N in the surface mineral soil and NO3-N concentration in lysimeter 

samples collected at 80 cm. Peak NO3-N concentration in soil solution collected at 80 cm were  
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of 3.2 mg L
-1

 in the Pellet225, 1.4 mg L
-1

 in the LS225, 1.2 mg L
-1

 in the AD225 and 1.9 mg L
-1

 

in the U+DAP225. High application rates of biosolids increased KCl extractable N and N 

concentration in soil solution in lysimeters. Nitrate-N in lysimeters were frequently above 10 mg 

L-1 with peaks of 97.8 mg L-1 and 179.8 mg L-1 in the AD900 and AD1800 treatments, 

respectively.  Spring application significantly increased soil extractable N in comparison to the 

fall application. Nitrate-N in soil solution at 80 cm was significantly higher in the AD900S 

compared to the AD900F, with peaks of 42.6 mg L
-1

, and 96.8 mg L
-1

, respectively. The results 

from this study indicated that application of biosolids at the rate of 225 kg PAN ha
-1

 increased N 

availability without increasing the potential for groundwater pollution.  Nitrate-N movement 

through soil profile is likely to occur through preferential flow paths generated from old roots 

channels and soil cracks. 

 

4.1. Introduction 

Nitrogen (N) availability throughout the forest rotation plays a major role in forest 

nutrition and productivity (Fox et al. 2007a). Nitrogen and phosphorus (P) are limiting nutrients 

in most southern pine plantations, and fertilization with urea and diammonium phosphate (DAP) 

is a regular forest management prescription (Albaugh et al. 2007). In loblolly pine, volume 

growth increases up to 30 % with fertilizer applications of 225 kg of N and 28 kg of P ha
-1

 (Fox 

et al. 2007a). Application of biosolids to forestland have the potential to improve soil 

productivity and nutrient availability (Henry et al. 1999). Several studies reported positive 

changes in forest nutrient availability as a consequence of biosolids application (Brockway 1983; 

Hallett et al. 1999; Magesan et al. 1998; Wang et al. 2004a). 

In the Chesapeake Bay area, N losses from agricultural activities are recognized as a 
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major pollutant in surface water and coastal marine environments (Boesch et al. 2001). 

Groundwater pollution through nitrate-N (NO3-N) leaching is one of the main concerns about 

land application of biosolids (Evanylo 1999a). For example, accumulation of NO3-N in water 

bodies, such as lakes, rivers and estuaries can result in eutrophication (Howarth 1988). The 

maximum amount concentration for safe drinking water in the USA is limited to 10 mg NO3-N 

(USEPA 1986).  

Nitrate-N loading in excess of plant demands increases the potential for NO3-N leaching. 

NO3-N leaching also increases soil acidification and losses of cations (Johnson et al., 1991). 

Studies on forest and agriculture systems indicate that application rates (Aschmann et al. 1992), 

soil textures (Evanylo 2003), biosolids incorporation time (Gove et al. 2002; Jaynes et al. 2003), 

and the presence of understory vegetation (Wang et al. 2004b), directly affect NO3-N mobility 

through soil profile.  In order to safely apply biosolids to forestland and minimize the potential 

for nitrate leaching, plant N availability can be estimated based on the initial N concentration in 

biosolids, the application method, type of biosolids, and the plant N demand (Evanylo 1999b; 

Henry et al. 1999; USEPA 1995).  

Nitrogen in biosolids is primarily organic-N and ammonium (NH4-N), with very low 

concentration of NO3-N (Gilmour et al. 2003; Sommers 1977). Most of the N added with 

biosolids is organic N that needs to be mineralized in order to be available for plant uptake. 

Biosolids release N at different rates depending factors that affect mineralization rates including 

their composition, application method, and soil conditions. The wastewater treatment processes 

include aerobic and anaerobic stabilization, heat-dried, composted, and addition of chemical that 

affect nutrient release after land application (Wang et al. 2008). Biosolids treatments, like lime 

addition, affected soil pH, reducing soil microbial activity and mineralization (Simmons et al. 
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1996). For example, anaerobically digested biosolids had lower N mineralization rates than 

aerobically digested biosolids as a consequence of the stabilization processes (Garau et al. 1986).  

Surface application of biosolids is the most common application method used in forests. 

The initial N added as NH4-N with the biosolids initially increase soil N availability, although a 

portion may be lost through volatilization, denitrification or immobilization (Henry et al. 1999; 

Robinson and Polglase 2000; Sommers et al. 1979). Longer term increases in N availability 

depend on mineralization (Kelty et al. 2004; Robinson et al. 2002). 

Specific forest soil characteristics like acidity, mineralogy and carbon content directly 

affect N mobility (Eick et al. 1999; Gilmour 1984; Johnson and Cole 1980; Silva et al. 2005). 

Nitrate-N produced after biosolids application could be lost from negatively charged soils 

(Gilmour et al. 2003; Rowell et al. 2001). In contrast, variable charged soils have the potential 

adsorb significant quantities of  NO3-N (Strahm and Harrison 2007).  Although NO3-N leaching 

have seldom been observed in southern forest soils (Binkley et al. 1999) it is possible to occur in 

forest soils that contain preferential flow paths such as decaying root channels (Franklin et al. 

2007).  

There are no field experiments on loblolly pine plantations located in the Piedmont, that 

compare the effect of different type of biosolids, and how increasing rates affect N availability 

and leaching potential over time. In the previous chapter we reported significant effects of 

biosolids application on N availability, especially after high application rates. The objective of 

this study was to measure and compare the effect of different type of biosolids on N availability 

and leaching in a 17-year-old loblolly pine plantation. Nitrate sorption capacity in this soil was 

measured to determine the potential of NO3-N to leach through these soils following land 

application of biosolids. It is necessary to consider the movement and N losses through leaching. 
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The specific objectives of the study were to determine changes in surface NH4-N and NO3-N 

availability, and leaching through time after one application of different (1) type of biosolids, (2) 

three different application rates of the same type of biosolids, and (3) different season of 

biosolids application. 

 

4.2. Material and Methods 

 

4.2.1. Study Area 

The study was established in the summer of 2005 in Amelia County northeast of 

Blackstone, VA (37° 13’ N, 77° 48’ W). The site is located in the Piedmont physiographic 

province and supported a 17-year-old loblolly pine plantation. The stand was thinned in 2005 

using a combination of fifth-row removal and low thinning between the removed rows.  The 

mean annual temperature is 14 °C, with a mean of 4 °C in January and 25 °C in July. The mean 

annual precipitation is 113 cm with July and August being the wettest. The mean snowfall is 30 

cm concentrated between December and March (15-year period). The local climatologic recent 

records were obtained from the closest weather station in Blackstone, VA which was 

approximately 40 km from the study site.  During the month of the spring application (March 

2006), precipitation was only 0.68 cm, which was below the historical average 8.1 cm for the 

area (Fig 4.1). Conditions were near normal throughout most of the spring and summer of the 

same year, while rainfall from August to November 2006 was greater than normal. 

The soil at the site is the Appling series (Fine, kaolinitic, thermic Typic Kanhapludults). 

Slopes range from 2% to 5%. The thin Ap layer shows evidence of surface soil erosion caused by 

past agriculture practice, and in some areas is mixed with the argillic Bt horizon. Soil samples 

collected at four different depths, from 0 to 20 cm, 20 to 40 cm, 40 to 60 cm, 60 to 80 cm prior to 



83 

 

treatments were analyzed for total C and N by combustion using a CNS analyzer (Elementar 

America, Inc, Laurel, NJ), and Mehlich-1 extractable P, K, Ca, Mg using a ICAP-AES following 

the Virginia Cooperative Extension Methodology (Donohue and Heckendorn 1994; Mehlich 

1953). Soil pH was determined in a 1:1 soil:water ratio. Soil cores were collected with a bulk 

density hammer and subsequently oven dried and weigh to measure bulk density (Table 4.1).  

 

4.2.2. Experimental Design and Treatments 

The experimental design was a randomized complete block design with four blocks and 

eight treatments comparing biosolids type, granular fertilizer, rates, and season of application. 

Thirty-six plots of 0.45 ha (150 x 30 m) separated by a 30 m of untreated buffer area were 

established in September 2005. Three different types of biosolids were evaluated; lime stabilized, 

anaerobically digested, and pelletized biosolids. The anaerobically digested material was 

obtained from the Alexandria, VA and Back River, MD wastewater treatment facilities, for the 

fall and spring application, respectively. The lime stabilized biosolids were obtained from the 

Blue Plains wastewater treatment facility in Washington, DC. The pelletized biosolids were 

obtained from the Synagro pelletized facility in Back River, MD.  The granular fertilizer 

treatments were a mix of conventional urea-N (46-0-0) and DAP (18-46-0) obtained from 

Southern States Cooperative, Inc., (Christiansburg, VA). Physical and chemical properties of the 

biosolids are presented in Table 4.2.   

Anaerobically digested, lime stabilized, pelletized biosolids and a conventional inorganic 

fertilizer were applied at a rate of 225 kg ha
-1

 Plant Available Nitrogen (PAN). In order to 

understand the consequences of application rates greater than the recommended rate of 225 kg 

PAN ha
-1

, anaerobically digested biosolids were added at 900 and 1800 kg PAN ha
-1

. These 
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treatments were applied between March 5
th

 and 10
th

, 2006. To test the impact of season of 

application timing (fall vs. spring), the anaerobically digested biosolids were also applied at 900 

kg PAN ha
-1

 on November 5
th

, 2005. Treatments descriptions and final application rates are 

listed in Table 5.3. 

Biosolids application rates were estimated based on the average N concentration of 

samples analyzed during the six previous months before the beginning of the study, and 

corroborated with field samples. The treatments rates were based on PAN approach, determined 

according to recommendations established for VA when biosolids are surface applied (Evanylo 

1999b). 

 

PAN = NO3-N+Kvol (NH4-N)+Kmin (Org-N) 

Where: 

PAN = Kg of Plant Available N dry
-1

 Mg biosolids 

NO3-N = Kg nitrate-N dry
-1

 Mg biosolids 

Kvol = volatilization factor, or plant-available fraction of NH4-N (lime stabilized = 0.25, 

anaerobically digested = 0.5) 

NH4-N =Kg ammonium-N dry
-1

 Mg biosolids 

Kmin = mineralization factor, or plant-available fraction of Org-N (lime stabilized = 0.3, and 

anaerobically digested = 0.2) 

Org-N = Kg organic-N dry-1 Mg biosolids (estimated by organic N = total Kjeldahl-N - NH4-N) 

 

The biosolids were transported from each wastewater treatment plant, piled at the site and 

applied during the same day. Biosolids were surface applied using a skidder with a side 
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discharge spreader that went through the previous thinned corridors in the stand. The biosolids 

were not tilled into the soil. Four plastic collection trays (60 x 20 cm) were installed in each plot 

prior to application. The biosolids collected in each treatment were weighed, and moisture 

content was determined after the application. Samples were collected from the trays in the field 

and transported to A&L Eastern Agricultural Laboratories (Richmond, VA) for routine biosolids 

test analysis for total and volatile solids (SM2540G), nitrate-N (SM4500- NO3-F) (APHA 1998), 

pH according to SW 846-9045C (USEPA 2002), and calcium carbonate equivalent (CCE) using 

AOAC 955.01 (Kane 2000). Total Kjeldahl nitrogen (USEPA 351.3) and ammonium-N (USEPA 

350.2) (USEPA 1983). Phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium 

(Mg), sodium (Na), iron (Fe), manganese (Mn), cadmium (Cd), copper (Cu), lead (Pb), 

molybdenum (Mo), nickel (Ni), and zinc (Zn) were measured according to SW846-6010B 

(USEPA 2002) (Table 4.2).  

Conventional granular fertilizer treatments were broadcast at the same time using a 

backpack spreader so the fertilizer evenly covered the forest floor. The competing herbaceous 

understory vegetation was removed chemically using a foliar application of 5% Round-up Pro ™ 

(Monsanto Co, St Louis, MO) applied with a backpack sprayer in all plots during the summer of 

2005 and 2006. 

 

4.2.3. Soil Extractable Nitrogen 

 

Soil KCl extractable NH4-N (KCl-NH4) and NO3-N (KCl-NO3) were measured in soil 

samples collected using cores made of polyvinyl chloride pipe (3.8 diameter by 20.3 cm in 

length). In each treatment plot, a soil core were randomly located and inserted, vertically into the 

mineral soil to a depth of 15 cm. The core was immediately removed and stored in a cooler and 
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transported to the laboratory in Blacksburg, VA.  The soil was removed from the core and sieved 

through a #10 mesh screen. The sieved soil was stored at 4 °C in plastic bags until extraction. At 

the time of soil extractions, 5 g. of field moist soil was dried at 105°C for 24 hours, and 

reweighed to determine moisture corrections. Another 5 g. sample of soil from the same sample 

was placed in a centrifuge tube with 50 ml of 2 M KCl and shaken on a reciprocating shaker for 

1 hour. Samples were centrifuged for 10 minutes, filtered through Whatman #42 paper, and the 

extracts were transferred to scintillation vials and frozen until analyzed for NH4-N and NO3-N.  

The KCl extracts were analyzed colorometrically for NH4-N (USEPA Method 350.1) and NO3-N 

(USEPA Method 353.2) using a TRAACS 2000 Auto Analyzer (SEAL Analytical, Mequon, 

WI). Soil extractable N was converted to a kg per ha based on surface soil bulk density and cores 

depth. 

 

4.2.4. Soil Solution Analysis 

 

Soil solution samples were collected with porous cup tension lysimeters (Soil moisture 

Equipment Corporation, Santa Barbara, CA). These types of lysimeters have been used on 

previous leaching studies with biosolids (Brockway and Urie 1983; Medalie et al. 1994). The 

porous ceramic cups were attached to a 1 m long polyvinyl chloride (PVC) pipe. Two lysimeters 

were installed in each of the thirty-six plots at a depth of 80 cm, which was generally in the BC 

or C horizon immediately below the Bt horizon, All lysimeters were installed during the summer 

of 2005, five weeks before fall biosolids application. Samples were collected on a monthly basis. 

Lysimeters were evacuated to a tension of -50 kPa and the soil solution collected after 24 hours. 

The soil solution was placed in a cooler and then frozen until analysis. Samples were analyzed 

for NH4-N (L-NH4) and NO3-N (L-NO3) by colorimetry using a TRAACS 2000 Auto Analyzer 
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(SEAL Analytical, Mequon, WI). 

4.2.5. Nitrate Sorption Capacity 

Previous studies with similar acidic soils have shown that anion adsorption capacity 

affects NO3-N movement (Eick et al. 1999; Strahm and Harrison 2008). In order to understand 

how soil properties could affect NO3-N leaching, we collected soil samples from the unfertilized 

control plot at the depths of 0-20 cm, 20-40 cm, 40-60 cm, and 60-80 cm and determined the 

NO3-N sorption capacity using a batch equilibration technique (Kinjo and Pratt 1971; 

Kowalenko and Yu 1996; Strahm and Harrison 2006). Soil was air-dried and sieved before 

laboratory procedures. Five-gram subsamples of each soil were equilibrated with 20 ml of six 

increasing concentrations of NH4NO3 (6, 12, 34, 48, 96 and192 mg NO3-N L
-1

). The soil sample 

and NO3-N solution mixture was shaken for 1 hour at room temperature. Following 

equilibration, the mixtures were centrifuged and the supernatant was filtered through Whatman 

no. 42 filter paper. Concentrations of NO3-N in the solution were determined using a TRAACS 

2000 Auto Analyzer (SEAL Analytical, Mequon, WI). Soil and solution equilibrations were 

performed for each soil depth, and replicated 4 times.  For each soil depth, linear regression of 

the equilibration-solution against the NO3-N treatment concentration was used to determine the 

proportion of NO3-N recovered, using the Modified Hyperbola I nonlinear regression from 

SigmaPlot 
®

10.0 (Systat software inc, Germany). The maximum level of NO3-N sorbed (Nmax), 

and the affinity of NO3-N with the mineral surface (b) were determined using the Langmuir 

isotherm equation: 

 

mmol sorbed     = bNmax (mmol in final solution) 

     Kg soil     1 +b (mmol in final solution) 
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4.2.6. Statistical Analysis 

  

All statistical analyses were conducted using SAS statistical software (SAS Institute, 

Cary, NC). Analysis of variances (ANOVA) using the mixed models procedure with repeated 

measures were performed to test the effect of treatments, time, and the interactions on monthly 

KCl-NH4, KCl-NO3, L-NH4, and L-NO3. Variance-covariance structures were examined to 

determine the best model for the repeated measures (Littell et al. 2006). Tests for normality, 

linearity, and constant variance of the residuals were performed. Logarithmic transformations 

were necessary to ensure the validity of the assumptions. Results are presented in untransformed 

values. For significant treatment by time interaction (P<0.05) in the ANOVA analysis, 

treatments were compared using Fisher-LSD test at α = 0.05.  

