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Preface

The global agriculture sector is confronting with challenges for the sustainability of

agricultural production and of the environment to accommodate population growth

and living standard increase in the world. Intensive high-yielding agriculture is

typically dependent on the addition of fertilizers (synthetic chemicals, animal

manure, etc.). However, non-point nutrient losses from agricultural fields due to

fertilization could adversely impact the environment. Increased knowledge on plant

nutrient chemistry is required for improving utilization efficiency and minimizing

losses from both inorganic and organic nutrient sources. For this purpose, we invited

a pool of peers consisting of both insightful senior researchers and innovative junior

investigators to contribute chapters that highlight recent research activities in applied

nutrient chemistry geared toward sustainable agriculture and environment. This

book also outlooks emerging researchable issues on alternative utilization and

environmental monitoring of manure and other agricultural byproducts that may

stimulate new research ideas and direction in the relevant fields.

Chapter topics of interest in this book include, but are not limited, to speciation,

quantification, and interactions of various plant nutrients and relevant contribu-

tories in manure, soil, and plants. Chapter 1 overviews animal manure and waste

production, the benefits of using them as nutrient sources, potential impacts of

manure on environmental quality and management strategies in the US as it pro-

duces over a billion Mg of animal manure annually. The worldwide heavy use of

veterinary pharmaceuticals in confined animal-feeding operations has resulted in

annual discharge of 3,000–27,000 Mg of drug chemicals via livestock manure into

the environment. Chapter 2 summarizes veterinary pharmaceutical uses in confined

animal feeding operations, reports on presence and detection of residual veterinary

medicines in manures, and reviews the environmental behaviors of pharmaceutical

residues in agricultural soils. As diverse environmental problems (e.g. pathogens,

greenhouse and odorous gas emissions, and phosphorus runoff) arose from animal

wastes, slow pyrolysis may offer an avenue for mitigating some of these problems

and reducing the waste volume prior to land application. Chapter 3 is a critical

review exploring the changes in chemical speciation of nutrient elements within

manure as a result of pyrolysis and other thermal conversion technologies, and
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recommendations are given on the critical areas where further investigation is

needed on the relevant issues.

The next four chapters are with soil nitrogen and enzyme activities impacted by

animal manure application. Chapter 4 provides up-to-date information on soil

amino compound and carbohydrate research, and a case study of soil amino

compound and carbohydrate levels impacted by organic amendments based on

greenhouse manure experiment with ryegrasses. To increase the understanding of

manure management in cropping systems for maximizing nitrogen use efficiency,

Chap. 5 discusses the factors that can affect nitrogen mineralization and demon-

strates the impact of temperature, moisture, soil wetting and drying cycles, and field

spatial variability on manure nitrogen availability. Chapter 6 provides a review of

the response of enzyme activities to manure applications and potential implications

on soil biogeochemical cycling in agroecosystems, and also offers some perspective

areas where more research may be needed and some avenues for future research.

Followed Chap. 7 presents information on the most commonly studied soil phos-

phatases, acid and alkaline phosphomonoesterase and phosphodiesterase, and how

manure application influences their activities and phosphorus cycling with a case

study showing that soil application of dairy manure increases acid phosphatase

activity.

Chapters 8, 9, 10, 11, 12, and 13 are dedicated to the phosphorus issue. Chapter 8

synthesizes and analyzes the basic knowledge and latest research on variety and

solubility of phosphorus forms in animal manure and their effects on soil test

phosphorus. Chapter 9 focuses on the major organic phosphorus form – phytate.

It reviews the current knowledge of the abundance, cycling and bioavailability of

phytate in soils and manure, and suggests areas where knowledge is limited, and

thus where further research is needed. As a case study, Chap. 10 presents and

discusses published and unpublished data on phosphorus forms and mineralization

potential in Alabama cotton soils amended with poultry litter and managed as

no-tilled, tilled, and mulch-tilled practices, showing poultry litter applied to soils

affected many of the soil phosphorus fractions, dynamics and uptake. Chapter 11

reviews the use of iron/aluminum- and calcium/magnesium-based industrial

by-products as manure amendments to reduce soluble phosphorus concentrations,

and discusses the function of the chemistry of both the phosphorous sorbing

materials and the receiving manure. Chapter 12 examines the effects of using

bauxite residue, a by-product from the aluminum refinery industry, to modify

nutrient characteristics of animal manure and manure-affected soils. Data com-

piled in Chap. 12 demonstrate that bauxite residues could be used as a potential

amendment for reducing phosphorus and other contaminant losses in animal

manures and manure-affected soils. Chapter 13 reviews fundamental basis and

current state of knowledge on compound-specific isotopic effect during hydrolysis

of organic phosphorus compounds. While the compound-specific isotopic study

for organic phosphorus compounds is still in its infancy, Chap. 13 predicts that

the future expansion of this research will develop a holistic approach to integrate

transfer and transformation of organic and inorganic phosphorus and will eventu-

ally lead to sustainable agriculture and healthy ecosystem.
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The last four chapters highlight impacts of animal manure and other amend-

ments on soil and plant growth based on field experiments. Recent development in

blueberry markets under organic certification has stimulated interest in production

of composts specifically tailored to its edaphic requirements. Chapter 14 reports

data from initial screening studies conducted in western Oregon USA to assess

growth response of highbush blueberry to composts derived from diverse feed-

stocks and to link the response to compost chemical characteristics. An arable land

in the subarctic Alaska, USA, was developed in 1978 by clearing native forest, and

part of the arable land was later converted to grassland through a Conservation

Reserve Program. Chapter 15 systematically presents and discusses the quantity,

distribution, and features of soil water extractable organic matter as affected by the

land uses to increase the understanding of soil organic matter biodegradability for

new aspirations on agricultural production in the subarctic regions. The accumula-

tion of heavy metals in biosolids amended soils and the risk of their uptake into

different plant parts is a topic of great concern. Chapter 16 summarizes the

accumulation of several heavy metals and nutrients in soils and in plants grown

on biosolids applied soils and the use of remote sensing to monitor the metal uptake

and plant stress. Research has been conducted in the southern and southeastern

regions of the US to encourage the utilization of poultry litter as a row crop fertilizer

away from the traditional application to pastures around chicken houses. Chapter 17

reviews results of the research on the effectiveness of poultry litter as cotton

fertilizer and environmental concerns associated with its land application. Data

presented in Chap. 17 demonstrate that, if effectively integrated into the cropping

systems of the region, poultry litter should benefit not only cotton and other row

crop farmers but also the poultry producers in the regions.

Chapter contribution was by invitation only. Each chapter that covers a specific

topic was selected and decided after extensive communications between editors and

chapter contributors. All chapter manuscripts were subject to the peer reviewing and

revision processes. Positive comments from at least two reviewers were required to

warrant the acceptance of a manuscript. We would like to thank the reviewers for

their helpful comments and suggestions which certainly improved the quality of the

book. These reviewers include: Nadia Carmosini, University of Wisconsin-La

Crosse; Luisella Celi, Università degli Studi di Torino, Italy; Courtney Creamer,

CSIRO Land and Water, Australia; Warren Dick, Ohio State University; Syam

K. Dodla, Louisiana State University; Xionghan Feng, Huazhong Agricultural

University, China; Thomas Forge, Agriculture and Agri-Food Canada; Mingxin

Guo, Delaware State University; Fengxiang Han, Jackson State University; Donald

A. Horneck, Oregon State University; Deb P. Jaisi, University of Delaware; Michael

F. L’Annunziata, the Montague Group, Oceanside, CA; Philip Larese-Casanova,

Northeastern University; B. Maruthi Sridhar, Texas Southern University; Daniel

N. Miller, USDA-ARS; Jagadeesh Mosali, The Samuel Roberts Noble Foundation;

Yvonne Oelmann, University of Tübingen, Germany; Paulo Pagliari, University of

Minnesota; Po Pan, Kunming University of Science and Technology, China;

John Paul, Transform Compost Systems Ltd., Canada; Chad Penn, Oklahoma State

University; Thilini D. Ranatunga, Alabama A&M University; Zachary Senwo;
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Alabama A&M University; Karamat Sistani, USDA-ARS; Michael Tatzber,
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USDA-ARS; Allen Torbert, USDA-ARS; Ben J. Turner, Smithsonian Tropical

Research Institute, Panama; Dexter Watts, USDA-ARS; Mingchu Zhang, University
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Chapter 1

Animal Manure Production

and Utilization in the US

Hailin Zhang and Jackie Schroder

Abstract Over a billion tons of animal manure is produced annually in the US.

Animal manure is an excellent plant nutrient source and soil amendment when used

properly. Manure contains plant macro- and micronutrients, supplies organic

matter, improves soil quality, and maintains or increases soil pH in acid soils.

However, nutrients such as phosphorus and nitrogen build up in the soil if applica-

tion rates are higher than the nutrient requirements of the intended crops. Following

a nutrient management plan and proven best management practices will improve

manure nutrient use efficiency and reduce the impact of the land application of

manure on water quality. This chapter highlights manure and animal waste pro-

duction, the benefits of using them as nutrient sources, and the potential impacts of

manure on environmental quality and management strategies.

1.1 Introduction

Animal production is a large segment of the economy of the United States. The

United States Department of Agriculture (USDA) estimated in 2007 that there were

over 2.2 billion head of livestock and poultry in the U.S. (USEPA 2013) that

produced over 1.1 billion tons of wet weight manure. In another report, the United

States Environmental Protection Agency (USEPA) estimated there were 1.3 million

farms in 2007 and that approximately 212,000 of these farms were animal feeding

operations (AFOs) (USEPA 2012). Therefore, animal manure is an abundant source

of macro- and micronutrients for crop and grass production. Besides providing

valuable nutrients to the soil, manure supplies organic matter to improve physical,

chemical and biological properties of soils, thus improving water infiltration,
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enhancing retention of nutrients, reducing wind and water erosion, and promoting

growth of beneficial organisms.

The majority of meat and animal products in the United States are produced

by large confined animal feeding operations (CAFOs), where livestock and

poultry annually generate a substantial quantity of manure (Wright et al. 1998).

Many agricultural fields in the United States that have received long-term manure

applications have high levels of nutrients (Chang et al. 1991). The runoff and soil

erosion from those fields carry soluble and particulate nutrients to water bodies

even if no additional manure is applied. Land application of manures was often

based on nitrogen (N) requirements of the crops in the past. However, land

application of animal manures to meet crop N needs can lead to an accumulation

of phosphorus (P) in soil (Sharpley et al. 1999) because the N/P ratio of animal

manures (e.g., 2:1 for broiler litter) is less than the N/P ratio of about 8:1 taken up

by most crops and grasses (USDA 2001). Thus, repeated land application of manure

based on plant N needs results in excessive P concentrations in soils and may

saturate the soil’s capacity to retain P. If not properly managed, fields that received

manure can become non-point sources of sediment and nutrient losses via surface

runoff, erosion, and leaching (Sharpley and Smith 1993; Sharpley 1995; Pote

et al. 1996; Sharpley et al. 1996).

Thus, in the management of manure land-application, it is important to take

advantage of the beneficial nutrients and organic matter while minimizing its

impact on the environment. Nutrient losses to the environment can occur at the

production site, during storage and after field application. Utilization of nutrients in

manures in an environmentally sustainable manner is one of the most critical

management issues facing the livestock industry.

Current strategies used to reduce P transport to surface water include conserva-

tion tillage, crop residue management, cover crops, buffer strips, contour tillage,

runoff water impoundment, and terracing. These strategies are very effective in

controlling particulate P but less effective for dissolved P in runoff water (Daniel

et al. 1999; Sharpley et al. 1996). Many of those practices increase infiltration

resulting in less P load in runoff. More directly, chemical treatment of manure

before it is land applied will reduce the levels of soluble nutrients (Day and Funk

1998; Dao 1999, 2001; Codling et al. 2000; Dao et al. 2001; Dao and Daniel 2002).

In order to control water-soluble P and metal transport to surface water, new best

management practices (BMPs) must be developed, evaluated and implemented.

The purpose of this chapter is to highlight manure and animal waste production,

the benefits of using them as nutrient sources, and the potential impacts of manure

on environmental quality and management strategies.

1.2 Manure Production and Management

Animal production is a large segment of the economy of the United States. The

increased numbers of CAFOs and poultry production facilities have produced

additional quantities of manure in recent years requiring proper management.

2 H. Zhang and J. Schroder



An agricultural waste management system designed for a CAFO consists of six

basic functions: production, collection, storage, treatment, transfer, and utilization

(Fig. 1.1). It is important to understand each of these functions since they affect the

nutrient contents of the manure.

Production is the function of the amount and nature of manure generated by an

AFO. The USDA Census of Agriculture used standard methods in 2007 and

estimated that 2.2 billion head of beef and dairy cattle, swine, and poultry produced

approximately 1.1 billion tons of wet weight manure in that year (USEPA 2013).

Manure production for different categories of livestock in 2007 were: cattle

(0.92 billion tons wet weight), swine (0.11 billion tons wet weight), and poultry

(0.08 billion tons wet weight). Beef cattle produced more manure than any other

category of livestock in 2007. The top ten states with the highest beef cattle

production and associated manure generation in 2007 were (1) Texas, (2) Missouri,

(3) Oklahoma, (4) Nebraska, (5) South Dakota, (6) Montana, (7) Kansas, (8) Ten-

nessee, (9) Kentucky, and (10) Arkansas. The USEPA estimated that there were 1.3

million farms holding livestock nationwide, and that approximately 212,000 of

these farms were AFOs (USEPA 2012). Besides manure, large quantities of asso-

ciated animal wastes are produced at these operations, such as dead animals, wasted

feed, wash water, etc. The generation of unnecessary waste should be kept to a

minimum. Leaking watering facilities and spilled feed contribute to the production

of waste. These problems can be reduced by careful management and maintenance

of feeders, watering facilities, and associated equipment.

Collection refers to the initial capture and gathering of the waste from the point of

origin or deposition to a collection point. The manure and animal waste collected

could be liquid, slurry or solids depending on animal species and operating systems.

Storage is the temporary containment of the waste. The storage facility of a waste

management system is the tool that gives farmers control over scheduling of

transfer operation or land application. Nutrient content and forms may change

during storage.

Treatment is any process designed to reduce pollution potential of the waste,

including physical, biological, and chemical treatment. It includes activities that

Production

Collection

Storage Transfer Treatment

Utilization

Fig. 1.1 Manure

management functions
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are sometimes called pretreatments, such as the separation of solids and liquids, or

adding alum to poultry houses.

Transfer refers to the movement and transportation of the waste throughout the

system. It includes the transfer of waste from the collection point to the storage

facility, to the treatment facility, or to the utilization site. Waste may require

transfer as a solid, liquid, or slurry, depending on the total solid concentration.

Utilization refers to the recycle of waste products into the environment. Agricul-

tural wastes may be used as a source of energy, bedding, animal feed, mulch,

organic matter or plant nutrients. Properly treated, they can be marketable. Most

often they are land-applied as a soil amendment, therefore, the benefits and con-

cerns of manure utilization as plant nutrients will be discussed below in detail.

1.3 Benefits of Manure Land Application

1.3.1 Manure Is a Good Source of Plant Nutrients

The actual nutrient content of manure from a particular operation will differ

considerably due to the method of collection, storage and species of animal. The

approximate fertilizer nutrient contents for various manures are shown in Table 1.1.

As shown in Table 1.1, the amount of N, P, K and other nutrients is significant

when the manure is applied in large quantities. The nutrient value of manure may be

estimated based on the prices of commercial fertilizers. However, not all the N in

the manure is available to crops during the year of application because some N is in

the organic form while other forms of N can be lost during application. The

availability of N in the year of application may vary from 30 to 80 % compared

with commercial N fertilizers depending on the type of manure and application

method. Conversely, most of the P and K in manure are in the inorganic form. For

all manure types, approximately 90 % of P and K in the manure are considered as

available as commercial fertilizers during the first year of application.

1.3.2 Manure Improves Soil Quality

Research has shown that land application of manures can significantly impact soil

chemical, physical, and biological properties, thus improving soil quality. Most of

these impacts are probably due to the increase in soil organic matter (SOM) (Risse

et al. 2006). Soil organic matter serves as a chelating agent and buffering material,

affects the cation exchange capacity of soil, and is an important agent for soil

aggregation (Eghball and Power 1999). Fraser et al. (1988) evaluated the annual

application of beef feedlot manure to a grain/legume cropping system over a 5 year

period and reported that manure application increased total organic C, Kjedahl N,

4 H. Zhang and J. Schroder



and potentially mineralizable N in manure-amended surface soils (0–7.5 cm) by

22–40 % as compared to the non-manured soils. Vitosh et al. (1973) showed that

SOM, available P, and exchangeable K, Ca, and Mg were increased over a 9-year

period with increasing rates of annual applications of feedlot manure on a loam and

sandy loam soil. Annual application of cattle feedlot manure to a clay loam soil over

8 years significantly increased SOM and total N, and lowered the C/N ratio in the

top 30 cm of soil (Sommerfeldt et al. 1988). Numerous researchers have shown

long-term application of poultry litter increased soil organic carbon (Sharpley and

Smith 1993; Mitchell and Tu 2006; Adeli et al. 2007).

The Magruder Plots established in 1892 are the oldest continuous soil fertility

wheat experiment west of the Mississippi River (Magruder Plots 2008). Beef

feedlot manure was applied every 4 years at a rate to supply 134 kg N ha�1 from

1899 to 1969 and at rate of 269 kg N ha�1 from 1969 to present (Davis et al. 2003).

Continued application of manure not only supplied plant nutrients but also slowed

down the depletion of soil organic matter content as demonstrated by this long-term

experiment in Stillwater, Oklahoma (Fig. 1.2).

1.3.3 Manure Maintains Soil pH

Manures, especially poultry litter and feedlot manure, may raise or maintain pH in

acidic and near neutral soils via a liming effect because they contain some CaCO3,

which originates in the animal diet (Eghball 1999; Moore and Edwards 2005).

Eghball (1999) evaluated the effect of composted and uncomposted feedlot manure

and ammonium nitrate applied annually to corn over a 4-year period. The study

found that feedlot manure and composted manure raised soil pH but ammonium

nitrate significantly decreased soil pH. In another study, poultry litter applied

annually to tall fescue for 7 years increased soil pH. Additionally, numerous

other researchers have shown that addition of animal manures to acid soils

increased pH (Hue 1992; Cooper and Warman 1997; Wong et al. 1998; Whalen

et al. 2000; Tang et al. 2007).

Table 1.1 Selected nutrient concentrations in dairy, swine, and poultry manure samples taken

from random farms in the midwestern and southeastern US (Combs et al. 1998)

Element

Dairy Swine

PoultrySolids Liquid Solids Liquid

%

N 2.3 � 0.4 5.0 � 1.4 1.8 � 0.3 9.6 � 3.2 4.1 � 0.9

P 0.6 � 0.2 0.8 � 0.2 1.6 � 0.3 2.3 � 0.5 1.9 � 0.2

Ca 1.6 � 1.3 2.6 � 1.1 2.0 � 0.5 3.0 � 0.7 3.7 � 0.8

Mg 0.7 � 0.5 0.9 � 0.4 0.5 � 0.1 1.1 � 0.3 0.6 � 0.1

Fe 0.13 � 0.12 0.18 � 0.14 1.5 � 0.4 0.3 � 0.3 0.15 � 0.1

mg kg�1

Zn 90 � 74 186 � 81 608 � 145 1,357 � 689 344 � 88

Cu 27 � 28 191 � 286 381 � 122 672 � 684 481 � 118
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The Magruder Plots in Stillwater have received inputs of beef feedlot manure

every 4 years for many decades. The soil pH of the top 6 in. of the manured plot is

greater than any other treatments as illustrated in Table 1.2. Manure maintained soil

pH in the ideal range for most field crops. However, plots that received other

treatments required lime to correct the low pH for optimum crop production.

Tang et al. (2007) found both poultry litter and feedlot manure increased soil pH,

reduced exchangeable Al (Fig. 1.3), and increased wheat biomass. Wheat biomass

was positively correlated with soil pH (r ¼ 0.76), but was negatively correlated

with exchangeable Al (r ¼ �0.87). A path analysis showed significant direct

effects (p < 0.01) between wheat growth and OC added and between wheat growth

and P2O5 added. This suggests that animal manures have the potential to reduce Al

toxicity in acidic soils as evidenced by greenhouse and field studies.

y = -0.0151x + 31.696   r2 = 0.77
y = -0.0168x + 34.539  r2 = 0.72
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Fig. 1.2 Difference of organic matter reduction in manured and check treatments from the

Magruder Plots, Stillwater, OK (Girma et al. 2007). Manure application slowed down organic

matter depletion due to cultivation

Table 1.2 Effects of manure

and chemical fertilizer

application on soil pH of the

Magruder Plots

Treatments Soil pH

Manure 6.32

Check 5.83

P 5.66

NP 5.21

NPK 5.26

NPKL 5.51

6 H. Zhang and J. Schroder



1.3.4 Manure Improves Soil Physical Properties

Studies have shown that water stable aggregates (WSA) increase infiltration (Roberts

and Clanton 2000), porosity (Kirchmann and Gerzabek 1999), and water holding

capacity (Mosaddeghi et al. 2000). Therefore, water stable aggregates greatly

affect soil physical properties (Haynes and Naidu 1998). Tiarks et al. (1974) reported

the application of cattle feedlot manure increased the geometric mean diameter of

water-stable aggregates from 80 to 800 μm.Mikha and Rice (2004) demonstrated that

manure application significantly increased soil aggregation and aggregate-associated

C and N. Whalen et al. (2003) found the application of composted cattle manure

increased the amount of WSA within 1 year of application and the mean weight

diameter of aggregates increased with increasing compost application rates.

Other studies have shown manure application reduced soil compaction, and increased

friability (Schjønning et al. 1994; Mosaddeghi et al. 2000).

Mueller et al. (1984) found manure application reduced runoff and soil losses with

different tillage systems. Giddens and Barnett (1980) used rainfall simulation to study

the effect of application of poultry litter on runoff water quality and soil loss and

reported runoff and soil loss were both decreased by litter application. Conversely,

studies by Sauer et al. (1999) and Gilley and Eghball (1998) showed that application

of cattle manure did not decrease runoff. Gilley and Risse (2000) conducted an

extensive review of natural runoff plot data including more than 70 plot-years

worth of data from seven locations under a variety of tillage and cropping conditions.

They concluded that plots annually treated with manure reduced runoff from 2 to

62 % and soil loss from 15 to 65 % compared to untreated plots. Furthermore, the

reductions occurred at all locations and the measured runoff and soil loss values were

reduced substantially as manure application rates increased.
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Fig. 1.3 Poultry litter application to an acid soil significantly reduced exchangeable Al concen-

tration (Tang et al. 2007)

1 Animal Manure Production and Utilization in the US 7



1.3.5 Manure Application Increases Crop Yields

Numerous studies have shown land application of manures will result in crop yields

that are either equivalent or superior to those achieved with commercial fertilizers

(Xie and MacKenzie 1986; Motavalli et al. 1989; Zhang et al. 1998; Badaruddin

et al. 1999; Lithourgidisa et al. 2007; Butler et al. 2008). Higher crop yields with

manure as compared to commercial fertilizers have been credited to manure-

supplied nutrients or to improved soil conditions not provided by commercial

fertilizers (CAST 1996). For example, Badaruddin et al. (1999) evaluated studies

conducted in Sudan, Bangladesh, and Mexico and found farmyard manure

(10 t ha�1) gave the highest yield response (14 %) and approximately equivalent

levels of NPK gave the lowest (5.5 %), suggesting organic fertilizer contributed to

other growth factors in addition to nutrients. Several researchers have shown that

the addition of farmyard manure increased wheat grain yield by improving soil

water holding capacity and chemical conditions (Gill and Meelu 1982; Sattar and

Gaur 1989). Tang et al. (2007) demonstrated the dramatic response of winter wheat

biomass to poultry litter in a strongly acidic soil with a pH of 4.5 (Fig. 1.4).

1.4 Concerns with Land Application of Manure

1.4.1 Phosphorus Buildup in Soils

Application of manure based on crop N requirements or over-application often results

in a buildup of soil test P (STP) and/or other nutrients beyond sufficient levels for

optimal crop yields. This is because the amount of manure-P is considerably greater

Fig. 1.4 Winter wheat response to poultry litter applied in an acidic soil. The amount of poultry

litter increased from 0 to 18 tons/ha from left to right (Tang et al. 2007)
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than the amount of P removed with harvested crops when the application rate is based

on cropNneeds. For example, theN:P ratio ofmost poultry litter and feedlotmanure is

close to 2:1, but most crops require anN to P ratio of 8:1. Therefore, while N and some

P are used by the crops, most of the excess P stays in the soil. A long-term beef feedlot

manure application study conducted at the Experiment Station in Guymon, Oklahoma

showed a strong relationship between soil test P and P added from manure (Fig. 1.5).

The site received annual applications ofmanure at equivalentN rates of 0, 56, 168, and

504 kg ha�1. The slope of 0.12 indicates that approximately 8 kg ha�1 of manure-

borne P would be required to increase Mehlich 3 P by 1.0 mg kg�1 under normal corn

production practices.

The buildup and potential loss of P is probably soil specific, because the adsorption

capacity for P is different for different soils as shown in Fig. 1.6. Soil texture and

organic matter contents as well as aluminum and iron oxides are important factors

determining the adsorption capacity of an individual soil. Zhang et al. (2005) used

multiple regression techniques and path analysis to determine the soil properties most

directly related to P sorption in 28 Oklahoma benchmark soils, and found that alumi-

num and iron oxides were themost important soil properties for the direct estimation of

P sorption. The potential for P loss will probably be higher if the soil has reached its

adsorption maximum. Therefore, it is imperative to prevent soil P from building

up. Once P is built up in the soil, remediation techniques and efficiency are limited.

1.4.2 Elevated Concentrations of Metals

Trace minerals such as As, Se, Cr, Cu, and Zn are sometimes added to feeds to

prevent diseases, improve weight gains and feed conversion, and increase egg

production for poultry (Miller et al. 1991; Tufft and Nockels 1991; Schroder
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Fig. 1.5 The relationship between Mehlich 3 P and P added from manure for the Richfield soil.
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et al. 2011). Because most of the metals ingested by livestock are excreted, the

concentration of metals in manures is dependent on the concentrations of these

metals in the animal’s diet (Krishnamachari 1987; Miller et al. 1991). Thus,

elevated concentrations of trace minerals were found in some manured soils

(Li et al. 1997). The primary danger associated with manure-borne metals is that

they do not degrade (Bolan et al. 2004).

Repeated applications of manure may enrich metal levels in soil to exceed crop

requirements and possibly lead to phytotoxicity (Bolan et al. 2004). Several

researchers have reported metal toxicity to ruminants grazing on pastures which

had received manure applications (Bremner 1981; Lamand 1981; Poole 1981; Eck

and Stewart 1995). Elevated concentrations of As, Cu, and Zn have been observed

in soils that have received long-term application of manures (Kingery et al. 1994;

Schroder et al. 2011; van der Watt et al. 1994). In another study, Christen (2001)

found a strong relationship between water-extractable As in soils and the amount of

poultry litter applied. Researchers have reported high concentrations of metals in

runoff from soils that had received manure applications (Edwards et al. 1997;

Moore et al. 1998). Thus, a potential exists for manure-treated soils to serve as

non-point sources of metal pollution through leaching, runoff or erosion. However,

metal additions to feeds have been reduced or eliminated in recent years due to

environmental concerns or the discovery of replacement feed additives.

Most studies indicate manure Cd, Cu, and Zn exist primarily in the organically

complexed form (Bolan et al. 2004). Several different chemical extractions includ-

ing mineral acids, salt solutions, buffer solutions, and chelating agents have been

used to predict bioavailability of metals in manure treated soils (Sutton et al. 1984;

Payne et al. 1988; van der Watt et al. 1994). Chelating agents (e.g., EDTA and

DTPA) are more effective in removing soluble metal–organic complexes that are

potentially bioavailable and have often been found to be more reliable in predicting

plant availability (Sims and Johnson 1991). Several studies have found that appli-

cation of manures increased DTPA-extractable metals (Wallingford et al. 1975;
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Payne et al. 1988; Anderson et al. 1991; Zhu et al. 1991; Narwal and Singh 1998;

Arnesen and Singh 1998). The results of long-term research in Guymon, Oklahoma

(Richards et al. 2011) agree well with these studies. Long-term application of beef

feedlot manure increased concentrations of DTPA-extractable micronutrients

(Fig. 1.7), which are beneficial to most crops.

1.5 Sustainable Manure Utilization

Utilization of nutrients and organic matter in manures in an environmentally

sustainable manner is one of the most critical management issues facing the

U.S. livestock industry. The key to avoiding environmental problems associated

with manure application is to apply manure based on crop nutrient requirements, by

developing a practical nutrient management plan and implementing available best

management practices on the farm.

1.5.1 Nutrient Management Plan Development

The USEPA and the Department of Agriculture (USDA) announced a joint strategy

to implement comprehensive nutrient management plans (CNMPs) on AFOs in

1998. A CNMP is a conservation farm plan that is specific to AFOs. The CNMP
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applied for the Richfield soil (Richards et al. 2011)

1 Animal Manure Production and Utilization in the US 11



incorporates practices to utilize animal manure as beneficial resources and docu-

ments the management and strategies adopted by the AFO to address natural

resource concerns related to soil erosion, animal manure, and disposal of organic

by-products. The CNMP normally contains six different elements: (1) manure and

wastewater handling and storage, (2) land treatment practices, (3) nutrient manage-

ment plan (NMP), (4) record keeping, (5) feed management, and (6) other waste

utilization options. The most important component of CNMP is to develop and

follow a NMP when manure is applied. Recently, the USDA Natural Resources

Conservation Service (NRCS) revised its 590 Nutrient Management Standard, so

that each state is required to use a phosphorus risk assessment index (P Index)

(USDA-NRCS 2011). Currently, 48 U.S. states have adopted a P Index as a site

assessment tool to identify critical source areas and to target practices to reduce P

loss. The P index ranks fields according to their vulnerability to potential P loss

(Sharpley et al. 2003).

Many factors influence the loss of P from watersheds and its influence on water

quality. In addition to the source factors and transport factors, many states have

modified the P index to improve the assessment of site vulnerability to P loss by

including the use of soil properties to modify soil test P calculations, estimates of

availability/solubility of P applied, flooding frequency, BMPs, and ranking of the

sensitivity of receiving water bodies.

Overall, the P index is site specific, ranks a site’s vulnerability to P loss,

identifies critical areas where there is a significant risk of P loss, and targets

low-risk areas for manure application to build soil productivity. The proper use of

the P index along with other farming practices allows farmers to utilize manures

and fertilizers in an environmentally and agronomically sound manner.

1.5.2 Best Management Practice Implementation

There are a number of suggested management practices to improve nutrient use

efficiency and to minimize the impact of manure application on the environment. A

list of best management practices (BMPs) and brief descriptions related to P and

manure management can be found on the website of the Southern Extension and

Research Activity Group 17 (2013): Minimize Nutrient Losses from Agriculture

(http://www.sera17.ext.vt.edu/SERA_17_Publications.htm). A selected few of

these BMPs will be discussed below.

1.5.2.1 Use of Plants to Remove Excess Nutrients from Soils

Grasses are known to remove nutrients including P and K from soils to various

degrees. One important management option for removing nutrients from soils is to

use a bioaccumulator crop which removes the maximum amounts of nutrients from

soil. Growing a high dry matter yielding forage crop is one method of managing

12 H. Zhang and J. Schroder
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nutrient-loaded sites (phytoremediation). The amount of nutrients taken up by the

crop increases as dry matter increases, thus upon harvest more nutrients can be

removed from the field. Bermudagrass (Cynadon dactylon L.) is an example of a

forage crop with high yield characteristics which may be utilized in a forage system

designed for nutrient removal. An alternative strategy is to use forages that have

high nutrient uptake for specific nutrients even though dry matter yield may be less

than some other forages.

The amount of nutrients removed from the field is a function of the concentration

of nutrients in the plant and the plant biomass removed from the field. A greenhouse

study conducted at Oklahoma State University revealed that crabgrass can be a

good forage and P remover since it has a high yield potential, good forage quality

and high P content (Barrett 2012). In a 2-year study, Barrett (2012) evaluated the

ability of Red River crabgrass to remove excess soil P from nutrient-loaded soils

using four levels of P that ranged from zero to 1,135 mg P kg�1 in three different

soil series, the Dennis, Kirkland, and Richfield soils. During the first year of the

study, the crabgrass was able to reduce water soluble P (WSP) across the four soil P

levels by 48 % (29–69 %) in the Dennis soil, by 59 % (32–62 %) in the Kirkland

soil, and by 51 % (48–68 %) in the Richfield soil. Additionally, the growth of

crabgrass reduced Mehlich-3 P (M3P) by 28 % (13–50 %) in the Dennis soil, by

28 % (11–39 %) in the Kirkland soil, and by 30 % (14–53 %) in the Richfield.

In Barrett’s (2012) study, crabgrass removed an average of 49.1 mg P kg�1 soil

over the 2-year period and the P removed was positively correlated with M3P

(Fig. 1.8).

Fig. 1.8 The relationship between P removed by crabgrass grown in Dennis, Kirkland, and

Richfield soil series and four levels of increasing Mehlich 3 P in 2011. ***Significant at the

0.001 alpha level (Barrett 2012)
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1.5.2.2 Using Amendments to Reduce Dissolved

and Particulate Nutrients

Most of the P in runoff from pastures is in the soluble form (Edwards and Daniel

1993; DeLaune et al. 2004). In a laboratory study, Moore and Miller (1994)

evaluated the capability of different Al, Ca, and Fe amendments to reduce P

solubility in poultry litter. Their study found the treatments formed insoluble

metal phosphate minerals and that soluble P levels in the poultry litter were reduced

from >2,000 to <1 mg P kg–1 litter with the addition of alum (aluminum sulfate),

quick lime, slaked lime, ferrous chloride, ferric chloride, ferrous sulfate, and ferric

sulfate under favorable pH conditions. In a field study, Shreve et al. (1995) reported

that P runoff from tall fescue plots fertilized with poultry litter treated with alum

and ferrous sulfate was reduced by 87 and 77 %, respectively. Dao (1999) reported

that the addition of 10 % alum amendment reduced soluble P in stockpiled manure

by 85 % and reduced soluble P in composted manure by 93 %. Field studies by

Moore et al. (1999, 2000) found that P in runoff from pastures fertilized with alum-

treated litter was 75 % less as compared to normal litter. Sims and Luka-McCafferty

(2002) conducted a study in the Delmarva (Delaware–Maryland–Virginia) Penin-

sula evaluating the effect of alum on litter properties and elemental composition,

and on the solubility of several elements in litter that are of particular concern for

water quality (Al, As, Cu, P, and Zn). Their study confirmed earlier work by Moore

and Miller (1994) by finding that alum treatment decreased litter pH and the water

solubility of P. Additionally, their study reported decreased water solubility of As,

Cu, and Zn. Similarly, a study by Moore et al. (1998) found application of alum to

poultry litter reduced concentrations of As, Cu, Fe, and Zn in runoff water as

compared to untreated poultry litter. In a long-term paired watershed study,

Moore and Edwards (2007) found that cumulative P loads in runoff from normal

litter were 340 % greater than that from alum-treated litter over the 10-year period

(15.0 vs. 4.45 kg P ha�1).