To permit a direct comparison of the two seasons of application through time on KCl-

NH4, KCl-NO3, L-NH4, and L-NO3 the data were normalized using the number of months since 

biosolids application rather than the actual sampling date. Selected contrast comparisons were 

performed to compare the main effect of treatments on N availability and leaching. 

 

4.3. Results 

 

Application of the three different types of biosolids applied in March 2006 at the 225 kg 

PAN ha
-1

 application rate had a significant effect on N availability in the surface mineral soil. 

There was a significant treatment by time interaction effect on KCl-NH4, KCl-NO3, L-NH4, and 

L-NO3 (Table 4.4). 

4.3.1. Effect of Biosolids Type 

4.3.1.1. Soil Extractable KCl-NH4 and KCl-NO3 
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Soil KCl-NH4 and KCl-NO3 were significantly higher in the biosolids treatments and the 

conventional fertilizer treatments than the control plots (Table 4.5). Soil KCl-NH4 was highest in 

the Pellet225 compared to all the other treatments. No significant differences were detected 

between AD225 and the LS225 treatments (Table 4.5). In contrast, soil KCl-NO3 in the Pellet225 

was significantly lower than the AD225. No significant differences were detected among the 

other treatments (Table 4.6). 

Soil KCl-NH4 responses at each sampling date showed that the Pellet225, AD225, and 

the U+DAP225 treatments increased immediately after treatments application (Table 4.6, Fig 

4.2.a). The peak response in soil KCl-NH4 in the Pellet225 was 87.8 kg ha
-1

 in July 2006, 60.9 kg 

ha
-1

 in the U+DAP225 in May 2006, 21.5 kg ha
-1

 in the LS225 in July 2006, and 24.7 kg ha
-1

 in 

the AD225 treatment in May 2006.  

From March to May 2006, soil KCl-NH4 was similar between the Pellet225, and the 

U+DAP225 treatments. However, soil KCl-NH4 declined in the U+DAP225 after June 2006, but 

remained elevated in the Pellet225 until September 2006 (Table 4.6, Fig 4.2.a). Soil KCl-NH4 in 

the AD225 was significantly greater than the control in March and May 2006, and then remained 

close to control levels (Table 4.6, Fig 4.2.a). The AD225 and the Pellet225 were significantly 

greater than the control from December 2006 until January (AD225) or February (Pellet225) 

2007. The Pellet225 was also greater than the control in April, July and August 2007.  

Soil KCl-NH4 in the LS225 followed a different pattern than in the other biosolids 

treatments. Initially soil KCl-NH4 was not different than the control. However it increased in 

July 2006 and was significantly greater in September 2006, and then late in December 2006, and 

August 2007 (Table 4.6, Fig 4.2.a). 
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The application of biosolids also significantly affected KCl-NO3, however the response 

occurred more slowly than it did for KCl-NH4 and not until June 2006, all the treatments were 

significantly greater than the control (Table 4.7, Fig 4.2.b). Peak soil KCl-NO3 in the AD225 

treatment was 19.2 kg ha-1 in September 2006, 24 kg ha-1 in the LS225 in August 2006, 15.1 kg 

ha-1 in the Pellet225 in the October 2006, and 29.3 kg ha-1 in the U+DAP225 in July 2006. 

Biosolids KCl-NO3 followed a similar pattern that differed from the U+DAP225 (Fig 4.2.b). Soil 

KCl-NO3 was significantly higher than the control from April (AD225, Pellet225), or June 

(LS225) until December 2006. Soil KCl-NO3 in biosolids treatments was similar and 

significantly greater than the control periodically during the same months during 2007. The 

U+DAP225 treatment started to decline in September 2006, and remained close to control levels 

until March 2007, with the exception of December 2006. Soil KCl-NO3 in the U+DAP225 was 

significantly greater than the control during the months of April, June, July and September of 

2007 (Fig 4.2.b). 

 

4.3.1.2. NH4-N and NO3-N leaching 

No samples were collected in the lysimeters from any treatments between May and July 

2006, and June and August 2007 because the soil was too dry to extract soil solution.  

Biosolids type had no effect on NH4-N concentration in soil solution sampled from 

lysimeters (Table 4.5), and soil solution N concentrations were no different from the control 

treatment at any sampling date (Table 4.8). Ammonium-N concentrations in soil solution were 

between 0.1 and 0.57 mg L
-1

, with several samples below detection limits (Table 4.8, Fig 4.3.a).  

There was a significant treatment effect on L-NO3, although mean values were below 1.1 

mg L
-1

 in all the treatments. The average L-NO3 in the LS225 and the Pellet225 treatments were 
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significantly higher than the control. Nitrate-N concentration in soil solutions sampled in the 

Pellet225 was significantly higher than the AD225 and the U+DAP225 (Table 4.5). 

Initial L-NO3 in all the treatments remained low until August 2006. The Pellet225 was 

significantly higher than the control from September 2006 to December 2006, and then in March 

and April 2007. The peak L-NO3 sampled from lysimeters was 3.2 mg L-1 in the Pellet225 in 

November 2006, 1.4 mg L
-1

 in LS225 in August 2006, 1.2 mg L
-1

 in October 2006 in the AD225, 

and 1.9 mg L
-1

 in U+DAP225 treatment during October 2006 (Fig 4.3.b).All the other biosolids 

treatments remained close to control levels throughout most of the study, with the exception of 

the soil solution sampled in September 2006 in the LS225 treatment (Table 4.9, Fig 4.3.b). 

 

 4.3.2. Effect of Biosolids Application Rates  

4.3.2.1. Soil KCl-NH4 and KCl-NO3 

Increasing biosolids rates significantly increased soil KCl-NH4 and KCl-NO3. Mean 

values for the 21-month study period were significantly greater in the AD1800, and AD900 

treatments relative to the AD225. In contrast, there was no difference between the AD1800 and 

the AD900 (Table 4.5). 

The application of higher rates of biosolids significantly increased soil KCl-NH4 during 

most of the sample dates (Table 4.10). The peak soil KCl-NH4 content was 108.8 kg ha
-1

, 60.2 kg 

ha-1, and 24.7 kg ha-1 in the AD1800, AD900, and AD225, respectively (Table 4.10). Soil KCl-

NH4 declined through time at all three rates; however it remains elevated longer in the AD1800, 

and AD900 treatments. Soil KCl-NH4 concentration in the AD900, and the AD1800 treatments 

remained generally higher than the AD225 until January 2007. The KCl-NH4 in the AD900 
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treatment was significantly higher than the AD225 again between May and July 2007. The 

AD1800 was higher than the AD225 treatment in July 2007 (Table 4.10, Fig 4.5.a). 

Soil KCl-NO3 content increased more gradually than the KCl-NH4 (Fig 4.5.b). Soil KCl-

NO3 content peaked at 89 kg ha-1, 62.7 kg ha-1, and 19.2 kg ha-1 in September 2006 in the 

AD1800, AD900, and AD225 treatments, respectively. Soil KCl-NO3 in the AD900 and AD1800 

treatments remained higher than the AD225 from June 2006 to March 2007 (AD900) or April 

2007 (AD1800) (Table 4.11, Fig 4.5.b). The AD1800 and AD900 were higher than the AD225 

occasionally during the second year (Fig 4.5.b). The two highest rates had similar patterns and 

were not significantly different, with the exception of April and October 2007 (Table 4.11). 

 

4.3.2.2. NH4-N and NO3-N Leaching 

Concentration of NH4-N and NO3-N in soil solution measured in lysimeters in the 

AD1800 and AD900 were significantly different than AD225 treatment. There was no difference 

between the AD1800 and the AD900 treatments (Table 4.5). The AD1800, AD900, and AD225 

treatments had a mean L-NH4 in soil solutions below 0.8 mg L
-1

 throughout the 21-month period 

(Table 24, Figure 7a). The AD1800 had a peak of 2.1 mg L
-1

 in September 2006, and the AD900 

peak was 2 mg L
-1

 in November 2006 (Table 4.12). The AD1800 and AD900 treatments had 

significantly greater L-NH4 than the AD225 from August 2006 to November (AD900) or 

December 2006 (AD1800) (Table 4.12, Fig 4.6.a). 

Mean L-NO3 was 37.4 mg L-1 in the AD900 treatment, and 70 mg L-1 in the AD1800 

treatment throughout the whole sampling period (Table 4.13). Concentration of NO3-N in 

solution was much higher in the AD1800 and the AD900 plots compared to the AD225 treatment 

in most of the sampling time (Table 4.13, Fig 4.5.b). The AD1800 reached 179.8 mg L
-1

 in 
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September 2006 and the AD900 peaked 97.9 mg L
-1

 in November 2006. Both treatments L-NO3 

in lysimeters declined after May 2007 (Fig 4.6.b).  

 

4.3.3. Effect of Season of Biosolids Application  

4.3.3.1 Soil KCl-NH4 and KCl-NO3 

Season of application of anaerobically digested biosolids at 900 kg PAN ha
-1 

significantly 

affected soil KCl-NH4 and KCl-NO3. Average soil KCl-NH4 and KCl-NO3 was significantly 

greater in the AD900S than the AD900F (Table 4.5). Soil KCl-NH4 was similar during the first 

year after application, with the exception of the month 5, 7, and 9. The AD900S treatment 

significantly increased soil KCl-NH4 between the month 15 and 19 (Table 4.14). The peaked in 

the AD900F was earlier than the AD900S. The AD900F reached 77.2 kg ha-1 during month 2, 

and the AD900S reached 63.5 kg ha-1 during month 7 (Table 4.14, Fig 4.7.a). 

Soil KCl-NO3 was similar in the AD900F and AD900S treatments through most of the 

sampling date. The AD900S was significantly higher than the AD900F during the months 5, 7, 

and 8 following treatments application (Table 4.15). The peak in the AD900S was 62.7 kg ha
-1

 

during month 8, and 47.8 kg ha
-1

 in the AD900F during month 12. 

 

4.3.3.2. NH4-N and NO3-N Leaching  

Due to the dry soil, no samples were collected from the lysimeters between month 7 and 

9, and month 20 and 21 in the AD900F treatments, and between month 4 and 6, and 17 to 19 in 

the AD900S. 

The mean L-NH4 concentration measured in lysimeters was significantly greater in the 

AD900F than in the AD900S (Table 4.5). The AD900F had a peak value of 39.2 mg L
-1

 two 
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months after application. The AD900S had a L-NH4 peak of 2.9 mg L
-1

 in month 3 (Table 4.16, 

Fig 4.8). In contrast, the average L-NO3 was significantly higher in the AD900S treatment (Table 

4.5). Peak L-NO3 concentration in soil solution was 42.6 mg L
-1

 in month 10 in the AD900F, and 

97.9 mg L-1 in the AD900S in month 13 (Table 4.17). The mean NO3-N concentration in soil 

solution collected from lysimeters was 6.1 mg L-1 in the AD900F, and 37.5 mg L-1 in the 

AD900S throughout the whole study time (Table 4.17, Fig 4.8). 

 

4.3.4. Soil Nitrate Sorption Capacity 

 

Soil at the study site adsorbed substantial amounts of NO3-N. Nitrate-N sorption capacity 

was higher in the Bt1 and Bt2 layers than in the Ap and BC layers (Table 4.18, Fig 4.9). The total 

NO3-N sorption capacity in this soil through 80 cm depth was 7159 kg ha
-1. 

 Nitrate-N sorbed to 

the mineral surface increased with a greater amount of NO3-N in solution (Fig 4.9). The fraction 

sorbed was lowest at higher solution concentration. NO3-N sorption increased in the Bt1 and Bt2 

horizons in comparison to the Ap and BC horizons as expressed in the maximum sorption 

capacity in mmol kg soil -1, and kg of NO3-N ha-1 based on bulk density measurements from each 

layer (Table 4.1, Table 4.18, Fig 4.9).  

 

 

4.4. Discussion 

 

4.4.1. Effect of the Biosolids Type on N Availability and Leaching 

We found that application of biosolids in a loblolly pine plantation increased surface soil 

N availability (Table 4.6, Table 4.7). Our findings are consistent with previous field studies that 

reported increase in N availability for red pine (Pinus resinosa Ait) and white pine (Pinus 
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strobus L) (Brockway 1983), ponderosa pine (Pinus ponderosa) (Powers 1980), western red 

cedar (Thuja plicata D) (Prescott and Zabek 1997), mixed northern hardwoods forest (Hallett et 

al. 1999) and monterey pine (Pinus radiata D Don) (Egiarte et al. 2005; Wang et al. 2004a). 

Increase in soil N have been observed in loblolly pine plantation following application of 

different type of biosolids (Corey et al. 1986).  

The high average extractable NH4-N in the Pellet225 and the variability in monthly 

measurements indicated differences among biosolids type. Surface soil extractable NH4-N 

showed an immediate effect in the AD225 and Pellet225 treatments. Similar NH4-N releases 

have been observed in other biosolids studies, and are explained by the initial NH4-N content, 

and the rapid mineralization of the labile organic N in biosolids (Boyle and Paul 1989; Hallett et 

al. 1999; Terry et al. 1979; Wang et al. 2003). In the AD225, the first pulse of soil extractable 

NH4-N was produced by the initial inorganic N content in the applied biosolids (Table 3.2). In 

contrast, the source of soil extractable NH4-N in the Pellet225 came from the mineralization of 

the organic-N. Rapid N mineralization in pelletized biosolids have been observed on field 

incubations. Kelty et al. (2004) reported that 26 % of the organic N applied with pelletized 

biosolids was rapidly mineralized after surface application in red pine forest within the first 

growing season. Eldridge et al (2008) observed a rapid N release within 2 months after surface 

application of pelletized biosolids in a field incubation study. 

Even though the biosolids contained no NO3-N initially, soil extractable NO3-N slowly 

increased in the surface soil after biosolids application (Fig 4.2.b). This lag period has been 

observed in other biosolids studies (Aschmann et al. 1992; Beauchamp et al. 1979). The organic 

N is first mineralized to NH4-N which can be oxidized to NO3-N through nitrification (Jussy et 

al. 2004; Simmons et al. 1996). Soil NO3-N content peaked late in the summer when tree N 
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uptake decreased and conditions for nitrifiers are more appropriated (Aschmann et al. 1992). In 

this experiment, the response in surface soil NO3-N explained by nitrification, could be affected 

by the ability of clay mineral to fix NH4-N (Feigenbaum et al. 1994), the effect of alkaline 

biosolids on nitrification (Gilmour 1984; Terry et al. 1981), the presence of nitrifiers in biosolids 

(Burton et al. 1990), the negative impact on nitrification of forest floor acidic conditions (Burton 

et al. 1990), and the response to inorganic N and herbicides control on nitrification (Gurlevik et 

al. 2004).  

Although the available NO3-N in the surface soil increased following application of 

biosolids at the 225 kg ha
-1 

PAN rate, the low concentration in soil solution indicated little NO3-

N movement below the Bt horizon. The average monthly NO3-N concentrations in lysimeters 

was under 1.3 mg L-1 for all the biosolids treatments at the 225 kg ha-1 PAN application rate, 

with several months below detectable levels. Our results suggested that biosolids could be used 

as a source of N with low risk for groundwater pollution when biosolids are surface applied at 

the permitted rate. 

Our results agree with several studies that reported low levels of NO3-N leaching when 

similar rates of biosolids were surface applied to forests (Kelty et al. 2004; Medalie et al. 1994; 

Robinson et al. 2002; Wang et al. 2004a). In contrast, high NO3-N concentration in leachate have 

been observed when biosolids were added into a trench (Kelty et al. 2004; Medalie et al. 1994), 

or in a sandy or coarse soil site (Brockway and Urie 1983), or applied as liquid biosolids 

(Aschmann et al. 1992; Sidle and Kardos 1979). Riekerk (1981) concluded that the presence of 

forest floor, understory vegetation, type of biosolids, type of soils, and method of incorporation 

significantly affected the potential for NO3-N leaching after application of biosolids to forest. 
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Soil available N from biosolids can also be lost through volatilization, denitrification, 

uptake by trees and understory vegetation, storage in soil (Henry and Cole 1997). Surface 

application of biosolids increased N losses through volatilization (Quemada et al. 1998; Terry et 

al. 1981),  decreasing soil N availability and the potential for subsurface NO3-N leaching 

(Robinson et al. 2002). Anaerobically digested biosolids were shown to lose 60% of NH4-N 

during a five-day period (Beauchamp et al. 1978), and between 71 to 81% within 3 weeks when 

biosolids were surface applied (Robinson et al. 2002). The total precipitations during the 

treatments application in March 2006, was particularly dry and conditions were adequate for N 

volatilization for biosolids.  

Trees and understory N uptake decreased N mobility and leaching (Wang et al. 2004a). 

Previous studies showed increase in understory vegetation in forest following biosolids 

(Aschmann et al. 1990; Brockway 1983) or conventional fertilizer application (Flint et al. 2008). 

Pine plantation thinning combined with conventional fertilization increased tree growth (Fox et 

al. 2007b). In contrast, vegetation removal increased soil N mobility. High levels of NO3-N 

leaching have been reported when biosolids were applied to recent cleared forest (Henry et al. 

1994; Wells et al. 1985).  Robinson et al. (2002) reported little effect of understory vegetation 

removal on N losses through leaching when anaerobic or aerobic biosolids were surface applied 

to forest. In this study, they found that most of the N losses were through volatilization.  

 

4.4.2. Effect of Biosolids Application Rate on N Availability and Leaching 

High application rates of biosolids lead to high N availability in the surface soil. The 

extractable NH4-N and NO3-N seasonal pattern was similar among the three treatments. Soil 

NO3-N content rapidly increased after the biosolids application due to the increased in surface 

soil NH4-N content that promote nitrification (Smith et al. 1998).  
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As we mentioned earlier, biosolids application at the permitted rate of 225 kg PAN ha
-1

 

had no effect on NO3-N leaching. However, when biosolids were applied at the rates of 900 and 

1800 kg PAN ha
-1

 we observed NO3-N concentrations in lysimeters that may become a concern 

for groundwater pollution. The average NO3-N concentration in lysimeters was 0.5 mg L-1, 37.2 

mg L-1, and 70 mg L-1 in the AD225, AD900, and AD1800 treatments, respectively. Several 

studies observed increases in N availability and deep NO3-N leaching associated with increasing 

application rates of biosolids (Brockway and Urie 1983; Egiarte et al. 2005; Hallett et al. 1999; 

McLaren et al. 2005; Robinson et al. 2002).  

We observed that the higher application rates increased surface N content.  Surface soil 

NO3-N content in the AD1800 and AD900 declined by January 2006, but NO3-N remained 

elevated throughout most of the study. Nitrogen concentration in soil solution in the two high 

application rates started to increase by the end of the growing season and remained high until the 

second growing season.  Elevated Nitrate-N was observed for for long periods of time have been 

observed when biosolids were applied at a high rates due to the continue N mineralization 

(Brockway and Urie 1983; Egiarte et al. 2005) 

N leaching is normally increased by precipitation and reduced by microbial uptake,  tree  

and understory vegetation uptake during the growing season (Iseman et al. 1999). Once 

vegetation activity decreased, nitrification become more active, soil moisture content is higher, 

and the potential of NO3-N leaching increased. Nitrate-N concentration in lysimeters declined to 

levels below the 10 mg L-1 by May 2007 in the AD900 and AD1800 treatments. We were not 

able to sample solution from lysimeters during summer due to dry soil conditions at the time of 

collecting the samples. Nitrate-N leaching still could occur between sample periods. Significant 

NO3-N leaching has been observed when measurements were taken after storms (Egiarte et al. 
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2005). 

Variable charge surfaces contributed to soil NO3-N sorption capacity (Strahm and 

Harrison 2006). Our estimates of NO3-N sorption capacity based on  the linearized form of the 

Liangmur equation showed that NO3-N sorption potential at natural soil pH was over 7000 kg ha-

1 in the soil profile. Our results are in the range of NO3-N sorption capacity previously observed 

for similar southeast soils (Eick et al. 1999). Strahm and Harrison (2007) observed a NO3-N 

maximum sorption capacity of 7.5 mmol kg
-1

 for a Bt1 horizon for a Cecil soil (fine, kaolinitic, 

thermic Typic Kanhapludults) collected in the Southeast Piedmont. Considering the variability 

associated with soil sampling, this value is similar to the estimates reported in this study (5.4 to 

13.9 mmol kg
-1

). The increased in the subsurface clayey Bt1 and Bt2 horizons in comparison to 

the Ap and BC horizons could be attributed to large clay content and surface area (Hingston 

1981).  

We estimated that soil maximum potential NO3-N sorption capacity was 7159 kg ha
-1

 for 

the 80 cm depth soil profile. The total N applied in the three rates was 1132, 3179, and 6604 kg 

N ha
-1

. The PAN approach to estimate application rates account for N mineralization and losses 

when biosolids are surface applied. Only a fraction of the total N applied in biosolids leach 

through soil (Gilmour et al. 2003). Under this assumption, we could expect little NO3-N 

movement below the argillic horizon when biosolids are surface applied at the conventional rate 

of 225, 900, and 1800 kg PAN ha-1. However, our results showed high levels of NO3-N leaching 

with the two high application rates. Two things could explain this response. First, other chemical 

soil properties, like Al and Fe concentration, and competing anions like phosphate have a greater 

sorption capacity in comparison to   NO3-N (Strahm and Harrison 2007) decreasing soil NO3-N 

retention. Second, forest soils tend to have permeable structure, and the presence of soil cracks 
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and old root channels that form preferential flow paths (Field 1989; Fisher and Binkley 1999). 

Franklin et al. (2007) observed that water movement through a Piedmont soil was relatively 

uniform in the tilled surface Ap, but preferential flow was common in the subsurface Bt horizon. 

The authors concluded that soil porosity was the main factor regulating water movement. 

Nitrate-N leachate following biosolids application to forest move through preferential flow 

channels and soil macropores (Sidle and Kardos 1979).  

 

4.4.3. Effect of Season of Biosolids Application on N availability and Leaching 

Our results have demonstrated that spring application significantly increased N 

availability and N leaching following application of biosolids to pine forest in comparison to the 

fall treatment. The high N availability directly affected NO3-N concentration in lysimeters. The 

average NO3-N concentration in leachate was 6.9 mg L-1 and 42.6 mg L-1, in the fall and spring 

application respectively. In the spring application, NO3-N leaching remained above 10 mg L
-1

 for 

a longer period of time increasing the risk of groundwater pollution. Our results agree with 

Evanylo (2003) that observed that N availability increased when biosolids were applied in Spring 

in comparison to Winter. Low temperatures likely decreased N mineralization of organic N in 

biosolids and nitrification of NH4-N compared to periods with warmer temperatures (Wang et al. 

2006; Wang et al. 2003). The low temperatures and precipitations after the fall application may 

have reduced nitrification of the fall treatments. 

  

4.5. Conclusions 

The results of this study support the idea that biosolids application at the rate of 225 kg 

PAN ha
-1

 could be use as a source of N in loblolly pine forest without increasing subsurface 
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NO3-N leaching. Nitrogen content was variable among biosolids type. Higher levels of NH4-N 

were observed in the Pellet225 treatments. In contrast, NO3-N content was important in the 

AD225 and LS225 treatments. The initial inorganic N content and the N mineralization in 

biosolids affected N release from biosolids and time. 

Despite the high soil NO3-N sorption capacity measured, we found that higher 

application rates of biosolids increased NO3-N concentration in lysimeters above water quality 

standards for several months. Once soil NO3-N exceeded plant uptake, NO3-N leaching is likely 

to occur through preferential flow paths generated from old roots channels and soil cracks. 

Substantial increases in NO3-N concentration in subsurface soil solution following biosolids 

application may be a sign of potential water pollution. However, stream water pollution as a 

consequence of high NO3-N concentration in groundwater will still depend on factors such NO3-

N retention in soil, NO3-N dilution in streams, and denitrification.  

We found that spring application increased soil N content in comparison to the fall 

application. However, NO3-N concentration in leachate in this treatment remained elevated for a 

longer period of time. Based on our results, we could expect lower NO3-N leaching 

concentration if biosolids were applied at the conventional rate of 225 kg PAN ha
-1

.  

Our results showed that the development of adequate rates for biosolids application to 

loblolly pine forest in Virginia, with low environmental impact could be higher than the 225 kg 

PAN ha-1 but below the 900 kg PAN ha-1. In order to efficiently use biosolids as a source of N, 

without increasing groundwater pollution, future research should be focused on maximizes N 

release patterns with tree N uptake. The presence of understory vegetation, the accumulation of 

biosolids in the forest floor, and specific Piedmont forest soil characteristics, like clay content 

and acidity, could affect N release and movement after biosolids application. 
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4.7. Tables and Figures 

 

Table 4.1. Selected chemical and physical properties from the mineral soil at four different 

depths, from a 17-year-old loblolly pine plantation, Amelia County, VA. 
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Table 4.2. Selected properties for biosolids surface applied in a 17-year-old loblolly pine 

plantation in Amelia County, VA. Biosolids source for the fall application treatment was 

Alexandria, VA. Biosolids sources for the spring application were Blue Plain (DC) and 

Back River, MD, and Baltimore, MD. 

 

Lime Anaerobically Anaerobically Pelletized

stabalized Digested Digested

Properties (Blue Plain) (Alexandria) (Back River) (Baltimore)

pH 12.3 8.1 8.2 5.6

Solids 352300 241500 205100 929500

Nitrogen (TKN) 31300 47500 50300 56600

Water Insol N - - - 50900

Ammonia-N 1100 10200 11800 600

Phosphorus 10600 17300 20200 16100

Potassium 1300 1100 2100 2700

Sulfur 4300 10400 9300 5500

Calcium 114300 29400 22400 11200

Magnesium 2300 3300 3800 2200

Sodium 200 500 1000 400

Iron 44693 50749 55100 13682

Manganese 197 946 793 159

Copper 158 403 463 261

Zinc 314 796 867 395

Cadmium 1.2 5.8 10 -

Chromium 38 76 75 89

Nickel 16 37 36 14

Lead 38 66 66 20

Arsenic 2.9 3.6 2.1 3.9

Mercury 0.3 1.4 1.04 0.4

Selenium 2.0 3.6 4.7 2.1

mg kg
-1
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Table 4.4. Summary of Anova for the effect of biosolids and sampling time on KCl 

extractable NH4, KCl extractable NO3, leachate NH4, and leachate NO3 after surface 

application of biosolids in the 17-year-old loblolly pine plantation in Amelia County, VA. 

Num  Num  

Effect Df F value Pr >F F value Pr >F Df F value Pr >F F value Pr >F

Block 3 0.23 0.8744 0.98 0.4005 3 1.04 0.376 0.61 0.6089

Treatment 7 70.9 <.0001 94.86 <.0001 7 28.24 <.0001 106.99 <.0001

Time 20 32.99 <.0001 44.71 <.0001 14 2.15 0.0102 18.25 <.0001

Treatment *Time 140 4.66 <.0001 3.83 <.0001 98 3.48 <.0001 3.15 <.0001           

NH4 NO3 NH4 NO3

Extractable KCl-N Leaching
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Table 4.5. Contrast for KCl extractable NH4-N, KCl extractable NO3-N, NH4-N leaching, 

and NO3-N leaching means average over 21 months in a17-year-old loblolly pine plantation 

following biosolids surface application of biosolids Treatments were anaerobically digested 

(AD225, AD900F, AD900S, AD1800), lime stabilized (LS225), pelletized (Pellet225) 

biosolids, urea+DAP, and control. 

 

Contrast KCl-NH4 KCl-NO3 L-NH4 L-NO3

Type of biosolids

Control vs LS225 <.0001 <.0001 0.5092 0.0036

Control vs AD225 <.0001 <.0001 0.1642 0.1102

Control vs Pellet225 <.0001 <.0001 0.1081 0.0002

Control vs U+DAP225 <.0001 <.0001 0.4579 0.2201

AD225 vs U+DAP225 0.005 0.1965 0.5178 0.7137

LS225 vs AD225 0.4504 0.8055 0.4509 0.1882

LS225 vs Pellet225 <.0001 0.0509 0.3317 0.408

LS225 vs U+DAP225 0.0004 0.2915 0.9244 0.0932

Pellet225 vs AD225 <.0001 0.0283 0.8318 0.0345

Pellet225 vs U+DAP225 <.0001 0.3973 0.3894 0.0136

Application rate

AD1800 vs AD900 0.0511 0.7919 0.8171 0.2329

AD1800 vs AD225 <.0001 <.0001 <.0001 <.0001

AD900 vs AD225 <.0001 <.0001 <.0001 <.0001

Season of application

AD900F vs AD900S 0.0003 <.0001 <.0001 <.0001

Pr > F
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Table 4.6. Estimated KCl-NH4 means at each sampling date following surface application 

of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA 

at the rate of 225 kg PAN ha
-1

. Treatments were control, anaerobically digested (AD225), 

lime stabilized (LS225), pelletized (Pellet225) biosolids, and urea + DAP. Units are kg NH4
 

per ha. Different letters at each month indicate significant difference between treatments 

(α<0.05). 

 

. 

Month Control AD225 LS225 Pellet225 U+DAP225

Feb-06 3.2 3.9 5.0 4.3 6.1

Mar-06 6.7 b 20.1 a 8.9 b 25.1 a 34.4 a

Apr-06 8.2 b 12.9 b 10.1 b 28.0 a 26.2 a

May-06 10.7 c 24.7 b 10.4 c 33.4 a 60.9 a

Jun-06 10.9 c 11.2 c 7.5 c 38.3 a 25.8 b

Jul-06 9.7 c 8.9 c 21.5 b 87.8 a 19.1 b

Aug-06 12.1 b 16.0 b 11.4 b 54.6 a 12.8 b

Sep-06 7.8 c 10.5 bc 15.9 b 54.7 a 12.3 bc

Oct-06 11.4 13.3 14.6 11.3 8.3

Nov-06 10.2 7.1 9.4 9.1 7.5

Dec-06 2.8 b 7.7 a 5.8 a 12.8 a 4.6 ab

Jan-07 4.2 b 9.4 a 8.5 ab 13.5 a 11.6 a

Feb-07 6.2 a 9.4 a 2.6 b 8.5 a 9.1 a

Mar-07 5.1 6.2 7.6 6.8 7.8

Apr-07 5.0 b 10.3 b 7.3 b 19.8 a 9.5 b

May-07 6.1 b 9.3 ab 13.7 a 11.5 ab 7.8 ab

Jun-07 9.2 ab 9.5 ab 16.3 a 15.7 ab 8.0 b

Jul-07 9.5 b 11.6 b 13.0 b 23.9 a 11.3 b

Aug-07 7.3 b 11.5 ab 13.2 a 19.6 a 16.9 a

Sep-07 7.7 ab 7.7 ab 7.1 b 7.9 ab 14.2 a

Oct-07 5.3 6.0 10.9  8.5 7.8

KCl-NH4 (kg ha
-1

)
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Table 4.7. Estimated KCl-NO3 means at each sampling date following surface application 

of biosolids on March 2006 to a 17-year-old loblolly pine plantation in Amelia County VA 

at the rate of 225 kg PAN ha
-1

. Treatments were control, anaerobically digested (AD225), 

lime stabilized (LS225), pelletized (Pellet225) biosolids, and urea + DAP. Units are kg NO3
 

per ha. Different letters at each month indicate significant difference between treatments 

(α<0.05). 