Another amendment that has been reported in the literature for the reduction of P

in runoff water is the application of drinking water treatment residuals (WTRs).

Water treatment residuals are rich sources of amorphous Al or Fe oxides and have a

high sorption capacity for P. Water treatment residuals are generated by the

coagulation/flocculation using Al salts, Fe salts, or mixed polymers to suspend

particles and speed sedimentation to purify source water for municipal drinking

water. Because WTRs predominately contain sediment and organic matter

removed from the source water, they have soil-like properties. However, compared

to natural soils, WTRs contain large amounts of amorphous Al or Fe and thus have a

high capacity for P sorption. Several studies have been conducted over the last few

years to evaluate land application of WTRs to reduce P loss from agricultural land.

These studies may be categorized based on the method of application: surface

application to intercept and remove P in runoff, incorporation into soil to reduce

soil test P, and co-blending of WTR with organic waste such as manure to reduce P

solubility (Dao 1999; Codling et al. 2000; Dao et al. 2001; Dao and Daniel 2002;

Dayton and Basta 2005).
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Coal combustion by-products such as fly ash rapidly accumulate and may cause

disposal issues unless useful ways are found to utilize such by-products. Fly ash has

relatively high levels of calcium, iron, and aluminum oxides and has been suggested

as a phosphorus immobilization amendment in animal manure. Studies by Dao

(1999, 2001) indicated co-blending fly ash with beef and dairy manure was effec-

tive in reducing dissolved-reactive P levels in beef and dairy cattle manure prior to

land application. Additionally, applying fly ash-treated stockpiled or composted

manure significantly reduced water-soluble P and Mehlich-3 P in manure-amended

soils. In another study, Stout et al. (1998) found three different types of coal

combustion by-products reduced Mehlich-3 and water extractable P by 45 % and

72 %, respectively. Generally, the behavior and effects of P or metals in animal

manure are similar to those from biosolids, so the chemical amendments that work

on manured soil should also work on soils that have received biosolids (Bolan

et al. 2004).

Bauxite residue, a by-product from the aluminum refinery industry, has been

used to modify nutrient characteristics of animal manure and manure-affected soils.

More details of using bauxite to minimize nutrient loss from animal manure and

manure amended soils are provided in Chap. 12 of this book. Some of these

industrial by-products have been placed in filter ditches or retention cells to remove

P before it enters water bodies. See Chap. 11 for more details.

1.5.2.3 Establishing Conservation Buffers and Filter Strips

Conservation buffers are small areas or strips of land in permanent vegetation,

which are designed to slow water runoff, and to reduce nutrient and soil losses.

Riparian buffers, filter strips, grassed waterways, shelterbelts, windbreaks, living

snow fences, contour grass strips, cross-wind trap strips, shallow water areas for

wildlife, field borders, alley cropping, wind barriers, and vegetative barriers are

examples of conservation buffers. The major benefits of buffers include the removal

of pesticides, nutrients, pathogens, and sediments. Other benefits include reduction

of wind erosion, slowed water movement, reduction of down-stream flooding,

stabilization of streambanks, establishment of vegetation, improvement of air

quality. Conservation buffers are strategically placed along the edge of fields in a

watershed to effectively minimize the movement of sediments, nutrients, and

pesticides.

Several studies have been conducted to evaluate the effectiveness of using a

buffer strip to reduce nutrients in runoff. Mayer et al. (2006) evaluated 14 compre-

hensive and regional reviews of riparian buffer literature containing N data from

approximately 60 different studies. Their study found that N removal effectiveness

varied widely among studies. In their study, the experimental data were fitted with a

non-linear regression model to make predictions on removal effectiveness and

buffer width. The non-linear regression model indicated buffer strips were effective

at removing large amounts of N (i.e., approximately 74 % from runoff water). The

model showed 50, 75, and 90 % N removal efficiencies would occur in buffers 3 m,
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28 m, and 122 m wide, respectively. Although wider buffers are more effective in

remove nutrients, more land is taken out of intended production. Their study

indicated that while greater consistency of N removal occurred with increasing

buffer width, other factors such as flow pattern and vegetation type affected N

removal. For example, they found that forest buffers were more effective than grass

buffers in removing N.

Additionally, numerous studies have investigated the effectiveness of removing

P in runoff using buffer strips. Daniels and Gilliam (1996) evaluated the use of a

6 m vegetated filter strip (VFS) in natural rainfall conditions and found reductions

of approximately 60 % for total P and 50 % of the soluble P load in runoff. In

another study, Patty et al. (1997) used VSFs of 6, 12, and 18 m, and reported the

average P removal increased with buffer width and was 40, 52, and 87 % for the

6, 12, and 18 m width, respectively. Abu-Zrieg et al. (2003) used VFSs and

evaluated P removal in artificial runoff from cropland. The VSFs were 2, 5,

10, and 15 m in width and their study found average P trapping efficiencies ranged

from 31 to 89 %. Their study concluded filter width was the predominant factor

affecting P trapping and the primary mechanisms involved in P removal were

sediment deposition, infiltration, and plant removal.

The effectiveness of buffers is affected by buffer width, slope, vegetative

species, soil texture, and flow velocity. In a review of over 80 BMP experiments

involving buffers, Liu et al. (2008) reported the factors most affecting the efficacy

of buffers on sediment trapping were buffer width and slope. The use of buffers

combined with crop residue management and nutrient management will allow

farmers to maintain environmental sustainability. Riparian zones are the interfaces

between land and streams; as such they are the last areas for uptake of nutrients

prior to steam entry. Riparian zones must be maintained with a continuous cover

crop so that adequate uptake of nutrients and chemicals is achieved to protect water

quality.

1.6 Future Work

Animal manure has been proven to be a valuable nutrient source and soil amend-

ment. The key for a sustainable manure land application is to develop and follow

nutrient management plans including phosphorus risk assessment tool. The existing

P indexes vary among different states. More standardized and quantitative tools

need to be developed and implemented. Manure applied to the soil surface without

incorporation, such as on pastures and no-till fields, is subject more to nutrient

losses. Therefore, improved manure applicators are needed to increase nutrient use

efficiency and decrease the impact of manure use on environmental quality. The

effectiveness of various BMPs to minimize nutrient transport needs to be further

studied and the effective ones should be promoted to farmers.
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Chapter 2

Residual Veterinary Pharmaceuticals

in Animal Manures and Their

Environmental Behaviors in Soils

Weiping Song and Mingxin Guo

Abstract The worldwide heavy use of veterinary pharmaceuticals in confined

animal-feeding operations has resulted in annual discharge of 3,000–27,000 tons

of drug chemicals via livestock manure into the environment. More than

50 major antibiotics have been detected in poultry, swine, cattle, and horse manures

at 0.01–765 mg kg�1 dry manure mass. In animal manures, most veterinary

pharmaceuticals degrade rapidly via biochemical reactions, demonstrating a half-

life time 2–30 days. In soils, veterinary pharmaceuticals interact with soil minerals,

organic matter, and organisms and are subject to sorption, photohydrolysis,

oxidation, and biodegradation. The soil distribution coefficient (Kd) values of

animal pharmaceuticals range from 0.3 to 6,300 L kg�1, varying with the chemical

species and soil properties. The persistence of veterinary pharmaceuticals in soils

is influenced by soil type, organic matter content, pH, moisture content, and

temperature. Though certain antibiotics such as roxithromycin, sarafloxacin, and

virginiamycin are persistent, the vast majority of veterinary pharmaceuticals are

degradable (half-life <30 days) in soils. The sorption, rapid degradation, and

physical attenuation limit residual pharmaceuticals in the top 30-cm soil of

agricultural land at generally less than 1 μg kg�1, posing little impacts on soil

microorganisms, fauna, and plants. Nevertheless, veterinary pharmaceuticals could

migrate from manured fields to water bodies via surface runoff and leaching. In North

American drainage ditches and streams, up to 290 ng L�1 of animal antibiotics had

been detected, although the concentrations were far below the no-observed-effect

concentration levels of veterinary pharmaceuticals to aquatic organisms. Antibiotic-

resistant bacteria have been identified in animal manures and livestock-handling

workers, indicating the risk of antibiotic-resistant genes spread in association with
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veterinary pharmaceutical overuse and manure disposal. Future research should

focus on developing standard composting protocols to eliminate residual veterinary

pharmaceuticals and antibiotic-resistant pathogens from animal manures and on

cultivating animal-feeding methods alternative to drug administration.

2.1 Introduction

Veterinary pharmaceuticals are chemical drugs administered to domestic animals to

treat diseases, prevent infections, increase weight gain, or improve feed efficiency.

Common veterinary pharmaceuticals include antibiotics, antiparasitics, anti-inflam-

matory medicines, anesthetics, pain relievers, and specialized products used to man-

age animal reproductive or metabolic conditions. These medications are prepared in a

variety of forms such as pills, liquids, injections, or powders and can be applied to

animals via feed or drinking water, by injection or skin insertion, or simply through

drenching (OTA 1979).

The U.S. confined animal feeding operations rely heavily on veterinary

pharmaceuticals to maintain healthy, productive livestock. Veterinary antibiotics

are regular feed supplements of poultry, swine, cattle, equine, and aquaculture

(Henderson and Coats 2010). Considering chemical structures, most veterinary

pharmaceuticals are amphiphilic or amphoteric, ionizable organic compounds

consisting of a nonpolar core and multiple polar functional groups (Thiele-

Bruhn 2003). After imposed to livestock, these pharmaceuticals are typically

absorbed through animals’ digestive and circulatory systems and discharged in

waste from the excretory system. The pharmaceuticals are generally metabolized

and deactivated for biological functions after the animal body passage. A signif-

icant portion (10–90 %) of the applied quantities, however, may remain intact

as parent compounds and deposit in animal tissues and excrement (Kumar

et al. 2005a). Certain metabolites are also biologically active (Halling-Sørensen

et al. 1998). Residues of veterinary pharmaceuticals and their active metabolites

in animal tissues and excreta have been exclusively detected (Kumar et al. 2005a;

Furtula et al. 2010). Responding to the residual pharmaceuticals, microorganisms

such as Enterococcus spp., Staphylococcus spp., and E. coli in animal manures

may develop antibiotic resistance (Hayes et al. 2004; Furtula et al. 2010). Through

land application of animal waste as an organic fertilizer, these residual veterinary

pharmaceuticals and antibiotic-resistant microorganisms enter into soil and water

and may influence aquatic ecosystem and accumulate in food crops (Solomon

et al. 2010; Carlsson et al. 2013). To assess the potential risks posed by veterinary

pharmaceuticals from land application of animal waste, the occurrence of animal

drug compounds in animal manures and their fate and transport in agricultural

ecosystems need to be addressed. This chapter is to summarize veterinary

pharmaceutical uses in confined animal feeding operations, reports on presence

and detection of residual veterinary medicines in manures, and review the

environmental behaviors of pharmaceutical residues in agricultural soils.
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2.2 Uses of Veterinary Pharmaceuticals in Animal

Production

More than 400 active chemical ingredients have been manufactured into nearly

2,000 veterinary pharmaceutical products to treat various species of animals

including pigs, cattle, horses, sheep, goats, birds, fish, deer, cats, and dogs (FDA

2012). These chemicals are conventionally placed into five groups: anthelmintics

(dewormers), tranquilizers, antibiotics, hormones, and agonists. According to their

functions, they can be further categorized as therapeutic medicines (to treat animals

for preventing diseases, combating infections, or alleviating pain or injury. Exam-

ples include coccidiostatics, trimetoprim, and sulfamethizol) and growth promoters

(to help with animal feed digestion and growth efficiency. Examples are tylosin,

monensin, and virginiamycin) (Garrido Frenich et al. 2010).

More than 70 % of the consumed veterinary pharmaceuticals are antibiotics –

chemicals that can inhibit the growth of other microorganisms even at extremely low

concentrations (Halling-Sørensen et al. 1998). There are over 150 antibiotics in use

today, of which more than 90 % are natural products of bacteria and fungi (molds) and

semisynthetic modifications of natural compounds, and a few such as sulfonamides are

completely synthetic (vonNussbaumet al. 2006). The first commerciallymanufactured

antibiotic was penicillin, a chemical compound derived from Penicillium fungi.

Antibiotics were initially and are continuously used for therapeutically treating

human and animal diseases and infections. In 1949, the U.S. officially approved the

use of antibiotics as a feed additive in the rearing of domestic animals for human

consumption, so did the United Kingdom in 1953 (Witte 2000). Today, supplementing

animal feed with antibiotics has been practiced in nearly all livestock and aquaculture

operations in most countries. Antibiotics added in feed serve predominantly as growth

promoters. It is believed that the antibiotics inhibit subclinical pathogenic bacterial

infections, increase uptake and utilization of nutrients through the intestinal wall, and

suppress the activity and population of bacteria in the intestines and thus, preserve the

energy in feed that would be lost due to microbial fermentation, promoting animal

growth through nutrient and energy availability enhancement (Gaskins et al. 2002).

Registered animal antibiotics for use as growth promoter/feed efficiency in Australia,

Denmark, European Union (EU), and Canada are well summarized in Sarmah

et al. (2006). The antibiotics approved for use in U.S. food-producing animals are

given in Table 2.1. Relative usage of these chemicals is illustrated in Fig. 2.1.

Addition of antibiotics to animal feed is recommended at dose ranging from 3 to

220mg kg�1, depending on the species and growth stage of the animal and the type of

antibiotics (McEwen and Fedorka‐Cray 2002). Multiple antibiotics are often

supplemented in combination. Some antibiotics are added for a specific growth

stage of animals but some could be fed continuously up to the point of slaughter

(Kumar et al. 2005a). Furtula et al. (2009) reported that chicken feeds in British

Columbia, Canada contained multiple antibiotics at concentrations varying with

bird growth phases, typically 22 mg kg�1 virginiamycin, 99 mg kg�1 monensin,

120 mg kg�1 salinomycin, 80 mg kg�1 narasin, 80 mg kg�1 nicarbazin, 165 mg kg�1
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Table 2.1 Antimicrobials drugs approved for use in food-producing animals in the U.S.

Antimicrobial class Basic chemical structure Individual drugs

Aminocoumarins Novobiocin

Aminoglycosides Apramycina

Dihydrostreptomycin

Efrotomycin

Gentamicin

Hygromycin B

Neomycina

Spectinomycin

Streptomycin

Amphenicols Florfenicol

Cephalosporins Ceftiofur

Cephapirin

Diaminopyrimidines Ormetoprim

Fluoroquinolones Danofloxacin

Enrofloxacin

Glycolipids Bambermycina

(continued)
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Table 2.1 (continued)

Antimicrobial class Basic chemical structure Individual drugs

Ionophores Laidlomycin

Lasalocid

Monensin

Narasin

Salinomycin

Semduramicin

Lincosamides Lincomycina

Pirlimycin

Macrolides Carbomycin

Erythromycin

Oleandomycin

Tilmicosin

Tulathromycin

Tylosina

Penicillins Amoxicillin

Ampicillin

Cloxacillin

Hetacillin

Penicillina

Pleuromutilins Tiamulina

Polypeptides Bacitracina

Polymixin B

Quinoxalines Carbadoxa

(continued)
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bacitracin, and 22 mg kg�1 penicillin in empirical combinations. Currently the

U.S. Food and Drug Administration (FDA) approves 14 antibiotics for use in swine

feed (Table 2.1), ofwhich 11 are recommended as growth promoters at 2–150mgkg�1

of feed (Holt 2008). Due to the development of bacterial antibiotic resistance, how-

ever, animal feeds often contain antibiotics at contents higher than the recommended

Table 2.1 (continued)

Antimicrobial class Basic chemical structure Individual drugs

Streptogramins Virginiamycina

Sulfas Sulfachlorpyridazine

Sulfadimethoxine

Sulfamerazine

Sulfamethazinea

Sulfaquinoxaline

Sulfathiazolea

Tetracyclines Chlortetracyclinea

Oxytetracyclinea

Tetracycline

Source: FDA (2010)
aApproved for use as swine feed supplements for therapeutic purposes (carbadox, sulfamethazine,

and sulfathiazole) and for promoting pig growth (others)

Fig. 2.1 Relative

percentages of the used

antibiotics for animal

production in the US in

1999 (Source: Sarmah

et al. 2006)
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levels. A survey revealed that 25 % of the 3,000 tested swine feeds in the

U.S. contained antibiotics at higher-than-the-recommended concentrations (Dewey

et al. 1997). The widespread use of antibiotics at increasing rates may facilitate the

evolution of bacteria toward antibiotics-resistant strains and consequently, induce

new, untreatable livestock diseases (Kumar et al. 2005a). Antibiotics inhibit or destroy

sensitive bacteria, providing an environment for those resistant variants to flourish and

become dominant. The antibiotic resistance can be further transferred via plasmids to

other bacteria.

Globally it is unclear what veterinary pharmaceuticals and in what quantities are

being used, as data on the annual production and consumption of animal medicines

are not readily available in many countries. The U.S. uses 13,067 tons of veterinary

antibiotics in domestic animal agriculture and exports 1,632 tons to other countries

annually (FDA 2010). In China, more than 6,000 tons of veterinary antibiotics are

consumed annually (Zhao et al. 2010); the most common antibiotics are tetracy-

clines, sulfonamides, tylosin, and fluoroquinolones (Li et al. 2013). In the United

Kingdom, 897 tons of antibiotics were applied to animal production in 2000

(Thiele-Bruhn and Aust 2004). The annual EU consumption of veterinary antibi-

otics was approximately 5,000 tons by 2005 (Kumar et al. 2005a). Since 2006, the

use of antibiotics as a feed supplement of food-producing animals has been banned

in EU countries (Europa 2005).

2.3 Residual Veterinary Pharmaceuticals

in Animal Manures

The use of veterinary pharmaceuticals is vitally important in confined food animal

production. Nevertheless, animals do not utilize all the applied pharmaceuticals.

Depending on the chemical and the animal species, 10–90 % of the feed-

supplemented pharmaceuticals are excreted in animal urine and feces as intact parent

compounds or bioactive metabolites (Kumar et al. 2005a). Through controlled-

feeding trials with broilers eating antibiotics-supplemented feeds for 36 days,

Kumar et al. (2004) found that 3–60 % of the antibiotics penicillin, salinomycin,

bacitracin, chlortetracycline, virginiamycin I, virginiamycin II, monensin, and

narasin added separately or in combination at 2–110 mg kg�1 in feed were excreted

in bird manure. With the advances of analytical techniques, antibiotics such as

tetracyclines, tylosin, monensin, sulfadimidine, and sulfathiazole have been detected

in swine slurry, cattle manure, poultry litter, and fish farm sediment from different

countries at a wide concentration range from trace to 200 mg kg�1 or mg L�1 (Kumar

et al. 2005a). Literature reported concentrations of residual veterinary pharmaceuti-

cals in manure wastes from confined food-producing animals are summarized in

Table 2.2.

Detection of residual veterinary pharmaceuticals in manures is typically achieved

by extracting animal waste with nonpolar and polar solvent extractants, purifying
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and concentrating the extracts using solid phase extraction (SPE) columns, and

determining the processed extracts for concentrations of target chemicals using

liquid chromatography-mass spectrometry (LC-MS) or high performance liquid

chromatography (HPLC) techniques, with chemical standards for calibration.

Due to low extraction efficiency and poor recovery of pharmaceuticals from

background-complex waste media, accurate measurement of residual veterinary

drugs in animal waste is always challenging. Extractants consisting of weakly acidic

buffers and organic solvents (e.g., 1:1 methanol: pH 4.0 EDTA-McIlvaine buffer)

are recommended to recover residual antibiotics from lyophilized manure materials

(Thiele-Bruhn 2003). For certain veterinary chemicals, other formulated extractants

(e.g., deionized water, a methanol-water mixture, or pure methanol) may be more

efficient (Michelini et al. 2012). Methods such as repeated extraction, accelerated

solvent extraction (ASE), ultrasonic liquid extraction, and Soxhlet extraction are

commonly used to improve the extraction efficiency. Experiments with artificial

antibiotic spiking disclosed 64–107 % efficiency of extracting pharmaceutical from

manures (Furtula et al. 2009; Li et al. 2013). As instantaneous chemical spiking does

not incorporate the “aging effect” of antibiotic-manure matrix interactions

(i.e., chemicals being more tightly sorbed in the media and over time becoming

more difficult to extract), the measured recovery rates may have over-estimated the

actual extraction efficiency from genuine samples.

Most veterinary pharmaceuticals are biodegradable and therefore, storage or

composting of animal manure helps eliminate the residual chemicals (Dolliver

et al. 2008). De Liguoro et al. (2003) reported that the concentrations of oxytetra-

cycline and tylosin in cattle manure decreased from 366.8 to 2.1 mg kg�1 and from

32.8 to <0.1 mg kg�1, respectively, after heaping the waste outdoor for 135 days.

Degradation of veterinary pharmaceuticals in animal manures is chiefly a result of

microbial activity. As a result, manure sterilization significantly inhibited degrada-

tion of the residual veterinary chemicals (Wang et al. 2006). Degradation of

veterinary pharmaceuticals in animal manures by the inherent microorganisms

poses challenges for accurately measuring the residual level of animal drugs in

excreta. Meanwhile it suggests an effective approach for reducing bioactive chem-

ical contamination simply by stockpiling or composting animal waste for adequate

time (e.g., 2–3 months) prior to land disposal.

2.4 Environmental Behaviors of Veterinary

Pharmaceuticals in Soils

Veterinary pharmaceuticals are introduced into the environment through discharge,

handling, storage, and disposal of animal waste. Antibiotics in excreta from grazing

livestock and in water of aquaculture ponds reach the environment by direct

discharge. Collected manures (in storage sheds, slurry tanks, and lagoons) and

processed products (e.g., compost, sewage sludge) are commonly applied via
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spreading, injection, or irrigation to cropland as an organic fertilizer. In the U.S., the

food animal industry generates annually 8.5 million dry tons of swine manure, 16.2

million dry tons of poultry litter, and 107.4 million dry tons of cattle waste, of which

the vast majority is disposed of through land application (Kumar et al. 2005a). If

assume 50 % (in the range of 10–90 %) of the 13,067 tons of veterinary antibiotics

consumed annually (FDA 2010) are excreted in animal waste, there were more than

6,500 tons of drug chemicals entering the U.S. soil and water environments.

Anticipated transport and exposure pathways of animal waste-derived veterinary

pharmaceuticals are outlined in Fig. 2.2. In soil, veterinary pharmaceuticals may be

adsorbed by soil solids, degraded by soil microorganisms, taken up by plants,

transport to surface water via runoff and to groundwater via leaching, and generate

adverse impacts on terrestrial and aquatic ecosystems.

2.4.1 Sorption of Veterinary Pharmaceuticals in Soils

In soils, veterinary pharmaceuticals interact with clay minerals and organic matter,

resulting in sorption, binding, and fixation of the chemicals in the soil matrix.

The strength of the interaction is dependent on the chemical species and the soil

Fig. 2.2 Expected fate, transport, and exposure pathways for veterinary pharmaceuticals in the

environment
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property and is influenced by temperature, moisture, and the soil solution chemistry

(Kumar et al. 2005a). A parameter “distribution (partition) coefficient” Kd (the ratio

of the quantity of an adsorbate sorbed per unit mass of sorbent solid to the amount

of the adsorbate remaining in solution at equilibrium; normally predicted from the

linear portion of the adsorption isotherms) is commonly used to measure the

Table 2.3 Water solubility and soil distribution coefficient of veterinary pharmaceuticals

Drug class Antibiotics Water solubility (mg L�1) Kd (L kg�1) KOC (L kg�1)

Tetracyclines Tetracycline 230–52,000 420–1,030 27,800–93,300

Chlortetracycline

Oxytetracycline

Sulfonamides Sulfanilamide 7.5–00 0.6–4.9 60–200

Sulfadiazine

Sulfadimidine

Sulfadimethoxine

Sulfapyridine

Sulfamethoxazole

Aminoglycosides Efrotomycin 10–500 8–290 580–11,000

Kanamycin

Neomycin

Streptomycin

β-lactams Ampicillin 22–10,100 NA NA

Meropenem

Penicillin G

Ceftiofur

Cefotiam

Macrolides Erythromycin 0.45–15 8.3–128 770–7,990

Oleandomycin

Tylosin

Fluorquinolones Ciprofloxacin 3.2–17,790 260–6,310 16,500–770,000

Enrofloxacin

Flumequin

Sarafloxacin

Oxolinic acid

Imidazoles Fenbendazole 6.3–407 0.54–0.67 38–56

Metronidazole

Oxfendazole

Polypeptides Avermectin Insoluble – miscible 18–134 4,760–6,600

Bacitracin

Ivermectin

Virginiamycin

Polyethers Lasalocid <0.003 1–210 61–15,700

Monensin

Salinomycin

Glycopeptides Vancomycin >1,000 0.3–0.7 NA

Quinoxalines Olaquindox 1,000,000 0.69–1.67 46–116

Source: Yeager and Halley (1990), Tolls (2001), Thiele-Bruhn (2003), Sassman and Lee (2007)
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sorption of a solute to soil. It is believed that sorption of organic contaminants

in soil is mainly via interactions with soil organic matter (SOM) and thus, the

adsorption coefficient KOC (Kd normalized by soil organic carbon (OC) content

fOC: KOC ¼ Kd/fOC) also serves as a measure of sorption (Kishi et al. 1990).

Veterinary chemicals with increased aromaticity and electropolarity demonstrate

higher Kd and KOC values and tend to be strongly bound to soils (Thiele-Bruhn

et al. 2004). The Kd and KOC values of selected veterinary pharmaceuticals are

given in Table 2.3.

Sorption of veterinary pharmaceuticals to soil constituents occurs naturally and

ubiquitously, especially for thosewith highKd orKOC values (Table 2.3). The sorption

is generally rapid: in antibiotics-spiked (400–12,000 mg kg�1) soil slurry systems

under agitation, more than 95 % of the chlortetracycline adsorption to a sandy loam

and a clay soil occurred within 10 min and 95 % of the tylosin adsorption occurred

within 3 h (Allaire et al. 2006). Soil active sorption sites include SOM and the broken

edges, basal planes, and interlayer space of clay minerals (Nowara et al. 1997). For

compoundswith significant hydrophobicmoieties (i.e., compounds with high octanol/

water partition coefficients), sorption to soil is mainly via hydrophobic partitioning

into SOM.Gruber et al. (1990) found that sorption of avermectin B1a to three different

textured soils increased as the SOM increased and theKd showed an evidently positive

relationship with fOC, suggesting predominance of hydrophobic partitioning in this

particular antibiotic sorption. By studying migration of carbamazepine, naproxen and

diclofenac in field soil profileswith artificial irrigation, Chefetz et al. (2008) concluded

that sorption of the pharmaceuticals to soil was governed by SOM in its quantity and

physiochemical nature. For hydrophilic, ionizable antibiotics, however, hydrophobic

partitioning may not be dominant. Instead, physiochemical interactions with soil

minerals becomemore important. A review by Tolls (2001) noticed that the Kd values

of animal antibiotics varied greatly with soil types, but translation to KOC by normal-

izing the values with soil fOC did not significantly decrease the variation, suggesting

clay minerals were also important in binding veterinary pharmaceuticals. The binding

mechanisms include van der Walls interaction, electrostatic attraction, cation bridg-

ing, and anion exchange. Studies showed that sorption of tetracycline, oxytetracycline,

oxolinic acid, and enrofloxacin to pure clay minerals and sediments increased with

increasing the sorbent surface area (Sithole and Guy 1987; Nowara et al. 1997),

indicating a surface-related process of antibiotics to soil. Many pharmaceuticals

contain functional groups such as amines, carboxyls, and hydroxyls (Table 2.1).

Protonation or deprotonation of these groups in pH-specific media engenders positive

or negative charges. Positively-charged antibiotics bind to soil particles through

electrostatic attraction/cation exchange (Gao and Pedersen 2005; Wang et al. 2012).

Anionic pharmaceutical molecules form complexes with cations that are adsorbed on

negatively charged soil constituents; the cation bridging enables the pharmaceuticals

to be retained in soils (Tolls 2001). In alkaline solutions, some antibiotics can even

form complexes with clay minerals through anion exchange whereby the carboxylic

groups of the chemicals directly replace the hydroxyl groups on mineral surfaces.

This type of sorption is so strong that a phosphate solution is required to extract the

sorbed antibiotics (Sassman and Lee 2007).
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Furthermore, sorption of antibiotics to soil minerals is affected by the media pH,

ionic strength, and types of exchangeable cations (Pils and Laird 2007; Wang

et al. 2012). The media pH influences drug-soil interactions by altering the charges

of pharmaceuticals and the cation exchange capacity (CEC) of soils. For example, at

pH 5.0 oxytetracycline has zero charges and interacts with organic matter mainly via

hydrophobic partitioning; at lower and higher pH, the chemical becomes positively

and negatively charged, respectively, and was sorbed to soil minerals mainly via

cation exchange and cation bridging, respectively (Kulshrestha et al. 2004). Sassman

and Lee (2005, 2007) noticed that the CEC-normalized sorption of tetracyclines and

the fOC-normalized sorption of monensin and lasalocid to soils decreased with

increasing soil pH in the range of 4.2–7.5. Wang et al. (2008) observed that the

presence of Cu2+ enhanced sorption of tetracycline to montmorillonite in a wide pH

range. Similar to clay minerals, SOM contains various functional groups and is

typically negatively charged. Polar pharmaceutical compounds are also sorbed to

soil through interactions with SOM via van derWaals force, electric attraction, cation

bridging, and anion exchange (MacKay and Canterbury 2005; Gu et al. 2007; Sibley

and Pedersen 2008). Agricultural soils are typically low inOC content (i.e., fOC<3%)

and therefore, these types of interaction may not be as contributing as with soil

minerals.

Considering that most veterinary pharmaceuticals consist of both hydrophobic

and hydrophilic moieties (Table 2.1), it can be concluded that sorption of veterinary

pharmaceuticals in soils is a result of interactions of the chemicals with soil clay

minerals and SOM chiefly through hydrophobic partitioning, electric attraction, and

cation bridging. The interactions are determined by the physiochemical nature of

the pharmaceuticals and the soils (e.g., the quantity and the type of soil clay and

SOM) and are impacted by the soil solution chemistry. As such, Jones et al. (2005)

identified soil texture, CEC, and iron oxide content as the most important factors

that determined the Kd values of oxytetracycline in 26 OC < 4 % soils. Sorption of

sulfamethazines in five different mineral soils was influenced by soil OC content,

soil surface area, and soil solution pH (Lertpaitoonpan et al. 2009).

2.4.2 Transport of Veterinary Pharmaceuticals in Soil

Once in soil through land application of animal waste, residual veterinary pharma-

ceuticals can be transported from the manure‐applied fields to groundwater through
percolation (leaching) and to surface waters through runoff. The chemicals weakly

bound to soil materials (small Kd, Table 2.3) are likely to migrate out of the field in

runoff water or be leached down in the soil profile by percolation water, whereas

those strongly sorbed by soil solids (high Kd, Table 2.3) can move to other locations

together with associated soil particles eroded by runoff water (Davis et al. 2006;

Kim et al. 2010; Chen et al. 2011). The mobility of antibiotic chemicals in soils is

controlled by their sorptivity and life time and influenced by soil solution pH and

ionic strength (Rabølle and Spliid 2000; Blackwell et al. 2007; Chen et al. 2011).
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Furthermore, sorptive veterinary pharmaceuticals can form associations with col-

loids and dissolved organic matter (DOM) and migrate readily in the soil profile

through preferential flow channels (Zitnick et al. 2011; Ding et al. 2013; Zou and

Zheng 2013).

To reduce runoff losses of veterinary chemicals, immediate soil incorporation of

land applied animal waste becomes important (Boxall 2008). Runoff losses of antibi-

otics (e.g., sulfonamides) could be one to two orders of magnitude higher from

grassland than from cultivated land receiving surface application of manure slurry

(Kreuzig et al. 2005). Moreover, surface applied manure can significantly increase

the amount of runoff water from the treated field, likely due to the surface sealing

effect of manure particulates (Burkhardt et al. 2005). Surface runoff of veterinary

pharmaceuticals from animal waste has spread the chemicals to the general water

environment. Lissemore et al. (2006) surveyed seven tributaries of an agricultural

watershed in Southern Ontario, Canada for occurrence of veterinary pharmaceuticals

in surface water and detected 14 antibiotics in 125 stream samples, with prevalence of

lincomycin, monensin, carbamazepine, and sulfamethazine at median concentrations

by 44 ng L�1. In Lansing (Michigan, USA) where animal manures from confined

livestock feeding operations were extensively applied to cropland, antibiotics were

detected in waters from 11 farm drainage tile channels and surface ditches, with

amprolium by 288 ng L�1 and monensin by 189 ng L�1 at approximately 50 %

detection frequency of 109 samples (Song et al. 2010).

2.4.3 Transformation of Veterinary Pharmaceuticals in Soils

In agricultural soils, residual veterinary pharmaceuticals introduced by land

application of animal manure are subject to abiotic and biotic transformation and

degradation. The degradability and degradation pathways vary significantly with

veterinary chemicals and the transformation rate is influenced by a number of

environmental factors including soil type, soil conditions (temperature, moisture,

and oxygen status), manure type, soil-manure ratio, pH, and light (Boxall 2008; Lin

and Gan 2011). Reported studies on degradation of veterinary pharmaceuticals in

soils are summarized in Table 2.4.

Under general conditions, most animal antibiotics are degradable in soil, espe-

cially in the presence of manure waste, with a half-life time <30 days. Certain

antibiotics such as roxithromycin, sarafloxacin, and virginiamycin, however, can

be persistent and remain largely unchanged in soil over 120 days (Table 2.4).