Month Control AD 225 LS 225 Pellet225 U+DAP 225

Feb-06 1.41 0.97 1.33 0.51 0.54

Mar-06 2.04 a 2.40 a 1.62 ab 1.90 ab 1.01 b

Apr-06 2.01 b 4.65 a 4.42 ab 5.37 a 3.99 ab

May-06 2.50 c 10.75 a 4.82 bc 9.09 ab 9.07 ab

Jun-06 0.91 c 8.81 ab 9.24 ab 5.67 b 14.51 a 

Jul-06 1.24 d 7.66 bc 11.09 b 4.38 c 29.34 a

Aug-06 3.98 c 14.31 ab 24.04 a 8.17 bc 18.51 ab

Sep-06 5.18 b 19.24 a 9.09 ab 14.12 a 9.70 ab

Oct-06 3.67 b 13.39 a 19.76 a 15.07 a 13.66 a

Nov-06 2.77 c 7.01 ab 7.70 ab 12.77 a 3.80 b

Dec-06 0.89 b 3.00 a 5.69 a 2.65 a 2.64 a

Jan-07 2.40 3.06 3.03 2.35 2.19

Feb-07 2.86 3.37 2.92 3.58 2.99

Mar-07 1.51 c 7.56 a 4.41 ab 2.96 ab 2.12 bc

Apr-07 2.84 c 12.44 a 3.64 c 4.58 bc 10.27 ab

May-07 4.27 7.50 10.50 5.62 4.96

Jun-07 1.57 b 8.01 a 11.34 a 5.13 a 8.19 a

Jul-07 1.73 b 7.77 a 6.24 a 8.22 a 6.07 a

Aug-07 3.66 b 5.80 ab 7.11 ab 9.86 a 5.59 ab

Sep-07 2.14 b 5.05 a 7.41 a 5.25 a 6.74 a

Oct-07 2.41 4.17 5.33 4.36 5.48

KCl-NO3 (kg ha
-1

)
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Table 4.8. Estimated means at each sampling date of NH4-N concentration in lysimeters at 

80 cm depth following surface application of biosolids on March 2006 to a 17-year-old 

loblolly pine plantation in Amelia County, VA. Application rate was 225 kg PAN ha
-1

. 

Treatments were control, anaerobically digested (AD225), lime stabilized (LS225), 

pelletized (Pellet225) biosolids, and urea + DAP. Different letters at each month indicate 

significant difference between treatments (α<0.05). Missing values indicated no sample 

collection due to soil drought. 
 

Month Control AD 225 LS 225 Pellets 225 U+DAP 225

Feb-06 0.15 0.18 0.16 0.16 0.14

Mar-06 0.08 0.19 0.16 0.09 0.15

Apr-06 0.17 0.20 0.12 0.19 0.09

May-06

Jun-06

Jul-06

Aug-06 0.05 0.09 0.16 0.15 0.42

Sep-06 0.10 0.20 0.16 0.30 0.34

Oct-06 0.13 0.13 0.22 0.20 0.14

Nov-06 0.18 0.57 0.27 0.30 0.09

Dec-06 0.14 0.14 0.30 0.20 0.13

Jan-07 0.19 0.46 0.19 0.26 0.31

Feb-07 0.19 0.20 0.12 0.12 0.17

Mar-07 0.19 0.22 0.18 0.33 0.17

Apr-07 0.19 0.19 0.31 0.45 0.14

May-07 0.17 0.21 0.09 0.17 0.15

Jun-07

Jul-07

Aug-07

Sep-07 0.17 0.18 0.15 0.53 0.19

Oct-07 0.19 0.19 0.18 0.14 0.16

NH4-N  (mg L
-1

)
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Table 4.9. Estimated means at each sampling date for NO3-N concentration in lysimeters at 

80 cm depth following surface application of biosolids on March 2006 to a 17-year-old 

loblolly pine plantation in Amelia County VA. Application rate was 225 kg ha
-1

 PAN. 

Treatments were control, anaerobically digested (AD225), lime stabilized (LS225), 

pelletized (Pellet225) biosolids, and urea + DAP. Different letters at each month indicate 

significant difference between treatments (α<0.05). Missing values indicated no sample 

collection due to soil drought. 

Month Control AD 225 LS 225 Pellets 225 U+DAP 225

Feb-06 0.27 0.17 0.20 0.31 0.22

Mar-06 0.37 0.26 0.45 0.19 0.22

Apr-06 0.25 0.33 0.36 0.27 0.22

May-06

Jun-06

Jul-06

Aug-06 0.47 1.04 1.36 1.63 0.43

Sep-06 0.12 b 0.63 ab 0.99 a 2.48 a 0.72 a

Oct-06 0.42 b 1.19 ab 0.86 ab 1.98 a 1.89 a

Nov-06 0.22 b 0.87 ab 1.08 ab 3.18 a 0.37 ab

Dec-06 0.22 ab 0.40 ab 0.99 a 1.02 a 0.12 b

Jan-07 0.31 0.33 0.96 0.70 0.22

Feb-07 0.18 0.64 0.28 0.71 0.75

Mar-07 0.39 ab 1.11 ab 0.36 ab 0.59 a 0.15 b

Apr-07 0.25 b 0.36 ab 0.35 ab 0.98 a 0.44 ab

May-07 0.13 0.09 0.28 0.41 0.52

Jun-07

Jul-07

Aug-07

Sep-07 0.17 0.09 0.32 0.35 0.09

Oct-07 0.13 0.11 0.21 0.37 0.17

NO3-N (mg L
-1

)
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Table 4.10. Estimated means at each sampling date for KCl-NH4 after surface application 

of anaerobically digested biosolids on March 2006 to a 17-year-old loblolly pine plantation 

in Amelia County VA. Application rates were 225 (AD225), 900 (AD900), and 1800 (1800) 

kg PAN ha
-1 

. Different letters at each month indicate significant difference between 

treatments (α<0.05). 
  

Month AD 225 AD 900 AD 1800

Feb-06 3.9 3.6 4.0

Mar-06 20.1 b 41.7 a 58.7 a

Apr-06 12.9 b 28.6 a 44.5 a

May-06 24.7 b 56.9 a 95.4 a

Jun-06 11.2 b 60.2 a 108.8 a

July-06 8.9 b 27.3 a 50.4 a

Aug-06 16.0 b 63.5 a 73.8 a

Sep-06 10.5 c 25.6 b 83.4 a

Oct-06 13.3 b 24.4 a 33.3 a

Nov-06 7.1 b 25.7 a 19.7 a

Dec-06 7.7 b 26.6 a 15.2 a

Jan-07 9.4 b 18.9 a 9.9 ab

Feb-07 9.4 11.3 14.6

Mar-07 6.2 b 7.1 b 17.6 a

Apr-07 10.3 12.5 14.3

May-07 9.3 b 19.1 a 11.2 ab

Jun-07 9.5 b 20.8 a 21.3 a

Jul-07 11.6 b 49.8 a 19.5 b

Aug-07 11.5 14.1 22.4

Sep-07 7.7 13.8 11.3

Oct-07 6.0 9.4 9.1

KCl-NH4 (kg ha
-1

)
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Table 4.11. Estimated means at each sampling date for KCl-NO3 after surface application 

of anaerobically digested biosolids on March 2006 to a 17-year-old loblolly pine plantation 

in Amelia County VA. Application rates were 225 (AD225), 900 (AD900), and 1800 

(AD1800) kg PAN ha
-1 

. Different letters at each month indicate significant difference 

between treatments (α<0.05). 

Month AD 225 AD 900 AD 1800

Feb-06 1.0 1.5 0.7

Mar-06 2.4 4.2 3.7

Apr-06 4.6 8.2 6.3

May-06 10.7 14.5 19.0

Jun-06 8.8 b 28.9 a 50.8 a

Jul-06 7.7 b 37.8 a 30.6 a

Aug-06 14.3 b 39.1 a 55.7 a

Sep-06 19.2 b 62.7 a 89.0 a

Oct-06 13.4 b 47.4 a 80.5 a

Nov-06 7.0 b 30.8 a 32.3 a

Dec-06 3.0 b 20.8 a 13.9 a

Jan-07 3.1 b 21.3 a 13.5 a

Feb-07 3.4 b 17.5 a 12.3 a

Mar-07 7.6 b 23.0 a 24.2 a

Apr-07 12.4 ab 9.5 b 17.8 a

May-07 7.5 10.4 6.1

Jun-07 8.0 7.6 8.8

Jul-07 7.8 4.0 9.4

Aug-07 5.8 b 14.5 a 12.9 ab

Sep-07 5.0 b 11.4 a 4.8 b

Oct-07 4.2 b 9.2 a 6.0 ab

KCl-NO3 (kg ha
-1

)
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Table 4.12. Estimated means at each sampling date for NH4-N concentration in lysimeters 

at 80 cm soil depth after surface application of anaerobically digested biosolids on March 

2006 to a 17-year-old loblolly pine plantation in Amelia County VA. Application rates were 

225 (AD225), 900 (AD900), and 1800 (AD1800) kg PAN ha
-1

.
 
Different letters at each month 

indicate significant difference between treatments (α<0.05). Missing values indicated no 

sample collection due to soil drought. 
 

Month AD 225 AD 900 AD 1800

Feb-06 0.18 0.20 0.07

Mar-06 0.19 0.16 0.70

Apr-06 0.20 2.86 0.90

May-06

Jun-06

Jul-06

Aug-06 0.09 b 0.72 a 1.41 a

Sep-06 0.20 b 1.00 a 2.13 a

Oct-06 0.13 b 0.54 b 2.00 a

Nov-06 0.57 b 2.01 a 1.15 a

Dec-06 0.14 b 0.76 ab 1.07 a

Jan-07 0.46 1.02 0.46

Feb-07 0.20 0.36 0.72

Mar-07 0.22 0.36 0.25

Apr-07 0.19 0.15 0.51

May-07 0.21 0.37 0.82

Jun-07

Jul-07

Aug-07

Sep-07 0.18 ab 0.89 a 0.15

Oct-07 0.19 0.17 0.50

NH4-N  (mg L
-1

)
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Table 4.13. Estimated means at each sampling date for NO3-N concentration in lysimeters 

at 80 cm soil depth after surface application of anaerobically digested biosolids on March 

2006 to a 17-year-old loblolly pine plantation in Amelia County, VA. Application rates 

were 225 (AD225), 900 (AD900), and 1800 (AD1800) kg PAN ha
-1

.
 
Different letters at each 

month indicate significant difference between treatments (α<0.05). Missing values indicated 

no sample collection due to soil drought. 
 

Month AD225 AD900 AD1800

Feb-06 0.17 0.13 0.24

Mar-06 0.26 b 1.92 a 1.03 ab

Apr-06 0.33 0.60 0.53

May-06

Jun-06

Jul-06

Aug-06 1.04 b 29.97 a 133.64 a

Sep-06 0.63 b 62.94 a 179.80 a

Oct-06 1.19 b 57.14 a 127.08 a

Nov-06 0.87 b 97.79 a 103.97 a

Dec-06 0.40 b 69.20 a 88.72 a

Jan-07 0.33 b 43.39 a 159.39 a

Feb-07 0.64 b 68.67 a 90.73 a

Mar-07 1.11 b 81.15 a 81.82 a

Apr-07 0.36 b 34.89 a 70.99 a

May-07 0.09 b 5.77 a 5.91 a

Jun-07

Jul-07

Aug-07

Sep-07 0.09 b 2.02 a 2.71 a

Oct-07 0.11 b 5.68 a 3.42 a

NO3-N(mg L
-1

)
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Table 4.14. Estimated means since treatment application for KCl extractable NH4 after 

surface application of anaerobically digested biosolids in November 2005 (fall), and March 

2006 (spring) to a 17-year-old loblolly pine plantation in Amelia County, VA. Application 

rate was 900 kg PAN ha
-1

.
 
Different letters at each month indicate significant difference 

between treatments (α<0.05). 

 

Month AD900F AD900S

since

Application
0

1 66.5 a 3.6 b

2 77.2 41.7

3 23.0 28.6

4 36.7  56.9  

5 28.0 b 60.2 a

6 30.1 27.3

7 31.7 b 63.5 a

8 22.1  25.6  

9 11.7 b 24.4 a

10 25.1 25.7  

11 20.1 26.6

12 13.2 18.9

13 18.0 11.3

14 13.0 7.1

15 5.2 b 12.5 a

16 4.3 b 19.1 a

17 3.7 b 20.8 a

18 6.9 b 49.8 a

19 6.3 b 14.1 a

20 14.2 13.8

21 20.8 a 9.4 b

KCl-NH4 (kg ha
-1

)
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Table 4.15. Estimated means since treatment application for KCl extractable NO3 after 

surface application of anaerobically digested biosolids in November 2005 (fall), and March 

2006 (spring) to a 17-year-old loblolly pine plantation in Amelia County, VA. Application 

rate was 900 kg PAN ha
-1

. Different letters at each month indicate significant difference 

between treatments (α<0.05). 

Month AD900F AD900S

since

Application

1 1.4 1.5

2 0.7 4.2

3 4.1 8.2

4 2.6 14.5

5 10.0 b 28.9 a

6 22.2 37.8

7 21.4 b 39.1 a

8 30.7 b 62.7 a

9 16.8 47.4

10 39.2 30.8

11 38.5 20.8

12 47.8 a 21.3 b

13 20.6 17.5

14 10.9 23.0

15 7.9 9.5

16 4.2 10.4

17 5.3 7.6

18 7.1 4.0

19 12.5 14.5

20 9.5 11.4

21 5.9 9.2

KCl-NO3 (kg ha
-1

)
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Table 4.16. Estimated means since treatment application for NH4-N n soil solution in 

lysimeters at 80 cm depth after surface application of anaerobically digested biosolids in 

November 2005 (fall), and March 2006 (spring) to a 17-year-old loblolly pine plantation in 

Amelia County, VA. Application rate was 900 kg PAN ha
-1

. Missing values indicated no 

sample collection due to soil drought. 
 

Month AD900F AD900S

since

Application
0

1 30.19  0.20  

2 39.17  0.16  

3 19.15  2.86  

4 14.17  

5 6.17

6 1.07

7  0.72  

8  1.00  

9  0.54  

10 0.96  2.01  

11 0.54 0.76

12 1.21 1.02

13 0.95 0.36

14 0.40 0.36

15 0.44 0.15

16 0.11 0.37

17 0.18

18 0.22

19 0.55

20 0.89

21 0.17

NH4-N  (mg L
-1

)
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Table 4.17. Estimated means for NO3-N in soil solution in lysimeters at 80 cm depth after 

surface application of anaerobically digested biosolids on November 2005 (fall), and March 

2006 (spring) to a 17-year-old loblolly pine plantation in Amelia County, VA. Application 

rate was 900 kg PAN ha
-1

. Missing values indicated no sample collection due to soil 

drought. 

 

Month AD900F AD900S

since

Application

1 0.17 0.13

2 0.50 1.92

3 0.58 0.60

4 0.81

5 1.10   

6 1.42   

7 29.97

8 62.94

9 57.14

10 42.57  97.79  

11 15.10  69.20  

12 11.53  43.39  

13 9.63  68.67  

14 7.81  81.15  

15 10.70  34.89  

16 3.05  5.77  

17 2.61   

18 1.65   

19 0.64   

20 2.02

21 5.68

NO3-N(mg L
-1

)
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Table 4.18. Langmuir isotherm equation parameters for the theoretical maximum quantity 

nitrate-N sorbed (Nmax) and the sorptive affinity (b), and for mineral soil collected at four 

different depths in a 17-year-old loblolly pine plantation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 NO3
-
N max b 

Soil Depth mmol kg soil
-1

 kg ha
-1

 mmol kg soil
-1

 

Ap (0 to 20 cm) 10.31 1582 0.0921 

Bt1 (20 to 40 cm) 11.52 1985 0.1126 

Bt2 (40 to 60 cm) 13.92 2571 0.1122 

BC (60 to 80 cm) 5.35 1021 0.3713 

Total  41.1 7159 ------- 
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Figure 4.1. Average precipitation from 15-year period, (Blackstone, VA) and  

observed total monthly precipitation during the study duration (Amelia County, VA). 
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Figure 4.2. KCl extractable NH4 (a), and KCl extractable NO3 (b) from the surface 15 cm 

mineral soil following application of biosolids in a loblolly pine plantation. Treatments 

were anaerobically digested (AD225), lime stabilized (LS225), pelletized biosolids 

(Pellet225), urea+DAP, and control. Treatments were applied during March of 2006 at the 

rate of 225 PAN kg ha
-1

. Graphs scales are different. Brackets indicate ± SE.
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Figure 4.3.NH4-N (a), and NO3-N (b) concentration in soil solution from lysimeters at each 

sampling date after surface application of biosolids on March 2006 to a 17-year-old loblolly 

pine plantation in Amelia County VA. Application rate was 225 kg PAN ha
-1

 . Treatments 

were control, anaerobically digested (AD225), lime stabilized (LS225), pelletized (Pellet225) 

biosolids, and U+DAP. Missing values indicate no soil solution collected from lysimeters. 

Graphs scales are different. Brackets indicate ± SE. 
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Figure 4.4. KCl extractable NH4 (a), and KCl extractable NO3 (b) from the surface 15 cm 

mineral soil following application of biosolids in a loblolly pine plantation. Treatments 

were control, and anaerobically digested biosolids applied during March 2006 at the rates 

of 225 (AD225), 900 (AD900), and 1800 (AD1800) kg PAN ha
-1

. Graphs scales are different. 

Brackets indicate ± SE. 
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Figure 4.5. NH4-N (a), and NO3-N (b) concentration in soil solution from lysimeters 

following surface application of biosolids on March 2006 to a 17-year-old loblolly pine 

plantation in Amelia County, VA. Treatments were control, and anaerobically digested 

biosolids applied during March 2006 at the rates of 225 (AD225), 900 (AD900), and 1800 

(AD1800) kg PAN ha
-1

. Scale units are different. Brackets indicate ± SE. 



131 

 

 

Months since Application

 

 

K
C

l-
N

H
4
 (

k
g
 h

a
-1

)

0

10

20

30

40

50

60

70

80

90

100

 Control 

 AD 900 F 

 AD 900 S  

 

 

1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

K
C

l-
N

O
3
 (
k
g
 h

a
-1

)

0

10

20

30

40

50

60

70

80

90

100

 Control 

AD 900 F

AD 900 S 

 
Figure 4.6. KCl extractable NH4 (a), and KCl extractable NO3 (b) content in the surface 15 

cm mineral soil over time following biosolids application in a loblolly pine plantation. 

Treatments were control, and anaerobically digested biosolids applied during November 

2005 (fall), and March 2006 (spring) at the rate of 900 kg PAN ha
-1

. Brackets indicate ± SE. 
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Figure 4.7. NH4-N (a), and NO3-N (b) concentration in soil solution from lysimeters 

sampled over time in a loblolly pine plantation following surface applied anaerobically 

digested biosolids during November 2005 (fall), and March 2006 (spring) at the rate of 900 

kg PAN ha
-1

. Scale units are different. Brackets indicate ± SE. 
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Figure 4.8. Quantity of NO3-N sorbed per kilogram of dry soil across a range of 

equilibrium NO3-N solution concentration at natural soil pH for soil collected from a 17 

year old loblolly pine plantation at the depth 0 to 20 cm, 20 to 40 cm, 40 to 60 cm, and 60 to 

80 cm.  
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Chapter 5 

Short-term Effects of Biosolids Application on Nitrogen and Carbon pools in a Loblolly 

Pine (Pinus taeda L.) Plantation 

 

Abstract 

Application of biosolids as an alternative source of N is becoming a common silviculture 

practices on pine forest. However, little is known about how biosolids type, application rate, and 

timing affect forest floor and soil N and C pools in loblolly pine plantations. The objectives of 

this study were to determine changes in C, N, Ca, and pH in the forest floor and the mineral soil 

after surface application of different types, rates, and season of application of biosolids. The 

study was established in a 17-year-old loblolly pine plantation in Amelia County, VA. 

Anaerobically digested (AD225), lime stabilized (LS225) and pelletized (Pellet225) biosolids 

and a conventional inorganic urea plus diammonium phosphate fertilizer (U+DAP225) were 

applied at a rate of 225 kg ha-1 Plant Available Nitrogen (PAN) between March 5th and 10th, 

2006. Anaerobically digested biosolids were also surface applied at the rates of 900 kg PAN ha-1 

and 1800 kg PAN ha
-1

 (AD900 and AD1800). Anaerobically digested biosolids at the rate of 900 

kg PAN ha
-1

 were also applied on November 5
th

, 2005 (AD900F).  

Biosolids application at the 225 kg PAN ha
-1

 rate had little effect on the average total N 

and C in the forest floor and mineral soil. The average total N in the forest floor in the AD225 

treatment was 1005 kg ha
-1

, 935 kg ha
-1

 in the Pellet225, 852 kg ha
-1

 in the LS225, 398 kg ha
-1

 in 

the U+DAP225, and 331 kg ha
-1

 in the control. Forest floor total C was greater than the control 

in the AD225 and the LS225 treatments. The average total C in the forest floor was 20900 kg ha-

1
 in the AD225, 21995 kg ha

-1
 in the LS225, 17864 kg ha

-1
 in the Pellet225, 14420 kg ha

-1
 in the 

U+DAP225, and 12050 kg ha
-1

 in the control. The application of biosolids significantly reduced 

C:N in the forest floor and the surface mineral soil in comparison to the control. Total Ca and pH 



135 

 

significantly increased in the forest floor in the AD225 and LS225 treatments in comparison to 

the other treatments. There was no significant biosolids type effect on extractable Ca in the 

mineral soil. Soil pH significantly changed over time after application of biosolids. 

Higher application rates of biosolids significantly increased forest floor N and C 

accumulation. The average total N in the forest floor was 1005 kg ha-1, 2075 kg ha-1, and 3199 

kg ha
-1

 in the AD225, AD900, and AD1800 treatments, respectively. The average forest floor 

total C in the AD1800 treatment was 33051 kg ha
-1

. The AD900 and the AD225 had 28672 kg 

ha
-1

, and 20900 kg ha
-1

, respectively. Total N in the AD1800 was greater than the AD225 and 

AD900 through all the soil profile. Season of application of biosolids did not significantly affect 

the forest floor. Soil total C and extractable Ca were greater in the AD900S than in the AD900F.  

Biosolids have the potential to be use as a source of N to improve tree growth. However, when 

biosolids were surface applied at the permitted rate of 225 kg PAN ha-1, low impact on soil total 

N and C were detected. Increasing application rates increased N movement through the soil 

profile, with no effect on soil carbon. 

 

5.1. Introduction 

Land application of biosolids to enhance crops and forest productivity has increased 

considerably during the last decade. Biosolids application is an effective method to reuse 

nutrients removed from wastewater treatment plants and can replace commercial fertilizers 

(Beech et al. 2007). Biosolids are commonly used in agriculture as a source of nitrogen (N), 

phosphorus (P), and lime (Evanylo 1999a), to restore forest productivity (Henry et al. 1994), and 

disturbed mine land (Brown and Henry 2000). Consequently, the use of biosolids in agriculture 
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is a common practice. In 2004, about 224000 dry metric tons of biosolids were land applied in 

Virginia (Beech et al., 2007).  

Several studies identified that the potential for nutrient release from biosolids is 

determined largely by biosolids chemical composition, pH, initial moisture content and 

temperature, physical properties, and microbial activity (Cogger et al. 2004; Eldridge et al. 2008; 

Evanylo 2003; Gilmour et al. 2003; Smith and Durham 2000). The different processes used to 

treat wastewater sludge such as anaerobic or aerobic digestion, lime stabilization, heat treatment, 

and composting (Evanylo 1999b),  affect the final composition and quality of the biosolids 

produced (Basta 1995). 

 Biosolids are typically compose of 40 to 70 % of organic matter (Hartenstein 1981). 

Typical dried biosolids contain 2–5 % of total N (Evanylo 1999b). Total N in digested liquid 

material can be close to 10 % (Wang et al. 2004). Biosolids also have a variable amount of other 

nutrients like P (1-7 %), calcium (Ca) (1-20 %), magnesium (Mg) (0.3-2 %) (Singh and Agrawal 

2007; Sommers 1977), and micronutrients (Fiskell et al. 1990; Sommers 1977). Biosolids pH 

values range from 5.5 to 12 (Maguire et al. 2001; Schroder et al. 2008).  

Biosolids have been used as a good alternative to conventional forest fertilization to 

enhance forest productivity (Prescott and Blevins 2005). Several studies reported the beneficial 

effect of biosolids on N availability and tree growth (Berry 1987; Egiarte et al. 2005; Hallett et 

al. 1999; Kelty et al. 2004; Wang et al. 2006). Similar to the results following conventional forest 

fertilization, surface application of biosolids may increase forest floor total N, and inorganic N 

availability without affecting mineral soil total N (Hart et al. 1988; Kelty et al. 2004). Biosolids 

applied to oak forests in northern Michigan enhanced nutrient content in the forest floor, but no 

significant increases were detected in the mineral soil (Nguyen et al. 1986). No effect on soil 
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total N have been observed 18-year after conventional fertilization of loblolly pine forest 

(Johnson et al. 2003). 

Applications of biosolids have been shown to increase soil carbon (C) when they are 

applied to agriculture, forests or reclaimed mine land  systems due to the high C content in 

biosolids (Brown and Henry 2000; Lal 2003). Land application of biosolids have the potential to 

enhance C sequestration (Brown 2004). Long-term changes in surface soil C were observed after 

the incorporation of 500 Mg ha
-1

 of biosolids into a coarse texture soil (Harrison et al. 1994a). In 

contrast, no changes in soil C were observed following surface application of 90 Mg ha
-1

 of 

biosolids to a grassland system (Moffet et al. 2005).  Carbon accumulation in loblolly pine forest 

is mostly concentrated in the forest biomass, and the forest floor, with minimal accumulation in 

the mineral soil due to the high C turnover (Richter et al. 1995). Soil C fixation depends on soil 

texture, mineralogy and the micro-conditions for microbial respiration (Harrison et al. 1995). 

Loblolly pine growing in a clayey soil fixed larger amount of C in the soil compared with a 

plantation on a sandy soil (Leggett and Kelting 2006). The same authors reported no effect of 

forest fertilization on soil C content 11 year following application of 250 kg ha
-1

 diammonium 

phosphate (DAP) fertilizer. 

In the previous two chapters we found significant effect of biosolids on N availability, N 

mineralization and potential leaching of NO3-N. This suggests that it could be possible to 

improve forest soil nutrients and C accumulation following application of biosolids in a loblolly 

pine plantation (Harrison et al. 1994a). In this chapter we considered changes in N and C pools 

after surface application of biosolids, and the impact on N and C accumulation of the forest floor 

and mineral soil. We also followed changes in pH and Ca content to increase the understanding 

of the effect of lime addition through different type of biosolids. Therefore, the objective of this 
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study was to determine changes in nutrient pools after surface application of biosolids to a 17-

year-old loblolly pine plantation. The specific objectives of this study were to determine the 

difference in C, N, Ca, and pH in the forest floor and the mineral soil after surface application of 

different type of biosolids, different rates, and season of application on nutrient content in the 

soil profile. 

 

5.2. Materials and Methods  

5.2.1. Study Area 

The study was established in the summer of 2005 in Amelia County northeast of 

Blackstone, VA (37° 13’ N, 77° 48’ W). The site is located in the Piedmont physiographic 

province and supported a 17-year-old loblolly pine plantation. The stand was thinned in 2005 

using a combination of fifth-row removal and low thinning between the removed rows.  The 

mean annual temperature is 14 °C, with a mean of 4 °C in January and 25 °C in July. The mean 

annual precipitation is 113 cm with July and August being the wettest. The mean snowfall is 30 

cm concentrated between December and March (15-year period). The local climatologic recent 

records were obtained from the closest weather station in Blackstone, VA which was 

approximately 40 km from the study site.  During the month of the spring application (March 

2006), precipitation was only 0.68 cm, which was below the historical average 8.1 cm for the 

area (Fig 5.1). Conditions were near normal throughout most of the spring and summer of the 

same year, while rainfall from August to November 2006 was greater than normal. 

The soil at the site is the Appling series (Fine, kaolinitic, thermic Typic Kanhapludults). 

Slopes range from 2% to 5%. The thin Ap layer shows evidence of surface soil erosion caused by 

past agriculture practice, and in some areas is mixed with the argillic Bt horizon. Soil samples 
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collected at four different depths, from 0 to 20 cm, 20 to 40 cm, 40 to 60 cm, 60 to 80 cm prior to 

treatments were analyzed for total C and N by combustion using a CNS analyzer (Elementar 

America, Inc, Laurel, NJ), and Mehlich-1 extractable P, K, Ca, Mg using a ICAP-AES following 

the Virginia Cooperative Extension Methodology (Donohue and Heckendorn 1994; Mehlich 

1953). Soil pH was determined in a 1:1 soil:water ratio. Soil cores were collected with a bulk 

density hammer and subsequently oven dried and weigh to measure bulk density (Table 5.1).  

5.2.2. Experimental Design and Treatments 

  

The experimental design was a randomized complete block design with four blocks and 

eight treatments comparing biosolids type, granular fertilizer, rates, and season of application. 

Thirty-six plots of 0.45 ha (150 x 30 m) separated by a 30 m of untreated buffer area were 

established in September 2005. Three different types of biosolids were evaluated; lime stabilized, 

anaerobically digested, and pelletized biosolids. The anaerobically digested material was 

obtained from the Alexandria, VA and Back River, MD wastewater treatment facilities, for the 

fall and spring application, respectively. The lime stabilized biosolids were obtained from the 

Blue Plains wastewater treatment facility in Washington, DC. The pelletized biosolids were 

obtained from the Synagro pelletized facility in Back River, MD.  The granular fertilizer 

treatments were a mix of conventional urea-N (46-0-0) and DAP (18-46-0) obtained from 

Southern States Cooperative, Inc., (Christiansburg, VA). Physical and chemical properties of the 

biosolids are presented in Table 5.2.   

Anaerobically digested, lime stabilized, pelletized biosolids and a conventional inorganic 

fertilizer were applied at a rate of 225 kg ha
-1

 Plant Available N (PAN). In order to understand 

the consequences of application rates greater than the recommended rate of 225 kg ha
-1

 PAN, 

anaerobically digested biosolids were added at 900 and 1800 kg ha
-1 

PAN. These treatments were 
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applied between March 5
th

 and 10
th

, 2006. To test the impact of season of application timing (fall 

vs. spring), the anaerobically digested biosolids were also applied at 900 kg ha
-1

 PAN on 

November 5
th

, 2005. Treatments descriptions and final application rates are listed in Table 5.3. 

Biosolids application rates were estimated based on the average N concentration of 

samples analyzed during the six previous months before the beginning of the study, and 

corroborated with field samples. The treatments rates were based on PAN approach, determined 

according to recommendations established for VA when biosolids are surface applied (Evanylo 

1999a). 