Degradation of veterinary pharmaceuticals in agricultural soils is a comprehensive

result of microbial decomposition, organic transformation, oxidation, photolysis,

and hydrolysis. Chee-Sanford et al. (2009) reviewed the possible degradation

pathways of manure-introduced antibiotics in soil. As water is always present in

animal waste and natural soils, hydrolysis may be an important mechanism

for animal pharmaceuticals to dissipate in the environment. It is known that the

antibiotics β-lactams, macrolides, and sulfonamides are susceptible to hydrolysis
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Table 2.4 Reported studies on degradation of veterinary pharmaceuticals in soils

Pharmaceuticals

Methods/degradation

conditions

Degraded,

(%)

Half life

t1/2 (day) References

Ceftiofur sodium Three agricultural soils

(70 % moisture capacity)

were fortified with

ceftiofur sodium at 10 mg

C/50 g soil and incubated

at 22 �C for 7 weeks

49–79 22–49 Gilbertson

et al. (1990)

Bambermycin Spiked individual antibiotics

to chicken feces-

amended soils at

5.6 mg kg�1 and incu-

bated the mixtures for

30 days at 30 �C, 20 �C,
and 4 �C, respectively

100, 100, 10 Gavalchin and

Katz (1994)Barcitracin 71, 67, 77

Chlortetracycline 56, 12, 0

Erythromycin 100, 75, 3

Tylosin 100, 100, 60a

Sarafloxacin Fortified three agricultural

soils (50–70 % field

capacity with

sarafloxacin at

3.4 mg kg�1) and incu-

bated the soils at 22 �C in

the dark for 80 days

0.5–0.6 % Persistent Marengo

et al. (1997)

Virginiamycin Incubated [14C]

virginiamycin at 0.5 mg

C/50 g soil with six agri-

cultural soils (pH 5.4–

8.2, clay 5–33 %, 50–

70 % of field capacity)

that were amended with

glucose at 9.5 mg C/50 g

soil at room temperature

for 64 days with daily air

flushing

12–40 87–173 Weerasinghe and

Towner

(1997)

Sulfadimethoxine A 20 % moisture silt loam

was amended with

sulfadimethoxine-

fortified steer manure and

incubated at 25 �C for

70 days

89 3–11 Wang

et al. (2006)

Erythromycin Spiked a 12 % moisture

sandy loam with com-

bined six antibiotics each

at 2 mg kg�1 and incu-

bated the soil at 20 �C in

the dark for 120 days

98 20 Schlüsener and

Bester (2006)Oleandomycin 95 27

Roxithromycin 25 Persistent

Salinomycin 100 5

Tiamulin 99 16

Tylosin 100 8

Sulfamethazine Applied sulfonamides to two

moist soils at by

100 mg kg�1 and incu-

bated the soils at 25 �C in

the dark for 40 days

70–83 19 Accinelli

et al. (2007)61–66 21Sulfachloropyridine

(continued)
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(Huang et al. 2001). Under mild acidic or basic conditions, penicillin G can be

readily transformed to penicillinoic acid through hydrolysis (Huang et al. 2001):

If exposed to daylight, antibiotics may undergo photolysis at the soil-atmosphere

interface. Quinolones and tetracyclines are particularly sensitive to photo irradiation

Table 2.4 (continued)

Pharmaceuticals

Methods/degradation

conditions

Degraded,

(%)

Half life

t1/2 (day) References

Oxytetracycline 200 L of liquid swine manure

were fortified with 7.08 g

oxytetracycline and

5.24 g sulfachloro-

pyridine and surface

applied to a 120-m2

sandy loam field plot.

127 days

83 21–23 Blackwell

et al. (2007)Sulfachloropyridine 98 3–4

Tylosin Incubated 50 mg kg�1

tylosin-spiked sandy

loam (field capacity) at

20 �C in the dark for

30 days

93 7–8 Hu and Coats

(2007)

Monensin Spiked two contrasting soils

(field capacity) with sep-

arately monensin and

lasalocid at 2 mg kg�1

and incubated the soils at

23 �C in the dark for

30 days

100 1.2–1.9 Sassman and Lee

(2007)Lasalocid 99 1.4–3.6

Diclofenacb Spiked a sandy and a loamy

moist soil with the com-

pounds each at

40 μg kg�1 and incubated

the soils at 21 �C in dark

under aerobic conditions

for 84 days

92–100 4.8–29.6 Lin and Gan

(2011)Ibuprofenb 96–100 10.4–

15.2

Naproxenb 59–97 17.4–

84.8

Sulfamethoxazoleb 90–95 9.0–11.4

aDegraded at 30, 20, and 4 �C, respectively
bHuman medicines. Not used for animal treatments
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(Doi and Stoskopf 2000). The photolysis reaction of tetracycline in water under light

can be described as (Jiao et al. 2008):

Compared to other reactions, however, photodegradation of antibiotics may be

minor under field conditions due to limited light exposure (Beausse 2004). Instead,

Fig. 2.3 Proposed pathways for the microbial degradation of ciprofloxacin by the fungus

G. striatum in cultural solutions. Primary hydroxylation at one of the several alternative sites

initiates four principal degradation routes. Metabolites identified by HPLC-MS are included at

reduced size (Source: Wetzstein et al. 1999)
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biodegradation is the major pathway for antibiotics transformation in soil.

Many veterinary chemicals are susceptible to enzymatic degradation reactions such

as oxidative decarboxylation and hydroxylation (Al-Ahmad et al. 1999). Hydroxyl-

ation of the antibiotic ciprofloxacin initiated by the fungus G. striatum in a cultural

solution lead to further biodegradation of the chemical to a number of metabolites

(Fig. 2.3). Microbial addition by inoculating surface water with activated sewage

sludge, recycled beef farm water, or lake sediments resulted in significantly acceler-

ated degradation of the inherent veterinary antibiotics (Gartiser et al. 2007; Li

et al. 2011), whereas microbial depletion by sterilizing agricultural soils greatly

inhibited degradation of various antibiotic chemicals (Accinelli et al. 2007; Lin and

Gan 2011).

In addition to biodegradation, chemical processes other than hydrolysis and

photolysis are also important for antibiotic transformation in soil. Soil organic matter

possesses a variety of functional groups such as amines, carboxyls, carbonyls, ethers,

hydroxyls, nitriles, nitrosos, sulfides, and sulfonyls (Swift 1996) and is active in

reacting with veterinary chemicals. Hu and Coats (2007) found that in autoclaved

soils (OC 1.6 %), tylosin degraded rapidly and demonstrated a half-life of 8 days.

Hydrolysis or photolysis could not explain the rapid degradation, as in irradiated

water tylosin showed a half-life of 200 days. The same authors also noticed that

tylosin degraded in nonsterilized soils at a rate nearly equal to that in the sterilized

soils. This does not indicate that biodegradation of tylosin was insignificant. Likely,

the spiked antibiotic at 50 mg kg�1 soil had inhibited the microbial activity, creating

an equivalently sterile environment. The inhibitory effect of antibiotics on the

resident microorganisms has been noticed (Gartiser et al. 2007).

Temperature influences degradation of veterinary pharmaceuticals in soils.

Gavalchin and Katz (1994) spiked chlortetracycline and erythromycin to chicken

feces-amended soils at 5.6 mg kg�1 and incubated the soils at different temperatures.

After 30 days of 30, 20, and 4 �C incubation, 56 %, 12 %, and 0 % of the spiked

chlortetracycline dissipated, respectively and for erythromycin, the levels were

100 %, 75 %, and 3 %, respectively. Li et al. (2011) observed that ceftiofur

hydrolyzed to desfuroylceftiofur in deionized water, with a half-life time of

289 days at 15 �C. The half-life time was shortened to 96, 21, and 5 days, respec-

tively, as the hydrolysis temperature increased to 25, 35, and 45 �C. Degradation of

veterinary pharmaceuticals is also influenced by soil oxygen availability. Dissipation

of diclofenac, ibuprofen, naproxen, sulfamethoxazole, and trimethoprim from two

mineral soils under anaerobic conditions was substantially slower than under aerobic

conditions (Lin and Gan 2011). Sorption to soil minerals and SOM preserves

veterinary antibiotics and enhances their persistence in soils (Zitnick et al. 2011).

Smith et al. (1992) reported that microbial utilization of [14C] quinoline from

solution was 30 times more rapid than from the bound on surfaces of suspended

clay particles. A higher soil moisture content allows more chemicals in the solution

phase, enhancing the accessibility to microorganisms. Wang et al. (2006) reported

that the half-life time of sulfadimethoxine in a silt loam decreased from 10.4 days

to 6.9 days and further to 4.9 days as the soil moisture content was elevated from

15 % to 20 % and additionally to 25 %, respectively. Degradation of veterinary
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pharmaceuticals is further influenced by soil pH. For example, the half-life time of

virginiamycin in different agricultural soils ranged from 87 to 173 days and was

negatively correlated to soil pH (Weerasinghe and Towner 1997). In neutral or

alkaline solutions, tylosin hydrolyzed to tylosin aldol; at pH <4, however, the main

hydrolysis product became desmycosin (Paesen et al. 1995). As organic matter and

microorganisms promote antibiotic degradation, amendment of soil with more animal

manure typically accelerate the dissipation of veterinary pharmaceuticals (Wang

et al. 2006). Clearly, many environmental factors influence the stability and persis-

tence of animal pharmaceuticals in soils and subsequently, affect their transport and

potential ecological impacts in agricultural systems.

2.4.4 Uptake and Accumulation of Veterinary
Pharmaceuticals in Crop Plants

In soil, residual veterinary pharmaceuticals can be absorbed by plants and accumulated

in soil fauna. The uptake and accumulation, however, may vary with organism species

and pharmaceutical compounds. Bioaccumulation of antibiotics by plants has been

confirmed using in-vitro laboratory research. The plants millet (Panicum miliaceum),
maize (Zea mays), and pea (Pisum sativum) grown in a culture medium containing

300 mg L�1 sulfadimethoxine for 8–18 days showed concentrations of the antibiotic

ranging from 178 to 2,070 mg kg�1 in their roots and 12.5–110 mg kg�1 in their stalk/

leaves (Migliore et al. 1995). In a greenhouse trial, barley (Hordeum distichum L.)
grown in soils spiked with sulfadimethoxine at 109 mg kg�1 for 45 days accumulated

the antibiotic 79.0 mg kg�1 in its roots and 18.2 mg kg�1 in its leaves (Migliore

et al. 1996). Corn, cabbage, and green onion grown in swinemanure-amended soil pots

containing chlortetracycline and tylosin each at 0.58–1.58 mg kg�1 soil for 3–6 weeks

accumulated chlortetracycline in plant tissues at 2–17 μg kg�1 fresh weight but not

tylosin (Kumar et al. 2005b). Bioaccumulation of sulfamethazine by corn, lettuce, and

potato from swine slurry-fertilized, 1.25–2.50 mg kg�1 sulfamethazine-fortified pot-

ting soils ranged from 0.1–1.2 mg kg�1 dry weight in above-ground plant tissues

(Dolliver et al. 2007). Willow and maize grown in greenhouse potting soils spiked

with 10 mg kg�1 sulfadiazine for 40 days showed presence of the chemical in the roots

at 333 and 26.5 mg kg�1 dry weight, respectively, but not in the above-ground tissues

(Michelini et al. 2012). Irrigation of soybean in greenhouse pots with water containing

the pharmaceuticals carbamazepine, diphenhydramine, and fluoxetine each at

10 μg L�1 for 60–110 days resulted in accumulation of carbamazepine but not

diphenhydramine and fluoxetine in plant roots and leaves at 1.9–3.4 μg kg�1 dry

weight (Wu et al. 2010). As the concentrations of residual pharmaceuticals in agricul-

tural soils receiving animalmanureswould be far lower comparedwith the levels tested

in laboratory and greenhouse research, bioaccumulation of animal drugs in food crops,

if there any, should be rather insignificant. So far it is not clear that bioaccumulation of

veterinary chemicals in field crops poses health hazard to consumers of tainted plants.
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2.4.5 Concentrations of Veterinary Pharmaceuticals
in Manured Agricultural Soils

A few studies reported on low concentrations of veterinary pharmaceuticals

detected in soils of cropland repeatedly receiving animal manure applications.

The top 30-cm soils collected from a crop field immediately after cattle manure

application at 96 ton ha�1 demonstrated concentrations of oxytetracycline

6–7 μg kg�1 and tylosin below the detection limit (De Liguoro et al. 2003).

Hamscher et al. (2002, 2005) determined residual antibiotics in agricultural fields

with sandy soils that were fertilized annually with livestock manure slurry at

30–50 m3 ha�1 for many years in Northern Germany and detected 43–199 μg kg�1

tetracycline, 3.7–7.3 μg kg�1 chlortetracycline, but not any oxytetracycline,

sulfamethazine, or tylosin in the top 30 cm soils. No antibiotics were present in deeper

soils and only sulfamethazine was detected at 0.05–0.24 μg L�1 in groundwater 140 cm

below the surface. In Lansing (Michigan, USA) MI where concentrated livestock

feeding operations exist, 0.03–0.26 μg kg�1 amprolium and 0.004–0.50 μg kg�1

monensin were detected in the top 10-cm sandy loam soils of the agricultural land

(Song et al. 2010). Due to attenuation and degradation, veterinary pharmaceuticals

generally have rather low concentrations (e.g., <10 μg kg�1) and are mostly

undetectable in soils of agricultural land receiving animal manure applications. So far

contamination of food crops by plant absorption of the residual chemicals in manured

agricultural soils has not been reported.

2.5 Ecological Impacts of Residual Veterinary

Pharmaceuticals from Manures

Pharmaceutical antibiotics affect microorganisms even at low concentrations.

The effects and effective doses vary with exposure time, microorganism species,

and drug chemicals. The half maximal effective concentration (EC50, the effective

concentration that causes toxicity to 50 % of the test population) of chlortetracycline

is 2.2 mg L�1 for sewage sludge bacteria and that of tylosin is 54.7 mg L�1 (Halling-

Sørensen 2001). The EC50 of monensin for soil respiration is 176 mg kg�1 (Thiele-

Bruhn 2003). Nevertheless, species of soil fauna such as earthworms, springtails, and

enchytraeid worms are not influenced by antibiotics even at concentrations

>100 mg kg�1 (Bauger et al. 2000). The presence of chlotetracycline and oxytetra-

cycline at 160 mg kg�1 in loamy soils stimulated the nutrient uptake and promoted

the growth of radish, wheat, and corn, but had little influence on bean growth

(Batchelder 1982). In a loamy soil containing 109 mg kg�1 sulfadimethoxine, the

growth of barley was slightly inhibited (Migliore et al. 1996). Sulfadimethoxine at

300 mg L�1 in a culture solution also restricted the growth of roots, hypocotyls, and

leaves of pea, corn, and millet (Migliore et al. 1995). The antibiotics oxytetracycline

and chlortetracycline at 5.3 and 11.3 mg kg�1, respectively, in beef cattle feces
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applied to a sandy loam at 18.8 dry ton ha�1 enhanced soil respiration but did not

influence the growth of corn seedlings (Patten et al. 1980). The fact is that land

application of animal waste rarely results in residual antibiotics exceeding

0.2 mg kg�1 in agricultural soils. These results suggest that at environmentally

relevant concentrations, residual veterinary pharmaceuticals in manure-fertilized

soils will not adversely affect soil microorganisms, fauna, and plants.

Residual veterinary pharmaceuticals may be transported to surface waters from

manure-applied cropland. In surface ditches and drainage tile channels surrounding

the cropland that repeatedly receives animal manure, an array of antibiotics have

been detected in the water. Streams in agricultural watersheds also show the trace

presence of veterinary pharmaceuticals. Fourteen antibiotics have been detected at

concentrations by 44 ng L�1 in seven tributaries of an agricultural watershed in

Southern Ontario, Canada (Lissemore et al. 2006). A reconnaissance of 139 streams

in the U.S. main continent detected 22 veterinary antibiotics in water at 0.014–

0.10 μg L�1 (Kolpin et al. 2002). Laboratory studies indicate that aquatic plants are

the non-target organisms most sensitive to antibiotic chemicals. Of the 25 tested

antibiotics of different chemical classes, lomefloxacin, sulfamethoxine, and chlor-

tetracycline are most phytotoxic to duckweed (Lemna gibba), with EC25 values of

38, 37, and 114 mg L�1, respectively (Brain et al. 2004). At low concentrations

(e.g., 0.3–3 mg L�1) in water, antibiotics may enhance the growth of aquatic

macrophytes (Solomon et al. 2010). In aquatic microcosm trials, effects of multiple

antibiotics at concentrations below 0.22 μM were not observed on zooplankton,

phytoplankton, and fishes (Richards et al. 2004; Wilson et al. 2004). The no-

observed-effect concentrations of 15 tested veterinary pharmaceuticals in water to

zebrafish (Danio rerio) embryos were around 0.02 mg L�1 (Carlsson et al. 2013).

This value of the parasiticide ivermectin to zooplankton was measured at

0.1 μg L�1 (Boonstra et al. 2011). These no-observed-effect concentrations,

however, were 40–100 times higher than maximum environmentally-relevant

concentrations. Adverse exposure to veterinary pharmaceuticals in natural waters,

if there is any, would be arid and semi-arid headwater streams adjacent to concen-

trated, confined livestock feeding operations (Brooks et al. 2006).

There is great concern on development and spread of antimicrobial resistance

through heavy use and dispersion of veterinary pharmaceuticals in the environment.

Common genes may mutate in the presence of antibiotics and resistance genes can

transfer among diverse microorganisms. In animal intestinal guts live up to 1014

commensal bacteria of several hundred species (Andremont 2003). Antibiotic-

resistant commensal bacteria may be selected every time when an antibiotic drug is

administered. The bacteria are then excreted in animal feces and reach the environ-

ment throughmanure storage, handling, and disposal. In stored swinemanure, 4–32%

of the bacteria, 71 % of the Enterococcus fecalis and 97 % of the E. coli were found
resistant to at least one of the following antibiotics: tylosin, tetracycline, ampicillin,

furatrizine, chloramphenicol, kanamycin, streptomycin, or sulfonamides (Haack and

Andrews 2000; Cotta et al. 2003). These microorganisms survive the transition from

manure storage lagoon into soil (Boes et al. 2005) and can be transported to surface

water and groundwater via runoff and leaching processes (Unc and Goss 2003).

Bacteria resistant to kanamycin and neomycin have been found in a coastal plain
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stream in South Carolina (Left et al. 1993). A strain of superbug methicillin-resistant

bacteria Staphylococcus aureus associatedwith antibiotic-fed animals was detected in

the noses of livestock-handling workers in North Carolina and Iowa (Harrison

et al. 2013; Rinsky et al. 2013). Transport of antibiotic-resistant bacteria and transfer

of antibiotic-resistant genes in the environment were well reviewed by Chee-Sanford

et al. (2009). Through conjugation (transfer of DNA between a donor and a recipient

cell), transduction (bacteriophage-mediated transfer of DNA between bacterial cells),

and transformation (transporting exogenous DNA into the cell cytoplasm and inte-

grating the DNA into the recipient genome), antibiotic-resistant genes can be spread

between different microbial genera and species (Chee-Sanford et al. 2009). Once

antibiotic-resistant pathogens become predominant, the original drugs turn to be

ineffective in treating the related infections. Disastrous losses of health and economy

may occur if alternative treatment methods are not available. Banning the use of

antibiotics in animal feed should root up the risk. To the bottom line, anaerobic

digestion or thermophilic composting of animal waste can dramatically reduce the

population of antibiotic-resistant microorganisms in manures (Sobsey et al. 2001;

Cote et al. 2006).

2.6 Conclusion

The extensive use of veterinary pharmaceuticals, especially antibiotics as feed

supplements in domestic animal production has resulted in significant discharge

of the chemicals into the environment. In poultry, swine, and cattle manures, the

residual contents of more than 50 major antibiotics were detected at 0.01–

765 mg kg�1 dry manure mass. On average, 50 % (10–90 %) of the administrated

veterinary pharmaceuticals were excreted as parent chemicals or bioactive metab-

olites in animal faeces and therefore, it was estimated that worldwide 3,000–27,000

tons of animal drugs entered into the natural ecosystem every year through manure

disposal. In animal manures, pharmaceutical residues undergo microbial degrada-

tion and chemical transformation such as photolysis, hydrolysis, and decarboxy-

lation. The half-lives of veterinary pharmaceuticals in animal manures ranged from

less than 2 days to longer than 30 days. Composting or simply heaping for 60–90

days prior to manure land application is an effective way to eliminate the pharma-

ceutical residues. In soils, veterinary pharmaceuticals interact with soil minerals,

organic matter, aqueous components, and organisms and are subject to sorption,

photohydrolysis, oxidation, and biodegradation. Soil clay minerals and organic

matter are both active agents for binding pharmaceuticals through a variety of

mechanisms including van der Walls interaction, hydrophobic partitioning,

electrostatic attraction, anion exchange, and cation bridging. However, the soil

distribution coefficient (Kd) values of animal pharmaceuticals vary dramatically

with the chemical species, from 0.3 to 6,300 L kg�1. The persistence of veterinary

pharmaceuticals in soils was influenced by a number of environmental factors such

as soil type, organic matter content, pH, moisture content, and temperature. Most
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pharmaceuticals are degradable in soils, demonstrating a half-life <30 days;

whereas certain antibiotics such as roxithromycin, sarafloxacin, and virginiamycin

were persistent and might remain unchanged in soils over months. In soils repeat-

edly receiving livestock manures for years, up to 200 μg kg�1 of animal antibiotics

were detected in the top 30-cm cultivation layer. Veterinary pharmaceuticals at

such concentrations in soil would not impose discernible impacts on soil microor-

ganisms, fauna, and plants, though plants and soil fauna could uptake and accumu-

late veterinary pharmaceuticals. So far contamination of food crops by residual

pharmaceuticals in manured soils has not been reported. Even so, soil residual

veterinary pharmaceuticals could diffuse from manured fields via surface runoff

and deep percolation. Up to 290 ng L�1 of animal antibiotics were detected in

drainage water from manure-fertilized cropland. In US and Canada, 22 animal

antibiotics were detected in rivers and streams at up to 100 ng L�1, though a

concentration lower than the no-observed-effect concentrations of veterinary phar-

maceuticals to aquatic organisms. The standing concern associated with heavy use

of animal pharmaceuticals is development of antimicrobial resistance and spread

antibiotic-resistant bacteria through manure disposal. To eliminate the risk, reduc-

ing and eventually banning the use of antibiotics in animal feed should be enacted.

2.7 Outlook on Practical Applications

Eliminating residual veterinary pharmaceuticals and antibiotic-resistant pathogens

from livestock manure prior to land disposal of the waste is essential. Development

of standard composting protocols and other effective methods for sterilizing animal

manure should be a focus of future research. Composting is practical for on-farm

operations and will also be able to eradicate animal-borne hormones. Prevention of

pathogens from spreading from manure storage, handling, and composting facilities

via runoff should be reinforced. Liquid from manure lagoons should be disinfected

before environmental discharge. Since the long-term ecological impacts of veter-

inary pharmaceuticals at low concentrations in soil, water, and plants are largely

unknown and are difficult to monitor, use of veterinary pharmaceuticals as feed

additives should be gradually phased out. Research should advocate and assist in

“sustainable, green animal-feed operations” by identifying alternative methods for

enhancing animal health and growth.
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Chapter 3

Changes in Nutrient Content and Availability

During the Slow Pyrolysis of Animal Wastes

Minori Uchimiya

Abstract Although a large number of reports are available on the total and soluble

phosphorus, potassium, and nitrogen (and other nutrient elements) content of

manure biochars, information is lacking to understand the changes in chemical

speciation of different elements during pyrolysis. Manure is intrinsically hetero-

geneous, and is composed of feces, urine, bedding materials, waste feed (and their

degradation products formed during storage) and in some cases soils. Molecular

level understandings in thermochemical transformation pathways are necessary to

predict the utility of manure biochars as a sterile, renewable, organic fertilizer for

different soil types. This critical review will utilize micro/spectroscopic chara-

cterization of manure biochars from slow pyrolysis and gasification as well as

manure ash to understand the phosphorus speciation. Inorganic (ash) component

is enriched with phosphorus and potassium, and can comprise over 50 wt%

(on a dry weight basis) of manure biochar. “Ash” is a complex mixture of

amorphous, semi-crystalline, and crystalline inorganic phases as well as organic

(char) components. These ash components may be originally present in the manure

feedstock or thermochemically produced (e.g., apatite). Organic carbon fraction of

biochar likely stabilizes ash by various organo-mineral interactions, e.g., by serving

as a template for the formation of nano-crystals during pyrolysis. Depending on the

thermochemical conversion procedure, stable minerals like hydroxyapatite and

whitlockite may form. Much like phosphate rock, acidulation and other pretreat-

ments such as blending with more soluble fertilizer and compost may be necessary

to fully utilize less soluble P of manure biochars under alkaline conditions.
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3.1 Introduction

In the United States, manure is traditionally land-applied. Recent trend towards

fewer and larger, concentrated animal feeding operations has resulted in an excessive

land-applied manure (Cantrell et al. 2007). Diverse environmental problems arose

from pathogens, greenhouse and odorous gas emission, and phosphorus runoff (e.g.,

Centner and Newton 2008). Slow pyrolysis offers an avenue for mitigating some of

these problems and reducing the waste volume prior to land application. Slow

pyrolysis of manure produces the solid product called biochar having high phospho-

rus, potassium, and nitrogen (PKN) content (Cao and Harris 2010; Jha et al. 2010;

Singh et al. 2010). Manure-derived biochar can serve as a sterile fertilizer that may

release nutrients in a more controlled manner, compared to untreated and composted

manures. In addition, stable carbon components of biochar offer a carbon sequestra-

tion potential. A large number of reviews and reports have described the agronomic

and environmental benefits of manure biochar soil amendment (Lehmann et al. 2003;

Chan et al. 2008; Uchimiya et al. 2012).

Biomass is a complex heterogeneous structure composed of cellulose, lignin, and

other organic (primarily C, H, N, S, O) as well as inorganic components that can

exceed 40 % of dry weight (Vassilev et al. 2010). Inorganic components (SiO2,

Al2O3, Fe2O3, TiO2, CaO, K2O, P2O5, MgO, SO3, Na2O) may originally exist in

biomass or are produced during thermal treatments (Song et al. 2011). The publically

accessible North Carolina State University website (NCSU 1994) lists manure

characterization methods and results for diverse manure varieties. Compared to

plant biomass, manure contains much higher moisture as well as ash composed of

alkali metals (30–40 % dry weight) (Vassilev et al. 2010). At an elevated temperature

(even below 900 �C), alkali metals such as K react to form alkaline silicates and

sulfates (Wang et al. 2008). Alkali silicates and sulfates have melting points below

700 �C and volatilize Na and K (Wang et al. 2008). Compared to lignocellulosic

feedstock, animal waste (either manure or litter) is inherently heterogeneous and is

composed of feces, urine, bedding materials, waste feed, fermentation products

(Miller and Varel 2002; Miller and Varel 2003), and in some cases soil. Dairy and

swine manure streams often contain less than 10 % total solid and are typically

discharged into open-air lagoons (Cantrell et al. 2008). Drier manures such as poultry

litter and cattle feedlot waste contain a mixture of feces, bedding, waste/undigested

feed, and urine (Cantrell et al. 2007). Composting is commonly employed for drier

(60–80 % total solid) manures (Cantrell et al. 2007). Chemical analyses of poultry

litter showed a large fraction of protein and ash, and smaller fraction of cellulose and

hemicellulose (Singh et al. 2008). Bedding materials (e.g., wood shavings, sawdust,

straw, peat or paper pieces) are used to maintain the floor dry (Wheeler and Smith

Zajaczkowski 2002).

Phosphorus is commonly used as a flame retardant to increase the char yields for

textiles and wood (Nowakowski et al. 2008). Phosphorus is used to increase the

char yield, and catalyzes biomass pyrolysis by allowing chemical reactions to occur

at lower pyrolysis temperatures (Nowakowski et al. 2008). Unfortunately, most
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studies focused on the identification of gas-phase pyrolysis products using GC-MS

(Nowakowski et al. 2008), and limited information is available to understand

the chemical speciation of P (either naturally present in manure feedstock, or

added to lignocellulosic feedstock) in the solid char product. A large number

of ultimate analysis and bioassay results have emerged to understand the total/

bioavailable nutrient content of manure biochars (Chan et al. 2008; Cantrell

et al. 2012; Wang et al. 2012). However, there is a knowledge gap to understand

how high-temperature treatments change the chemical speciation of nutrients.

Such fundamental knowledge is necessary to predict the solubility and reactivity

of P and other nutrient elements in biochar-amended agricultural soils.

This chapter is a critical review exploring the changes in chemical speciation

of nutrient elements within manure as a result of pyrolysis and other thermal

conversion technologies. A particular emphasis will be given to phosphorus.

Because of limited literature reports on the P speciation of slow pyrolysis biochars,

this chapter will partly rely on spectroscopic analyses of gasified and incinerated

manures. Implication for manure biochars will be discussed, and recommendations

will be given on the critical areas where further investigation is particularly needed.

3.2 Nutrient Composition of Manure Biochars

3.2.1 Total and Bioavailable Nutrient Contents in Manure
Biochars and Related Thermal Conversion Products

A large number of reports are available on the total and bioavailable nutrient contents

of manure biochars (Chan et al. 2008; Gaskin et al. 2008; Lima et al. 2009; Novak

et al. 2009; Cantrell et al. 2012; Enders and Lehmann 2012; Tsai et al. 2012;

Uchimiya et al. 2012; Wang et al. 2012; Dai et al. 2013; Xu et al. 2013; Zhao

et al. 2013). It must be noted that, depending on the digestion method, nutrient

recovery from manure biochars can vary by orders of magnitude (Fig. 3.1) (Enders

and Lehmann 2012). Volatilization loss during dry-ashing is particularly problematic

for P, K, S, As, Se, and Hg (Enders and Lehmann 2012). After comparing various

wet-digestion and dry-ashing methods, Enders and Lehmann (2012) recommended a

modified dry-ashing method for reproducibly recovering P, K, S, Ca, Mg, and Zn

from biochars to provide the ultimate analysis results. In order to (1) minimize

volatilization loss of certain elements and (2) ensure oxidation of recalcitrant C, the

modified dry-ashing procedure employed a wet-digestion after the dry-ashing step

(Enders and Lehmann 2012). A closed-vessel microwave digestion is another way to

minimize the volatilization loss of certain elements (Enders and Lehmann 2012), and

has been widely utilized to characterize manure biochars.

As an illustrative example for the pyrolysis temperature-dependent nutrient con-

tent of manure biochars, Table 3.1 presents results for dairy, feedlot, poultry, turkey,

and swine manure feedstocks (Cantrell et al. 2012). Values in Table 3.1 were
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obtained by wet acid digestion using concentrated HNO3 and 30 % H2O2, followed

by ICP-AES quantification (Cantrell et al. 2012). In agreement with other literature

sources (Wang et al. 2012), total P content of biochar (in g kg�1 on a dry weight

basis) increased as a function of pyrolysis temperature (Table 3.1). Soluble P, in

contrast, consistently decreased as a function of pyrolysis temperature (Table 3.1). Of

Fig. 3.1 Total elemental contents of poultry biochar produced at 600 �C obtained by different

digestion methods (Enders and Lehmann 2012)
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particular interest is swine solid biochar that contained lower soluble P especially

when pyrolyzed at 700 �C, despite the highest total P content among all manure

varieties at both 350 and 700 �C (Table 3.1). Cantrell et al. (2012) attributed the

uniquely low P solubility of swine biochars to P-stabilization by the polymer

flocculent during pyrolysis. Amongst unpyrolyzed manure feedstocks, swine solids

had the highest soluble P (Table 3.1), further indicating the importance of

polyacrylamide-phosphate interactions during pyrolysis. Interestingly, polyacry-

lamide hydrogels have been utilized as growth media to crystallize calcium

phosphate (Iijima and Moriwaki 1998; Yokoi et al. 2010a, b).

Animal waste is among the highest ash containing biomass enriched in CaO

(57 wt% by high temperature ash analysis for chicken litter), P2O5 (15 %), and K2O

(12 %) (Vassilev et al. 2010). Ash in manure contains higher P2O5 and lower SiO2,

compared to the plant biomass (Vassilev et al. 2010). Pyrolysis results in the

enrichment of some elements in the biochar product, and volatilization loss of the

same or other elements. Pyrolysis of mallee tree at 350–750 �C resulted in an

enrichment of alkali and alkaline earth metals (AAEM; Na, K, Mg, Ca) and P in

biochar, as opposed to a substantial loss of S, N, and Cl (Wu et al. 2011).

For wastewater sludge containing 34 % ash, greater pyrolysis temperature

(300–700 �C) increased Ca, Fe, Mg, S, Cu, and Zn contents (Hossain et al. 2011).

In contrast, Cr, Ni, and Pb contents were increased up to 500 �C, and then decreased
by a further temperature increase (500–700 �C), and the greatest loss was

observed for Cr (Hossain et al. 2011). Pyrolysis of coal resulted in the volatilization

of Na and Cl separately (most likely as carboxylate complexes), and monovalent

species (Na) was volatilized more easily than divalent species (Mg, Ca) (Quyn

et al. 2002).

In addition to the changes in the total amount of each element, pyrolysis of

biomass significantly impacts the chemical speciation and bioavailability of plant

nutrients such as P and K (Bridle and Pritchard 2004; Silber et al. 2010). For example,

pyrolysis at 450 �C decreased the water soluble P fraction of sewage sludge from>60

to <20 % (Bridle and Pritchard 2004). Calcium-bound P phases (HCl-extractable)

increased to >30 % in the char fraction, whereas Fe, Al-bound fractions (NaOH

extractable) did not change significantly (Bridle and Pritchard 2004). Fast pyrolysis

of cornstraw increased exchangeable and acid-Extractable K, at the expense of water

soluble K fractions (Silber et al. 2010). Nearly an order of magnitude greater

bioavailable (Colwell; pH 8.5 sodium bicarbonate (Coventry et al. 2001)) P content

was observed in poultry litter biochar produced at 450 �C than the steam activated

550 �C biochar (Chan et al. 2008). In contrast, Mehlich I (50 mM HCl + 12.5 mM

H2SO4) P did not significantly differ for poultry litter biochars produced at 400 and

500 �C (Gaskin et al. 2008). However, for both biochars, steam activation decreased

the Mehlich I P concentrations (Gaskin et al. 2008). In a separate report, Mehlich I P

was higher for poultry litter biochar formed at 700 �C than 350 �C (Novak

et al. 2009). Thermal treatment, e.g., forest fire, converts organic phosphorus to

more bioavailable orthophosphate (Cade-Menun et al. 2000; Knicker 2007). Thermal

treatment of orthophosphate in turn results in a less soluble polyphosphate species

(Cade-Menun et al. 2000). These mineralization, or ashing, processes lead to an
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increase in available P immediately after a fire event; however this increase is

often short-termed and leads to the long-term P loss and reduced forest productivity

(Cade-Menun et al. 2000). Acidulation (Steffens 1994) and other pretreatments

such as blending with more soluble fertilizer and compost (Nishanth and Biswas

2008) may be necessary to fully utilize less soluble P of manure biochars under

alkaline conditions, much like phosphate rock. The following section will utilized

micro/spectroscopic characterization reports to understand the chemical speciation of

P and other nutrient elements in manure biochars produced by slow pyrolysis.

Particular emphasis will be given to x-ray diffraction (XRD), x-ray absorption near

edge structure (XANES), and high resolution transmission electron microscope

(HETEM) techniques.

3.2.2 XRD Determination of Phosphorus
Speciation in Manure Biochars

Mined phosphate rock is the major chemical phosphorus fertilizer worldwide

(van Straaten 2002). It is widely accepted that world’s reserve of rock phosphate

will become depleted in the next several decades (Gilbert 2009). Phosphate rock is

composed primarily of apatite, and is commercially graded by the phosphorus

pentoxide (P2O5) content (van Straaten 2002). Hydroxyapatite (Ca10(PO4)6(OH)2;

OH may be replaced by F or Cl) is a calcium phosphate mineral. Greater carbonate

substitution and lower crystallinity make hydroxyapatite more soluble and

bioavailable (van Straaten 2002). Figure 7.20 of Stumm and Morgan (1996)

provided the speciation diagram for soluble phosphate, based on the stability

constant for various solubility limiting phases in Table 7.5 of the book (Stumm

and Morgan 1996). Readers are also referred to Chapter 5.3 of Sposito (1989) for

fundamental chemistry controlling phosphate solubility in calcareous soils (Sposito

1989). Phosphate solubility strongly depends on pH and Eh (Sposito 1989; Stumm

and Morgan 1996), and under reducing conditions, secondary minerals like

vivianite (Fe3(PO4)2�8H2O) may form (Peretyazhko and Sposito 2005). XRD is

widely employed to characterize P mineralogy in phosphate fertilizers.

Wang et al. (2012) produced biochars from 50:50 (by dry weight) mixture of

cattle manure and wood chips at 250, 350, 450, 550 �C by slow pyrolysis with a

very short residence time: kiln was allowed to cool to room temperature when the

peak temperature was reached (Wang et al. 2012). The XRD spectra of biochars

(Fig. 3.2) did not show crystalline P, except for minor peaks attributable to struvite

(MgNH4PO4�6H2O) (Wang et al. 2012). Struvite recovered from biosolids has

shown bioavailability equivalent to single superphosphate (Plaza et al. 2007).

Standard bioavailable P extraction methods for New Zealand (2 % formic acid),

EU (2 % citric acid), and US and Australia (1 M neutral ammonium citrate) showed

an increase in absolute P concentration as a function of pyrolysis temperature,

concurrently with the increase in total P content of biochar (Wang et al. 2012).
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Zhao et al. (2013) produced slow pyrolysis biochars at 500 �C (4 h residence time)

from 20 different biomass of manure, wood, crop waste, food waste, aquatic plants,

and municipal waste origins (Zhao et al. 2013). In contrast to Cantrell et al. (2012)

(Table 3.1), swine biochar contained by far the highest water soluble P concentration

(16 h shaking at 1:2,000 (w/v) of biochar to water) (Zhao et al. 2013). Unlike poultry

and cow manures, swine solids are separated from liquid waste using polyacrylamide

as a flocculent (Cantrell et al. 2012). In Zhao et al. (2013), some nutrients (N, K)

were higher in non-manure biochars. Water Extractable N was an order of magnitude

higher in food waste (bone dregs) and sludge biochars than cow, pig, or chicken

manure biochars (Zhao et al. 2013). Water Extractable K was orders of magnitude

higher in grass and aquatic plant biochars than manure biochars (Zhao et al. 2013).

Limited solubility of P and Ca was attributed to (1) whitlockite ((Ca, Mg)3(PO4)2) in

manure and food waste biochars and (2) calcite (CaCO3) and calcium oxalate

Fig. 3.2 XRD spectra

of 250–550 �C biochars

and biosolid feedstock

(BSe-F). Possible struvite

peaks in manure-wood

(MAe) biochars were lined

out by dotted lines;
the region in the ellipse

in BSe was attributed

to “organic hump”

(Wang et al. 2012)
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(Ca(COO)2) in most biochars from XRD analyses (Fig. 3.3). Sufficiently high

pyrolysis temperature (�500 �C) is however necessary to form whitlockite from

dairy manure (Cao and Harris 2010). High solubility of K was in agreement with the

XRD signal for sylvite (KCl) (Fig. 3.3).

Fig. 3.3 X-ray diffraction patterns of biochars derived from different waste biomasses. C calcite,

M X-ray mount, O calcium oxalate, Q quartz, S sylvite, W whitlockite (Zhao et al. 2013)
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XRD study of manure ash from incineration (Herrera et al. 2010; Komiyama

et al. 2013) and gasification (Ksawery et al. 2010) provided further insights

into the thermal formation of phosphate minerals. In particular, provided com-

prehensive reviews on ash produced from combustion of manure and other

biomass (Vassilev et al. 2013a, b). XRD analyses on gasification by-product

(ash) of anaerobically digested pig manure showed hydroxyapatite of varying

Ca (20–49 %) and P (8–18 %) contents as the main P phases (Ksawery et al. 2010).

Minor presence of quartz, K-feldspar (KAlSi3O8), and ilmenite was observed

(Ksawery et al. 2010). Removal of calcite from ash using pH 5 acetate increased

P extractability in water by ten times (Ksawery et al. 2010). Ksawery et al. (2010)

reported that apatite in ash had the mean crystal dimension of 40–50 nm. Although

microscopic image of this apatite nanocrystal is not available, nano-sized pre-

cipitates are expected to be highly reactive, and are ubiquitous in nature (Hochella

et al. 2008). Formation of MgO nanocrystals within biochar has been observed for

a plant biomass pre-treated with MgCl2 and then pyrolyzed at 600 �C for 1 h

(Fig. 3.4) (Zhang et al. 2012). Nano-sized MgO (Fig. 3.4) was deemed responsible

for the ability of biochar to sorb phosphate as well as nitrate (Zhang et al. 2012).

Herrera et al. (2010) observed hydroxyapatite in XRD spectra of ashed dairy

manure of cows fed with high amount of soluble CaCl2 (Herrera et al. 2010).

More soluble P phase, Mg-substituted whitlockite, was observed in ashed manure

for cows fed with less soluble CaCO3 (Herrera et al. 2010). Neither hydroxyapatite

nor whitlockite was detected in XRD spectra of dried manure (prior to ashing to

remove organic matter) (Herrera et al. 2010). Their observation emphasizes

the importance of organic matter removal for thermal formation of hydroxyapatite

from manure. Above-described literature reviews on XRD analyses indicated

the presence of apatite in ashed or gasified manures, but not in manure biochars

containing as much as >40 % C by dry weight. It must be noted that compared to

manure ash, limited XRD reports are available for manure biochars to confirm the

existence of hydroxyapatite and other thermally formed phosphorus minerals.

X-ray absorption near-edge structure (XANES) spectroscopy analyses of poultry

manure showed the dominance of soluble CaP species and free or weakly bound

phosphate, and the absence of crystalline P minerals (Sato et al. 2005). In a

historically (>25 years) manure amended soil, more stable CaP species such as

β-tricalcium calcium phosphate were observed; however, crystalline CaP was still

not observed (Sato et al. 2005). In a separate report, hydroxyapatite was observed in

XANES analysis of turkey manure having high Ca:P ratio (>2) (Toor et al. 2005).

Hydroxyapatite can form microbially (Omelon and Grynpas 2008) and chemi-

cally (Sposito 1989) under biogeochemical settings, or thermally. Calcination

(heating in air) and other high temperature processing are commonly employed to

produce crystalline apatite, especially for the synthesis of biomaterials (Tõnsuaadu

et al. 2012). Thermal stability of apatite is controlled by the Ca/P ratio, degree of

substitution by carbonate and other ions, and heating atmosphere (Tõnsuaadu

et al. 2012). Figure 3.5 summarizes increasing thermal stability from carbonate-

substituted apatite, hydroxyapatite, to fluorapatite. As shown in Fig. 3.5, carbonate
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Fig. 3.4 TEM image of MgO-sugar beet tailing biochar nanocomposites (a), HR-TEM image of

nanosized MgO particles in biochar matrix (b), TEM image of the bulk biochar matrix (c), and

HR-TEM image of the nano-MgO surface (d). The inset in (a) shows the selected area electron

diffraction (SAED) pattern (Zhang et al. 2012)

Fig. 3.5 Thermal events for apatites (FAp, ClAp, HAp, CO3Ap, BioAp) showing a phase change

(ClAp), loss of structural groups, decomposition or melting (indicated by a black circle)
(Tõnsuaadu et al. 2012)



evolves as CO2 at 600–1,000
�C to form crystalline apatite minerals. Hydroxyap-

atite is also the main component of bone char, a pyrolysis product of fish/animal

bones (Fuller et al. 2003; Sternitzke et al. 2012). Bone char is a commercially

available P fertilizer today. The ability of bone char to sorb Cd and other heavy

metals adds benefit to this renewable P fertilizer (Siebers and Leinweber 2013).

Similarly, manure biochars are able to bind heavy metals and release soluble

phosphorus at the same time (Uchimiya et al. 2012). In addition, liming effects of

manure biochar can reduce aluminum phytotoxicity (Qian et al. 2013). Gilbert

(2009) emphasized the need for such alternative, renewable P sources to ultimately

replace rapidly depleting rock phosphate reserves worldwide (Gilbert 2009).

Manure is enriched with carbonates, phosphates, and other inorganic components

that are highly water soluble, reactive, and decompose at lower temperature (Vassilev

et al. 2013a). These inorganic (ash) constituents of manure cause agglomeration

and fouling during thermochemical conversion processes (Vassilev et al. 2013a).

The original mineral components (e.g., quartz) as well as thermal transformation

products (e.g., apatite) form manure ash, a complex mixture of amorphous, semi-

crystalline, and crystalline inorganic phases as well as un-combusted organic com-

ponents (char) (Vassilev et al. 2013a). Based on the unique thermal transformation

behavior of inorganic components, Vassilev et al. (2013a, b) categorized manure as a

“CK type” biomass, apart from lignocellulosic biomass (Fig. 3.6). Table 3 of Vassilev

et al. (2013a, b) lists over 20 different phosphate phases found in biomass ashes.

Fig. 3.6 Position areas of 86 biomass varieties and 38 solid fossil fuels in the chemical

classification system of biomass ash (Vassilev et al. 2013a)
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Literature reviews provided above indicated the following controlling factors of

phosphorus (and additional nutrient elements) chemical speciation in manure

biochars:

1. Removal of organic matter by combustion is likely necessary to thermally form

stable CaP minerals such as the crystalline hydroxyapatite phases.

2. Ash (inorganic) component of manure biochar will contain residual organic (char)

fraction that will remain even when combusted. Phosphorus and other nutrient

elements may exist as organo-mineral complexes that have distinctive release

behaviors from purely inorganic minerals. Recalcitrant organic C-mineral com-

plexes may partly explain orders of magnitude discrepancy (depending on the

digestion method) in reported nutrient contents of manure biochars (Enders and

Lehmann 2012).

3. Pyrolysis of manure will likely produce reactive nanometer-sized precipitates on

the biochar surface. These nano-sized crystals can contain P and other nutrient

elements that may be released into aqueous phase in a more controlled fashion.

Such nanomaterials are reactive sorbents for inorganic (e.g., heavy metals) and

organic (e.g., agrochemicals) solutes, and will add further complexity to chemical

interactions within rhizosphere that will ultimately influence the crop growths.

4. Speciation of biochar ash (inorganic constituents) is controlled by the speciation

of feedstock ash as well as the pyrolysis conditions.

3.3 Conclusion and Recommendation for Future Research

Phosphorus-rich manure is today a widely applied organic fertilizer. Improvements

are needed to reduce problems specific to the manure fertilizer. Pyrolysis will

thermally decompose anthropogenic pollutants (e.g., veterinary pharmaceuticals)

and pathogens, reduce waste volume and odor, and will stabilize carbon. Phospho-

rus is a known catalyst for biomass pyrolysis, and alters thermochemical conversion

pathways. Depending on the pyrolysis temperature, P in manure feedstock may

(i) bind with biochar C to form organic P, (ii) crystallize to form inorganic P

minerals, or (iii) volatilize and then condense upon cooling to remain on biochar

surface as labile P species. Characterization of different P forms in manure biochar

is necessary for their utilization as a controlled-release fertilizer.

The following areas need to be explored to fill knowledge gap in evaluating the

quality of manure biochars as a renewable, sterile, controlled-release fertilizer:

1. HRTEM imaging to understand the occurrence and fate (solubility, sorption

capacity) of nano-sized precipitates within biochar matrices. Spectroscopic

characterization (e.g., solid-state NMR and XANES) is necessary to understand

P speciation in manure biochars.

2. Long-term field study to evaluate the utility of manure biochars as a replacement

for conventional organic and chemical P fertilizers. Manure is typically less
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effective than the chemical P fertilizer in the first application season; however,

similar crop yield has been observed in the long term (Smith et al. 1998). Similar

longer-term effectiveness of biochar P must be explored.

3. Composting is often used to saturate biochars with nutrients, and to biodegrade

undesirable volatile matter components prior to soil amendment. Influence of

composting and other post-pyrolysis processing (e.g., sizing) must be taken into

consideration when biochar is used as a PKN fertilizer.
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Chapter 4

Soil Amino Compound and Carbohydrate

Contents Influenced by Organic

Amendments

Zhongqi He, Daniel C. Olk, and Heidi M. Waldrip

Abstract Amino compounds (i.e. amino acids and sugars), and carbohydrates are

labile organic components and contribute to the improvement of soil fertility and

quality. Animal manure and other organic soil amendments are rich in both amino

compounds and carbohydrates, hence organic soil amendments might affect soil

processes through these labile components. This chapter first reviews the advances

in research on soil concentrations of amino compounds and carbohydrates as

impacted by animal manure and other organic amendments. The published papers

are mainly on the amino compounds and carbohydrate changes in long-term field

trials and laboratory or greenhouse incubations, tracking the fate of amendment-

derived amino compounds and carbohydrates in soils. To investigate the amino

compound and carbohydrate changes in the short-term (16 weeks), we present a

greenhouse pot study (4–16 weeks) which demonstrated that poultry manure

increased extractable amino compounds when applied to soil at a high rate, and

depressed them at a low application rate. The increase at the high rate was further

amplified in rhizospheric soils. Whereas microbial activities promoted carbon

(C) and nitrogen (N) mineralization, the presence of ryegrass resulted in lower

concentrations of amino compounds and carbohydrates. Finally, we recommend

that more types of organic amendments be evaluated for their impacts on soil amino

compound and carbohydrate levels, and the relationship in changes between the two

types of compounds. Such cumulative knowledge would provide a basis for

establishing the specific contributions of amino compounds and carbohydrates to

soil N and C dynamics over the course of agricultural seasons and beyond.
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4.1 Introduction

It is reported that up to 50 % of organic carbon (C) and 80 % of organic nitrogen

(N) within soil can exist as amino acids (AA), amino sugars, and carbohydrates

(Creamer et al. 2012). Amino acids are the basic structural units of proteins and

peptides and serve as substrates for soil enzymes involved in N turnover in soil, are

energy sources for soil microorganisms, and are important sources of N for plants.

Senwo and Tabatabai (1998) investigated the AA composition of soil organic matter

(OM) extracted from ten surface soils and surface soils collected from three

long-term cropping systems (continuous corn, corn-soybean-corn-soybean, and

corn-oats-meadow) in Iowa, USA. They reported that the total AA extracted from

the ten soils was positively correlated with organic C and clay content, but not with

total N, pH, or sand content. Expressed as percentages of organic C and N in soils, the

amounts extracted ranged from 11 to 32 %, and 32 to 50 %, respectively. The type of

crop rotation did not significantly affect the total AA content of soils that received the

same N treatment, but it did affect the total AA content of soils from the unamended

plots. Werdin-Pfisterer et al. (2009) examined the composition, concentration, and

seasonal patterns of soil AAs across a primary successional sequence in interior

Alaska that encompassed a natural gradient of plant productivity and soil physico-

chemical characteristics. They found that the AA pool was dominated by glutamic

acid (Glu), glutamine (Gln), aspartic acid (Asp), asparagine (Asn), alanine (Ala), and

histidine (His). These six AAs accounted for approximately 80 % of the total AA

pool. Their work demonstrates that AAs are important constituents of the

biogeochemically diverse soil N pool in the boreal forest of interior Alaska.

Carbohydrates represent a very active organic component of soil and are a

readily available energy source for microorganisms (Lima et al. 2009). Soil carbo-

hydrate content influences soil physical characteristics, cation exchange and metal

complexing reactions, anion retention, synthesis of humic substances, and biolog-

ical activity in general. Derrien et al. (2006) measured the dynamics of C in neutral

carbohydrates by natural 13C labeling of soils collected from an experimental

wheat-maize field at Versailles, France over a 9-year period. They reported that

fractions of particulate OM>50 μmwere dominated by glucose and xylose, the two

main structural carbohydrates of plants. The mean age of sugar-C in these fractions

was slightly younger than that of total organic C or the C in plant residue after

hydrolysis. In this fraction, xylose-C was younger than glucose-C. The fine fraction

(0–50 μm) accounted for 75 % of the soil sugars, which were primarily microbial in

origin and consisted of glucose, arabinose, galactose, xylose, fucose and mannose.

The mean age of carbohydrate C in the fine fraction was between 60 and 100 years,

and was similar to the age of total organic C in this fraction.

Animal manure plays an important role in soil fertility and plant nutrient

management. This is especially true where the effective use of nutrient sources is

crucial to maintaining productivity, such as in organic and low-input agriculture

(He 2011, 2012). Amino acids and amino sugar compounds [hereafter referred to as

amino compound(s), AC or ACs] are the major ingredients of organic N in animal
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manure (He and Mao 2011; He and Olk 2011). This chapter briefly reviews the

advances in research on the influence of animal manure and other soil amendments

on soil concentrations of ACs and carbohydrates, and then presents a greenhouse

study in which ryegrass was grown in a soil with poultry manure applied at

the agronomically recommended rate (43 Mg manure ha�1), at an excessive rate

(215 Mg manure ha�1), and in unamended soil. Concentrations of ACs and carbo-

hydrates were measured in both the rhizosphere and non-rhizosphere soils in these

pots and in similarly amended pots that did not contain growing plants.

4.2 Effects of Organic Amendments on Soil

Amino Compounds

At Rothamsted (U.K.), Beavis and Mott (1996) compared AA composition of

manured and unmanured soils under continuous wheat. The authors measured

15 well-resolved and reliably identifiable AAs [i.e. lysine (Lys), His, arginine

(Arg), Asp, threonine (Thr), serine (Ser), Glu, glycine (Gly), Ala, valine (Val),

methionine (Met), isoleucine (Ile), leucine (Leu), tyrosine (Tyr), and phenylalanine

(Phe)]. They found that the content of all the measured AAs, with the exception of

Ile, Met and Tyr, were higher in farmyard manure treated soil than in untreated soil.

Their results showed a measurable distinction in AC distribution pattern between

soil treated with farmyard manure and untreated soil. Furthermore, the authors

claimed that a treatment effect on soil AC distribution could be measured in the

relative proportions (i.e. % of individual AA in total molar AA concentration) after

removal of the absolute concentration trends, thereby revealing that differences in

soil AA distribution does not simply reflect changes in OM concentrations. Dis-

criminant analysis of the treatment groups, after the effect of absolute AA concen-

tration had been removed, suggested that it may be possible to identify an AA

“fingerprint” for classifying soils to reflect land use. Scheller and Raupp (2005)

evaluated soil AC content of topsoils in a long-term (15-year) experiment with

mineral fertilizer (MIN), composted cattle manure (CM), and composted cattle

manure with application of biodynamic preparations (CMBD). The authors mea-

sured a total of 18 hydrolyzable AC compounds, not including cysteine (Cys) and

tryptophan (Trp). Their data showed that about 42.9–53.7 % of total N in these soils

was bound in the 18 measured AC compounds. Apart from the less-abundant His

and Met, the difference in AA contents between the mineral treatment and the two

manure treatments were statistically significant (P ¼ 0.05). Except for Arg and

proline (Pro), there was also significant difference between MIN and CM, and

between CM and CMBD in AA composition. However, increasing application rates

of either mineral fertilizer or composted manure had no clear influences on the

18 AA content levels. These authors (Scheller and Raupp 2005) concluded that

treatment differences were due to altered AA metabolism in the soil and were not

solely the result of manure AA contribution.
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Simpson et al. (1999) reported AA δ15 N values of manure and topsoils (15-cm

depth) collected from manured and unmanured grassland from an experimental

farm in Northumberland (U.K.). The AAs Val, Ala, Leu and Ile were isotopically

lighter in unmanured grassland than in manured grassland, with differences

between 1.8 and 7.3 ‰. These data demonstrated that a distinction could be

made between soil OM derived from manure or from vegetative cover based on

δ15 N values of the hydrophobic soil AA compounds.

Using δ15 N measurement, Bol et al. (2008) examined the long-term dynamics of

AA compounds in a bare fallow soil in an experiment that began in 1928 in

Versailles, France. The soil was treated with ammonium sulphate, ammonium

nitrate, sodium nitrate, or manure (a horse manure and wheat straw mix) as

amendments. Bol et al. (2008) measured total C and N, δ15 N, and distribution of

18 AA compounds in topsoil (0–25 cm). Their data showed that, compared to the

other fertilization regimes, soils that had received long-term manure applications

were more enriched in Leu. The variation of Ala δ15 N values among treatments

was related to source input, with the order of control < N fertilizers < manure.

Similar to the previous observation by Simpson et al. (1999), the Ala δ15 N value of

manured soil was about 2‰ higher than unmanured soils. Manure application also

tended to increase His δ15 N values compared to the other four treatments. The

authors attributed this increase to the presence of relatively undecomposed, but

enriched in δ15 N, plant-derived material in the manure.

A recently improved method of acid hydrolysis and anion chromatography–

pulsed amperometry developed by Martens and Loeffelmann (2003) can detect and

quantify 18 proteinous AAs, one unusual AA [ornithine (Orn)], and two amino

sugars (glucosamine and galactosamine) in manure, soil, and plant residues

(Fig. 4.1). Using this method, Olk et al. (2008) observed changes in soil ACs during

a 28-day laboratory incubation of nine dairy manure-amended soils from six

U.S. states. Immediately after manure application, concentrations for 18 out of

19 ACs were found to numerically increase in soils that had received manure. After

28 days, the concentrations in soil decreased for 16 of the 19 ACs by an average of

11 %, suggesting either modest mineralization of ACs or an increase in chemical

stabilization by soil that limited their extractibility. He et al. (2014) determined the

content of 21 ACs in 23 poultry litters (PL), 15 soils (three depths) from pastureland

that had received PL for 0, 5, 10, 15 and 20 years, and five samples of grass that was

grown in the experimental pastureland. Their data (He et al. 2014) indicated that

repeated PL application not only contributed to AC-N, but also accelerated AC-N

transformations in soil. Grass shoots harvested from the pasture that received PL for

5 years contained the most AC-N (23.7 mg g�1 of dry matter). Some studies have

proposed that plants can take up intact AAs directly from soil (Rothstein 2009;

Scott and Rothstein 2011); however, in this study (He et al. 2014) it was not

conclusive from the plant AC-N data that grass took up intact soil AAs.

Using the same method of Martens and Loeffelmann (2003), Creamer

et al. (2013) examined the responses of the soil ACs and soil-bound protein-N

acquiring enzymes (arylamidase and β-N-acetylglucosaminidase) along a

grassland-to-leguminous woodland successional chronosequence in order to
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determine changes to soil N chemistry and extractability. They found that the

proportion of total N held within ACs was lower in the woodland soil (47 %)

than in grassland soils (62 %). The relative activities of both N-acquiring enzymes

were also higher in woodland soils. Therefore, Creamer et al. (2013) concluded

that, although encroachment of N-fixing trees and shrubs into grasslands and

savannas increases soil C and N, this additional organic N appears to be less

extractable by chemical hydrolysis and thus potentially in more refractory forms.

4.3 Effects of Organic Amendments on Soil Carbohydrates

Animalmanure is rich inOM, and a significant portion ofmanure OM is in the form of

carbohydrates (He 2011; He and Ohno 2012). Lima et al. (2009) investigated the

effects of long-term application of different organic fertilizers (sewage sludge, farm-

yard manure, compost) on the structure of soil OM. Among the three organic amend-

ments, they observed that farmyard manure increased the concentrations of lignin and

lignin-like products in soil OM, whereas compost contributed to an increase of protein

and protein-like compounds in addition to carbohydrates. However, according to their

Fig. 4.1 Chemical structures of 21 amino compounds separated and quantified by

methanesulfonic acid (MSA) extraction and anion chromatography
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results, concentrations of the monosaccharides they measured (rhamnose, xylose,

glucose, mannose, arabinose, fucose and galactose) were not significantly influenced

by the different organic fertilizers. Mbah et al. (2007) measured soil OM and carbo-

hydrate contents in a Dystric Leptosol under organic fertilizer management in the

Abakaliki area of southeastern Nigeria. The materials used for soil amendment were

poultry droppings (PD), cow dung (CD), sewage sludge (SS) and swine waste

(SW) and were applied at 0, 10 and 20 Mg ha�1 for 2 years. The authors observed

that soil OMwas higher in plots that received organic amendments than in unamended

plots by 122–179 % and 166–226 % in the first and second cropping seasons,

respectively. The organic amendments increased soil carbohydrate content, but the

response differed between amendment types and rate of application. On average,

concentrations of dilute acid-soluble carbohydrates in soils were higher than cold

water-soluble carbohydrates by 354 % (SS), 489 % (SW), 692 % (CD) and 676 %

(PD) in the first planting season. The increase in dilute acid-soluble carbohydrate

relative to the hot water soluble carbohydrate in the first season was 9 % (SS), 20 %

(SW), 19 % (CD) and 14 % (PD). In the second cropping season increases of 193 %

(cold water soluble), 86 % (hot water soluble) and 93 % (dilute acid soluble) were

observed relative to the control. However, the authors pointed out that the soil

carbohydrate pool was not related to soil aggregation, whereas total soil OM was

correlated to aggregate stability.

Dungait et al. (2009) investigated the fate of cowmanure-derived carbohydrates in

a temperate grassland soil using compound-specific stable isotope analysis. In this

field-scale experiment, manure from cows fed a corn silage diet (bulk δ13C value of

�12.6 ‰) was applied to a temperate grassland soil (bulk δ13C value of�30.3 ‰) in

April. In this study, the surface soil directly beneath cow pats was sampled at seven

dates over a year (day 7, 14, 28, 56, 112, 224, and 372) and results indicated that

manure-derived carbohydrates comprised nearly 60% of the total C contribution from

the manure to the soil at maximum manure C incorporation (56 days) and also after

14 days. For the remaining dates, glucose, xylose, arabinose, galactose and mannose

constituted 20–30 % of the manure-derived soil C. In addition, the movement of

manure-derived carbohydrates within the soil was inequivalent between the 0–1 and

1–5 cm horizons, as manure-derived xylose and arabinose increased in the 0–1 cm

depth at day 224, but was higher in the 1–5 cm depth at day 112.

For carbohydrate analysis, Martens and Loeffelmann (2002) reported use of a

modified solublization and autoclave digestion method coupled with ion chromatog-

raphy. Their optimum solublization conditions were extraction with concentrated

H2SO4 (18 M) for 15–30 min, followed by autoclave hydrolysis in 1–1.5 M H2SO4.

With this improved method, these researchers were able to recover 82–97 % of

purified cellulose–glucose and a major portion of plant-derived glucose that had not

been accounted for when using previously published methods. Application of this

methodology to soils resulted in additional release of glucose equivalents if the

hemicellulose fraction was first extracted with 1.0 M H2SO4 (30 min autoclave

digestion). Adopting this improvement, Creamer et al. (2012) analyzed monosaccha-

rides derived from cellulose and hemicellulose in long-term (1-year) laboratory

incubated soil samples. This work was done as part of an examination of the changes
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in soil OM chemistry in response to woody plant encroachment into grass-dominated

ecosystems in southern Texas (U.S.). Soils were taken from three landscape scenarios

(grassland, younger woody cluster, older woody cluster). Following incubation, these

researchers found that concentrations of extractable carbohydrates were about 20 %

lower in grassland and younger cluster soils than in soils where woody plants were

older and more established. Of the three scenarios, soil from younger woody clusters

exhibited the greatest drop in carbohydrate content, shifting from 230 mg

carbohydrate-C g�1 soil organic carbon (SOC) before incubation (the highest

among the three landscape scenarios) to 187 mg carbohydrate-C g�1 SOC after

incubation (the lowest post-incubation values). Specifically, glucose was the only

carbohydrate compound significantly lost during incubation of all samples; however,

with the exception of fucose, all other carbohydrates also tended to decrease.

Galactose, xylose, and arabinose were lost significantly from the soils from at least

one of the landscape scenarios. Galactose was lost from the younger woody cluster

and grassland soils, xylose from both younger and older woody cluster soils, and

arabinose was lost from younger woody clusters soils. Fucose was the only carbo-

hydrate that increased and, although it increased for all landscape scenarios, the

increase was significant only for grassland soils. Based on their observations, the

authors concluded that during the 1-year incubation the total carbohydrate C

decreased somewhat faster than bulk soil C, with preferential loss of plant-derived

carbohydrates and/or production of microbial carbohydrates most strongly expressed

in grassland and younger woodland soils.

4.4 Case Study: Soil Concentrations of Amino Compounds

and Carbohydrates Following Poultry Manure

Application

The purpose of the work was to explore the scientific questions of (1) whether

manure application changes the types and amounts of labile compounds in soil,

represented by ACs and carbohydrates, and (2) if the chemical nature of manure-

bound ACs affect their accumulation and short-term mineralization. This case study

is only a preliminary analysis of these data. A full presentation and discussion of the

relevant data will be published in a peer-reviewed journal later.

4.4.1 Experimental Procedure

This experiment was conducted in a greenhouse using natural lighting conditions.

Background information on this study are found in Waldrip et al. (2011). Briefly, a

Bangor silt loamwas amended with layer hen manure (PM) at 0, 43 (the agronomically

recommended rate, Low-PM), or 215Mgha�1 (High-PM).Aliquots of 1.5 kg (soil/sand
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plus appropriate manure and chemical amendments) were placed in 6-in. diameter pots,

gravimetrically moistened to 60 % water-filled pore space (wfps) with distilled water,

and packed to a bulk density of approximately 1.2 Mg m�3. After pre-incubation,

12 pre-germinated ryegrass (Lolium perenne L. cv. ‘Fiesta 3’) seedlings were planted at
a depth of½ inch. The study also included pots that did not contain ryegrass (unplanted)

in order to account for changes in soil chemistry and AC content due to the presence of

growing plants. Contents of the pots were destructively sampled at 4, 8, and 16 weeks

after experiment initiation. There were four replicate pots per treatment at each sam-

pling time. At each sampling, soil and plant material were gently tipped out of the pots

and plant material was manually removed from the bulk soil. Rhizosphere soil was

considered to be material attached to roots, and was collected with a small brush and by

thumb and forefinger manipulation of root and associated soil aggregates (Fig. 4.2).

Both bulk and rhizosphere soils were sieved (2 mm) and stored at 4 �C in plastic bags

until analysis.

4.4.2 Changes of Amino Compound Contents in Soils
Amended with Poultry Manure

The content of ACs were measured using the methods of Martens and Loeffelmann

(2003) and (Olk 2008). The distribution of the measured 21 ACs in the three types of

soil (non-rhizospheric, rhizospheric, unplanted) after 4 weeks of incubation following

the lower rate of PM application are shown in Fig. 4.3. The distribution of the 21 ACs

were typical for soils, although the relative abundance of the ACs was not always in

the same order as those reported in previous studies (He et al. 2014; Olk et al. 2008).

In Fig. 4.3, we also present the assumed AC contents in manured soils based on data

Fig. 4.2 Collection of non-rhizospheric (left front and middle and right on back row) and

rhizospheric (right front) soils in the study by Waldrip et al. (2011)
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from the unplanted control soil (no manure amendment) and the input from poultry

manure. The measured levels of most of the 21 ACs in unplanted manured soils were

at the same levels as the theoretically calculated (i.e. assumed) contents. The excep-

tions were Arg, Thr, and aspartic acid, which were 20–40 % lower than their

calculated contents. In both rhizospheric and non-rhizospheric soils, the content of

about 15 ACs was lower than in unplanted soils as well as what was theoretically

calculated, indicating that growing ryegrass stimulated mineralization of these ACs.

There was also a general trend for ACs to be more abundant in rhizospheric soils than

in non-rhizospheric soils. This phenomenon might be due to the direct secretion of

AC compounds by plant roots. This hypothesis may be also applicable to explaining

the unusually higher Phe and Val contents in rhizospheric soils than the other two soil

types (non-rhizospheric, unplanted).

These trends with the lower application rate of manure (Low PM) were not

reproduced at the higher application rate (High PM) (Fig. 4.4). In the high manured

soil, the contents of all AC compounds were lower in soil lacking ryegrass than

theoretically calculated values. In fact, the contents of 20 of the 21 ACs were even

lower than their corresponding contents in the low manured soil. For example, the

greatest observed concentrations were 0.46, 0.60, and 0.34 g AC kg�1 soil for Arg,

glucosamine, and Gly in the high manured soils, lower than their corresponding

contents of 0.54, 0.71, and 0.40 g AC kg�1 soil, respectively, in the low manured

soils (Fig. 4.3). These data indicated that high manure application rates resulted in

more efficient mineralization of native and manure ACs. This is consistent with a

decrease in soil C noted by Angers et al. (2010) after 20 years of liquid swine
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Fig. 4.3 Amino compound (AC) contents in soils that received poultry manure (PM) at the

agronomically recommended rate (Low PM) 4 weeks after experiment initiation and ryegrass

seedling transplant.. Samples include soil with no ryegrass planted (no plant), rhizospheric (rhizo),

and non-rhizospheric (non-rhizo) soils. The Low PM-assumed data were calculated based on the

AC contents of the non-planted control soil and the AC contents of soil with applied manure
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manure application to soil. Whereas the mechanism is unclear, these findings in the

current study may be due to the stimulation of OM decomposition following

application of manure at a higher rate, likely due to an increase in soluble C, N,

and other substrates necessary for microbial growth. At the high rate of manure

application, the contents of most ACs in rhizospheric and non-rhizospheric soils

were equal to or greater than those in the unplanted soil, implying that no additional

AC mineralization occurred in ryegrass-planted soils than in the absence of grow-

ing plants. Thus, AC mineralization was not driven by the presence of growing

plants in soils that received high rates of manure. Further analyses of the AC

contents in soils at 8 and 16 weeks after planting should provide more insight on

how the manure application impacted the soil AC profiles.