PAN = NO3-N+Kvol (NH4-N)+Kmin (Org-N) 

Where: 

PAN = Kg of Plant Available N dry-1 Mg biosolids 

NO3-N = Kg nitrate-N dry-1 Mg biosolids 

Kvol = volatilization factor, or plant-available fraction of NH4-N (lime stabilized = 0.25, 

anaerobically digested = 0.5) 

NH4-N =Kg ammonium-N dry
-1

 Mg biosolids 

Kmin = mineralization factor, or plant-available fraction of Org-N (lime stabilized = 0.3, and 

anaerobically digested = 0.2) 

Org-N = Kg organic-N dry
-1

 Mg biosolids (estimated by organic N = total Kjeldahl-N - NH4-N) 

 

The biosolids were transported from each wastewater treatment plant, piled at the site and 

applied during the same day. Biosolids were surface applied using a skidder with a side 

discharge spreader that went through the previous thinned corridors in the stand. The biosolids 

were not tilled into the soil. Four plastic collection trays (60 x 20 cm) were installed in each plot 
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prior to application. The biosolids collected in each treatment were weighed, and moisture 

content was determined after the application. Samples were collected from the trays in the field 

and transported to A&L Eastern Agricultural Laboratories (Richmond, VA) for routine biosolids 

test analysis for total and volatile solids (SM2540G), nitrate-N (SM4500- NO3-F) (APHA 1998), 

pH according to SW 846-9045C (USEPA 2002), and calcium carbonate equivalent (CCE) using 

AOAC 955.01 (Kane 2000). Total Kjeldahl nitrogen (USEPA 351.3) and ammonium-N (USEPA 

350.2) (USEPA 1983). Phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium 

(Mg), sodium (Na), iron (Fe), manganese (Mn), cadmium (Cd), copper (Cu), lead (Pb), 

molybdenum (Mo), nickel (Ni), and zinc (Zn) were measured according to SW846-6010B 

(USEPA 2002) (Table 5.2).  

Conventional granular fertilizer treatments were broadcast at the same time using a 

backpack spreader so the fertilizer evenly covered the forest floor.  The competing herbaceous 

understory vegetation was removed chemically using a foliar application of 5% Round-up Pro ™ 

(Monsanto Co, St Louis, MO) applied with a backpack sprayer in all plots during the summer of 

2005 and 2006. 

 

5.2.3. Forest Floor and Soil Samples 

Prior to biosolids application forest floor and soil were sampled (Table 5.2). In February 

of 2007 and 2008 soils were sample at the depth of 0 to 20 cm (Ap), 20 to 40 cm (Bt), 40 to 60 

cm (Bt), and 60 to 80 cm (BC) using a soil auger. Three samples were collected at each plot and 

depth. The three samples from each depth were composited in each plot. All soil samples were 

air dried and passed through a 2-mm screen prior to analysis. A bulk density soil sampler was 

used to obtain 5 cm x 10 cm undisturbed cores at each depth. Bulk density samples were dried at 
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105 C and the dry mass of soil was used to determine bulk density.  The forest floor was 

collected at the time of soil sampling within a 0.25-m
2
 sample area, sieved through 4mm sieve, 

dried in a forced draft oven at 75 °C for 10 days, weighed, and ground in a Wiley mill to pass 

through a 20-mesh screen.  

Total forest floor and soil N and C were determined by dry combustion using an 

Elementar CNS analyzer (Elementar, Hanau, Germany). Extracted soil Ca was determined 

following extractions using the Mehlich I method (Mehlich 1984) .Total Ca in forest floor was 

determined following ashing at 500 °C and dissolving the ash in 0.1 N HCl (Jones and Steyn 

1973). The resulting solutions for the forest floor and soil samples were analyzed using an 

Inductively Coupled Plasma analyzer (Varian Vista MPX, Varian Instruments, Cary, NC).  

Forest floor and soil pH was measured in a 1:1 (vol) H2O solution. Total C, N, and Ca in the 

forest floor were expressed as kg ha-1 based on the mass of forest floor collected in the sampling 

area. Total C and N, and extractable Ca were express as kg ha
-1

 based on depth of each horizon 

and bulk density in each mineral soil horizon. 

 

5.2.4. Statistical Analysis 

Forest floor and soil were analyzed separately. Data were analyzed using analysis of 

variance accounting for treatment, soil depth, and time as factors using the Proc Mixed 

Procedure in SAS 9.1 (SAS, Cary, NC). Repeated measurements were conducted to account for 

the time effect of the 2007 and 2008 samples (Littell et al. 2006). Test for normality, linearity, 

and constant variance of the residuals were performed. Logaritmic transformations were 

necessary in forest floor Ca analyses to ensure the validity of the assumptions. Results are 

presented in untransformed values. Fisher LSD multiple comparison test was used to determine 
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significant difference among means at α = 0.05 when the interaction and/or main effect were 

significant in the ANOVA (P<0.05 in F test). Linear contrasts were performed to compare the 

main effect of application treatments throughout the study.  

 

5.3. Results 

Application of biosolids significantly affected forest floor total N, total C, C:N, total Ca, 

and pH in the forest floor. There was a significant time effect on total N and Ca accumulated in 

the forest floor, while there was a significant treatment time interaction for forest floor pH (Table 

5.4). 

Biosolids also significantly affected total N, total C, C:N, and pH in the mineral soil 

There was a significant treatment time interaction for the soil total C, extractable Ca, and pH 

(Table 5.4). There was a significant effect of soil depth in total N, total C, C:N, Ca and soil pH 

(Table 5.4). Like most of the soils in the Piedmont region, nutrients content decreased by soil 

depth.  

 

5.3.1. Effect of Biosolids Type on Forest Floor and Soil 

5.3.1.1. Total N and C 

No significant differences were detected in the forest floor N content when biosolids 

were added at the 225 kg ha
-1

 PAN rate (Table 5.5). The average forest floor total N in the 

AD225 treatment was 1005 kg ha
-1

, 935 kg ha
-1

 in the Pellet225, 852 kg ha
-1

 in the LS225, 398 

kg ha
-1

 in the U+DAP225, and 331 kg ha
-1

 in the control. Total N in the forest floor declined 

over time in the AD225 treatment (Fig 5.2.a).  
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The average forest floor total C was significantly greater than the control in the LS225 

treatment. Our results suggested that the average total C in the AD225 treatment was also greater 

than the control at the significant level p < 0.1 (Table 5.5). The average total C in the forest floor 

was 20900 kg ha-1 in the AD225, 21995 kg ha-1 in the LS225, 17864 kg ha-1 in the Pellet225, 

14420 kg ha-1 in the U+DAP225, and 12050 kg ha-1 in the control. We observed significant 

treatment time interaction. In 2007, forest floor total C was greater in the AD225 (p = 0.0355), 

and the LS225 (p = 0.045) treatments relative to the control. By the second sample date in 2008, 

only the total C in the LS225 treatment remained significantly greater than the control in the 

forest floor (p = 0.045) (Fig 5.3.a).  

The application of Pellet225 significantly increased the average soil total N in 

comparison to the control treatment (Table 5.5). There was a significant depth effect, with most 

of the N content located in the surface 20 cm of soil (Fig 5.2). The biosolids treatments and the 

control had similar soil total N. The average total N in the soil profile in the Pellet225 was 667 

kg ha
-1

, in the U+DAP225 treatment was 642 kg ha
-1

, the LS225 was 589 kg ha
-1

, and in the 

AD225 treatment was 557 kg ha
-1

.  

The average soil total C was significantly greater than the control in the LS225 treatment 

(Table 5.5). There was a significant treatment time interaction effect. In 2007, the soil total C in 

the Pellet225 was lower than the U+DAP225. By 2008, there were no significant differences 

among any of the treatments (Fig 5.3). The average soil total C was 7745 kg ha-1 in the AD225, 

8440 kg ha-1 in the LS225, 7595 kg ha-1 in the Pellet225, 8155 kg ha-1 in the U+DAP225, and 

7137 kg ha
-1

 in the control treatment. Soil total C decreased with soil depth in all the treatments 

(Fig 5.3). 
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The application of biosolids significantly affected the C:N in both the forest floor and the 

mineral soil (Table 5.4). In the forest floor, the higher N content in the biosolids treatments 

significantly reduced C:N in comparison to the control and the U+DAP225 treatments (Table 

5.5, Fig 5.4). The average C:N was 37 in the control treatment, while it dropped to 20.3 in the 

Pellet225, 26.3 in the LS225, 21.6 in the AD225, and 36.4 in the U+DAP225.  C:N in the forest 

floor tended to stay relative similar during time (Fig 5.4.a). 

The increase in total N in the mineral soil significantly reduced the average C:N in the 

Pellet225 in comparison to the control, LS225, and AD225 treatments (Table 5.5). The average 

C:N in the Pellet225 was 12, in the AD225 was 13.5, in the LS225 was 16.1, in the U+DAP225 

14.1, and the control had a C:N of 14.9.  

 

5.3.1.2. Total Ca and pH 

Biosolids type significantly affected forest floor total Ca and pH. The average total Ca in 

the LS225 treatment was significantly higher than the control, and all the other treatments. Total 

Ca accumulated in the forest floor was also greater in the AD225 than in the U+DAP225, and 

control treatment (Table 5.5, Fig 5.5.a). The average total Ca in the forest floor was 1266 kg ha
-1

 

in the LS225 treatment, 311 kg ha
-1

 in the AD225, 270 kg ha
-1

 in the Pellet225, and 87 kg ha
-1

 in 

the U+DAP225. 

The forest floor pH response was directly affected by the contribution of the total Ca (Fig 

5.5.a, Fig 5.6.a). The average forest floor pH was 6.3 in the LS225, 5.2 in the AD225, 5.1 in the 

Pellet225, 4.8 in the U+DAP225, and 4.6 in the control treatment. The average forest floor pH in 

the LS225 treatment was significantly higher than all the other treatments in both years (p values 

<0.001) (Table 5.5). The average forest floor pH in the AD225 and the Pellet225 treatment was 
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significantly higher than the U+DAP225 and the control treatments (Table 5.5). Forest floor pH 

declined in the 2008 samples in all the biosolids treatments. The pH in the AD225 and Pellet225 

treatments was greater than the control and the U+DAP225 only in 2007 (Fig 5.6.a). 

In contrast, there was no significant biosolids type effect on extractable Ca in the mineral 

soil (Table 5.5, Fig 5.5). Soil pH significantly changed over time after application of biosolids. 

The average soil pH was 5.7 in the AD225, 5.5 in the LS225, 5.5 in the Pellet225, 5.4 in the 

U+DAP225, and 5.5 in the control treatment. There was a significant treatment time interaction 

effect of soil pH. In 2007, soil pH in the AD225 was greater than the LS225 (p = 0.0121), 

U+DAP225 (p = 0.0029), and the control (p = 0.045). In 2008, pH in the LS225, U+DAP225, 

and control tended to increase, while the pH in the AD225 decreased (Fig 5.6). In the 2008 

sample, there were no differences among treatments. 

 

5.3.2. Effect of Biosolids Application Rates  

5.3.2.1. Total N and C  

The application of higher rates of biosolids significantly increased total N in the forest 

floor during both years of measurements (Table 5.5, Fig 5.7.a). The average forest floor total N 

in the AD1800, and AD9000 treatments was significantly higher than AD225. Total N in the 

AD1800 was significantly greater than in the AD900 (Table 5.5). The average total N was 3199 

kg ha-1, 2075 kg ha-1, and 1005 kg ha-1 in the AD1800, AD900, and AD225 treatments, 

respectively. Total N declined by 2008 in the AD1800 treatment, but still remained greater than 

in the AD900 and the AD225 treatments (Fig 5.7.a).  

Similar to the total N content in the forest floor, the total C in the forest floor increased 

with increasing biosolids application rates and decreased over time (Fig 5.8.a). The average 
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forest floor total C in the AD1800 treatment was 33051 kg ha
-1

. The AD900 and the AD225 had 

28672 kg ha
-1

, and 20900 kg ha
-1

 total C, respectively. The average forest floor total C in the 

AD1800 was significantly higher than the AD225 in both years and no significant differences in 

total C were detected among the other treatment rates (Table 5.5). Total C significantly declined 

over time in the AD1800 treatments (Fig 5.8.a). 

 Soil total N content also increased with application rates. However, only the AD1800 

treatment had a significantly higher average total N content than the AD225, and AD900 

treatments (Table 5.5). The average total N in the mineral soil in the AD1800 was 839 kg ha
-1

, in 

the AD900 was 568 kg ha
-1

, and in the AD225 was 557 kg ha
-1

. The AD1800 had significantly 

higher level of total N than the other two rates in all the soil horizons (p values < 0.0261) (Fig 

5.7.b, 5.7.c, and 5.7.d).  

The average total C in the mineral soil did not change with increasing application rates 

(Table 5.5) (Fig 5.8). Soil total C tended to increase over time and decrease by sample depth (Fig 

5.8).  

The application of anaerobically digested biosolids significantly increased total N, and 

altered forest floor and mineral soil C:N values (Table 5.5). Increasing rates significantly 

reduced the forest floor C:N to 11, 13, and 21 in the AD1800, AD900, and AD225 treatments, 

respectively. The average C:N in the AD225 was significantly higher than the AD1800 and the 

AD900 treatments. No differences were detected between the AD900 and AD1800 (Table 5.5 

Fig 5.9.a). In the mineral soil, the AD1800 had an average C:N of 9.4 and it was significantly 

lower than the AD225 (13.5), and the AD900 (16.9) treatments (Table 5.5).  
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5.3.2.2. Ca and pH 

Total Ca in the forest floor increased with increasing biosolids application rates (Fig 

5.8.b). The average total Ca accumulated in the forest floor in the AD1800, and the AD900 

treatments was significantly greater than in the AD225 treatment (Table 5.5). The average total 

Ca in the forest floor was 311 kg ha-1 in the AD225, 625 kg ha-1 in the AD900, and 1044 kg ha-1 

in the AD1800 treatment. Forest floor pH was similar during the first year among all the 

treatments. The average forest floor pH was greater in the AD900 compared to the three 

application rates had an average forest floor pH of 5.2, 5.3, and 5.4 in the AD225, AD900, and 

AD1800 treatments, respectively. Forest floor pH values significantly declined in the AD225 

treatment in 2008, and it was significantly lower than the AD1800 treatment (p = 0.032) (Fig 

5.11.a). 

There was no significant effect of application rate on the average extractable Ca in the 

mineral soil (Table 5.5). However there was a significant treatment time interaction effect on soil 

extractable Ca. In 2007, total extractable Ca was greater in the AD225 compared to the AD1800 

(p = 0.0006) and the AD900 (p = 0.0051) treatments. Total extractable Ca significantly declined 

from 2007 to 2008 in the AD225 treatment. In contrast the extractable Ca increased over time in 

the AD1800 treatment. In 2008, the extractable Ca was significantly greater than the AD225 (p = 

0.048) and the AD900 (p = 0.0491) treatments (Fig 5.10).  

Increasing biosolids application rates significantly affected the average soil pH (Table 

5.5). The average soil pH was 5.2, 5.4, and 5.7 in the AD1800, AD900, and AD225, 

respectively. There was a significant treatment time interaction. The AD225 was significantly 

greater than the AD1800 and AD900 in both sampling dates (Fig 5.11.b, 5.11.c, 5.11.d). Soil pH 

in the AD900S significantly dropped from 2007 to 2008. 
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5.3.3. Effect of Season of Biosolids Application 

Season of application of biosolids did not significantly affect total N, total C, C:N , total 

Ca and pH measured in the forest floor (Tables 5.5). In contrast, season of application 

significantly affected soil total C, C:N, and extractable Ca (Table 5.5, Fig 5.13, 5.14, and 5.15) 

There was no effect of season of application on soil total N and soil pH (Fig 5.12, and 5.16). The 

average soil total C in the AD900S was 8880 kg ha
-1

, and it was greater than the AD900F which 

had 7449 kg ha-
1
. The C:N in the AD900S was 16.9 and 13.5 in the AD900F treatment. The 

average extractable Ca in the AD900F was 918 kg ha
-1

 and 778 kg ha
-1

 measured in the AD900S 

treatment. 