4.4.3 Changes of Carbohydrate Contents in Soils Amended
with Poultry Manure

Seven carbohydrates (fucose, arabinose, rhamnose, galactose, glucose, xylose, and

mannose) were measured in the soils from the PM/ryegrass study of Waldrip

et al. (2011) using an improved method (Martens and Loeffelmann 2002; Olk

2008). Figure 4.5 presents the total carbohydrate contents in unplanted and planted

soils at 4 and 16 weeks after manure incorporation and ryegrass planting. In both
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Fig. 4.4 Amino compound (AC) contents in soils that received poultry manure (PM) at a higher

rate than agronomically recommended (High PM) 4 weeks after experiment initiation and ryegrass

seedling transplant Samples include soil with no ryegrass planted (no plant), rhizospheric (rhizo),

and non-rhizospheric (non-rhizo) soils. The High PM-assumed data were calculated based on the

AC contents of the non-planted control soil and the AC contents of soil with applied manure
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unplanted and planted soil, carbohydrate content was lower in unamended controls

than in soils that received PM at week 4. Growing ryegrass further reduced the total

carbohydrate contents of both manured and non-manured soils. These changes in

total carbohydrate content with manure application and plant growth were quite

similar to the corresponding trends observed in AC contents (Sect. 4.4.2, this

chapter). Thus, the same mechanism of plant-stimulated mineralization due to

increased availability of microbial substrates may well have played a major role

in the decomposition of labile soil organic matter (SOM) compounds early in the

incubation. The week 16 data showed that total carbohydrate content in the

unplanted unmanured control soil was lower than at week 4, which reflected active

mineralization of C compounds by the soil biota. The total carbohydrate content of

manured soils increased over time, indicating a contribution by the microbial

community to the soil carbohydrate pool. In the soils with ryegrass grown, the

week 16 data showed that total carbohydrate content decreased over time, indicat-

ing utilization of these carbohydrates during plant growth.

Oades (1984) reported that the ratio of galactose + mannose/arabinose + xylose

(g + m/a + x) is a useful parameter for distinguishing microbial from plant resi-

dues, where the carbohydrate ratio is low (<0.5) for plant polysaccharides and high

(>2.0) for microbial polysaccharides. In the current study, PM application had no

overall effect on the calculated carbohydrate ratio. However, when data of all

manured soils and all sampling times (4, 8, and 16 weeks) were combined, the

Fig. 4.5 Total soil carbohydrate contents in high-manured (5�) and non-manured (control) soils

from the poultry manure/ryegrass study byWaldrip et al. (2011) at 4 and 16 weeks after planting of

ryegrass. Label “ryegrass” and “no plant” represent soil samples with or without ryegrass planted
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ratio was 1.17 for soils without ryegrass, 1.03 for non-rhizospheric soils, and 0.88

for rhizospheric soils. The decrease of the carbohydrate ratio in soils that contained

ryegrass could have resulted from input of plant-derived sugars and/or a loss of

microbial sugars. Considering the fact that the total carbohydrate level was lower

in planted non-rhizospheric soils than unplanted soils (Fig. 4.5), we attribute

the decreasing value of the ratio to faster decomposition of microbially derived

carbohydrates than of plant-derived carbohydrates.

4.5 Conclusion and Future Work

Effective use of nutrient sources is crucial to maintaining agricultural productivity.

Manure can play an important role in soil fertility management. Manures are rich in

ACs and carbohydrates, which are both major organic components in the soils of

terrestrial ecosystems. As reviewed in this chapter, only a limited number of

published studies have conducted long-term field trials or laboratory incubations

to study how amendment of soil with manure or other organic compounds impact

AC and carbohydrate contents. The research on short-term impacts of manure

application is even rarer. Our case study of a greenhouse pot study (16 weeks in

duration) demonstrated that poultry manure increased soil extractable ACs when

added at a high application rate and depressed them when added at a low applica-

tion rate. The increase in extractable ACs at the high rate was further amplified in

the soils taken from the rhizosphere. The presence of ryegrass decreased concen-

trations of ACs and carbohydrates, more so through decrease in microbial

compounds.

Although both ACs and carbohydrates in manure and other organic amendments

could contribute to the improvement of soil fertility and soil physical properties,

reports on characterization and quantification of both of these compounds in the

same study both such as the greenhouse case study, are rare. Clearly, more studies

are required to develop a more complete picture of changes in soil ACs and

carbohydrates, and the relationships between the two compounds, during laboratory

or greenhouse incubations and field studies with different types of organic amend-

ments. Such cumulative knowledge would provide a basis for establishing their

specific contributions to soil N and C dynamics over the time course of agricultural

seasons and beyond. This type of information will lead toward a more process-level

understanding of the relationships between soil fertility, quality, and metabolic

functioning following manure application, and could be incorporated into more-

complex process-level models that simulate soil nutrient transformations, emissions

of gases of environmental concern, and plant growth, such as the Dentrification-

Decomposition (DNDC) model (Li et al. 1994). This information might also help

resolve the sometimes contradictory effects of manure application on total soil C

levels (Angers et al. 2010). The mineralization/immobilization of N when organic

sources are added to soil is represented in many simulation models as the outcome

of decomposition of the added material and synthesis of SOM, such as the
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Agricultural Production Systems Simulation Model (APSIM) (Probert et al. 2005).

One of the key parameters regulating decomposition in these models is the C:N

ratio of the added manure. Probert et al. (2005) reported that C:N ratios of

carbohydrate fractions (e.g. soluble and fiber) are better indicators of manure

quality than is the C:N ratio of whole manure. Similarly, Daud et al. (2010) reported

that the overall manure C:N ratio was not a good indicator of manure quality and

proposed that model simulations of manure mineralization could be improved by

analyses of non-fibrous carbohydrate components of manure, such as the sugar and

starch fractions. Broader and more in-depth research similar to the greenhouse case

study presented in this chapter should be encouraged to provide further insight for

modeling efforts and to improve the general understanding of effects of manure on

soil quality and fertility.
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Chapter 5

Nitrogen Mineralization in Soils

Amended with Manure as Affected

by Environmental Conditions

Dexter B. Watts and H. Allen Torbert

Abstract Nitrogen (N) is the most deficient nutrient in most agricultural production

systems; therefore, the economic sustainability of most crops is dependent on

adequate supply of nitrogen. Consideration for N availability must be taken into

account when incorporating animal manure into a cropping system’s management

practice. Since N mineralization is the process by which manure N is transformed

into readily available forms for plant uptake, understanding how environmental

conditions affect the N mineralization process is essential for making manure N

availability prescriptions. This chapter discusses the factors that can affect N miner-

alization and demonstrate the impact of temperature, moisture, soil wetting and

drying cycles, and field spatial variability on manure N availability. Our objective

is to increase the understanding of manure management in cropping systems in order

to maximize N use efficiency.

5.1 Introduction

Nitrogen (N) plays key roles in the synthesis of amino acids, proteins, ribonucleic

acid (RNA), and deoxyribonucleic acid (DNA) needed to promote and sustain plant

growth and is, therefore, the single most important nutrient needed for agricultural

production. However, N availability is often limited in managed soil ecosystems, or

existing in forms that are unavailable for plant uptake. Within the soil-plant root

zone, N continuously cycles among various organic (unavailable) and inorganic

(available) forms. Thus, careful management of this cycle is crucial to sufficiently

supply plant-available N for sustainable agricultural production.

Nitrogen mineralization has long been recognized as the central process of the

soil N cycle and the single most important component controlling N availability to
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plants. Understanding the dynamics of soil N mineralization is essential when

refining prescriptions for organic source usage for crop and forage production.

To determine N availability recommendations for different production systems,

mineralization studies should be conducted on manure amended agricultural soils

for different regions, climates, and soil textures to develop fertilizer application

rates (inorganic or organic), for crop uptake and use efficiency.

Animal manure is the most common organic amendment applied for crop

production. Manure amendments, as well as legumes, have been used to increase

soil fertility since the beginning of agricultural production. In developed countries

during the 1950s, reliance on manure and legumes as the primary N source for

plant production decreased in the wake of commercially produced fertilizers.

However, recent increases in commercial N fertilizer prices and high demand

for organic production (Olson 2001; Jawson and Bull 2002; Wood et al. 2002)

have generated renewed interest in animal manure as a nutrient source. There are

also strong indications that manure generation from confined animal feeding

operations (CAFOs) will continue to play important roles in agricultural produc-

tion in coming years.

Overall, US animal production has more than doubled since 1960, with

poultry production experiencing the greatest gains (USDA-Economic Research

Service 2009). The demographics of animal production have changed from small

family farm animal production units to large scale integrated CAFOs. These large-

scale animal operations generate large amounts of manure that can be used as

nutrient sources for crop production. Presently in the US, there are approximately

315 million acres of cropland in use, and manure is applied to 15.8 million acres,

equivalent to 5 % (USDA-Economic Research Service 2012). Corn acreage

(approximately one-quarter of US cropland) accounts for more than half of the

land receiving manure application (USDA-Economic Research Service 2012). It is

estimated that 70 % of manure is applied to major crops such as corn, soybeans,

wheat, cotton, oats, barley, peanuts, and sorghum, while the remainder is applied to

hay and grasses (USDA-Economic Research Service 2012). Generally, the manure

used as a nutrient source for crop production is representative of animal production

within the region. For instance, large-scale US animal production occurs in regions

of the Southeast (poultry and hogs), the High Plains (fed cattle, dairy, and hogs),

and the West (dairy), where manure production far exceeds the farm production

nutrient needs.

Similarly to undisturbed soil ecosystems, manure-N mineralization is impacted

by biotic and abiotic factors. Animal size and species, housing and rearing

management, feed ration, manure storage, climate (Eghball et al. 2002), and

whether chemical amendments were also added (Watts et al. 2012) all affect

manure composition and potentially impact manure N mineralization rates. Manure

has a long residence time in soil, providing N to crops for several years after

application; since manure is an organic material, N availability is a function of

the decomposition rate. For instance, poultry manure has an organic N availability

rate of 55 %, broiler litter 55 %, swine manure 40 %, cattle feedlot manure 30 %,

composted cattle feedlot manure 18 %, and dairy manure 21 % during the first year
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after application, with the remaining N becoming available in succeeding years;

organic N availability in year two has been reported as 2 %, 5 %, 2 %, 15 %, 8 %,

and 14 %, respectively (Eghball et al. 2002). Thus, crop management must take into

account the residual impact of manure N mineralization in succeeding years.

Soil organisms are responsible for transforming N into plant-available forms,

thereby controlling N mineralization. Microfauna and mircoflora are responsible

for the initial breakdown of soil organic N through decomposition. Soil bacteria

are responsible for immobilization and mineralization of soil N, the processes that

controls the supply of NH4
+ and NO3

� for plant uptake. Mineralization occurs in a

two-step process where microorganisms first transform organic N compounds into

NH4
+ and then into NO3

�. More specifically, heterotrophic microorganisms convert

organic N in the organic material to NH4–N through a process called ammonifi-

cation, while autotrophic microorganisms transform NH4–N to NO3–N in a

two-step process called nitrification [(1) NH4
+ to NO2

�; (2) NO2
� to NO3

�].
The carbon (C) fraction of the organic matter is used as the energy source for soil

microbes, thereby controlling the rate of mineralization. Once N is in the inorganic

form, it becomes susceptible to losses through leaching, ammonia volatilization, or

returned to the atmosphere in the forms of N2O, NO, or N2 as a result of denitri-

fication process (Tisdale et al. 1985). Thus, careful consideration is needed when

managing agricultural systems to increase N retention and improve N-use

efficiency for crop production. In this chapter, we will discuss some of the factors

affecting N mineralization in manures, and the management implications in

agriculture systems.

5.2 Factors that Influence N Mineralization

Mineralization of soil organic N is directly related to microbial activity and biomass

inputs, which are affected by biotic and abiotic factors. Among the environmental

factors influencing N mineralization are temperature, soil moisture (Katterer

et al. 1998; Watts et al. 2010a; Torbert et al. 1992), soil wetting and drying cycles

(Kruse et al. 2004; Watts et al. 2007), soil texture (Torbert and Wood 1992), soil

organic matter and nutrient concentration (Watts et al. 2010b), residue composition

(Cabrera et al. 1993), and the interacting effects of soil C cycling (Griffin 2008).

These factors must be considered when estimating N mineralization of manures and

manure management for N availability to maximize N-use efficiency.

Factors specific to the soil conditions can also impact N mineralization rates of

manure. For example, soil texture affects N mineralization since a soil texture that is

more conducive to the formation of stable aggregates will increase the retention of

soil organic C and N (Beare et al. 1994). In soils with high amounts of aggregates, the

clay-sized particles are bound around organic material, thereby protecting the soil

organic matter from decay (Beare et al. 1994; Jastow 1996).When soil aggregates are

destroyed, the soil organic matter is exposed to microbial attack.
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Soil bulk density can also have a major impact on N mineralization.

In a laboratory incubation study, Linn and Doran (1984) reported slightly less

respiration with soil of different levels of soil compaction across a range of water

filled pore space (WFPS) compared with loose, porous soils. Torbert and Wood

(1992) observed that respiration (measure by amount of CO2 evolved from soil)

from sandy Coastal Plain soils decreased 65 % when bulk density was increased

from 1.4 to 1.8 Mg m�3 at 60 % water-filled pore space (WFPS), indicating that

bulk density could impact microbial activity and therefore N mineralization.

The interacting effect of soil organic matter C and N is probably the most

important factor affecting N mineralization. For example, Franzluebbers

et al. (1994) found that N mineralization is related to the amount of organic matter

in soil. Therefore, agronomic practices that build up soil organic matter by adding

crop residues back to the soil greatly impact the potential for N mineralization

(Wood and Edwards 1992; Torbert et al. 1999; Watts et al. 2010b). Mineralization

and immobilization occurs simultaneously within soil, continuously cycling N

from organic to inorganic forms and vice versa. The rate of N mineralization

(transformation of organic N to inorganic forms) to immobilization (transformation

of inorganic N to organic forms) is a function of the C and N fractions in the

material being decomposed. Soil microbes use C primarily as an energy source,

while N is needed for protein synthesis. Thus, immobilization could occur if

organic matter is added to soil with a wide C:N ratio limiting the supply of N.

For example, undisturbed topsoil is at equilibrium with its environment when the

soil C:N is 12:1. When fresh organic matter is added to soil, the dividing line C:N

between immobilization and N release is 20:1; however, when organic substances

with C:N greater than 30:1 are added to soil, immobilization occurs during initial

decomposition. In other words, when organic material additions with C:N between

20:1 and 30:1 are incorporated into soil, there is a balance between immobilization

and mineralization, maintaining soil solution N is at a constant level. Conversely,

when organic materials with ratio of less than 20:1 are present, N is released into

soil solution (Tisdale et al. 1985).

The factors influencing the quality of the organic matter and its recalcitrant

nature can also influence the rate of N mineralization. Research has indicated that

tillage intensity can impact C and N cycling and the resulting levels of N minerali-

zation (Torbert et al. 1997, 1998; Follett and Schimel 1989; Watts et al. 2010b).

For example, Torbert et al. (1997) reported that increased tillage intensity decreased

N mineralization during incubation of soils in a tillage intensity system study.

In this study, the no-till system had significantly higher N mineralization than the

more intensively tilled systems (Table 5.1).

The ratio of C mineralization to N mineralization of incubated soil is considered

to be an index of recalcitrant C levels in the soil, with an increase in the ratio

indicating an increase in the recalcitrant C level (Nadelhoffer et al. 1991). In the

study reported by Torbert et al. (1998), the C to N mineralization ratio decreased as

tillage intensity decreased (Table 5.1). This indicated that the accumulated organic

C in the conservation tillage systems may be of less recalcitrant forms. Therefore,

the more intensively tilled soil had a lower potential for C mineralization and a
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lower potential for N mineralization compared to less intensively tilled systems.

The influences of some of these factors on N mineralization of animal manure used

for fertilizer in agricultural systems are further discussed in this chapter.

5.2.1 Temperature, Moisture, Wetting and Drying Cycles

Nitrogen mineralization in agricultural systems has been shown to accelerate

with increasing soil temperature (Cassman and Munns 1980; Eghball 2000).

Vigil and Kissel (1995) reported that decomposition was 3.7 times faster at 25 �C
compared to 15 �C and 13 times faster at 15 �C compared to 5 �C. Temperature can

also affect N mineralization differently depending on change in latitude. Campbell

et al. (1984) reported that northern US soils were affected more by incubation

temperatures than were Southern soils. Campbell et al. (1984) concluded that this

was probably due to the decomposition rate, as a function of temperature, which is

related to the amount of readily decomposable organic matter in soil.

Nitrogen mineralization tends to increase when soil moisture approaches field

capacity and declines with decreasing moisture (Cassman and Munns 1980).

According to Linn and Doran (1984), soil microbial activity is optimum when

soil WFPS is near 60 %, resulting in maximum organic matter decomposition.

Anaerobic conditions tend to occur at a WFPS greater than 60 %, thereby slowing

the decomposition process. Knoepp and Swank (2002) found a significant interac-

tion between soil moisture content and soil temperature in N mineralization.

Surface soils, in most ecosystems, experience periods of drying followed by

relatively rapid rewetting cycles. It has been shown that N mineralization rates are

generally increased for a few days following rewetting of a dry soil (Birch 1958;

Bloem et al. 1992; Cui and Caldwell 1997; Franzluebbers et al. 2000). Soil

undergoes complex physical, chemical, and biological changes under the impact

of drying and re-wetting, including changes to soil structure (aggregation), soil

organic matter (SOM) and microflora (Soulides and Allison 1961; Sorensen 1974;

Utomo and Dexter 1982).

Wetting and drying cycles have an influence on microbial activity, thereby

affecting decomposition of SOM (Soulides and Allison 1961; Bloem et al. 1992;

Table 5.1 Tillage intensity impact on N mineralization

Tillage intensity

C mineralization C turnover N mineralization C:N mineralization ratio

(mg kg�1) (g g�1)

Conventional 806 aa 18.0 a 8.89 a 156 a

Strip-tillage 833 a 17.9 a 11.60 b 80 ab

Grazed 837 a 18.5 a 9.97 ab 149 ab

Fallow 845 a 10.9 b 13.61 c 70 b

CRP-pine 776 a 25.1 c 8.44 a 99 ab

Data from Torbert et al. (1998)
aMeans followed by the same letter in each column do not differ significantly (p ¼ 0.10 level)
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Magid et al. 1999). Drying followed by rapid rewetting cycles generally causes an

increase in organic substrate available for microbial attack (Soulides and Allison

1961; Sorensen 1974). These substrates are partially derived from the death of a

portion of the soil organisms upon drying (Lund and Goksoyr 1980; Bottner 1985)

by causing microbes to undergo osmotic shock, which can induce microbial cell

lysis (Bottner 1985; Van Gestel et al. 1992) or lead to the release of intracellular

solutes (Halverson et al. 2000). The labile substrates that become available

(i.e., C and N compounds in the form of organic material) are rapidly mineralized

by the remaining soil microbes, which cause a pulse in mineralization of N and C

(Birch 1959; Keift et al. 1987). Wetting and drying cycles have also been shown to

cause soil aggregates to break apart, exposing physically protected organic matter

to become available for further degradation (Adu and Oades 1978; Lundquist

et al. 1999). The organic matter that was previously unavailable can be rapidly

mineralized by the microbial community (Appel 1998).

Presently, it is estimated that manure N use efficiency is about 30–50 % in most

agricultural soils, leaving 50–70 % in soil subject to leaching or runoff (Delgado

2002). However, a better understanding of soil under different textural, moisture,

and temperature conditions from different climatic regions is needed in order to

develop management practices that optimize from manure derived N. Information

is needed on the relative rate of N mineralized in soils amended with manure as

affected by different climatic conditions. The importance of these factors was

demonstrated in the research reported by Watts et al. (2007), who took a closer

look at the impact of manure application on N mineralization in soils subjected to

different temperatures and wetting and drying cycles under laboratory incubation

conditions.

In research reported by Watts et al. (2007), an incubation study compared soils

which were closely located in the same field but varied in chemical and physical

characteristics to a soil from a different region of the country. The soils which were

proximate to each other were collected from a precision agriculture experiment

established at Auburn University’s E.V. Smith Experiment Station located in

Macon County, Alabama and compared to soil under long-term pasture management

located in Champaign County, Illinois. Bulk samples (0–15 cm) were collected from

field plots and transported back to the laboratory for analysis. The two soil series

evaluated from Macon County, AL were Bama and Goldsboro. The Bama series

(fine-loamy, siliceous, subactive, thermic Typic Paleudults) consisted of very deep,

well-drained soils formed in loamy sediments. The Goldsboro series (fine-loamy,

siliceous, subactive, thermic Aquic Paleudults) consisted of very deep, moderately

well drained soils formed in loamy sediments. The soil from Champaign County, IL

was a Catlin soil series (fine-silty, mixed, mesic Typic Arguidolls) consisting of

moderately well drained, moderately permeable soil on till plains and moraines.

These soils formed in loess and in the underlying loam glacial till. Evaluating the

soil characteristics (Table 5.2), it can be observed that the Catlin soil greatly varied

from the other two soils, with the Catlin soil having a higher CEC, total C and total N.

An aerobic incubation experiment was performed similar to the procedure

described by Honeycutt et al. (2005). Treatments were replicated three times with
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250 g of soil (oven-dried weight basis) amended with the appropriate amount of

composted dairy manure to give 350 organic N kg�1 soil. Samples were thoroughly

mixed and placed into 2 L Mason jars. Deionized water was added to bring the soil

moisture to approximately 60 % water-filled pore space (WFPS). The controls were

treated with deionized water only. Samples were incubated at three different

temperatures (11, 18, and 25 �C) and exposed to two wetting/drying regimes.

Half were maintained at constant moisture (60 % WFPS) and the other half

were cycled from 60 to 30 % WFPS. Samples were aerated daily (2 h), at which

time moisture content was adjusted gravimetrically as required. Cycled soils were

allowed to reach 30 %WFPS to complete a drying cycle. After undergoing a drying

cycle, soils were re-wetted by adding the appropriate amount of water to bring the

soil back to 60 %WFPS. On the day that cycled soils were rewetted to 60 %WFPS,

a sub-sample was taken from the cycled soil and its corresponding soil at constant

moisture.

The total amount of inorganic N which was mineralized in the Catlin

soil (Table 5.3) was 175 and 215 % higher than the Goldsboro and Bama soil,

respectively. Even though the Goldsboro soil had higher clay content and was

considered to be a better soil than the Catlin, N mineralization was probably

influenced by CEC, total N and C, and organic matter, resulting from the climate

where the soil was originated. Soil under cool wet climates tend to build up organic

matter (e.g. Catlin), while soil from hot humid climates (Goldsboro and Bama) tend

to promote organic matter decomposition and high rainfall events tend to cause

leaching. Since N mineralization is a process that is mediated by microbial activity,

the microbial populations of soil from the Northern climatic environments were

probably more adapted to relatively low soil temperature, therefore, causing a

higher mineralization in the Catlin soil at 11 �C. As soil temperature increased

the Catlin soil experienced faster decomposition due to the residual organic matter.

The amount of inorganic N mineralized was significantly affected by temperature,

with the highest two temperatures mineralizing the most in this experiment

(Table 5.3). This suggests that the increase in N pool was related to temperature,

indicating an influence of thermal conditions on the degree of microbial exploitation

of organic N sources. The Catlin soil showed the greatest difference between

temperature regimens (Table 5.3). This is similar to the finding of Dalias

et al. (2002) who found that the optimum temperature for nitrification showed a

good correlation with the geographic origin of the soil. This was also in accordance

with Campbell et al. (1984) who stated that the decomposition rate (as a function of

Table 5.2 Properties of the soils used for the incubation study

Soil series pH

BD CEC Total C Total N Sand Silt Clay

g cm�3 cmol kg�1 g kg�1 %

Bama 6.7 1.46 5.8 7.53 0.72 66.3 21.2 12.5

Goldsboro 6.5 1.58 6.3 7.08 0.78 33.7 48.8 17.5

Catlin 7.2 1.20 26.8 40.66 3.14 18.7 66.3 15.0

Data from Watts et al. (2007)
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temperature) was related to the amount of readily decomposable organic matter in the

soil. Not all organic material decomposes at the same rate. For example, water-

soluble carbohydrates, amino acids, and amino-sugars have a short residence time in

a soil. With an active microbial population under typical summer field conditions,

these components are usually consumed within a week or two. Organic matter that is

humified or derived from more resistant materials (lignin associated) has longer

residence time under the same field conditions and may last years. In northern

climates, where summers are cooler and shorter, less decomposition of organic

plant litter and native soil organic matter will occur in a given year, resulting in a

buildup of more easily decomposed material over time. In southern climates, summer

is longer and warmer, allowing for more complete decomposition of most of the litter

material. Over a long period in Southern soils, only the most resistant organic

materials are left behind, whereas in Northern soils, both easily decomposable and

resistant materials can accumulate (Campbell et al. 1984).

5.2.2 Field Study Spatial Variability

To develop improved manure management practices, scientists must understand the

impact of soil conditions and their variability across a field on N mineralization

from manure. Most large-scale agricultural fields have varying degrees of soil types

resulting from different soil forming factors and landscape positions. Nitrogen

mineralization processes in one area of a field may differ from another due to

inherent soil-forming properties. It has been reported that soil texture influences

how rapidly N mineralization occurs (Hubbard et al. 2008; Sistani et al. 2008).

Similarly, Thomsen and Olesen (2000) observed that increased sand content

generally led to increased N mineralization as a response to increased aeration.

Table 5.3 Interaction between soil type and temperature on N mineralization over time

Total N in form of NO3
� and NH4

+

Soil

Temp Day 0 Cycle 1 Cycle 2 Cycle 3 Cycle 4

�C (mg kg�1)

Catlin 11 3.40 aa 68.44 a 68.55 a 77.32 a 79.01 a

18 3.60 a 85.49 a 91.64 b 99.28 b 106.87 b

25 2.48 a 86.67 a 102.79 b 110.27 b 120.61 b

11 1.02 a 24.32 a 27.38 a 30.05 a 35.82 a

Goldsboro 18 1.04 a 30.14 a 29.95 a 48.60 b 43.01 b

25 1.39 a 29.54 a 27.46 a 35.11 ab 38.41 ab

11 1.09 a 20.50 a 20.83 a 23.79 a 29.01 a

Bama 18 1.36 a 31.09 a 21.18 a 30.07 a 31.15 ab

25 1.28 a 29.20 a 27.42 a 37.80 a 44.17 b

Data from Watts et al. (2007)
aMeans followed by the same letter do not differ significantly (p ¼ 0.10 level)
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A study byWatts et al. (2010a) demonstrated how Nmineralization of manure can

be impacted by spatial variability across an agricultural field and how the impacts

could differ depending on the time of year. In this study, soil samples were collected

from an ongoing precision agriculture experiment located at Auburn University’s

E.V. Smith Experiment Station located in Macon County, Alabama (Terra

et al. 2006). The three soil series evaluated in the study were Bama, Goldsboro,

and Lynchburg (Table 5.4). These three soils were found in close proximity to one

another in the same field, yet differ in texture. The soils were located on three

different landscape positions consisting of the summit (Bama), drainageway

(Lynchburg), and sideslope (Goldsboro). The Bama series consisted of very deep,

well-drained soils that formed in loamy sediments. Slopes ranged from 0 to 5 %.

These soils were fine-loamy, siliceous, subactive, thermic Typic Paleudults. The

Goldsboro series consisted of very deep, moderately well drained soils that formed

in loamy sediments. Slopes ranged from 0 to 2 %. These soils were fine-loamy,

siliceous, subactive, thermic Aquic Paleudults. The Lynchburg series consisted of

very deep, somewhat poorly drained soils that formed in loamy sediments. Slopes

ranged from 0 to 2 %. These soils were Aquic Paleudults and Paleaquults.

This study used the in situ resin core method to observe N mineralization rates.

The use of the in situ core method can be costly and labor intensive, but valuable in

understanding N mineralized under natural field conditions. The in situ resin core

method has been used to observe N mineralization rates in forest ecosystems

(Distefano and Gholz 1986; Binkley et al. 1992). This method was also used to

study mineralization rates in dryland agroecosystems (Kolberg et al. 1997) and

Eghball (2000) performed an N mineralization study using this method on beef

cattle manure and beef cattle compost during the growing season.

The field in situ mineralization method entailed placing polyvinyl chloride

plastic cylinders in the surface 20 cm of the soil profile. These in situ soil core

(microplot cylinders) incubation chambers were 6.25 cm in diameter and 20.32 cm

in length. Intact cores were collected by driving the polyvinyl chloride cylinder into

the top 20 cm of the soil profile using a hydraulic core sampler. The top 4 cm of soil

in the microplot cylinders was removed and an appropriate amount of composted

dairy manure was added and thoroughly mixed to give 350 kg N ha�1 (Fig. 5.1).

Anion and cation exchange resin was placed in the bottom of each cylinder to

capture leachate. The soil cores were inserted back in the fallow ground in the same

place from where they were originally taken. The microplot cylinders were sampled

periodically through a 70-day period in both the winter and the summer season.

The results indicated that N mineralization of the manure was not only greatly

affected by soil types but these impacts of soil types differed by season (Table 5.5).

Table 5.4 Physical

properties of the soil studied

by Watts et al. (2010a) Soil

BD Sand Silt Clay

g cm�3 %

Bama 1.68 66.25 21.25 12.50

Lynchburg 1.64 46.25 41.25 12.50

Goldsboro 1.61 33.75 48.75 17.50
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Averaged across sampling days for the winter season, the Lynchburg soil, a

loam soil (located in a depression), had the highest total N mineralization. The

Lynchburg soil had higher CEC, total C, and total N compared with the other soils.

As a result of the soil fertility, microbial activity, which mediates the mineralization

process, most likely contributed to a higher N availability. In addition, this soil,

which is located in a depression area, has higher infiltration due to the more even

distribution of sand, silt and clay than the other soils. Increased soil aeration most

likely also contributed to higher mineralization. It is important to note that most of

the nitrogen measured for Lynchburg soil was observed in the anion exchange resin.

This suggests that sandy soils located in depression areas in agronomic fields are

potentially susceptible to leaching during winter. This influence of soil texture was

Fig. 5.1 Design of the microplot cylinder used in the winter 2004 and summer 2005 in situ
mineralization study (Figure from Watts et al. 2010a)

Table 5.5 Amount of mineralized N (NO3
� + NH4

+) retained in soil and captured in the resin

after manure application

Days after dairy compost addition

0 7 14 21 28 49 70 Mean

(mg kg�1)

Winter 2004

Bama 12.6 13.6 13.6 13.8 13.5 13.8 14.5 13.5 aa

Lynchburg 11.8 15.7 17.7 19.2 19.4 19.8 22.7 17.8 b

Goldsboro 13.1 14.2 12.8 13.3 13.0 14.2 14.6 13.5 a

Summer 2005

Bama 13.1 20.0 18.6 39.3 51.8 73.8 81.5 39.6 b

Lynchburg 11.2 21.4 19.1 47.0 49.2 74.0 79.9 40.3 b

Goldsboro 12.7 24.9 36.3 46.5 63.0 80.9 89.7 46.4 a

Data from Watts et al. (2010a)
aMeans followed by the same letter do not differ significantly (0.10 level)
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documented by Delgado et al. (1999) and Delgado (2001) who observed more

N leaching in sandy soils (Follett and Delgado 2002).

On the other hand, the Goldsboro soil, a loam soil located on a slight sideslope,

mineralized more N than the other two soils during the summer months (Table 5.5).

This was likely caused by the ability of this soil to maintain a higher soil moisture

content than the other soils. The percentage of sand, silt, and clay in the Goldsboro

soil was more evenly distributed with a slightly higher silt and clay content than the

other soils. This suggests that the greater silt and clay content of this loam soil was

integral in maintaining higher moisture content than the other soils, corresponding

to a higher N mineralization capacity in this soil.

Although other researchers have observed higher N mineralization rates

occurring in manure-amended soil with the highest percentage of sand (Sistani

et al. 2008; Hubbard et al. 2008; Thomsen and Olesen 2000), moisture was the

overriding factor affecting mineralization in this study. For instance, the Bama soil

(summit) had the highest percentage of sand, but the Goldsboro soil had the highest

mineralization capacity. Given that soil moisture is extremely important in the

Southeastern US during the summer months, the higher moisture content main-

tained in the Goldsboro soil was more conducive for microbial activity which

mediates N mineralization, providing the soil with more plant-available N.

This study demonstrates that not only can spatial variability play an important

role in N mineralization of manure; seasonal impacts should also be considered

when developing manure management recommendations.

Inorganic N concentrations observed in the soil compartment of the in situ
cores for all soil types during the winter months (Fig. 5.2) linearly decreased over

time. This decrease in inorganic N with time suggests that N mineralization was

minimal, and that the inorganic N fraction from the composted dairy manure was

being leached due to the dynamic properties of N in the soil. However, (Fig. 5.2)

the amount of inorganic N observed in the soil compartment during the summer

months experienced fluctuating concentrations from Day 0 to Day 70.

This fluctuating inorganic N concentration observed during the summer months

might be attributable to mineralization and the accumulation of plant-available N

followed by periods of leaching caused by rainfall events. Under normal condi-

tions, inorganic N continues to accumulate in the soil until it is taken up by a plant

or lost to leaching.

Concentrations of inorganic N extracted from the ion exchange resins increased

over time during the summer and winter months for all soils (Fig. 5.3). The

inorganic N observed in the resins during the summer months was significantly

higher than that collected during the winter months, suggesting that as minerali-

zation increases, so does the potential for N loss. Because mineralization

was minimal (maximum mineralization was <2 % of the added dairy compost N)

during the winter months, inorganic N collected in the resins was mainly attribu-

table to leaching of NO3
� contained in the composted dairy manure. In general,

the water content of a soil is normally higher during winter months while plant
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growth is minimal, suggesting that the NO3
� retained by or added to the soil has a

greater chance of being lost. Inorganic N concentrations observed in the resins

during summer months were mainly attributable to the mineralization of the added

composted dairy manure.

Although N mineralization and leaching occurred among all soils during the

winter months, the soil type located in a low-lying area (Lynchburg), significantly

mineralized and lost more of the added N from dairy compost (80–90 % more)

compared with the other soils (Fig. 5.3). During the summer, the loam soil

(Goldsboro) with the greatest water-holding capacity mineralized the most N,

mineralizing significantly more (9–10 %) than the other soils. These results show

that soil variability, temperature, and landscape need to be considered when

applying manure to agricultural fields. This study effectively shows the importance

of considering the spatial variability of an agricultural field when managing N

release from manure.

Fig. 5.2 Seasonal N mineralization (winter 2004 and summer 2005) of organic N in the soil

compartment of the micro-plot cylinder for the three different soil types amended with composted

dairy manure at eight sampling times during the season (Data from Watts et al. 2010a)
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5.3 Future Research Needs on N Mineralization

Increased N inputs have dramatically changed the rate of N cycling in most

agricultural systems. For instance, worldwide use of industrially produced inor-

ganic N and manure from concentrated animal feeding operations have created new

pathways for N redistribution and cycling in soil; however, soil N retention capacity

has not drastically increased. Thus, more research is needed to develop manage-

ment practices that will control N cycling, mineralization, and storage in soil.