 

5.4. Discussion  

5.4.1. Effect of Biosolids Type on Total N and C pools 

We observed that application of different type of biosolids had little effect on the total N 

in the forest floor 23 months following application (Table 5.5 Fig 5.2). Several studies identified 

large accumulation of nutrients in the forest floor after surface application of biosolids (Bramryd 

2002; Harrison et al. 1995; Hart et al. 1988; Kelty et al. 2004; McLaren et al. 2007). The high 

variability observed on the N, C and Ca content in the forest floor is partly explained by the 

uneven distribution of biosolids when they were surface applied and the variable total biosolids 

dry mass applied on each treatment (Table 5.3).  

Nitrogen losses from surface application of biosolids can be interpreted by the sum of 

tree uptake, volatilization, leaching, denitrification, and immobilization after N mineralization 

(Hallett et al. 1999; Magesan et al. 1998; Medalie et al. 1994; Robinson and Polglase 2000; 
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Wang et al. 2004). When biosolids were surface applied to radiata pine (Monterey pine) forest, 

the major cause of N losses was volatilization (Robinson and Roper 2003). Anaerobically 

digested biosolids were shown to lose 60% of available N through volatilization during the five-

day period following application (Beauchamp et al. 1978), and between 71 to 81% within a 3 

weeks period when they were surface applied to forest (Robinson et al. 2002). 

In this study, the organic-N content in biosolids was 97%, 95%, and 77% of the total N 

applied in the LS225, Pellet225, and AD225 treatments, respectively. The observed initial 

organic-N content in biosolids and the declined through time in total N in the forest floor indicate 

that apparently N addition depended mostly on mineralization. Several studies shown that N 

mineralization of the labile N in biosolids is more active during the first year and the remaining 

N bond to the recalcitrant component in the forest floor (Brockway et al. 1986; Haith et al. 1992; 

Kaufman and Haith 1986). The remaining N in biosolids could be estimated by subtracting the 

forest floor total N in the control treatment from the AD225 and the LS225 treatments. The 

remaining N was 58% and 50%, in the AD225 and LS225, respectively. Estimates from different 

type of forests shown that 45% of the total N in biosolids applied to hardwood forests remained 

in the surface soil at the end of two years (Nguyen et al. 1986), and 65% in Douglas fir forest 

floor two years following application of biosolids (Edmonds and Mayer 1981). 

We observed little effect on soil total N after surface application of biosolids. This agrees 

with other studies were biosolids were surface applied at similar rates (Hallett et al. 1999; 

Robinson et al. 2002). Egiarte et al (2005) found no response on total C and N in the surface soil 

one year after two consecutive applications of 2.4, 17, and 60 Mg ha
-1

 of anaerobically digested 

biosolids in a radiata pine forest. In contrast, long term effect on total N have been observed 

when biosolids were disked at the time of application (Harrison et al. 1995). In this study, our 
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targeted application rate was based on estimates of soil N availability as a fertilizer for tree 

growth. The proportion of inorganic N added through fertilization is relatively small in relation 

to the total N in the soil (Vitousek and Matson 1985). 

Only the Pellet225 treatment significantly increased soil total N in the mineral soil. Rapid 

N mineralization have been reported by Tarrason et al (2008) when they compared thermally 

dried biosolids with anaerobically digested biosolids, and it is explained by the high proportion 

of labile organic N in pelletized and thermally dried biosolids (Smith and Durham 2002; Smith et 

al. 1998). It could be possible that N release from pellets got incorporated faster in the surface 

soil than the other biosolids treatments. Eldridge et al (2008) determined that about 50% of N 

mineralization occurred within two months after surface application of pelletized biosolids. Kelty 

et al. (2004) reported that 26% of the organic N applied with pelletized biosolids was rapidly 

mineralized following surface application in red pine forest. 

Consequently with the forest floor N content results, total C in the forest floor declined 

over time in the biosolids treatments. The main source of carbon losses from surface applied 

biosolids occurred as a consequence of oxidation and the rapid C turnover through 

mineralization. Robinson et al. (2002) reported 52 to 67% of carbon losses in 2 years following 

surface application of biosolids to radiata pine forest. No changes in soil carbon in a loblolly pine 

forest have been observed when conventional fertilizers were applied to loblolly pine forest and 

measured sixteen months (Carter et al. 2002) or eleven years (Leggett and Kelting 2006) 

following fertilization. The low C incorporation through the soil profile indicated no potential for 

soil C sequestration when biosolids are surface applied as an alternative source of N. 

Fertilization increased carbon sequestration in loblolly pine plantation as a consequence of 
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biomass growth but not due to gains in soil carbon content (Leggett and Kelting 2006; Luxmoore 

et al. 1999).  

The C:N ratios are commonly used to describe organic matter decomposition in biosolids 

(Gilmour and Skinner 1999) and N cycling in forest ecosystems (Ollinger et al. 2002). The C:N 

of the forest floor was close to 37 in the control treatment. Measurements 11 months after 

biosolids application showed that C:N declined to values between 19.2 and 23.5 in the biosolids 

treatments. McLaren et al. (2007) reported similar forest floor C:N values when biosolids were 

surface applied in a 25-year-old radiata pine plantation. Our C:N results suggested slow 

mineralization rate in the biosolids treatments (Henry et al. 1999). At the time of sampling most 

of the N mineralization of the active pool probably already occurred (Gilmour and Skinner 

1999), as biosolids have a low initial C:N. Parnaudeau et al. (2004) established that C:N ratio of 

17 different types of biosolids ranged between 5 and 19. In the second year of measurements, the 

C:N in biosolids remained stable in the AD225, and the Pellet225 treatments, which suggest that 

mineralization is still occurring at a low rate (Henry, 1999). 

 Total C  and C:N is not always an indication of how easily biodegradable biosolids may 

be (Cabrera et al. 2005). Several studies indicated that decomposition dynamics in biosolids 

depends on the type of organic compounds (Parnaudeau et al. 2006; Smith et al. 2008). . 

Different biosolids type have a variable concentration of labile and recalcitrant carbon that 

affected microbial decomposition (Hartenstein 1981). In general, as lignin content in biosolids 

increased, decomposition decreased (Hattori and Mukai 1986) Rates of net N mineralization in 

biosolids were best predicted by a model incorporating the initial organic N concentration and 

the proportion of phenolic C (Rowell et al. 2001). Anaerobically digested biosolids are more 

stable than aerobically digested biosolids. Field and laboratory incubations had found that 
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anaerobically digested biosolids have more stable organic structures that decreased 

mineralization (Donovan and Logan 1983; Wang et al. 2003).  

 Our results have also demonstrated that Ca content and pH in the forest floor increases 

following surface application of biosolids to forest as shown in the high Ca content and the 

significant increase in pH in the forest floor (Fig 5.5 and 5.6). However, there was a limited 

effect on soil extractable Ca. The initial response in forest floor pH was expected since biosolids 

applied in the AD225 and LS225 treatments had a pH of 8.1 and 12.3, respectively. Both 

biosolids type shown calcium carbonate equivalence (CCE) and are use as a source of lime to 

increase soil pH (Table 5.2). The effect of lime addition to biosolids directly increased Ca 

content in relation with unlimed biosolids (Maguire et al. 2001) 

 The forest floor interaction effect in the total Ca and pH was also observed when alkaline 

biosolids were applied to Sitka spruce (Picea sitchensis) (Luo and Christie 2001) and radiata 

pine (McLaren et al. 2007) and it is attribute to the slow Ca release from biosolids and the cation 

exchange capacity of the forest floor. The lack of response in soil extractable Ca could be 

explained by the sampling depth. Luo and Christie (2001) found significant changes in soil Ca 

concentration mostly in the top 5 cm of the mineral soil.  

 Soil mineralogy, previous land use, and method of incorporation affected soil pH response 

to lime addition (Mullins et al. 2005). Frank and Stuanes (2003) observed significant effect on 

soil pH of lime addition in Scots pine (pinus sylvestris L) forest growing in an acid sandy soil. 

The low soil Ca and pH response in this study was probably due to the combine effect of forest 

floor, the relatively high natural soil pH, and the slow Ca incorporation when lime sources 

material like biosolids are surface applied without disking (Mullins et al. 2005). Forest floor pH 

declined over time, probably as a consequence of the Ca leaching into the soil (McLaren et al. 
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2003), and the acidification effect of nitrification of the NH4-N release from the N mineralization 

occurring in biosolids (Pocknee and Sumner 1997).  

 

5.4.2. Effect of Biosolids Application Rate  

Total N in the forest floor and soil was much higher in the high application rates in 

comparison to the biosolids rate applied in the AD225 treatment. This is not surprising since the 

total N accumulated in the forest floor and mineral soil was directly proportionate to the total N 

applied with the biosolids. The significantly increased in total N through the soil profile in the 

AD1800 treatment compared to the other two application rates suggest that significant amount of 

N is leaching through the soil profile. This is also support by the low C:N in the forest floor and 

mineral soil that suggest a rapid mineralization and N movement through the soil profile. 

Nitrogen leaching and accumulation through the soil profile have been shown when high rates of 

biosolids are applied to forest (Brockway and Urie 1983; Egiarte et al. 2005; Hallett et al. 1999; 

McLaren et al. 2005; Robinson et al. 2002). Brockway and Urie (1983) reported NO3-N leaching 

above water quality standards 2 years after application of anaerobically digested biosolids in a 

pine stand receiving over 19.3 dry Mg ha
-1

 or and aspen sprout stands receiving rates over 23 dry 

Mg ha
-1

. 

We found no C accumulation in the forest floor as a consequence of high application 

rates. Similar results were observed when 34 and 90 Mg ha-1 of biosolids were surface applied in 

grassland and shrubland growing in aridic conditions (Moffet et al. 2005). For the same site, 

Rostagno and Sossebee (2001) found no effect on soil organic matter deeper than three cm when 

90 Mg ha
-1

 of biosolids were surface applied. In contrast, large long-term accumulations of soil 

C in the surface soil have been observed when high application rates of biosolids were 
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incorporated into the forest soil (Harrison et al. 1994a) or applied to heavily disturbed sites 

(Malik and Scullion 1998). Two things explain our low impact on soil C content. First, the 

limited C incorporation into the soil and the high C losses when biosolids are surface applied 

(Robinson et al. 2002), and the large variability in soil C measurements, which have been 

observed in loblolly pine stands growing in disturb land converted from agriculture (Van Lear 

and Kapeluck 1995).  

We showed that soil extractable Ca significantly increase over time in the AD1800 

treatment compared to the AD900 and the AD225 rates through the whole soil profile (Fig 5.15). 

Calcium movements through soil profile have been associated with high application rates of 

biosolids. Riekerk (1978) reported 15% of Ca losses from biosolids, and high concentration of 

CaNO3 in ground water one year after surface application of 247 metric ton ha-1 of biosolids in 

Douglas fir forest. We also found that soil pH declined over time after high application rates (Fig 

5.16). Application rates that exceeds plant N uptake have been shown to increase soil NO3-N 

concentration, soil acidification, and cation leaching (Harrison et al. 1994b). These authors also 

reported that increasing application rates reduce tree growth and site quality. 

 

5.4.3. Effect of Season of Biosolids Application 

 We found that application of biosolids have no significant effect on forest floor total N, C, 

C:N, Ca and pH. These results were not surprising since the application rates and biosolids type 

were the same, and the application dates were only 4 months apart. By the time of sampling a 

large portion of the labile pool of nutrients was probably already mineralized in both treatments, 

and only a low fraction is still mineralizing (Henry et al. 1999). We found that soil C and Ca was 

higher in the spring application treatments in comparison to the fall application.  These 
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differences are more likely produce by the high variability found in soil carbon content on 

managed forest (Johnson and Curtis 2000) since there was no forest floor response attributed to 

treatments application. 

  

5.5. Conclusions 

 We found that surface application of biosolids had relatively little impact on  total N and C 

in the forest floor or the  mineral soil one or two years following treatment application in a 

loblolly pine forest. When biosolids were applied at the permitted rate of 225 kg PAN ha
-1

, we 

observed evidence of C accumulation in the forest floor but little impact in the surface soil. 

Specific biosolids properties affected total Ca and pH in the forest floor. Because of the addition 

of Ca in the wastewater treatment process in biosolids used in the LS225 and AD225 treatments, 

large amounts of Ca accumulated in the forest floor. Despite the liming potential recognized in 

biosolids, soil pH slightly increased in the mineral soil, and by the second measurements soil pH 

returned to control levels.  

 We found evidence that conditions for N mineralization from biosolids persisted two years 

following application of biosolids. The declined in C:N in the forest floor in all the biosolids 

treatments suggested that surface application of biosolids have the potential to release N for more 

than one growing season. However, several studies indicated that decomposition in biosolids 

depends on the relation between the labile and recalcitrant organic N forms. Nitrogen release 

from N mineralized in biosolids is not always available for tree uptake. 

 When biosolids were applied at increasing rates, we observed large accumulation of N and 

C in the forest floor but little effect on soil total C. Our results suggested N accumulation through 

the soil profile with the rate applied in the AD1800 treatments. The significant increased in N 
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content and extractable Ca through the soil profile, and the declined in soil pH showed that there 

are strong evidences of high nitrification activity and NO3-N and cation leaching. Biosolids 

applications at high rates provided no gain in soil carbon sequestration and increase the potential 

for groundwater pollution and nutrients leaching. 

Biosolids have the potential to be use as a source of nutrient in loblolly pine forest.  

However, in order to incorporate biosolids application as a source of N and increase the potential 

for C sequestration we need to increase the understanding of how site-specific characteristics, 

biosolids type, and method of biosolids incorporation improve forest site productivity without 

decreasing environmental quality. 
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5.7. Tables and Figures  

 

Table 5.1. Selected chemical and physical properties from the mineral soil at four different 

depths, from a 17-year-old loblolly pine plantation, Amelia County, VA. 
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Table 5.2. Selected properties for biosolids surface applied in a 17-year-old loblolly pine 

plantation in Amelia County, VA. Biosolids source for the fall application treatment was 

Alexandria,VA. Biosolids sources for the spring application were Blue Plain, DC and Back 

River,MD , and Baltimore, MD. 

 

Lime Anaerobically Anaerobically Pelletized

stabalized Digested Digested

Properties (Blue Plain) (Alexandria) (Back River) (Baltimore)

pH 12.3 8.1 8.2 5.6

Solids 352300 241500 205100 929500

Nitrogen (TKN) 31300 47500 50300 56600

Water Insol N - - - 50900

Ammonia-N 1100 10200 11800 600

Phosphorus 10600 17300 20200 16100

Potassium 1300 1100 2100 2700

Sulfur 4300 10400 9300 5500

Calcium 114300 29400 22400 11200

Magnesium 2300 3300 3800 2200

Sodium 200 500 1000 400

Iron 44693 50749 55100 13682

Manganese 197 946 793 159

Copper 158 403 463 261

Zinc 314 796 867 395

Cadmium 1.2 5.8 10 -

Chromium 38 76 75 89

Nickel 16 37 36 14

Lead 38 66 66 20

Arsenic 2.9 3.6 2.1 3.9

Mercury 0.3 1.4 1.04 0.4

Selenium 2.0 3.6 4.7 2.1

mg kg
-1
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Table 5.4. Summary of Anova for the effect of biosolids, soil depth, and time on Total N, 

Total C, C:N, Ca, and pH in the forest floor and the mineral soil after surface application 

of biosolids in a 17-year-old loblolly pine plantation in Amelia County VA. 

 

Num Total N Total C C:N Ca pH

Effect Df (1:1)

Forest Floor

Block 3 0.5863 0.1783 0.9111 0.3617 0.8626

Treatment 7 <.0001 0.0009 <.0001 <.0001 <.0001

time 1 0.0004 0.0059 0.2775 0.3488 <.0001

Treatment*time 7 0.0692 0.4751 0.0751 0.7069 0.0004

Mineral Soil

Block 3 <.0001 0.0029 0.043 0.0025 <.0001

Treatment 7 <.0001 0.0387 <.0001 0.1844 <.0001

Time 1 0.0772 0.0044 0.2312 0.4467 0.9735

Treatment*Time 7 0.2647 0.0145 0.1973 0.0112 0.0002

Depth 3 <.0001 <.0001 0.0067 <.0001 <.0001

Treatment*Depth 21 0.2610 0.9703 0.3304 0.875 0.4973

Depth*Time 3 0.5420 <.0001 0.2749 0.6148 0.6191

Treat*Depth*Time 21 0.8813 0.7513 0.9755 0.7704 0.9691

(Pr>F)
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Table 5.5. Contrast for Total N, Total C, C:N, Ca, and pH from the forest floor, and 

mineral soil means average in a 17-year-old loblolly pine plantation following biosolids 

application. Treatments were anaerobically digested (AD225, AD900F, AD900, AD1800), 

lime stabilized (LS225), pelletized (Pellet225) biosolids, urea+DAP, and control.  

Constrast Total N Total C C:N Ca pH

Forest Floor

Control vs AD225 0.1273 0.0598 <.0001 0.0294 0.0017

Control vs LS225 0.2328 0.0363 0.0002 <.0001 <.0001

Control vs Pellet225 0.1693 0.2052 <.0001 0.2474 0.0026

Control vs U+DAP225 0.8762 0.5989 0.7902 0.5285 0.3638

AD225 vs LS225 0.7231 0.808 0.0672 0.0065 <.0001

AD225 vs Pellet225 0.8710 0.5025 0.6079 0.2640 0.8782

AD225 vs U+DAP225 0.1674 0.1603 <.0001 0.0072 0.0192

LS225 vs U+DAP225 0.2964 0.1036 0.0005 <.0001 <.0001

LS225 vs Pellet225 0.8475 0.3638 0.0231 0.0004 <.0001

Pellet225 vs U+DAP225 0.2195 0.4479 <.0001 0.0813 0.0278

AD1800 vs AD900 0.0165 0.3618 0.7902 0.3927 0.5506

AD1800 vs AD225 <.0001 0.0125 0.0003 0.0051 0.1563

AD900 vs AD225 0.0183 0.0864 0.0053 0.0352 0.0469

AD900 vs AD900F 0.9693 0.959 0.9986 0.7722 0.2728

Mineral Soil

Control vs AD225 0.3258 0.2580 0.8314 0.4939 0.0144

Control vs LS225 0.3540 0.0166 0.3502 0.2517 0.9899

Control vs Pellet225 0.0159 0.3934 0.0212 0.6152 0.6904

Control vs U+DAP225 0.0996 0.0594 0.6924 0.9863 0.6880

AD225 vs LS225 0.9551 0.1962 0.2517 0.0680 0.0139

AD225 vs Pellet225 0.1451 0.7796 0.0362 0.2360 0.0397

AD225 vs U+DAP225 0.5010 0.4429 0.8550 0.4832 0.0045

LS225 vs U+DAP225 0.4660 0.5966 0.1842 0.2588 0.6974

LS225 vs Pellet225 0.1305 0.1170 0.0013 0.5188 0.6811

Pellet225 vs U+DAP225 0.4293 0.2958 0.0555 0.6273 0.4241

AD1800 vs AD900 0.0019 0.4435 0.0056 0.1116 0.0005

AD1800 vs AD225 <.0001 0.8300 <.0001 0.2806 <.0001

AD900 vs AD225 0.2186 0.5807 0.1646 0.6060 0.0783

AD900 vs AD900F 0.0788 0.0087 0.0037 0.0126 0.0582

Pr >F
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5.1. Average precipitation from 15-year period, (Blackstone, VA) and observed total 

monthly precipitation during the study duration (Amelia County, VA). 
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Chapter 6 

Summary and Conclusions 

 

6.1. Introduction 

Applications of biosolids produced in wastewater treatment plants located in the Northern 

Virginia, Maryland, and Washington-DC corridor are largely land applied in agriculture systems 

as a source of nutrients. Recommendations for agriculture applications have been developed 

based on the amount of Nitrogen (N), Phosphorus (P), or lime required to grow a crop. However, 

the decreasing availability of agriculture land in the northern part of Virginia, and the large 

forestland available for biosolids application make forestland a good alternative for beneficial 

use of biosolids. In order to introduce biosolids application as an alternative source of nutrients 

we need to increase the understanding of the beneficial and detrimental effects of biosolids use in 

forests.  

In the Southeast region of the USA most of loblolly pine (Pinus taeda) forests grow on 

degraded land converted from agriculture that is typically poor in available nutrients for tree 

growth. Fertilization prescriptions base on N and P requirements is a common forest 

management practices. Standard pine silviculture prescriptions incorporate the application of N 

and P to improve tree growth (Albaugh et al. 2007). In loblolly pine, volume growth increases of 

30 % typically occur following fertilizer applications of 225 kg of N and 28 kg of P ha-1(Fox et 

al. 2007). 

 Predictions of N dynamics and release from biosolids applied to forest are complicated. 

Soil N response following biosolids application depends on biosolids composition and forest soil 
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chemical, physical, and biological properties and the biosolids type. Nitrogen release from 

surface applied biosolids will be a function of site conditions for microbial mineralization, 

immobilization, vegetation coverage, plant nutrients uptake, specific properties of the organic N 

in the biosolids, and the time required for soil incorporation.  

Several studies addressed N dynamics following application of biosolids to forest 

(Aschmann et al. 1992; Brockway 1983; Egiarte et al. 2005; Hallett et al. 1999; Kelty et al. 2004; 

Wang et al. 2004). They all recognize the potential benefits of using biosolids as a source of 

nutrients and promote tree growth. However, negative environmental impacts have been 

associated with high application rates. In the Chesapeake Bay area, there is a large concern about 

stream water pollution associated with excessive fertilization in agriculture and forestry. Specific 

evaluations comparing the interaction of different biosolids properties and how they change N 

availability over time in loblolly pine forest are lacking. The general objective of this research 

was to provide information to increase the understanding of N dynamics following biosolids 

application to a 17-year-old loblolly pine plantation growing in the Virginia Piedmont.  

In the three previous chapters we evaluated three specific objectives looking for the effect 

of a single surface application of on soil N availability and mineralization (Chapter 3), N 

leaching (Chapter 4), and total N and C accumulation in the forest floor and mineral soil 

(Chapter 5). The objectives were (1) to compare the effect of the application of anaerobically 

digested, pelletized, lime stabilized biosolids, and urea + DAP fertilizer applied at the rate of 225 

kg N ha
-1

, (2) to compare the effect of three increasing rates (225, 900, 1800 kg N ha
-1

) of 

anaerobically digested biosolids, and (3) to compare the effect of spring and fall biosolids 

application.  
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6.2. Effect of Application of Different Type of Biosolids 

Our results demonstrated that surface application of different type of biosolids in a 

loblolly pine plantation increased soil N availability and mineralization when biosolids were 

applied at the permitted rate of 225 kg PAN ha
-1

 (Chapter 3 and 4). Surface soil NH4-N and NO3-

N availability and N mineralization was significantly different among biosolids type over time 

(Table 3.6, 3.7, 3.9). Our results showed that N release from different type of biosolids depends 

on the initial inorganic N content (Fig 3.2, 4.2), and N mineralization (Fig 3.3) in biosolids. 

Similar N release pattern have been reported when different type of biosolids was applied to 

forests in other regions (Aschmann et al. 1992; Egiarte et al. 2005; Hallett et al. 1999). 

The application of biosolids based on the PAN approach seems to account well for the 

effect of type of biosolids, since we found no differences in the average N availability and 

mineralization among the anaerobically digested (AD225), the lime stabilized (LS225) biosolids, 

and the conventional fertilizer (U+DAP225) (Table 3.5 and 4.5). However, we found that the 

average soil N availability and mineralization was significantly greater in the pelletized biosolids 

(Pellet225) treatments than in all the other treatments. 

Biosolids applied in the Pellet225 and the AD225 treatments immediately increased soil 

N availability in comparison to biosolids in the LS225 treatment (Table 3.8 and 4.6). Field and 

laboratory studies recognized differences among biosolids type and showed a variable response 

on mineralization depending on several environmental factors and biosolids properties (Cogger 

et al. 2004; Donovan and Logan 1983; Epstein et al. 1978; Gale et al. 2006; Smith et al. 1998). In 

all the treatments, we observed a time lag between soil NH4-N and NO3-N concentration levels 



188 

 

(Fig 3.2 and 4.2). Several studies attributed this response to the growing population of nitrifiers 

(Garau et al. 1991; Hallett et al. 1999).  

 Soil N availability decreased in winter in all the treatments but remained generally higher 

than the control until the end of the second growing season (Fig 3.2, 3.3, and 4.2). The C:N 

observed in the forest floor and mineral soil following biosolids application indicated that N 

mineralization was still occurring in the AD225, LS225, and Pellet225 treatments at the end of 

the study  (Table 5.5, Fig 5.4). These late N mineralization following biosolids application have 

been observed on field studies (Kelty et al. 2004; Robinson et al. 2002; Wang et al. 2003), and it 

has been attributed to the slow biosolids decomposition of he more stable organic-N forms 

remaining in biosolids. 

 Despite the increased in soil NH4-N and NO3-N following biosolids application at the 

rate of 225 kg PAN ha
-1

, we found low NO3-N and NH4-N leaching in lysimeters to a depth of 80 

cm (Table 4.6, 4.7). Nitrate-N concentrations in lysimeters were below water quality standard 

limits in all the treatments (Fig 4.2). These agree with different studies that observed low N 

leaching when biosolids were surface applied at a similar rate (Brockway et al. 1986; Hallett et 

al. 1999; Kelty et al. 2004). Surface application of biosolids reduces the potential of NO3-N 

leaching. 

 Accumulation of N, C, and Ca in the forest floor was well correlated with the amount of 

biosolids applied on each treatment (Fig 5.2, 5.3 and 5.5). The average total N and C in the forest 

floor tended to increased following treatment application (Table 5.5).  

The LS225 and AD225 treatments had larger amount of total Ca in the forest floor (Table 5.5) 

that directly increased pH in the forest floor during the first year (Fig 5.6). Forest floor pH 
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declined over time. Changes in pH after biosolids application have been attributed to the 

combined effect of amount of “lime” applied with biosolids (Agassi et al. 1998), and the 

acidification that occurred as a consequence of nitrification (Harrison et al. 1995). 

 The surface application of different type of biosolids had minimal impact upon total N 

and C in the mineral soil (Table 5.5). Differences in soil N were only temporarily in the surface 

mineral soil (Fig 5.2 and 5.3) (Bramryd 2002; Brockway 1983). This lack of response in the soil 

total N is explained by the amount of inorganic N added through biosolids in comparison to the 

large amount of organic N found in forest soil that make slight differences undetectable (Strahm 

et al. 2005). 

6.3. Effect of Different Biosolids Application Rates 

 We also found that increasing application rates of anaerobically digested biosolids 

directly increased soil N availability and mineralization (Table 3.12 and 3.13). Nitrogen 

availability and mineralization responses lasted for a longer period of time in the AD1800 and 

AD900 in than in the AD225 treatment (Fig 3.4 and 3.5). With increasing loading rates of 

anaerobically digested biosolids soil N concentrations in solution increased over plant N 

requirements and soil holding capacity (Table 4.10 and 4.11). Despite the high NO3-N retention 

capacity estimated with the adjusted Langmiur equation for the whole soil profile (Table 4.18), 

we found that NO3-N concentration in lysimeters were above water quality standards limits 

during several months in the AD900 and AD1800 treatments (Fig 4.5). Our results agree with 

several studies that reported high levels of NO3-N concentration in lysimeters when large rates of 

biosolids were applied to forest (Aschmann et al. 1990; Brockway and Urie 1983; Egiarte et al. 
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2005; Wells et al. 1986). Preferential flow through old root channels and soil macropores 

facilitated NO3-N movement through the forest soil profile.  

 Significant differences in the forest floor total N, C and Ca were observed with increasing 

application rates of biosolids (Table 5.5, Fig 5.7, 5.8 and 5.10). Soil total N in the AD1800 

treatment was significantly higher than in the AD225 and the AD900 treatments in all the 

sampled soil depths (Table 5.5). This indicated large N movement through the soil profile as we 

also found in the N leaching data in Chapter 4. The declined in soil pH in the AD1800 treatment 

suggested high levels of nitrification with increasing biosolids application rates (Fig 5.11). Total 

C accumulation was significantly higher in the forest floor in the AD1800 treatment. However, 

we observed no effect on soil total C with increasing application rates of biosolids (Table 5.5).  

6.4. Effect of Season of Biosolids Application 

 We found that biosolids application during spring significantly increased soil KCl 

extractable N (Table 4.5), N mineralization (Table 3.5), NO3-N leaching (Table 4.5), and total C 

in the mineral soil (Table 5.5) in comparison to the fall application. Fall application significantly 

increased NH4-N leaching (Table 4.5) and soil extractable Ca (Table 5.5). We observed no 

significant effect on ion exchangeable N measured on membranes (Table 3.5), total N, C, Ca, 

and pH measured in the forest floor (Table 5.5), and soil total N and pH in the mineral soil 

(Table 5.5). 

 Higher temperatures occurring during spring increased N mineralization in biosolids (Fig 

3.17) (Wang et al. 2003), increasing soil available N and NO3-N movement through the soil 

profile (Fig 4.7). High levels of NO3-N leaching were observed in both treatments as a 

consequence of the high application rates.  When we paired the measurements since application 
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time, we observed few significant difference dates on N availability (Table 3.16) and 

mineralization (Table 3.17).  

6.5. Incorporation of Biosolids to Forest Management 

Our results demonstrated that permitted surface application of biosolids at the rate of 225 

kg PAN ha
-1

 in a loblolly pine plantation increased surface soil N availability without increasing 

the potential for NO3-N groundwater pollution. Despite similar application rates based on PAN, 

we observed that soil N availability and mineralization in the Pellet225 was significantly greater 

than the AD225, LS225, and the U+DAP225 treatments. These results were likely a function of 

the variable N release through mineralization in biosolids.  

Forest applications of pelletized biosolids have also the advantage of reducing the volume 

of transported material to the site and odors emission, with minimal impact on communities 

close to the site since they are applied as a regular slow release fertilizer. However, operational 

use of pelletized biosolids could be more restrictive, since only anaerobically digested and lime 

stabilized biosolids are provided and distributed to forest landowners for free by the wastewater 

treatments facilities that operate in Virginia. Loblolly pine forests in Virginia are located 

relatively far from populated areas, and if anaerobically digested or lime stabilized biosolids are 

correctly applied odors and transportation problems should be minimized in comparison to 

agriculture land applications. Additionally, knowledge of use of different biosolids type as a 

source of N in pine plantations in Virginia is as important as knowing the impact of biosolids on 

water quality, wildlife, and understory vegetation. 

 Surface application of biosolids showed little potential to increase soil C sequestration. 

When biosolids were surface applied to loblolly pine forest, we observed C accumulated in the 
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forest floor but no effect on soil C in any of the biosolids type or rate treatments. On the other 

hand, with high application rates of biosolids N availability increased above plant requirements 

and soil sorption capacity, increasing N leaching and the potential for groundwater pollution. A 

system for predicting N release from different type of biosolids under forest operational 

conditions is needed to develop recommendations rates base on PAN and forest site 

characteristics. Our results suggested that application rates of anaerobically digested biosolids 

could be higher than 225 kg PAN ha
-1

 but bellow the 900 kg PAN ha
-1

. However, biosolids 

application systems to pine forests in the Piedmont need to account for the soil variability and 

biosolids type, since biosolids application programs in Virginia also regulate P applications.  

 There are still important questions that need to be address to maximize the amount of 

biosolids applied to forest and tree growth, minimizing detrimental consequences. From the 

forest management point of view, further investigations should look for the long-term effect of 

biosolids application on soil and water quality, wildlife, other nutrients accumulation, and how 

biosolids applications affect pine productivity.  
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