The importance of N retention in soil and the impact of N mineralized from organic

matter will continue to increase in coming years. This will be partially driven by the

need to feed the growing population as well as increased demand for organic

production. Thus, national and international exchange of scientific research will

be needed to better predict N availability and losses from ecosystems receiving

organic sources of nutrients to improve our understanding of N mineralization and

to refine soil N availability models.

Fig. 5.3 Seasonal concentrations (winter 2004 and summer 2005) of inorganic N collected by the

ion exchange resin for the three different soil types amended with composted dairy manure at eight

sampling times during the season (Data from Watts et al. 2010a)
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Historically, most N mineralization studies have been conducted in agricultural

systems used for silviculture, forage, and row crop production; however, there has

been limited research using organic sources as the sole N supply in specialty

industries such as in horticulture (nursery, greenhouse), and turf production. Further

research is also needed on the impact that belowground plant residues (roots) have

on N supply to succeeding crops and the effect of mixing legumes with cash crops

(e.g., inter seeding clover with wheat or corn). Research on improvements of N

fixing capacity of legume as well as the use of mixed crop residues with different C:

N ratios is lacking. The development of plant growth regulators containing

microbial inoculates that fix and supply N to plants is also needed.
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Chapter 6

Soil Enzyme Activities as Affected

by Manure Types, Application Rates,

and Management Practices

Veronica Acosta-Martı́nez and Heidi M. Waldrip

Abstract Manure application can restore soil ecosystem services related to

nutrient cycling and soil organic matter (SOM) dynamics through biochemical

transformations mediated by soil enzymes. Soil enzymes are crucial in soil meta-

bolic functioning, as they drive the decomposition of organic residues, humification

processes, transformations leading to the release of plant available nutrients,

stabilization of soil structure, and degradation of xenobiotic (foreign or strange)

compounds. However, despite the fact that there is an exhaustive amount of

literature available on the effects of manure on soil enzyme activities, there is

no comprehensive overview of recent research findings that compares different

management scenarios, manure types, and potentially new manure products or

management. The purpose of this chapter is to provide a review of the response

of enzyme activities to manure applications and their potential implications on soil

biogeochemical cycling in agroecosystems. Additionally, this chapter intends to

provide some perspective on specific areas where more information is warranted

and pinpoint avenues for future research.

6.1 Introduction

Most (80–90 %) soil processes that are involved in the decomposition and

transformation of nutrients from organic compounds occur through biochemical

reactions mediated by enzymes. As summarized in Fig. 6.1, soil enzymes can be

either intracellular (enzymes inside microbial cells) or extracellular (enzymes that

have been released into soil solution and are attached to soil surfaces) (Kiss et al. 1975;
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Burns 1978; Ladd and Butler 1975; Nannipieri et al. 2002). The total enzyme activity

of a soil (intracellular and extracellular) drives ecosystem services related tometabolic

functioning, including: (1) decomposition of organic residues, (2) humification pro-

cesses that stabilize soil organic matter (SOM), (3) the release of plant available

nutrients, (4) the transformations of carbon (C), nitrogen (N), phosphorus (P), and

sulfur (S) compounds via various processes, (5) stabilization of soil structure, and

(6) degradation of xenobiotic (foreign or strange) compounds.

The application of manure to soil can restore ecosystem services related to

nutrient cycling and SOM dynamics through the activities of enzymes involved in

carbon (C), nitrogen (N), phosphorus (P), and sulfur (S) cycling. However, the

response of soil enzyme activities to anthropogenic disturbances, including manure

application, is dependent upon inherent soil properties (e.g. pH, SOM and nutrient

content, texture) and environmental factors (e.g. precipitation, temperature). The

stabilization and protection of enzymes in soils occurs primarily via association

with humic substances and clay complexes (Fig. 6.1), which can increase their

II) Abiotic or extracellular enzymes

Growth/Division
3. Release

Dead intact cell

Death

1. Death/
Lysis

Lysis

Resting 
structure

Living cell

2. Secretion

Dead disintegrated cell

Living cells

Enzyme-substrate complex

Humic
acids

Humic-enzyme complex

Clay
minerals

Entrapped 
enzymes

Adsorbed 
enzymes

Clay-enzyme complex

I) Intracellular enzymes or enzymes bound to cell components

(a)

(b)
(c)

(i)
(d)

(a)

(a)

(e)

(e) (ii)

(iii)

(f)

(iv)

Fig. 6.1 Soil enzymes are derived from two major sources: (I) Intracellular enzymes or enzymes

bound to cell components which include (a) enzymes functioning within the cytoplasm of

proliferating microbial, animal and plant cells, (b) enzymes restricted to the periplasmatic space

of proliferating Gram-negative bacteria, (c) enzymes attached to the outer surface of viable cells

with active sites extending into the soil environment, (d ) enzymes within non-proliferating cells

such as fungal spores, protozoa cysts, plant seeds and bacterial endospores, (e) enzymes attached

to whole dead cells and cell debris, and ( f ) enzymes located inside intact dead cells; (II) Abiotic

or extracellular enzymes, including (i) enzymes leaking from intact cells or released from dead or

lysed cells that originated from the cell membrane or within the cell and which may survive for a

short period in the soil solution, (ii) enzymes existing temporally as soluble or insoluble enzyme-

substrate complexes, (iii) enzymes absorbed to the external or internal (i.e., within the lattices

of 2:1 layer silicates) surfaces of clay minerals, or (iv) enzymes complexed with humic colloids

via absorption, entrapment, or co-polymerization during humification. (This conceptual visual of

the location of enzymes in soil was first developed by Klose 2003, and it is modified from Acosta-

Martı́nez and Klose 2008)
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resistance to changes in environmental and climatic conditions that affect soil

properties. In general, an enzyme-mediated reaction can increase about twofold

for every 10 �C increase in temperature between 10 and 50 �C; however, very high

temperatures can reduce soil enzyme activities due to inactivation (denaturation) at

temperatures higher than 60–70 �C (Tabatabai 1994). In addition to temperature

effects, each enzyme has a specific pH value at which the reaction rate is optimal, and

at each side of this pH optimum the rate is lower. For example, phosphomonoesterases

are classified as acid and alkaline phosphomonoesterases because there are two iso-

enzymes that contribute to the total activity with optimal activities in soils under acid

and alkaline pH ranges, respectively. In short, the total enzyme activity of soil is very

complex and depends on enzyme kinetics and stoichiometry of the different enzyme

pools, as well as specific soil properties. Generally, enzyme activities are higher in

clay and loam soils than in sandy soils following the clay and organic C contents

(Acosta-Martı́nez and Klose 2008). Similarly, enzyme activities tend to decrease with

increasing soil depth due to decreasing amounts of organic C and N along the soil

profile (Senwo et al. 2007). Growing plants can also influence soil enzymes, and

enzyme activities are often higher in the rhizosphere than in bulk soil (Waldrip

et al. 2011).

Enzyme activities have been used as an early indicator of changes in soil quality, as

they are more sensitive to changes in land use or management practices than other soil

properties (Gregorich et al. 2006; Acosta-Martı́nez et al. 2007). One of the most

common enzyme groups evaluated in soil are the dehydrogenases, which are oxido-

reductases that are involved in the oxidation of multiple organic molecules with

metabolic cofactors such as NAD+ or NADP+ as acceptor molecules (Dixon and

Webb 1979). The study of dehydrogenase activity can provide information on overall

organic matter oxidation through decomposition processes. Dehydrogenase activity is

strictly intracellular, and thus reflects the total oxidative activities of the entire soil

microbial community. Another commonly investigated group of enzymes are the

hydrolases, which catalyze the hydrolysis of various chemical bonds (e.g., ester,

glycosidic, ether and peptide bonds) by reaction with water. In soils, hydrolases play

a key role in the cycling of C (e.g., β-glucosidase, α-galactosidase), C and N (e.g.,

β-glucosaminidase), N (e.g., urease, asparaginase, aspartase), P (e.g., alkaline phos-

phatase, acid phosphatase, phosphodiesterase), and S (e.g., arylsulfatase).While it has

been noted that analysis of a number of enzymes involved in different reactions can

provide an improved characterization of overall soil biogeochemical cycling, Dick

(1994) emphasized the importance of carefully selecting enzymes that may reflect the

influence of fertilization or other management practices on soil quality.

The application of manure and other organic amendments to soil has been

suggested to exert a more important influence in maintaining soil microbial activity

and diversity than other management practices, including conservation tillage

(Dick et al. 1988). Most studies agree that significant increases in the activities of

soil enzymes are observed in soils amended with animal manures (Khan 1970;

Verstraete and Voets 1977; Dick et al. 1988; Martens et al. 1992) and green

manures/crop residues (Verstraete and Voets 1977; Dick et al. 1988; Martens

et al. 1992), as compared to unamended soils (Parham et al. 2002; Larkin et al. 2005;
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Pérez-Piqueres et al. 2006). Some studies have reported a more pronounced increase in

enzyme activities under manure applications than inorganic fertilizer (Bolton

et al. 1985), while others have reported that repeated applications of inorganic fertil-

izers can suppress production of certain soil enzymes that are involved in cycling of a

given nutrient (e.g. urease and amidase activities) compared to soils that receive

manure additions (Dick et al. 1988; Dick 1992).

The response of soil enzyme activities may be short-lived with organic amend-

ment applications, and many studies have reported that (Perucci 1990; Perucci and

Giusquiani 1990; Martens et al. 1992). The effects of amendments on soil enzyme

activities are difficult to predict because enzymes are substrate specific and the

particular response of each enzyme to organic amendment may vary depending on

the amendment type (e.g. swine lagoon slurry, solid beef cattle feedyard manure,

poultry litter, sewage sludge, crop residues, etc.) and chemical composition

(e.g. nutrient and OM content, pH, presence of inhibitory metals). Thus, manure

types, application rates, timing and duration of application, application techniques

(e.g. surface application of solid or liquid manure, fertigation, injection, incorpo-

ration via tillage), and management practices (e.g. tillage, no-till) may affect

differently the response of enzyme activities, and this may vary for different soils

and climatic and management conditions.

Generally, studies utilize a diverse group of enzymes involved in the minerali-

zation of various N, P, C, and S compounds in order to evaluate the effects of

manure on overall nutrient cycling and the different biochemical reactions that

occur in soil. However, despite the fact that there is an exhaustive amount of

literature on the effects of manure on soil enzyme activities, at present there is no

comprehensive overview of recent research findings that compare different man-

agement scenarios on soil enzyme activities. The purpose of this chapter is to

provide a review of the response of enzyme activities to manure applications and

their implications on biogeochemical cycling in agroecosystems. In this chapter, we

will provide an overview of the general response trends of various enzyme activities

from studies that utilized different types of manure, rates of application, and

application techniques (e.g. surface application or incorporation with tillage).

Additionally, this chapter provides perspectives and suggestions for avenues of

future research.

6.2 Mechanisms Involved in Changing Soil Enzyme

Activities due to Manure Applications

There are two possible mechanisms for the effects of manure on enzyme activities

of soils (Fig. 6.2). The first mechanism is via manure-induced changes to soil

physicochemical properties, including bulk density, moisture content, pH, and

soil temperature (Fig. 6.2a). This mechanism also includes the addition of nutrients

102 V. Acosta-Martı́nez and H.M. Waldrip



derived from manure, which can improve the soil conditions for microbial growth

and increase enzyme stabilization (i.e., increase root biomass, decrease soil com-

paction). The second mechanism is related to the microbial and enzyme load from

the manure, which can contribute to microbial growth upon substrate release

following death of manure-derived microbes, directly contribute microbes with

intracellular enzymes, and/or contribute manure-derived extracellular enzymes

(Fig. 6.2b).

Although organic amendments often contain enzymes, studies have emphasized

that the increase observed in enzyme activity in soils amended with organic

residues is most likely due to stimulation of microbial activity by changes in soil

properties (Fig. 6.2a), rather than the direct addition of amendment-derived

enzymes or microbes (Fig. 6.2b) (Martens et al. 1992; Dick 1994). For example,

Saison et al. (2006) explained that the effect of a compost amendment on soil

enzyme activities was mainly due to the physicochemical characteristics of the

compost matrix rather than compost-borne microorganisms. In addition, these

researchers (Saison et al. 2006) saw no resilience of microbial characteristics during

the study (6–12 months) after amendment with a high rate of compost. However, it

has been noted that enzyme activities in manure can be comparable or higher than

those found in soils. A recent study reported levels of dehydrogenase activity during

initial stages of pig manure compositing are comparable to levels found in soils

[160–250 mg triphenyl formazan (TPF) kg�1 soil 24 h�1] (Tiquia 2005). In

addition, phosphatase activities in poultry manure were more than two orders of

magnitude higher than commonly found in soils (Chap. 7, Sect. 7.4). Although

studies consider that organic amendment-borne microorganisms may not have
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growth and enzyme stabilization Soil 
+ 
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with

modified 
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and
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Fig. 6.2 Two possible mechanisms for the effects of manure on enzyme activities of soils: (a) via

manure-induced changes to soil physicochemical properties, including bulk density, moisture

content, pH, and soil temperature; and (b) via microbial and enzyme load from the manure,

which can contribute to microbial growth upon substrate release following death of manure-

derived microbes, directly contribute microbes with intracellular enzymes and/or manure-derived

extracellular enzymes
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long-term survival and therefore may have little effect on soil processes (Saison

et al. 2006), the fact that a diverse pool of microbes are found in manure and other

organic amendments (Durso et al. 2011) increases the possibility of some direct

contribution of manure to soil enzyme pools. Thus, it is possible that among

different organic amendments, the microbial and enzyme loads of manure can be

significant enough to exert certain influence on the total enzyme activities, espe-

cially in low organic matter soils and/or sandy soils.

It is also important to recognize the effects of manure processing on the

microbial and enzymatic load. For example, it has been observed that activities of

phosphatases (acid and alkaline) and β-glucosidase in manure decreased sharply

after just 3 days of active composting (Vuorinen 2000). This initial decrease was

followed by an increase in these enzyme activities during the early curing phases,

and then finally by an overall decrease in all activities. The study of Vuorinen

(2000) also revealed that the bulking material used for composting affected the

potential capacity and property for mineralization of P in the manure composts. It is

clear that further research is warranted to comparatively evaluate the true contri-

butions of different organic amendments, particularly manure, on the soil enzyme

pools. In addition, more information is needed to quantify and qualify the extent of

alteration and resilience of the inherent soil microbial community and enzymatic

pool over time following manure application.

6.3 Assay Protocols and Sampling to Determine

the Response of Enzyme Activities to Manure

6.3.1 Protocols for Assay of Enzyme Activities in Soil

Most studies on the effects of manure on soil enzyme activities have predominantly

used similar assay conditions (Nannipieri et al. 1978; Burns 1982; Sinsabaugh and

Moorhead 1994; Tabatabai 1994) (Fig. 6.3, Table 6.1). Most assays for enzymes

involved in C, P, and S cycling are based on determination of p-nitrophenol
(PN) released during incubation of soil with buffered substrate solution (i.e.,

artificial substrate) under conditions determined to be optimal for the specific

enzyme (Tabatabai 1994). The assays for enzymes involved in N cycling, such as

the amidohydrolases (e.g. urease, aspartase, glutaminase, etc), are more commonly

determined by back titration to quantify ammonium (NH4
+) enzymatically released

from specific amino acids or other substrates. Toluene has been commonly incor-

porated into enzyme assay solutions in order to inhibit microbial growth during the

assay and stop further enzyme synthesis by living cells; however, some laboratories

opt to omit toluene in order to reduce potential negative effects on the environment

and human health following the handling and disposal of assay solutions (Acosta-

Martı́nez and Tabatabai 2011). Among all enzyme assays, the assay for dehydro-

genase activity, which is based on the colorimetric determination of the reduction of
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2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) (Prosser

et al. 2011) or 2,3,5-triphenyltetrazolium chloride (TTC) (Casida et al. 1964), can

provide information of overall microbial activity in soil.

To date, it does not appear that more recent approaches, such as microplate-

fluorimetric assays, have yet been utilized to evaluate the response of enzyme

activities to manure. Microplate-fluorimetric assays are based on detection of

4-methylumbelliferyl (MUF) released by enzymatic hydrolysis of specific sub-

strates when incubated with soil at the enzyme optimal pH. The differences of the

detection of MUF via microplate-fluorimetric assays vs. PN with traditional assays

have been discussed thoroughly by Deng et al. (2011, 2013), and the use of these

new approaches can be considered in future research to investigate the response of

enzyme activities to manure applications.

Interpretation of results from current enzyme assay protocols is limited by the

lack of approaches available to distinguish among the location of enzymes in soil,

as different pools contribute to total activity and these vary for different enzymes

and soils (Nannipieri et al. 2002). For example, enzymes more significantly linked

to intracellular origin/sources will be more closely related to actual microbial

community composition (structure and diversity) of soil. This complication limits

researchers’ ability to identify the effect of manure on specific enzyme pools and

determine how these pools contribute to specific soil processes and nutrient cycling

following manure application.

An additional factor to be considered for evaluating soil management effects,

such as manure applications, on enzyme activities as indicators of biogeochemical

cycling is the fact that enzyme assays only provide information on potential

activity, as optimum conditions are typically set in order to achieve maximum

enzyme activity (buffer with optimum pH, saturated substrate solution, tempera-

ture, and synthetic substrates). These controlled assay conditions described are

considered necessary to allow for comparisons across regions and climatic condi-

tions; however, in reality, optimum conditions are rarely found in the field. Further

studies are required in order to identify relationships between enzyme activities

derived under optimal conditions and actual enzyme activities under variable field

conditions.

6.3.2 Sampling Approaches to Evaluate Response
of Enzyme Activities to Manure

A chapter in an earlier published soil enzymology methodology book (Lorenz

and Dick 2011) provides detailed procedural guidelines for soil sampling and

pretreatment prior to enzyme analysis. Typically, enzyme activities are determined

after air-drying soil subsamples. This use of air-dried soil is in contrast to micro-

biological assessments [e.g. DNA extraction, fatty acid methyl ester (FAME)

analyses, chloroform fumigation methods for microbial biomass C or N], which
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are generally determined on field-moist samples. It has been reported that air-drying

has more of an effect on intracellular enzymes associated with the active microbial

community than on extracellular enzymes stabilized in the soil matrix (Tabatabai

1994; Lorenz and Dick 2011). Some enzymes, including urease, β-glucosidase,
cellulase, invertase, acid phosphatase and arylsulfatase, do not appear to be affected

by air-drying (Acosta-Martı́nez et al. 2011; Lorenz and Dick 2011). Furthermore,

analyzing enzyme activity in air-dried soils may better reflect the soil management

history (Lorenz and Dick 2011), as enzymes can become stabilized in soil over

years. The choice of how to store and keep soil samples prior to analyzing for

enzyme activities is important in order to maintain consistency between samples

and allow comparisons over time (i.e., long-term assessment). In the literature, most

studies that evaluated the effects of manure applications on enzyme activities have

used soils that were air-dried. With air-drying as a common factor, comparisons

could be made between studies conducted on soils from different regions, where

manures from different livestock types were applied, or where different manure

application rates were used, and under different land use and management activities

as shown in Table 6.2.

Among biochemical analyses, soil enzyme activities can be determined with

simple analyses that require low labor costs compared with other methodologies

(Ndiaye et al. 2000). However, analyses of multiple enzyme-mediated reactions

that transform different nutrients are required to best evaluate changes that repre-

sent overall biochemical cycling. Thus, the selection of soil sampling times and

number of enzyme activities to evaluate is a difficult decision, as it is necessary to

balance between cost/time involved in sampling and laboratory analyses and the

value of the index of biochemical cycling obtained (Dick et al. 1996). The fre-

quency in which soil samples are taken depends on the overall goals of the specific

study and it is important to initially decide if the study will focus on short- or long-

term effects of manure application.

If short-term effects are being investigated, there should be frequent samplings

after beginning manure applications to assist in identification of a status-quo;

however, the number of sampling times can be reduced if long-term effects are

being addressed (Schinner et al. 1996; Lorenz and Dick 2011). Samples can be

taken more often during the first year(s) of manure applications (with samples taken

at the same times every year to reduce the influence of seasonal variation) to

address changes in enzyme activities which occur within the first years of manure

applications. However, this sampling regime is insufficient to assess long-term

trends for the soil scenario being evaluated. For longer-term field studies we

recommend that soil sampling not be conducted within the first few months

following manure application (Schinner et al. 1996), or after tillage or other

management practices are performed, in order to avoid confounding effects. Sam-

ples in long-term studies should be taken at least two different times within the

same year to determine trends that include seasonal changes. Alternatively, sam-

pling at the same time for two (or more) consecutive years can provide an overview

of the longer-term effects of manure applications on enzyme activities at that point

in time and could reveal year to year climatic variations. As an example, Lorenz and
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Table 6.2 Literature review showing values of enzyme activities for manure-treated soils relative

to untreated controls

Enzyme activitiesa

β-glucosidase Acid phosphatase Alkaline phosphatase Urease Dehydrogenase

Control Treated Control Treated Control Treated Control Treated Control Treated

89 105 325 424

89 112 325 415

88 117 64 81 220 269

88 143 64 143 220 386

65 70 5.4 7.1

65 78 5.4 7.9

65 90 5.4 9.2

42 68 59 130

44 80 154 209 50 145 12 25

265 230 45 90 2.3 3.1

174 154 250 303 4.0 7.9 56 8.3

740 879 42 122

110 190 34 63 3 7.5

154 273 304 310 nd

19 24 147 226 13.1 19.7

416 198 42 65 1.60 1.60

556 1,947 1.90 3.50

556 1,391 1.90 2.80

556 974 1.90 2.30

135 220 475 750

135 195 475 625

110 112 275 280

110 145 275 350

110 190 275 425

110 188 275 400

110 160 275 375

84 232 120 188 295 589 11 45 0.2 0.4

154 281 304 393

633 915 273 425 0.1 0.2 1.8 4.2

65 63 5.4 1.5

65 58 5.4 4.6

65 53 5.4 2.7

130 143 305 325 305 325 203 217 0.3 0.3

130 143 305 330 305 330 203 230 0.3 0.3

430 512 12.5 12.5

162 204 120 197 295 480 11 40 0.2 0.4

aEnzyme activities units vary: mg p-nitrophenol g�1 soil h�1 (for the first three enzymes),

mg NH4 g
�1 soil h�1 (urease) and mg triphenyl formazan g�1 soil h�1 (for dehydrogenase)

bManure properties are in Organic C/Total N/P unless preceded by OM (organic matter) or

TC (total carbon); rates represent amendment amounts unless followed by N, which represents

N application rate
cThe section provides as much information possible given by each study/references. Goyal et al.

(1993) is the only microcosms experiment, and Lalande et al. (2000) requires this clarification:

*3.34 kg per m3 total N, **90 m3 per ha
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Manure informationb Study informationc

Type as

named

Organic C/N/P

(% DM)

Rate

(Mg ha�1 year�1) Soil type

Soil pH

Length

(years) References

Control

(treated)

Beef TC30.8/1.3/0.3 5.2 Silt loam 8.3 (8.3) 3 Acosta-Martı́nez et al. (2011)

Beef TC30.8/1.3/0.3 10.3 Silt loam 8.3 (8.1) 3 Acosta-Martı́nez et al. (2011)

Beef TC36.6/2.3/0.5 1.5 Sandy loam 7.9 (8.0) 2 Acosta-Martı́nez et al. (2011)

Beef TC36.6/2.3/0.6 4.2 Sandy loam 7.9 (7.8) 2 Acosta-Martı́nez et al. (2011)

Beef nd 0.056 N Clay loam 7.5 (7.4) 5 Deng et al. (2006)

Beef nd 0.168 N Clay loam 7.5 (7.4) 5 Deng et al. (2006)

Beef nd 0.504 N Clay loam 7.5 (7.5) 5 Deng et al. (2006)

Beef+Straw nd 11.2 Silt loam 6.4 (7.0) 64 Bandick and Dick (1999)

Beef+Straw nd 22.4 Silt loam nd 55 Dick et al. (1988)

Cattle nd 0.067 N Silt loam 5.0 (5.3) 100 Parham et al. (2002)

Cattle 11.4/1.1/0.7 75 nd 8.2 (8.0) 29 Liu et al. (2010)

Cow nd 5.2 Clay loam 5.5 (6.2) 3 Bhattacharyya et al. (2005)

Ovine OM46/1.7/1.1 24 Sandy-silty

loam

8.2 5 Albiach et al. (2000)

Dairy TC12.1/0.8/1.2 50.4 Silty loam 6.8 (6.8) 3 Acosta-Martı́nez et al. (2011)

Farmyard 35/0.5/0.25 * Sandy loam 8.3 34 Mandal et al. (2007)

Farmyard 32/1.6/0.8 5.6 Sandy loam 7.4 (7.3) 11 Goyal et al. (1999)

Farmyard 28/1.1/nd 90 Sandy loam 7.9 1 Goyal et al. (1993)

Farmyard 28/1.1/nd 45 Sandy loam 7.9 1 Goyal et al. (1993)

Farmyard 28/1.1/nd 15 Sandy loam 7.9 1 Goyal et al. (1993)

Poultry 29.2/4.0/3.3 6.7 Clay 8.4 (7.7) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 13.4 Clay 8.4 (7.8) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 4.5 Clay 7.9 (8.1) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 6.7 Clay 7.9 (7.9) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 9 Clay 7.9 (8.1) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 11.2 Clay 7.9 (7.8) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry 29.2/4.0/3.3 13.4 Clay 7.9 (8.0) 4 Acosta-Martı́nez and Harmel

(2006)

Poultry nd 33.3 Sandy Clay

loam

7.9 3 Martens et al. (1992)

Poultry TC23.4/2.8/2.4 14.4 Silt loam 6.8 (6.5) 3 Acosta-Martı́nez et al. (2011)

Liquid Hog * ** Silt loam 6.5 18 Lalande et al. (2000)

Swine

effluent

nd 0.056 N Clay loam 7.5 (7.4) 5 Deng et al. (2006)

Swine

effluent

nd 0.168 N Clay loam 7.5 (7.4) 5 Deng et al. (2006)

Swine

effluent

nd 0.504 N Clay loam 7.5 (7.2) 5 Deng et al. (2006)

Municipal

solid

2.8/2.1/nd 12 Clay loam – 6 Crecchio et al. (2004)

Municipal

solid

2.8/2.1/nd 24 Clay loam – 6 Crecchio et al. (2004)

Sewage

sludge

nd 7.6 nd – 32 Marschner and Marschner

(2003)

Sewage

sludge

nd 33.3 Sandy Clay

loam

7.9 3 Martens et al. (1992)
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Dick (2011) suggested that mid-to-late spring or late fall might be optimal for

sampling soil from cropping systems in temperate regions, as there will have been

no recent fresh input of organic amendments or fertilizers. It is always important to

avoid sampling after recent disturbances, such as tillage, as they can mask the

effects of enzyme activities (Schinner et al. 1996; Lorenz and Dick 2011).

When the objective of a study is to evaluate the response of enzyme activities to

different manure types and across different soils, it is important to use similar

(or comparable) rates of applications and to measure soil enzyme activities at a time

of the year when the climate is most stable and there have been no recent soil

disturbances (e.g. tillage activities). Manure application rates can be based on target

dry matter, N, or P additions. It is crucial to take into account the fact that manures

can vary in moisture content, degree of decomposition, and concentrations of C and

nutrients. Pagliari and Laboski (2012) analyzed physicochemical properties of

42 manure samples from seven livestock species that were collected from a variety

of manure storages (lagoons, manure piles, bedded packs). These researchers

found a wide range in concentrations of nutrients, C, moisture, and values for pH

and EC, not only between the manures of different species, but also between

manures from the same species. Thus, nutrient loads supplied to soils can differ

between manures when applied based on specific nutrient requirements (e.g. N or P

basis) or when applied on a mass basis (e.g. Mg ha�1). These confounding effects

can make it difficult to compare the effects different manure types have on enzyme

activities. Manure properties can change soil conditions and influence environmen-

tal factors, particularly moisture and temperature, which affect soil chemical and

biological properties (Aon and Colaneri 2001), especially under long-term manure

applications. This is also very important when comparisons across soils and/or

different manure types are intended. In addition to the factors already mentioned,

other factors such as cropping history should be considered in order to produce a

valid comparison of manure effects on soil enzyme activities. Lorenz and Dick

(2011) suggest that for rhizosphere research it is important to identify key moments

during the life cycle of the plant species of interest and sample accordingly. The

same rationale holds true for research addressing the effects of manure, where care

must be taken in sampling in order to reduce the number of factors that could

confound analysis.

Lorenz and Dick (2011) also stressed the importance of characterizing a site

before sampling in order to represent the horizontal and vertical spatial variability

in soil physical and chemical properties. For a study on manure effects on soil

properties, we also advise that the approach used for manure application (e.g.,

banding vs. broadcast) should be considered, as it is important in regard to appro-

priate depth for soil sampling and duration of the study (i.e., evaluation of long-term

vs. short-term effects). We recommend reviewing literature on sampling approaches

of soils under manure applications where manure is applied heterogeneously within

the plot (e.g., liquid manure applied by banding) as compared to plots where manure

solids or slurry are surface broadcast or applied by other methods that provide a

more homogenous field coverage by manure (e.g., Tewolde et al. 2013). In order

to fully evaluate the effects of manure application on enzyme activities, soil
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samples should also be taken from control plots that have not received manure

(i.e., plots that were unfertilized or received inorganic fertilizer), but that were

managed similarly (e.g., tillage, crop rotations, land use) as manure-amended plots

with the same soil type.

6.4 Comparing Enzyme Activities as Affected

by Different Manures

6.4.1 The Role of the Manures Chemical Composition

Among studies comparing the effects of manures and other organic amendments on

enzyme activities, an important factor identified in enzyme response was the

differences in amendment chemical composition in terms of the C:N ratios, quan-

tity and quality of substrates, final products of reactions, cofactors, the presence of

heavy metals or other inhibitory compounds, and other chemical characteristics

(e.g., pH, etc). For example, a study with three different manure types (beef,

poultry, and dairy) reported that beef manure applied to loamy soils promoted

greater responses in activities of enzymes involved in C cycling (e.g.,

β-glucosidase, α-galactosidase) than did the other manure types (poultry and

dairy) within the first 3 years of applications (Acosta-Martı́nez et al. 2011). This

difference was likely due to the fact that the C content of beef manure was almost

twice as high as the other manures. Additionally, when this study compared the

enzyme activity response to poultry and dairy manure applications, acid phospha-

tase activity was greater in soil that received poultry manure than dairy manure. It is

possible that this response could be explained by the lower pH of the poultry (pH<
7) and dairy (pH >7) manures that were applied. This study (Acosta-Martı́nez

et al. 2011) also explained that the low pH of the poultry manure caused a decrease

in soil pH and subsequent increase in acid phosphatase activity. In general, acid

phosphatase activity may respond (increase) independently of soil organic matter

content when soil pH is decreased within a given range (Eivazi and Tabatabai 1977;

Acosta-Martı́nez and Tabatabai 2001). In contrast, application of layer hen manure

to an acidic (pH 5.0) soil from Maine increased soil pH in a study by Waldrip

et al. (2011), but had little effect on either acid or alkaline phosphatase activities in

soils. However, application of organic dairy manures to the same soil type resulted

in increased acid phosphatase activity over that of soils that received inorganic

fertilizer N, and this increase in phosphatase activity in manure amended soil was

correlated to manure C:N ratios (Waldrip et al. 2012).

Substrate quality in manure and other organic amendments has been identified as

an important determinant of how enzymes will respond independent of C or N

content. For example, in a greenhouse study, soil amended with pea vine had

greater protease and β-glucosidase activities than soil amended with beef manure

when both were applied on an equivalent N basis (Fauci and Dick 1994). These
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researchers (Fauci and Dick 1994) explained that the pea vine amendment

contained less lignin than beef manure; therefore, the C compounds in pea vine

were more readily metabolized by the microbial biota than beef manure and

supported greater enzyme activities. Another study reported that an increase in

β-glucosidase activity in soils amended with composted municipal solid wastes or

uncomposted cow manure was not proportional to the quantity of C added with

these two organic amendments (Marcote et al. 2001). The difference in response to

these two amendments was likely due to organic matter quality or inhibitory effects

of the high concentrations of heavy metals in municipal solid waste compost. These

researchers (Marcote et al. 2001) also explained that the cellulose in the municipal

solid waste (20 %) was derived primarily from paper and cardboard, while the

cellulose in the manure (45 %) came mainly from more readily decomposable

cereal straw that was used as animal bedding.

6.4.2 The Role of Soil Properties

The response of soil enzymes to organic amendments may vary among different

soils due to their inherent soil properties (e.g., soil pH, texture). To date, few studies

have simultaneously evaluated the response of different soils to manure (i.e.,

similar sampling times, manure types and/or regions); therefore, little is known

about how specific soil properties influence enzyme activities in regard to manure

application. Soil texture can be an important characteristic influencing the response

of enzyme activities to manure applications, and in a multi-location study (Acosta-

Martı́nez et al. 2011) reported a faster response of enzyme activities within the first

years following application of beef manure to a fine sandy loam in Colorado than to

a silt loam in Kansas. In this study (Acosta-Martı́nez et al. 2011), it was proposed

that differences in enzyme activity responses were likely due to lower SOM content

and greater sand content in the Colorado sandy loam than the Kansas silt loam.

In two unrelated studies (Albiach et al. 2000; Bhattacharyya et al. 2005), differ-

ent responses in enzyme activities were observed following application of manure

or municipal solid wastes, which may be partially explained by differences in soil

pH. For example, one study (Albiach et al. 2000) evaluated the response of several

enzyme activities (urease, alkaline phosphatase, phosphodiesterase, arylsulfatase,

and dehydrogenase) to equal rates of different organic amendments (municipal

solid waste, sewage sludge, sheep manure, vermicompost, and a commercial humic

acid solution) added to a horticultural soil. These researchers (Albiach et al. 2000)

reported that after 4 years, the highest activities occurred following application of

municipal solid waste, followed by sheep manure and sewage. Among the enzyme

activities, arylsulfatase and alkaline phosphatase showed the greatest increase

(threefold) in response to the addition of municipal solid waste. However, another

study (Bhattacharyya et al. 2005) reported higher enzyme activities (urease and

acid phosphatase) in soils that had received decomposed cow manure than in soils

that received municipal solid waste. An important difference between these two
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unrelated studies is that the study by Bhattacharyya et al. (2005), reporting lower

activities under the municipal solid waste treatment, was conducted on an acidic

soil (pH 5.5) in which the high metal concentration in the municipal solid waste

may have become more accessible and inhibited enzyme activity or microbial

growth. This same inhibitory effect was not observed with the municipal solid

waste used in the study by Albiach et al. (2000), where enzyme activities were

stimulated despite significantly higher concentrations of certain metals than found

in sheep manure. In this study (Albiach et al. 2000), the soil pH was higher (pH 8.0),

which would make metals more insoluble than in the lower pH soil of

Bhattacharyya et al. (2005). Although there were other differences between these

two studies that could have influenced the responses of enzyme activities to applied

municipal solid wastes and manures (e.g., climate, soil genesis, texture, etc), it

appears that soil pH was a major determinant controlling the response of enzyme

activities to organic amendments.

6.5 Comparing the Response of Enzyme Activities

to Various Rates of Manure

6.5.1 Studies Evaluating a Single Type of Manure
Applied at Different Rates

Important ecosystem implications related to both water and soil quality can be

elucidated from studies evaluating the response of soil enzyme activities to differ-

ing manure application rates. Recent studies have discussed how the leaching

potential of manure-N is partly regulated by the activity of enzymes of soil involved

in N transformations (Deng et al. 2000; Schimel and Bennett 2004). Similarly,

studies conducted in three states where different manures were applied for 4 years

reported that higher poultry manure application rates (13.5 Mg ha�1) to a silt loam

caused an increase in acid phosphatase activity and did not result in levels of

residual soil test P or Cu and Zn that were considered harmful to surface water or

cropping systems (Sistani et al. 2010; Acosta-Martı́nez et al. 2011). As emphasized

in the previous section, trends in enzyme activities following manure applications

can be very dependent on soil type. For example, a study on a cultivated high

clay soil reported that poultry litter applications of �6.7 Mg ha�1 resulted in

increased enzyme activities of C (β-glucosidase, α-galactosidase), C and N

(β-glucosaminidase), P (alkaline phosphatase) and S (arylsulfatase) cycling after

only four consecutive annual applications; however, these high rates also resulted in

nutrient concentrations in excess of crop needs and created the potential for P loss in

runoff (Harmel et al. 2004; Acosta-Martı́nez and Harmel 2006). These results were

likely influenced by the impermeability (saturated hydraulic conductivity

~1.5 mm h�1) and low infiltration capacity of the soil used in this study, which

was a Texas Blackland Vertisol containing 55 % clay.
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Evaluation of different rates of liquid pig amendments (liquid hog manure or pig

slurry) on different soil types in two unrelated studies (Lalande et al. 2000; Plaza

et al. 2004) revealed proportional increases in several enzyme activities up to a

similar rate of organic amendment (90 m3 ha�1). Among the enzyme activities

evaluated by Lalande et al. (2000), dehydrogenase, acid phosphatase and

arylsulfatase showed the strongest response to liquid hog manure, while the lowest

response was found for urease and alkaline phosphatase activities. However, both

studies found a greater response of dehydrogenase activity to liquid pig manures

than the other enzymes tested, and urease and phosphatase had the lowest levels of

response. An important point raised by Lalande et al. (2000) about the response of

enzyme activities to liquid manure applications is the possibility of anaerobic

conditions created by higher rates of application (i.e., in their case 120 m3 ha�1).

The points raised by Lalande et al. (2000) are very critical for soil quality and

functioning because anaerobic conditions created by excess moisture from liquid

manure could decrease microbial diversity and limit nutrient cycling and transfor-

mation over time in liquid manure treated soils.

6.5.2 Comparison of Different Types of Manure
Applied at the Same Rate

The comparison of different manures applied at similar rates could allow better

elucidation of the effects of substrate quality on enzyme activities. For example,

Tejada et al. (2006) reported a proportional increase in enzyme activities when

cotton gin compost or poultry manure were applied to soil at rates of 5, 8, and

10 Mg OM ha�1; however, they also found higher activities (up to 30 %) of

β-glucosidase, phosphatase, and arylsulfatase following application of poultry

manure than cotton gin compost. Similarly, a study that compared the effects of

swine effluent and beef manure applied to a semiarid soil at rates of 0, 56, 168 and

504 kg N ha�1 (Deng et al. 2006) reported that swine effluent caused a decrease, or

no change, in the enzyme activities regardless of application rate. In contrast, there

was a proportional response of some enzyme activities (L-glutaminase,

L-asparaginase, urease) to beef manure applied at the same rates. In the study by

Deng et al. (2006), dehydrogenase activity was increased only by the highest

application rate (504 kg N ha�1) of beef manure and there was no change in

β-glucosaminidase activity.

It seems that it is possible to identify certain types of manure that, depending

upon nutrient distribution, have more influence on specific enzyme activities and

greater impact on a given nutrient cycle. For example, several studies have dem-

onstrated that there is a higher response of phosphatases to poultry manure or litter

application regardless of the soil type, likely due to the high concentrations of P in

poultry manure (Acosta-Martı́nez and Harmel 2006; Deng et al. 2006).
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6.5.3 Response of Enzyme Activities to Methods of Manure
Application and Management Practices

In addition to the effects of manure types and application rates on enzyme

activities, manure application practices could also have an impact on enzyme

activities. There are many methods of manure application and incorporation,

including irrigation, broadcast spreading, band spreading, and injection into the

soil. However, few studies have evaluated the effects of manure application

method or incorporation on soil enzyme activities. Some factors that influence

the response of microbial communities and enzyme activities under different

incorporation techniques could be due to variation in manure moisture content

and infiltration between surface application of slurries vs. broadcast spreading of

solid manure, soil disturbance with injection or disk incorporation, and compac-

tion from machinery.

Tillage alone can have significant effects on microbial communities and the

activities of enzymes. According to phospholipid fatty acids (PFLA) indicators, it

appears that no-tillage practices can cause shifts in microbial community structure

towards higher fungal populations, as compared to soils under tillage, and this can

lead to increases in enzyme activities in no-till plots (Roldán et al. 2005; Kennedy

and Schillinger 2006). However, in a study where enzyme activities were evalu-

ated following application of three manure types to loamy soils under no-till and

conventional tillage practices, there was no difference between the two manage-

ment practices for the first 2 years of manure application (Acosta-Martı́nez

et al. 2011). It is clear that additional studies are required to better address the

effect of tillage practices and manure management on soil enzyme activities.

However, methods of manure application can differ depending on the manure,

which makes it difficult to address this factor. For example, liquid manures (pig

slurries, dairy lagoon waste) are generally injected or sprayed on the soil surface,

whereas solid manures (poultry manure, beef feedyard manure) are more often

applied by broadcast spreading and left on the soil surface or incorporated by

disking or tillage. In addition, more recent technologies are emerging that can also

inject solid manure into the soil. In general, the United States Environmental

Protection Agency (USEPA) encourages manure incorporation following appli-

cation (USEPA 2012) and many states prohibit surface application of manure on

frozen soils, during a rainfall event, or when conditions are such that a runoff

event could occur. Therefore, there may be limitations on the number of published

studies available to evaluate how manure application practices influence enzyme

activities.
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6.6 Future Research Needs for Comprehensive

Knowledge of the Effects of Manure

on Enzyme Activities and Soil Nutrient Cycling

Management practices that minimize the addition of organic amendments to soils

diminish the potential for increasing enzyme activity, which could affect the ability

of soils to cycle and provide nutrients for plant growth (Dick et al. 1988). Manure

can also provide more benefits to soil biogeochemical cycling than inorganic

fertilizers or other management practices. However, it is not possible to completely

generalize a specific response of enzyme activities to manure under diverse soil

types, as different factors can influence their response (climatic conditions, rates of

application, soil properties, etc.). As new challenges emerge, particularly due to

climate change, the selection of manure management practices that lead to a long

and sustainable enhancement of biogeochemical cycling and SOM dynamics will

be crucial. Thus, to increase our understanding of biogeochemical cycling and

SOM dynamics in agroecosystems that receive manure applications, it will be

important to investigate enzyme activities across larger temporal and spatial scales

in order to take into account the effects of differing management practices, climatic

conditions, soil properties, and manure characteristics. Additionally, information of

the changes in enzyme activities and other soil processes should be coupled to

characterization of the composition of the microbial community in order to estab-

lish linkages between the microbial communities associated to shifts in enzyme

activities involved in specific reactions and biogeochemical cycling.

In the U.S., there is a need for more comprehensive assessments on how regional

management and manure application practices, such as manure application

methods, tillage (conventional vs. no-till) and application rates will influence soil

enzyme activities. Regional comparisons with the most common manure types will

lead to better understanding of the changes in enzyme activities in specific soil

types and under certain climatic conditions. However, establishing comparisons

across regions will only be possible if enzyme assays are performed with similar

protocols for the determination of enzyme activities. We also recommend that

analyses be conducted on the activities of several enzymes involved in different

reactions in order to maintain the ability to compare results within the literature and

within the same location over time. This will allow for a more mechanistic

understanding of how soil and environmental properties influence biochemical

cycling and nutrient availability. Currently, there is little information on the effects

of manure applications on many enzyme activities related to biogeochemical

cycling (e.g., N cycling enzymes such as protease, β-glucosaminidase). The use

of a diverse range of enzymes can also provide an indication of the substrate quality

applied with various type of manure, as they are substrate-specific.

We found it difficult to obtain details on the soil and manure properties within

the existing literature. This type of information is important to be incorporated

into existing process-level models for simulating soil nutrient transformations

and predicting plant nutrient uptake and crop yields [e.g., the Denitrification-

Decomposition model, DNDC (Li et al. 1999)]. Through the use of modeling
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approaches, there is potential for researchers to reach the next level of data

interpretation and use, which is the integration of multiple enzyme activities and

manure management scenarios into useful indexes for reaching a balance between

desired improvements in soil biogeochemical cycling, crop yields, and environ-

mental quality.

References

Acosta-Martı́nez V, Harmel RD (2006) Soil microbial communities and enzyme activities under

various poultry litter application rates. J Environ Qual 35:1309–1318

Acosta-Martı́nez V, Klose S (2008) Soil enzymes. Encycl Soil Sci 1:1–5

Acosta-Martı́nez V, Tabatabai MA (2001) Enzyme activities in a limed agricultural soil. Biol

Fertil Soils 31:85–91

Acosta-Martı́nez V, Tabatabai MA (2011) Phosphorus cycle enzymes. In: Dick RP (ed) Methods

of soil enzymology, SSSA book series, no. 9. Soil Science Society of America, Madison,

pp 161–183

Acosta-Martı́nez V, Mikha MM, Vigil MF (2007) Microbial communities and enzyme activities in

soils under alternative crop rotations compared to wheat–fallow for the central Great Plains.

Appl Soil Ecol 37:41–52

Acosta-Martı́nez V, Mikha MM, Sistani KR, Stahlman PW, Benjamin JG, Vigil MF, Erickson R

(2011) Multi-location study of soil enzyme activities as affected by types and rates of manure

application and tillage practices. Agriculture 1:4–21

Albiach R, Canet F, Pomares F, Ingelmo F (2000) Microbial biomass content and enzymatic

activities after the application of organic amendments to a horticultural soil. Bioresour Technol

75:43–48

Aon MA, Colaneri AC (2001) Temporal and spatial evolution of enzymatic activities and physico-

chemical properties in an agricultural soil. Appl Soil Ecol 18:255–270

Bandick AK, Dick RP (1999) Field management effect on soil enzyme activities. Soil Biol

Biochem 31:1471–1479

Bhattacharyya P, Chakrabarti K, Chakraborty A (2005) Microbial biomass and enzyme activities

in submerged rice soil amended with municipal solid waste compost and decomposed cow

manure. Chemosphere 60:310–318

Bolton H Jr, Elliott LF, Papendick RI (1985) Soil microbial biomass and selected soil enzyme

activities: effect of fertilization and cropping practices. Soil Biol Biochem 17:297–302

Burns RG (1978) Soil enzymes. Academic, New York/London, pp 1–340

Burns RG (1982) Enzyme activity in soil: location and a possible role in microbial ecology. Soil

Biol Biochem 14(5):423–427

Casida LE Jr, Klein DA, Santoro T (1964) Soil dehydrogenase activity. Soil Sci 98:371–376

Crecchio C, Curci M, Pizzigallo M, Ricciuti P, Ruggiero P (2004) Effects of municipal solid waste

compost amendments on soil enzyme activities and bacterial genetic diversity. Soil Biol

Biochem 36:1595–1605

Deng SP, Moore JM, Tabatabai MA (2000) Characterization of active nitrogen pools in soils under

different cropping systems. Biol Fertil Soils 32:302–309

Deng SP, Parham JA, Hattey JA, Babu D (2006) Animal manure and anhydrous ammonia

amendment alter microbial carbon use efficiency, microbial biomass, and activities of dehy-

drogenase and amidohydrolases in semiarid agroecosystems. Appl Soil Ecol 33:258–268

Deng SP, Kang H, Freeman C (2011) Microplate fluorimetric assay of soil enzymes. In: Dick RP

(ed) Methods of soil enzymology, SSSA book series, no. 9. Soil Science Society of America,

Madison, pp 311–318

6 Soil Enzyme Activities as Affected by Manure Types, Application Rates. . . 119



Deng SP, Popova IE, Dick L, Dick R (2013) Bench scale and microplate format assay of soil

enzyme activities using spectroscopic and fluorometric approaches. Appl Soil Ecol 64:84–90

Dick RP (1992) A review: long-term effect of agricultural systems on soil biochemical and

microbial parameters. Agric Ecosyst Environ 40:25–36

Dick RP (1994) Soil enzyme activities as indicators of soil quality. In: Doran JW, Coleman DC,

Bezdicek DF, Stewart BA (eds) Defining soil quality for a sustainable environment. American

Society of Agronomy, Madison, pp 107–124

Dick RP, Rasmussen PE, Kerle EA (1988) Influence of long-term residue management on soil

enzyme activities in relation to soil chemical properties of a wheat-fallow system. Biol Fertil

Soils 6:159–164

Dick RP, Breakwill D, Turco R (1996) Soil enzyme activities and biodiversity measurements as

integrating biological indicators. In: Doran JW, Jones AJ (eds) Handbook of methods for

assessment of soil quality. Soil Science Society of America, Madison, pp 247–271

Dixon M, Webb EC (1979) Enzymes, 3rd edn. Longman Group Ltd., London

Durso LA, Gilley JE, Marx DB, Woodbury BL (2011) Effects of animal diet, manure application

rate, and tillage on transport of microorganisms from manure-amended fields. Appl Environ

Microbiol 77:6715–6717

Eivazi F, Tabatabai MA (1977) Phosphatases in soils. Soil Biol Biochem 9:167–172

Fauci MF, Dick RP (1994) Soil microbial dynamics: short- and long-term effects of inorganic and

organic nitrogen. Soil Sci Soc Am J 58:801–806

Goyal S, Mishra MM, Dhankar SS, Kapoor KK, Batra R (1993) Microbial biomass turnover and

enzyme activities following the application of farmyard manure to field soils with and without

previous long-term applications. Biol Fertil Soils 15:60–64

Goyal S, Chander K, Mundra MC, Kapoor KK (1999) Influence of inorganic fertilizers and organic

amendments on soil organic matter and soil microbial properties under tropical conditions.

Biol Fertil Soils 29:196–200

Gregorich EG, Beare MH, McKim UF, Skjemstad JO (2006) Chemical and biological character-

istics of physically uncomplexed organic matter. Soil Sci Soc Am J 70:975–985

Harmel RD, Torbert HA, Haggard BE, Haney R, Dozier M (2004) Water quality impacts of

converting to a poultry litter fertilization strategy. J Environ Qual 33:2229–2242

He Z, Griffin TS, Honeycutt CW (2004) Enzymatic hydrolysis of organic phosphorus in swine

manure and soil. J Environ Qual 33:367–372

Kanchikerimath M, Singh D (2001) Soil organic matter and biological properties after 26 years of

maize–wheat–cowpea cropping as affected by manure and fertilization in a Cambisol in semi-

arid region of India. Agric Ecosyst Environ 86:155–162

Kennedy AC, Schillinger WF (2006) Soil quality and water intake in traditional-till vs. no-till

paired farms in Washington’s Palouse region. Soil Sci Soc Am J 70:940–949

Khan SU (1970) Enzymatic activity in a gray wooded soil as influenced by cropping systems and

fertilizers. Soil Biol Biochem 2:137–139
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Chapter 7

Phosphatase Activities and Their Effects

on Phosphorus Availability in Soils Amended

with Livestock Manures

Heidi M. Waldrip and Veronica Acosta-Martı́nez

Abstract The application of livestock manures can impact factors related to

phosphorus (P) cycling and concentrations of plant-available P in soils. Specific

manure physicochemical properties differ due to livestock species and management

practices, which may result in differences in parameters related to soil fertility when

manures are applied to soil. To date, no evaluation has been conducted on the

differences among manure types on soil phosphatase activities and P availability.

This chapter presents information on the most commonly studied soil phosphatases,

acid and alkaline phosphomonoesterase and phosphodiesterase, and how manure

application influences their activities and P cycling. In a case study, it is shown that

soil application of manures from organically managed dairies increases acid phos-

phatase activity; however, concentrations of available P in soils that receive manure

from organic dairies are similar to those that receive manure from conventional

dairies. Depending upon specific research goals, different in vitro experimental

approaches may be used prior to evaluation of phosphatase activity, but specific

methodology influences phosphatase activities and can hinder among-study evalu-

ation of effects of livestock manure on P dynamics. Research avenues are suggested

to improve current understanding of the effects of livestock manure on soil quality

and functioning related to P availability in soils.
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7.1 Introduction

Phosphorus (P) is a principal component of nucleic acids, phospholipids, adenosine

triphosphate (ATP) and other essential metabolic molecules, and is a required

nutrient for growing plants and all other living organisms. In soil, P exists in both

inorganic and organic forms, and typically comprises 0.02–0.13 % of soil dry

matter (Stevenson and Cole 1999). Despite its abundance in soil, most soil P is

present in organic and relatively insoluble forms that are not immediately available

for plant uptake (Hedley et al. 1995). Due to limitations of available P, synthetic

fertilizers or organic residues, including livestock manure, are commonly applied to

meet crop nutrient demands. However, care must be exercised when applying

manure either as crop fertilizer or as a disposal mechanism for excess manure, as

over-application or mismanagement can lead to environmental consequences in the

event of runoff of soluble or particulate-associated P into sensitive surface waters

(Dao et al. 2008; Kleinman et al. 2002).

Phosphorus cycling in soils occurs through a complex suite of reactions that

includes immobilization by incorporation into microbial biomass, mineralization

of organic P into simpler forms, sorption to mineral components, precipitation of

mineral-P complexes, and mineral dissolution. A simplified version of the soil P cycle

in agroecosystems, with relevant inputs, outputs, and P transformations is presented

in Fig. 7.1. In cropping systems, P is often inaccessible to plants, as most is bound to

mineral components or organic matter. Inputs of P into the system can be derived

from inorganic fertilizers, plant residues, organic amendments, or direct deposition of

animal manure.

The phosphatases are a diverse group of enzymes that are important in the

mineralization of organic P. They catalyze the hydrolysis of different organic P

moieties into simpler inorganic P forms that can be taken up directly by plants. The

application of livestock manure changes the chemical, physical and microbial

properties of soil, which may influence phosphatase activities and P availability

(Acosta-Martinez and Harmel 2006; He et al. 2006a; Parham et al. 2002; Waldrip

et al. 2011). However, manure-induced changes in soil properties are not easily

predictable and may differ depending upon specific physicochemical characteristics

of soil and manure.

The aims of this chapter are to: (1) provide a general overview of the enzymes

responsible for organic P hydrolysis, (2) establish linkages between the role of soil

phosphatase activities and P availability following application of livestock manure,

and (3) reveal how specific methodologies can impede comparison of phosphatase

activity results among studies.

7.2 Overview of Phosphatase Activities in Soil

In soil, enzymatic hydrolysis by extracellular phosphatases is the primary mechanism

by which organic P forms are mineralized into bioavailable inorganic P (H2PO4
� and

HPO4
2�) (Li et al. 2004; Tarafdar and Claassen 1998). Phosphatase activity is a key
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component of P cycling in soils and is one indicator of soil quality and microbial

activity.Within the soil, there are fivemajor groups of phosphatase enzymes: (1) phos-

phoric monoester hydrolases (EC 3.1.3, phosphomonoesterases), (2) phosphoric

diester hydrolases (EC 3.1.4, phosphodiesterases), (3) phosphoric triester hydrolases

(EC 3.1.5), (4) polyphosphate hydrolases (EC 3.6.1), and (5) enzymes acting on P–N

bonds (EC 3.9). Among the phosphatase enzymes in soil, the most often investigated

are the phosphodiesterases and phosphomonoesterases (Tabatabai 1994).

The breakdown of organic P begins with the action of the phosphodiesterases

(PDE). Phosphodiesterases are responsible for the hydrolysis of phosphodiesters,

including phospholipids and nucleic acids, to form simpler phosphomonoesters

(Browman and Tabatabai 1978). Thus, the release of free phosphate from a diester

requires the sequential action of PDE followed by phosphomonoesterase. The rate

of PDE activity in soil tends to be an order of magnitude lower than that of

phosphomonoesterase, and it has been suggested that PDE activity regulates

organic P turnover in pasture soils (Turner and Haygarth 2005). Figure 7.2 illus-

trates how organic P inputs to soil are converted into free phosphate by the

sequential action of PDE and phosphomonoesterase. Despite the apparent relation-

ship between PDE activity and P availability, to date there has been far less study on

the role of PDE in soil P cycling than the phosphomonoesterases.

Phosphomonoesterases are a group of relatively non-specific phosphohydrolases

that are responsible for the degradation of a wide variety of phosphomonoesters,

including inositol phosphates, β-glycerophosphate, phenylphosphate, sugar

Fig. 7.1 Overview of the soil P cycle highlighting the physical, chemical, and microbial processes

involved in transformation of P between soluble/insoluble and organic/inorganic forms (Original

graphic by Emmylou Dail)
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phosphates, adenosine phosphates, β-napthyl phosphate, and p-nitrophenyl phos-
phate (He et al. 2004a). The most frequently investigated soil phosphomonoes-

terases are classified according to pH optima as acid phosphomonoesterase

(pH 4.8, EC 3.1.3.2, ACP) and alkaline phosphomonoesterase (pH 8.5, EC

3.1.3.1, ALP). In addition to the less substrate-specific acid and alkaline phos-

phomonoesterases, phytases (EC 3.1.3) have been identified in soil and play a

major role in mineralization of phytate and lower inositol phosphates (Lim et al.

2007; Richardson and Hadobas 1997).

7.2.1 Origins of Extracellular Soil Phosphatases

Extracellular soil phosphatases originate from a number of sources, including

bacteria, fungi, and plant roots. Both plants and microorganisms produce ACP, and

ACP can be excreted from the apoplast of lateral plant roots under conditions of P

deficiency (Speir and Cowling 1991; Tarafdar and Claassen 1998). In contrast, it does

not appear that plants can produce ALP (Li et al. 2004); therefore, extracellular ALP

in soils is assumed to be microbial in origin. Pyrosequencing and other advanced

techniques have recently been used to characterize the microbial diversity of soil,

and have revealed significant positive correlations between ALP activity and

several bacterial populations, including Proteobacteria, Firmicutes, Chloroflexi,
Verrucomicrobiae and Fibrobacteres (Acosta-Martinez et al. 2010).

Fig. 7.2 A conceptual model of the turnover of organic phosphorus in the soil, outlining the

sequential action of phosphodiesterase and phosphomonoesterase. R and R0 represent organic
moieties of P compounds. Dashed arrows indicate inputs from plants, residues, and microbial

biomass (Original graphic by Heidi Waldrip)
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It appears that the primary source of soil PDE is bacteria or actinomycetes;

however, some plants can secrete PDE under P-deficient conditions (Abel

et al. 2000; George et al. 2008; Leake and Miles 1996). At present, it is unclear

how much of a role root-derived PDE activity plays in P nutrition of plants, as no

clear correlation has been made between P use efficiency and enzyme activities.

However, Waldrip et al. (2011) identified a correlation between PDE activity and

concentrations of labile inorganic P in the rhizosphere of perennial ryegrass.

7.2.2 Analysis of Soil Phosphatase Activities

Analyses of soil enzyme activities are usually conducted using standardized assays

under controlled conditions. Specific details on methodologies can be found in

Acosta-Martinez and Waldrip (Chapter 9). The general procedure involves the

incubation of known amounts of soil and target substrate, followed by a colorimet-

ric procedure to determine end-product concentration. Determination of activities

of the phosphomonoesterases and PDE are generally conducted using the original

method developed by Tabatabai and Bremner (1969). The method is simple and

well-accepted, and has been widely used by researchers to investigate the impacts

of various agricultural and environmental factors on soil P cycling (Acosta-

Martinez and Harmel 2006; Chen et al. 2004; Colvan et al. 2001; Margesin and

Schinner 1994; Waldrip et al. 2011, 2012). Although the procedure is often

modified, the basic protocol involves the quantification of p-nitrophenol ( p-NP)
produced following incubation of soil with a buffered p-nitrophenol phosphate
solution (or bis-p-NP-P in the case of PDE). The production of p-NP during a set

incubation time, determined by measuring absorbance at 400 nm, is considered

proportional to enzyme activity and is normally expressed as mass of p-NP
produced per mass of soil per unit time (e.g. mg kg�1 h�1).

Despite the simplicity and widespread acceptance of this methodology, full inter-

pretation of the results is complicated by the fact that the standard phosphatase assay

does not discriminate between enzymes of different origins. Thus, the assay detects

activities of recently-produced root andmicrobial enzymes, aswell as those fromdead

cells or immobilized on soil clay or humic colloids (Burns 1982; Sinsabaugh 1994).

7.2.3 Factors That Influence Soil Phosphatase Activities

There have been reports of a wide range of soil phosphatase activities and it can be

difficult to make comparisons across soils, land uses, and climatic conditions. As an

example, we found large differences in magnitude of phosphatase activities from two

studies conducted in Texas in 2006 on soils with a high clay content (up to 38 %) and

very similar chemical and physical characteristics (Acosta-Martinez and Harmel 2006;

Bell et al. 2006). Bell et al. (2006) reported very low rates (<50 μg p-NP g�1 h�1)
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of ALP activity in soil from grazed rangeland, while Acosta-Martinez and Harmel

(2006) found much higher rates in grazed pasture soils (~400 to 500 μg p-NP g�1 h�1).

An overview of the literature revealed awide range of reported phosphatase activities in

unfertilized soils (Chap. 6, Table 6.1). Activities of ACP varied the most, ranging from

19 to over 740 μg p-NP g�1 h�1, followed by ALP activities (1 to >550 μg p-NP
g�1 h�1). Activities of PDE also varied (30 to >450 μg bis-p-NP g�1 h�1) among

different soils and cropping systems, but were more consistent than ACP and ALP.

As organic P mineralization is a biotic process, it is influenced by any factor that

affects biological activity, including soil pH, temperature, moisture content, and the

presence of C, N, P and other nutrients required for microbial metabolism (Parham

et al. 2002; Senwo et al. 2007; Huang et al. 2011). However, the extent to which

these factors influence phosphatase activity can change with season and land

management practices. As an example, Huang et al. (2011) reported that changes

in ACP activity of forest soils in China coincided with seasonal climate pattern,

with higher values observed during wet-warm periods (spring and summer) than

during dry-cool periods (fall and winter). In contrast, Sardans et al. (2006) moni-

tored phosphatase activities in soils from Mediterranean shrubland for five seasons,

and found that moisture content did not influence either ACP or ALP activities and

response to temperature was inconsistent.

According to Senwo et al. (2007), soil texture is the most significant property

influencing the activity of ACP, accounting for 68 % of the variation observed

between soils. These researchers (Senwo et al. 2007) regressed soil physiochemical

properties against enzyme activities in soils from a range of land use types (pasture,

mixed grasses, weeds, woodlands, and pine plantation) and found that ALP activity

was most highly correlated to CEC, followed by Fe content and pH. For PDE, pH

and SOM accounted for more than 58 % and 67 %, respectively, of the variation

between different soil types.

In addition to soil properties, root exudates and other factors related to growing

plants influence soil phosphatase activities and P availability (Hinsinger 2001;

Waldrip et al. 2011). Tarafdar and Jungk (1987) reported that ACP and ALP

activities were higher in the rhizosphere of four plant species than in the bulk

soil, and this corresponded with greater fungal and bacterial populations. In the

rhizosphere of barley, there is more diversity in the community of ALP-producing

bacteria under P-limiting conditions (Chhabra et al. 2013). It is therefore not easy to

determine if higher phosphatase activities are related to an increase in the produc-

tion of root phosphatases or a result of root exudates enhancing the rhizosphere for

microbial growth. As previously mentioned, the inability of the standard phospha-

tase assay to differentiate between root-derived activities from that of microbial

phosphatase, or to separate activity of newly-produced enzymes from that of older,

stabilized extracellular phosphatases can greatly complicate analysis.

While phosphomonoesterases and PDE can be produced in response to P deficient

conditions, the presence of phosphate can also inhibit both activity and synthesis of

phosphomonoesterases and phytase (Acosta-Martinez and Harmel 2006; Olander and

Vitousek 2000; Oshima et al. 1996; Waldrip et al. 2011). Thus, the application of any

material that increases the concentration of soluble orthophosphate could potentially
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affect the mineralization of organic P compounds and influence overall P cycling and

plant P availability. For example, transcription of ACP and ALP in Saccharomyces
cerevisiae is repressed by high concentrations of available P (Oshima et al. 1996).

7.3 Effects of Livestock Manures on Soil

Phosphatase Activities and P Availability

The application of livestock manure to soils can change the P distribution in soils;

however, these changes can differ depending upon specific soil and manure prop-

erties (He et al. 2006b; Waldrip-Dail et al. 2009; Waldrip et al. 2011). The response

of soil phosphatase activities to livestock manure could be dependent on many

factors, such as soil type, pH, specific P forms in soil and manure, C:N ratio of

manure, history of fertilization, and other environmental conditions and manage-

ment practices. The application of livestock manures is frequently reported to

increase soil phosphatase activities (Garg and Bahl 2008; Leytem et al. 2011;

Parham et al. 2002); however, little work has been conducted to compare the effects

of different manures on phosphatase activities or P availability.

The chemical and physical composition of manures can differ dramatically due to

species digestive system differences, bedding types, length of storage, and other

management practices (Dou et al. 2001; Leinweber et al. 1997; Pagliari and Laboski

2012). Large differences also exist between the specific forms of P found in manure

from different livestock production systems. One key difference between monogas-

tric species, such as swine and poultry (non-ruminants), and ruminants (beef cattle,

dairy cows, sheep, etc.) is that the phytase enzyme responsible for degrading phytate

is lacking in non-ruminants; thus, manure from swine and poultry contains larger

amounts of phytate than manure from beef cattle and dairy cows. The difference

between P excreted by dairy cows and poultry is illustrated by comparison of work by

He et al. (2008) and Dail et al. (2007) (Fig. 7.3). In these studies, manures were

sequentially extracted with H2O (soluble P), 0.5 M NaHCO3 (labile P sorbed on

crystalline surfaces), 0.1 M NaOH (moderately labile P associated with Al and Fe

oxides or carbonates), and 1.0 M HCl (Stable P associated with Ca2+). Clear

differences exist between the P distributions in the manures, with 80 % of dairy

manure P in labile inorganic forms. In contrast, poultry manure contained more

recalcitrant mineral-associated inorganic P (NaOH- and HCl-Extractable P). The

majority of organic P in poultry manure is Ca2+-associated phytate (HCl-P), which

has the potential to bioaccumulate in soils due to its large number of reactive P groups

(He et al. 2008; Turner and Leytem 2004).

There have been conflicting reports on the effects of livestock manure on soil

phosphatase activities. Most frequently, phosphatase activities are increased fol-

lowing application of organic fertilizers (Acosta-Martinez and Harmel 2006;

Colvan et al. 2001; Pascual et al. 2002; Waldrip et al. 2011, 2012). The stimulatory

effect of organic amendment may involve a complex combination of physical,
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chemical, and biological soil properties and processes; however, it has been

proposed that manure’s contribution of organic matter and growth substrates for

microorganisms is a major contributing factor (Garcia-Ruiz et al. 2008). Garcia-

Ruiz et al. (2008) examined changes in phosphomonoesterase activity in 18 pairs of

organic and conventionally managed olive orchards, and found higher activity in

soils under organic management where there was a history of addition of animal

manures or other organic amendments. In this study, there were no discernible

differences in soil physicochemical properties between the two fertilization

regimes, suggesting that differences in enzyme activity were related to manure

addition rather than soil attributes.

Overall changes to phosphatase activities resulting from addition of manure may

be short-lived due to adaptations by soil microorganisms to higher levels of soil

organic matter and available growth substrates. Criquet et al. (2007) incubated soil

with anaerobically digested sewage sludge and found higher phosphatase activities

(ACP, ALP, and PDE), at 25 days, coinciding with higher microbial density and

available P. However, after 85 days the enzyme activities were reduced 30–50 %,

while microbial density and P levels remained elevated. Similar patterns in soil

enzyme activities following organic amendment were reported in other studies

(Kizilkaya and Bayrakli 2005; Pascual et al. 1998). Despite the trend towards

adaptation of the soil microbial community to increased growth substrates and

subsequent decreased enzyme activity over time, there have also been reports of

long-term increases in ALP and PDE with manure addition (Acosta-Martinez and

Harmel 2006; Bell et al. 2006; Parham et al. 2002). As an example, in a 3-year field

study, Acosta-Martinez and Harmel (2006) found that addition of poultry manure to

pasture increased both microbial biomass and ALP activity.

From the literature, it appears that poultry manure may have a more profound

influence on phosphatase activities than manure from other livestock species. In a

Fig. 7.3 Comparison of phosphorus distribution in sequential extracts of dairy manure and

poultry manure (Poultry manure data adapted from Dail et al. (2007) and dairy manure from He

et al. (2004b))
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90 day aerobic incubation study, Garg andBahl (2008) compared the effects of different

organic amendments (poultry manure, farmyard manure, green manure, and crop

residue) on ALP activity and found that the greatest increases were observed with

poultrymanure, followed by farmyardmanure, with activities that were up to 133%and

104 % higher than unfertilized control, respectively. This increase in enzyme activity

correspondedwith increases in available (Olsen-extractable) P. These researchers (Garg

and Bahl 2008) attributed these effects to low lignin content and high C, N and cellulose

content in the poultry manure. The rationale for this is clear, as cellulose is comprised

primarily of readily degradable monopolysaccharides, while lignin contains complex

phenolic compounds that are more resistant to degradation; therefore, rapid decompo-

sition of C-containing structural components of poultry manure led to faster nutrient

turnover with poultry manure than other organic amendments.

The addition of composted manure to soils can result in longer-term increases in

enzyme activities than when fresh materials are applied due to enzyme stabilization

and a more favorable C:N ratio for microbial growth (He et al. 2010). However, there

have also been reports of decreased soil phosphatase activity following the addition

of both fresh manure and composted organic material (Garcia-Gil et al. 2000),

leading to the conclusion that amendment effects are not easily predicted.

We recently measured ACP, ALP, and PDE activities in fresh and freeze-dried

layer hen manure and found that activities increased in the order of ACP < ALP

< PDE (unpublished data). All activities were significantly higher than in soil,

where PDE activity of fresh poultry manure was 3,686 mg p-NP kg�1: more than

two orders of magnitude over what is commonly reported for soil. In addition,

freeze-drying did not significantly change ACP or ALP activities in these manures,

indicating that both fresh and older, stored manures could be a direct source of

phosphatase activity.

7.3.1 Case Study: Effects of Application of Organic
and Conventional Dairy Manures on Soil
Phosphatase Activities

Organic dairy (OD) production is increasing in the Northeastern U.S. due to

consumer demand for organic milk and other dairy products. Management of OD

farms is necessarily reliant upon manure and compost as fertilizer sources for

pastures and feedstuff crops. However, due to differences in diet composition

and the use of more bedding on OD farms than conventional dairies (CD), the

manure from organically managed dairies is different from that of CD dairies

(He et al. 2009; He and Ohno 2012; He and Wang 2012). Specifically, OD manure

contains more soluble inorganic P and Ca/Mg-associated P, and less monoester P

and stable metal phytate species, than CD manure (He et al. 2009). Furthermore, the

soluble organic matter in OD manure contains more stable humic- and lignin-related
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components and less amino/protein N-related components than CD manure (He and

Ohno 2012). However, until recently it was unknown how these differences affect

P availability following application of OD manure to soil.

Waldrip et al. (2012) examined the effects of OD manure on activities of ACP,

ALP, PDE, available soil P, and growth of sorghum-sudangrass in a greenhouse

study. In this study, soil was fertilized with manures taken from 13 organic dairies

in Maine, CD manure, or ammonium nitrate. Soil phosphatase activities and

modified Morgan P were determined at planting and after 16 weeks of plant growth.

Selected manure properties are listed in Table 7.1.

Of the three enzymes tested, ACP activity was the highest, with initial rates

averaging 150 mg p-NP kg�1 h�1 for soils that received OD manure (Fig. 7.4a).

Both OD and CD manure amendments increased ACP activity over inorganic

fertilizer by an average of 117 % and 101 %, respectively. The highest ACP activity

was found following application of OD10, and corresponded to greater early plant

growth. This manure (OD10) contained a relatively low concentration of total P

(Table 7.1), suggesting that low levels of available P resulted in production of root-

borne ACP or stimulation of extracellular soil ACP activity by rhizosphere processes.

In general, there was little change in ACP over time following application of OD

manure (Fig. 7.4a). Activity of ACP was positively related to the amount of manure P

applied, and negatively related to manure C:P and C:N ratios.

These findings are in contrast to those of a previous study byWaldrip et al. (2011),

where poultry manure amendment had little effect on ACP activity. However, in the

previous study, soil ACP activity was higher than the current study, with an average

activity of 323 mg p-NP kg�1 h�1, which could have masked any manure-induced

changes. It is difficult to make strong inferences about the relationship between

Table 7.1 Selected properties of 13 organic dairy manures (OD) and a conventional dairy manure

Manure DM (%)

C N

C:N

P

C:P% DM g kg�1

OD1 24 38.0 2.79 13.6 18.7 20.3

OD2 22 29.8 1.71 17.4 4.5 66.2

OD3 19 40.2 2.11 19.1 5.4 74.4

OD4 19 41.7 1.49 30.0 5.8 71.9

OD5 16 41.5 1.46 28.4 4.4 94.3

OD6 21 34.9 1.82 19.2 5.2 67.1

OD7 30 45.4 0.88 51.6 2.0 227.0

OD8 23 41.2 1.49 27.7 2.6 158.5

OD9 20 41.5 1.41 29.4 4.5 92.2

OD10 20 42.2 1.44 29.3 3.4 124.1

OD11 20 43.2 1.28 33.8 3.5 123.4

OD12 19 43.1 1.42 30.4 4.9 88.0

OD14 20 40.2 2.44 16.5 2.4 167.5

Mean (SD)a 21 (3.0) 40.2 (3.9) 1.67 (0.50) 26.5 (9.6) 5.2 (4.2) 106 (54)

Conventional dairy 15 36.8 1.34 27.5 6.9 53.3

Modified from Waldrip et al. (2012)
aSD, numbers in parentheses represent standard deviation from the mean
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manure C:P ratios and ACP activities in the OD manure study by Waldrip

et al. (2012). While there was a trend for lower ACP activity following application

of OD manures with high C:P ratios, soils that received some manures (e.g. OD6,

Table 7.1) had very low soil ACP activity (Fig. 7.4a).

In the study by Waldrip et al. (2012), OD manure had little effect on ALP

activity (Fig. 7.4b). There was a relatively narrow range in ALP activity (44–87 mg

p-NP kg�1 h�1), with an average of 62 mg p-NP kg�1 h�1. In general, ALP activity

Fig. 7.4 Activities of (a) acid phosphomonoesterase, (b) alkaline phosphomonoesterase, and

(c) phosphodiesterase in soil at planting (open bars) and after 16 weeks ( filled bars) of sudangrass
growth when soil was amended with inorganic fertilizer (Con), 13 organic dairy manures (OD),

and manure from a conventional dairy (CD). Asterisk (*) indicates significant difference

( p < 0.05) from inorganic fertilizer (Con) at a particular soil sampling time (Modified from

Waldrip et al. 2012)

7 Phosphatase Activities and Their Effects on Phosphorus Availability in Soils. . . 133



did not change significantly due to fertilizer treatment or over time. In addition,

ALP activity was not well correlated to most of the OD manure variables, showing

only a slight positive relationship with manure C:N ratio.

In this study (Waldrip et al. 2012), the initial activity of PDE following application

of OD manure averaged 60 mg bis-p-NP kg�1 h�1, and was higher than with CD

manure, but not different from soils that received inorganic fertilizer (Fig. 7.4c).

About half of the OD manure treatments resulted in initial PDE activities that were

higher than with inorganic fertilizer. However, PDE activity following application of

CD manure was lower than with inorganic fertilizer. The general trend for all

treatments was an increase in PDE over time; however, there was a high degree of

variability in measured final PDE activities in manured soils.

Similar to ALP, few relationships were noted between PDE activity and OD

manure variables, with only a positive relationship between the amounts of manure

P applied. The PDE activities measured in this study were similar to those reported

in Waldrip et al. (2011). In addition, the findings of increases in PDE activity with

plant growth were consistent with that of Waldrip et al. (2011). As PDE can be

produced by plant roots as well as microorganisms and is affected by rhizosphere

processes (Tarafdar and Claassen 1998), our results suggest that OD manure has

little effect on soil PDE activity.

Based on this work, Waldrip et al. (2012) concluded that manure from organically

managed dairies does not influence soil phosphatase activities, P cycling, or P avail-

ability any differently than does manure from conventional dairies when applied at

equivalent N rates. This is despite large differences in the organicmatter and P forms in

themanures from the two systems. It appears that the hydrolysis of organic P following

OD manure application is largely controlled by root- or microbial-borne ACP, in a

manner similar to CD manure. Therefore, the information accumulated over years

through research on conventionally managed dairies is relevant as a reference for

predicting P availability and transformation rates for soils that receive organic dairy

manure in the Northeastern U.S.

7.4 How Experimental Approach Influences

Soil Phosphatase Activities

Evaluation of effects of manure application on soil properties, including phosphatase

activities, has been conducted where soils are sampled under field conditions and

from greenhouse and micro-scale incubation studies under controlled conditions.

Unfortunately, comparison of the collected data among studies conducted using

different experimental approaches can be complicated by this lack of standardized

methodologies, and the results obtained by different researchers are often contradic-

tory. Most commonly, phosphatase activities are determined on fresh soil samples

taken directly from the field. This method can provide information on how many

variables (e.g. fertilizer management, tillage practices, crops, soil type) influence soil
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quality and P cycling. However, conducting large field studies is not always practical,

particularly when the objectives of the researcher are to compare a large number of

soils or amendment types, or track short-term changes in soil properties. In these

instances, an in vitro method may be more advantageous.

The two most commonly used in vitro soil incubation methods are aerobic

incubation and greenhouse pot studies. In typical aerobic incubation studies, the

soil and any amendment are mixed and placed in bottles, tubes or other containers,

packed to a specific bulk density, and then brought to a predetermined % water-

filled pore space (wfps). The containers are then loosely capped and put into a

controlled-temperature/humidity incubator. Typically, incubation containers are

vented periodically to ensure aerobic conditions, and water is added as needed to

gravimetrically maintain desired % wfps throughout the experiment. Alternately,

soil in the containers is allowed to dry during incubation in order to evaluate the

effects of wet-dry cycling on enzyme activities. At designated time points during

the incubation, a sub-sample is removed from the incubation containers (or the

entire container is destructively sampled) for determination of enzyme activity.

Variations of the aerobic incubation method have been used to study soil C, N, and

P transformations and enzyme activities following application of inorganic fertil-

izer and manure to soil (Bell et al. 2006; Griffin et al. 2002, 2003; Waldrip-Dail

et al. 2009). The highly controlled conditions of aerobic incubation allow for a

detailed examination of treatment effects on soil enzyme activities. However, it is

unknown if the results obtained via this method are truly representative of what

occurs under greenhouse and field conditions, where soil temperature, moisture

content, and degree of aeration are more variable.

Greenhouse experiments, where soil and any treatments are placed in pots (with

or without growing plants) allows a soil to be exposed to airflow, humidity, and

temperature changes that are more representative of natural environmental changes

than is possible with the aerobic incubation method. In general, % wfps in the pots

is maintained either gravimetrically or based on measurements from a soil moisture

sensor. When growing plants are present, this type of incubation can also provide

information about rhizosphere effects on phosphatase activities. While both aerobic

incubation and greenhouse methods provide distinct benefits towards the investi-

gation of factors that influence the mineralization of organic compounds, to our

knowledge, no comparative investigation has been conducted to examine the

effects of specific incubation method on phosphatase activity in soil amended

with livestock manure.

As an example of the differences in phosphatase activities that can be obtained

under different experimental methodologies, we compare two studies, an aerobic

incubation and a greenhouse pot study conducted by Waldrip-Dail et al. (2009) and

Waldrip et al. (2011). In these studies, activities of ACP, ALP, and PDE were

determined following incubation of a Bangor silt loam with layer hen manure. The

incubation study (Waldrip-Dail et al. 2009) was performed under aerobic condi-

tions, where freeze-dried poultry manure was added at rates of 100 (Low-PM) or

200 (High-PM) mg P kg�1, and held for 108 days at 25 �C in a controlled

temperature incubator. In the greenhouse study (Waldrip et al. 2011), the same
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manure was added to the same soil type as used in the aerobic incubation, placed in

6 in. diameter plastic pots, and kept on a greenhouse bench under natural lighting

and ambient temperatures for 16 weeks. In both experiments, % wfps was

maintained gravimetrically at 45 %.

Time course plots of the activities of ACP, ALP, and PDE are shown in Fig. 7.5,

where the effects of methodology-based differences are clear. In general, the

greenhouse-incubated soils had significantly higher activities of all enzymes and

exhibited more dramatic changes over time and due to manure application. Most

notably, PDE activity in the greenhouse study increased over time and was very

responsive to manure addition (Fig. 7.5e). In contrast, ALP activity in the green-

house study decreased over time and was not responsive to manure (Fig. 7.5c). In

the aerobic incubation study (Waldrip-Dail et al. 2009), activities of all enzymes

tested were low and remained relatively stable over time (Fig. 7.5b, d, f). Based on

these findings, we recommend that extreme care be taken when comparing enzyme

activities determined on soils following different experimental approaches.

Fig. 7.5 Comparison showing how experimental approach (greenhouse pot study vs. aerobic

incubation) influences activities of acid phosphomonoesterase (a, b), alkaline phosphomono-

esterase (c, d), and phosphodiesterase (e, f) in soils amended with layer hen manure (Modified

from Waldrip-Dail et al. 2009 and Waldrip et al. 2011)
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7.5 Conclusions and Directions for Further Research

In conclusion, the application of livestock manures can have differential effects on

soil phosphatase activities and P availability; however, these effects are not easily

predicted and many factors, including manure physicochemical properties and

experimental approach, can influence phosphatase activities and soil P cycling.

Thus, there is a need for a better understanding of the effects of livestock manure on

P cycling and availability. This type of information would assist with development

of appropriate fertilization strategies for different soil-agroecosystem scenarios. In

addition, this could lead to adoption of manure management practices that reduce

the risk of negative environmental impacts due to leaching and runoff of P into

sensitive surface waters following field application.

Further work is needed to better understand how and why livestock manures

influence organic P mineralization and soil fertility. Specific areas of research needs

include: (1) further study on soil PDE activities and their impact as a rate-limiting

step in organic P hydrolysis, (2) analyses to determine the origin of specific enzyme

activities, (3) better qualitative and quantitative understanding of the forms of

organic P in manures and soils following application of manures, and (4) quantita-

tive understanding of the direct contribution of manure-derived enzymes on soil

phosphatase activities.
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Chapter 8

Variety and Solubility of Phosphorus

Forms in Animal Manure and Their

Effects on Soil Test Phosphorus

Paulo H. Pagliari

Abstract Animal manure has been recognized as one of the best sources of nutrients

for crop production for centuries. However, only over the last few decades have we

started to fully understand and recognize the negative environmental impacts of

agricultural use of manure. Although all essential nutrients required for plant growth

can be found in a manure sample, there are primarily two that are well known to

negatively impact the environment the most, nitrogen (N) and phosphorus (P).

Both of these nutrients have considerably high mobility while within the manure

matrix; however, their mobility significantly decreases once manure is incorporated

into the soil. Phosphorus is found in two forms in animal manure, inorganic (Pi) and

organic (Po). The Po can be further categorized as enzymatically hydrolysable or

non-hydrolysable Po. The Pi and Po can be found dissolved in solution and also

precipitated as minerals or complexed with organic compounds and metals in the

manure matrix. The relative amount of each P form is highly variable and depends

among other factors on the animal species, animal age, growth stage, animal diet, and

manure storage conditions. When manure is applied to soils, most often there is an

increase in soil test phosphorus (STP) levels. However, the magnitude of the increase

in STP will depend on soil and manure properties. Understanding how manure and

soil properties interact is key to minimize the negative impact of manure on the

environment. This chapter will discuss the variety and solubility of manure P and also

how the different forms of Pi and Po can affect the increase in STP.
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8.1 Advances in Manure Analysis Methods

Several methods and techniques such as solution and solid-state 31P nuclear magnetic

resonance (NMR), scanning electron microscopy with energy dispersive X-ray

(SEM), X-ray absorption near-edge structure (XANES), sequential fractionation

and others, have been developed or adapted to help determine which phosphorus

(P) compounds are most predominant in manure from different animal species.

Each of these techniques has its strengths and weaknesses. For example, the use of

solution 31P NMR gives less information about the specific mineral solid phases, but

it provides information about the solubility and forms of organic compounds.

The alkaline extraction required for sample preparation for solution 31P NMR

analysis favor the dissolution of P minerals present in manure which makes it

impossible for solution NMR to identify the manure solid phases (Toor et al. 2006;

Cade-Menun 2011). Solid-state 31P NMR on the other hand does not require the

alkaline extraction; however, the presence of paramagnetic metal cations in the

sample presents challenges for precise solid-state NMR analysis (Toor et al. 2006;

Akinremi et al. 2011). However, solid-state 31P NMR spectroscopy is sensitive to

inorganic forms of P that are associated with metals such as Ca and Mg (Akinremi

et al. 2011). Therefore, solid-state 31P NMR can be very useful to understanding

manure P mineralogy with respect to Ca and Mg minerals (Akinremi et al. 2011).

X-ray absorption near-edge structure spectroscopy has also been used to identify the

organic and mineral P fractions of manure (Shober et al. 2006; Akinremi et al. 2011).

The use of XANES has advantages over solution 31P NMR because no extraction is

required, and it has advantages over solid-state 31P NMR because it is less affected by

paramagnetic metals, such as Fe(III) (Akinremi et al. 2011). Sequential fractionation

procedures have also been used to characterize P forms in animal manure

(Dou et al. 2000; Haygarth and Sharpley 2000; Sharpley and Moyer 2000; He and

Honeycutt 2001; He et al. 2004b; Toth et al. 2011). In these procedures, the most

soluble inorganic (Pi) and organic (Po) P forms are extracted with water and 0.5 M

NaHCO3 (pH ¼ 8.5); iron (Fe) and Al associated Pi are extracted with 0.1 M NaOH;

Ca phosphate stable minerals, such as hydroxyapatite, are extracted with 1.0 M HCl;

and the Stable Po and insoluble Pi (if any remains) left in the residue after HCl

extraction is determined after concentrated H2SO4-H2O2 digestion (Hedley

et al. 1982; Sui et al. 1999). The NaOH and HCl extractants can also hydrolyze

some Po, which can lead to an overestimation of Pi and underestimation of Po in

these fractions (He and Honeycutt 2001). Table 8.1 presents a range of total P,

fractions of Pi, Po, and residue P as quantified by sequential fractionation of animal

manure from several animal species, as reported by several researchers (Dou

et al. 2000; Sharpley and Moyer 2000; He and Honeycutt 2001; Ajiboye

et al. 2004, 2007; He et al. 2004a, b, 2006, 2007; Maguire et al. 2004; McDowell

and Stewart 2005; Pagliari and Laboski 2012).

More recently, many of the methods described above for manure analysis have

been used together to provide a better characterization and distribution of the P

forms in manure. For example, sequential fractionation method has been coupled
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with solution 31P NMR to quantify/characterize the Pi and Po forms extracted in

each fractionation step (McDowell and Stewart 2005; Ajiboye et al. 2007; He

et al. 2007). Sequential fractionation has also been coupled with enzyme hydrolysis

to distinguish between several forms of labile and recalcitrant manure P (He and

Honeycutt 2001; He et al. 2004a, b, 2010). By using certain enzymes alone or in

combination, the hydrolysis of known Po compounds can be achieved. Although the

sequential fractionation methods seem very efficient at categorizing the Po forms, it

does not give any direct information on the mineralogy of the Pi species. However,

it does give indirect information about the solubility of the mineral phases.

Characterization of the mineral phase is still under progress and the best known

methods used to date include sequential fractionation combined with chemical

modeling software, scanning electron microscopy microprobe analysis (SEM),

solid–state 31P NMR, and XANES (Bril and Salomons 1990; Leinweber

et al. 1997; Cooperband and Good 2002; Toor et al. 2006; Ajiboye et al. 2007;

Güngör and Karthikeyan 2008; Toth et al. 2011). Cade-Menun (2011) and

Akinremi et al. (2011) provided a more detailed description of each method as

well as the principles and mechanisms involved in each method mentioned above.

8.2 Variety and Solubility of Manure Phosphorus

8.2.1 Identified Manure Inorganic Phosphorus Minerals

The complexity of the manure matrix leads to an interesting interaction between the

inorganic and organic phases. Fordham and Schwertmann (1977) described manure

as being in a sensitive and balanced dynamic equilibrium state where minor

changes in any property (chemical, physical, or biological) could affect the whole

matrix. Bril and Salomons (1990) reported that the majority of Ca and Mg are

Table 8.1 Summary of total P, inorganic (Pi), organic (Po), and residue P in sequential extraction

of manures from several animal speciesa

P source Number of samples

Total P Pi Po Residue P

g kg�1 % of total P

Dairy 37 2.8–18.3 39–100 0–32 0–24

Swine 9 3.9–48.7 51–100 0–37 0–28

Beef 11 2.5–14.2 50–94 8–49 1–32

Turkey 7 10.1–28.2 49–90 21–50 0–5

Poultry 34 8.6–30.4 32–100 0–68 0–24

Sheep 3 7.2–10.7 70–81 25–27 4–8

Horse 2 5.4–12.4 56–74 15–30 2–10

Goat 2 10.3–13.1 65–68 21–37 3–4
aSummary from Dou et al. (2000), Sharpley and Moyer (2000), He and Honeycutt (2001), Ajiboye

et al. (2004), He et al. (2004a, b, 2006, 2007), Maguire et al. (2004), McDowell and Stewart

(2005), Ajiboye et al. (2007), and Pagliari and Laboski (2012)
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complexed with carbonates and organic compounds in manure, and that potassium

(K+), ammonium (NH4
+), sodium (Na+), and chloride (Cl�) ions were the most

important regulators of manure solution ionic strength. Therefore, these ions would

have control over the mineral solid phases in the manure including those controlling

Pi solubility. Understanding how the inorganic phases interact is the key in

understanding P solubility.

Over the past few decades, significant amount of work has been done to try

to better understand and characterize the mineral solid phases controlling Pi disso-

lution from animal manures. Most of those studies have shown that the forms and

solubility of manure Pi change from sample to sample; however, some similarities

are always found. Furthermore, computer modeling has allowed for a new way to

identify minerals in manure that were previously unknown to be present in manure.

Chemical modeling using chemical equilibrium software can be extremely helpful in

understanding the probable solid phases of compounds with a complex matrix such as

animal manure. Chemical modeling does not prove that a mineral phase exists as

physical methods do, but it can establish that a substance may behave as if a particular

mineral was present. Although chemical models are not a direct measurement of the

mineral, when combined with other methods such as SEM, X-ray, or XANES it has

been proven to identify the same minerals. In addition, under certain conditions some

methods such as SEM and XANES may also indicate the presence of unknown

minerals leaving the researchers wondering what they might be. Combining chemical

models with other methods has shown to solve the problem of unknown mineral

forms by providing a list of probable minerals that would be stable under the

conditions in a manure sample. Although there is a large amount of mineral species

that can be found in a manure sample (Akinremi et al. 2011), there are a few

species that are commonly reported in the majority of the samples.

8.2.1.1 Swine Manure

Solid phase analysis of swine manure using SEM revealed the presence of

MgNH4PO4�6H2O (struvite) with small amounts of MgKPO4�6H2O (K-struvite)

and also other magnesium and calcium minerals that could not be determined

(Bril and Salomons 1990). Bril and Salomons (1990) then used chemical modeling

and were able to report that the manure solutions were in dynamic equilibrium with

struvite, β–Ca3(PO4)2 (β-tricalcium phosphate, or β-TCP), and CaHPO4�2H2O

(brushite). By using the chemical modeling Bril and Salomons (1990) were able to

identify the unknown minerals. Fordham and Schwertmann (1977) reported that

struvite, Mg3H(PO4)3�3H2O (trimagnesium phosphate), Ca8H2(PO4)6�5H2O

(octacalcium phosphate, or OCP), brushite, and NH4CaPO4�3H2O were the

probable mineral species in manure solutions based on chemical modeling. X-ray

diffraction confirmed that struvite was present in their samples, which also confirmed

the usefulness of the modeling. Ajiboye et al. (2007) used XANES to analyze

different animal manures and reported that swine manure was dominated by brushite
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and AlPO4�2H2O (variscite). Although several minerals have bee reported in differ-

ent manure samples, the majority of the analysis shows that struvite and brushite are

almost always present in swine manure.

8.2.1.2 Beef and Dairy Manure

As in swine manure, analysis of the mineral solid phase in cattle manure has shown

a large variety of phosphate minerals. Struvite and CaHPO4 (dicalcium phosphate,

or DCP) were found to be the main mineral forms of manure Pi determined by

SEM and X-ray diffraction by Fordham and Schwertmann (1977) and Güngör

et al. (2007). In contrast, Shober et al. (2006) reported that only Ca5(PO4)3�2.5H2O

(hydroxyapatite) was present in dairy manure samples using XANES. In a different

study Ajiboye et al. (2007) using XANES reported that the dairy manure was

dominated by brushite and beef manure was dominated by struvite and brushite.

Güngör and Karthikeyan (2005) used chemical modeling software and reported that

the most probable phases controlling P solubility in the dairy manure samples

investigated were struvite, OCP, and β-TCP. As reported in the swine manure

section, the solid phase in beef and dairy manure is usually controlled by struvite

and brushite.

8.2.1.3 Chicken and Turkey

Bril and Salomons (1990) reported that the solid phase in chicken manure was

controlled by struvite and Ca-phosphate minerals including β-TCP, brushite, and
DCP. Ajiboye et al. (2007) used XANES to molecularly characterize P forms in

poultry manure and found that the solid phase was dominated by struvite and

brushite. In contrast, Toor et al (2005) reported that DCP was the only mineral

solid phase identified by XANES in chicken and turkey manure. Chemical modeling

of chicken manure has also shown the probable presence of struvite, β-TCP, DCP,
and brushite (Pagliari 2011).

8.2.1.4 Other Species

There has been limited amount of research that has investigated the mineralogy in

manure from species such as horse, deer, sheep, goat and others. Solid-state
31P NMR has shown that struvite and brushite were present in sheep manure

(Shand et al. 2005). Others have reported that chemical modeling suggested

the presence of struvite, β-TCP, and OCP (Pagliari 2011).

In summary, the mineral solid phase of most animal manure appear to have a

mix of struvite and at least one form of Ca-phosphate mineral, usually brushite,
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with potentially other more stable Ca-phosphate forms. The amount of each form

and the fraction that each form represents in a sample is one of the most important

factors controlling Pi solubility in manures.

8.2.2 Solubility of Manure Inorganic Phosphorus

The solubility of manure Pi is a function of the mineral form, the amount of a

particular mineral, the solution ionic strength, the solution pH used to dissolve

the mineral, and the amount of time used in the extraction. A large fraction of

manure Mg and Ca are associated with carbonates or organic matter; however, as

these cations go into solution they are likely to affect the rate of Pi solubility.

Several techniques can be employed to investigate the effects of Ca and Mg ionic

activity on the solubility of manure Pi. Among those techniques this chapter will

discuss manure solution pH titration, the use of an extract with a chelating agent

such ethylenediaminetetraacetic acid (EDTA), and serial dilution where increasing

manure dry matter to water ratio (MWR) is used.

Most of the P containing minerals in manure are extremely pH dependent and

abrupt changes in solution pH will have a major impact on P solubility. Fordham and

Schwertmann (1977) titrated manure solutions to pH values as low as 2.5 to study the

effects of acidification on manure P solubility. Fordham and Schwertmann (1977)

reported that during the initial titration struvite was likely dissolving, but as pH

dropped below 6.7 no more struvite was apparent. Inorganic P continued to dissolve

until the solution pH reached 5.5. Most of the Pi dissolved between pH 6.7 and 5.5

was attributed to Ca phosphate minerals (Fordham and Schwertmann 1977). Further

acidification of those samples did not dissolve additional Pi indicating that at pH

lower than 5.5, P containing minerals were no longer stable (Fordham and

Schwertmann 1977). The compound EDTA is very effective at complexing Ca and

Mg from solution, which result in low Ca and Mg activity. The lower Ca and Mg

activity in solution will allow for more stable Ca- and Mg-phosphate compounds to

dissolve and as a result more Pi will be dissolved. Figure 8.1 shows the results of a

study that compared the total Pi extracted using the sequential fraction with the total

Pi extracted using a 10 M EDTA solution buffered at pH 7.0 (Pagliari 2011). In

this study 60 manure samples were collected from commercial beef, dairy, horse,

swine, chicken, turkey, sheep, and dairy goat operations. The Fig. 8.1 shows that both

methods extracted the same amount of total Pi from all manure samples. The P-value

for the regression analysis is highly significant for the slope when compared to 0;

however, when the slope was compared to 1 (the 1:1 relationship) the slope was not

statistically different (P-value >0.05).

Other studies have reported that EDTA extraction recovered about 100 % of P

from dairy manure and from 65 to 96 % of P from poultry manure (Toor et al. 2005;

He et al. 2007; Turner 2004). Lower Pi recovery reported from EDTA extracts

could be due to the fact that not enough EDTA was added to chelate 100 % of Ca

and Mg from solution. In another study, goat, swine, chicken, and dairy manure
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were extracted in solution with increasing EDTA concentrations of 1, 5, and 10 mM

at an MWR of 1:100 (Pagliari 2011). It was found that at the 1 mmol L�1 EDTA,

only a fraction of the total Pi was recovered from those manures. However,

by adding 10 mmol L�1 EDTA 100 % of the Pi was recovered, but most impor-

tantly, adding 10 mmol L�1 EDTA at the MWR 1:100 kept the Mg and Ca ionic

activity low enough in solution which allowed for all Pi to dissolve. Therefore,

when using EDTA as an extracting solution it is important to know how much metal

need to be chelated so that the EDTA solution can be as effective as needed.

In sequential fractionation studies, the manure dry matter to water ratio (MWR)

is usually fixed, and in several cases the MWR used ranged from 1:10 to 1:200

(He and Honeycutt 2001; Kleinman et al. 2002; He et al. 2009a, b; Toor et al. 2005;

Waldrip et al. 2011). However, in serial dilution studies the MWR used has, in most

cases, ranged from 1:1 to 1:200. For example, Kleinman et al. (2002) used MWR

ranging from 1:10 to 1:200 to study the solubility of Pi from dairy, poultry, and

swine manure samples. At the 1:10 MWR, water was able to dissolve about 1.6, 2.1,

and 2.2 g Pi kg
�1 in dairy, poultry, and swine manures, respectively (Kleinman

et al. 2002). However, at the 1:200 MWR, water was able to dissolve approximately

2.8, 5.8, and 7.7 g Pi kg
�1 in dairy, poultry, and swine manures, respectively

(Kleinman et al. 2002). In a different study, Studnicka et al. (2011) studied the

effects of MWR at 1:100 and 1:1,000 on Pi solubility of dairy, chicken, and turkey

manures. Studnicka et al. (2011) reported that at the 1:100 water was able to

dissolve on average 2.3, 3.9, and 7.7 g Pi kg
�1 in dairy, chicken, and turkey

manures, respectively (Studnicka et al. 2011). Increasing the MWR to 1:1,000

increased the water extractable Pi to 3.3, 5.7, and 11.0 g Pi kg
�1 in dairy, chicken,
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and turkey manures, respectively (Studnicka et al. 2011). In another study, the

author of this chapter used MWR ranging from 1:1 to 1:100 to study the Pi solubility

of goat, swine, chicken, and dairy manures (Pagliari 2011). Figure 8.2 shows the

increasing amount of Pi that dissolved as the MWR increased from 1:1 to 1:100 for

goat, swine, chicken, and dairy manures. The Fig. 8.2 also shows that for goat,

swine, and chicken manure there were still more Pi that could potentially dissolve;

unlike dairy manure, which appeared to have reached a maximum dissolution at the

MWR 1:50. The reasons for the increase in Pi solubility with increased MWR

reported in the literature are yet not fully understood. However, it is likely that

increasing the MWR resulted in a decrease of the Ca and Mg ionic activity in

solution. The decreased Ca and Mg ionic activity resulted in an increased Pi
solubility. Increasing MWR is therefore analogous to using EDTA, which also

minimizes the Ca and Mg ionic activity in solution allowing for Pi from manure to

dissolve. However, the use of serial dilution is limited based on the volume of water

that can be practically used. In contrast, the use of EDTA enables the use of rather

small MWR ratios and can achieve more satisfactory results.

8.2.3 Identified Manure Organic Phosphorus Compounds

Organic P from animal manure has been studied for decades using several tech-

niques including solution and solid-state 31P NMR, SEM, XANES, and enzyme

hydrolysis. However, the different methods provide information of varying degrees
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of usefulness. For example, 31P NMR and XANES can identify a wide range of Po
in a sample; though those methods provide no information on the bioavailability of

those forms to biological communities. In contrast, the methods that use enzyme

hydrolysis provide what percent of Po can actually become bioavailable to biolog-

ical communities. He and Honeycutt (2011) provided a list of enzymes and

how effective they were at catalyzing the hydrolysis of specific Po compounds.

Therefore, the objectives the researchers tried to achieve should be considered

before deciding which method to use for Po determination.

The amounts and forms of manure Po reported in the literature vary widely

within the same animal species and also among different species. The high

variability of the manure Po found in manures is a result of the different diets,

differences in how the feed is digested inside the digestive tract, conditions and

time of manure storage, type of bedding used, animal age, and other factors.

Manure treatment such as composting, anaerobic digestion, or liquid-solid separa-

tion can also affect the amounts and forms of Po in a manure sample.

8.2.3.1 Swine Manure

The Po forms in swine manure reported in the literature vary dramatically among

studies. This reflects the differences listed before, such as animal age, feed, manure

age, type of storage, and also the method used for manure extraction. For example,

Turner and Leytem (2004) used the sequential fractionation procedure to separate

the P soluble in water, NaHCO3, NaOH, and HCl from swine manure (total P

13,508 mg P kg�1). Turner and Leytem (2004) then used 31P NMR to determine

what forms of Po were present in each fraction. Although only small amounts of Po
were reported, monoester-P made up the majority of Po in the water, NaHCO3, and

NaOH fractions (617 mg P kg�1), while phytate was the major form of Po in the HCl

(401 mg P kg�1) fraction with small amount in the NaOH (118 mg P kg�1) fraction

(Turner and Leytem 2004). Other Po compounds found in the sample analyzed by

Turner and Leytem (2004) included small amounts (<70 mg P kg�1) of phospho-

lipids and DNA in the water fraction only. In a different study, Leinweber

et al. (1997) used 0.1 and 0.5 M NaOH to investigate the Po forms in swine manure

(total P 16,220 mg P kg�1), and reported that mainly monoester-P (8,515mg P kg�1)

and diester-P (3,973 mg P kg�1) were present in the sample analyzed. He and

Honeycutt (2001) also used the sequential fraction to characterize the P soluble in

water, NaHCO3, and NaOH from swine manure (total P 3,875 mg P kg�1).

In addition, He and Honeycutt (2001) used enzyme hydrolysis to determine the

forms of Po in each of the fractions. Monoester-P (356 mg P kg�1) was the major

form of Po, followed by phytate (350 mg P kg�1), DNA-P (61 mg P kg�1), and

organic pyrophosphate (35 mg P kg�1) (He and Honeycutt 2001). Pagliari and

Laboski (2012) also used the sequential fractionation and enzyme hydrolysis to

investigate the hydrolysable Po in several manures. The majority of the
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hydrolysable Po was found as phytate (1,972 mg P kg�1), followed by monoester-P

(622 mg P kg�1), and DNA-P (288 mg P kg�1) (Pagliari and Laboski 2012). These

studies show that although different Po forms can be found in swine manure,

monoester-P and phytate are the dominant forms. In addition, the concentration

of each Po form varies widely depending on the manure sample. All of the manure

samples used in the studies reported in this section were from animals fed regular

diets without feed additives, such as phytase.

8.2.3.2 Beef and Dairy Manure

The microflora present in the digestive tract of ruminant animals are known to

produce the phytase enzymes that are responsible for breaking down the phytate

from feed. Although phytase is present in the digestive tract of ruminant animals,

there is still a significant amount of phytate reported in manures from ruminant

animals. Pagliari and Laboski (2012) reported that phytate (471 mg P kg�1) was the

major Po form in beef manure (average total P 8,500 mg P kg�1), followed by

monoester-P (301 mg P kg�1), and DNA-P (182 mg P kg�1). In contrast, Turner and

Leytem (2004) used 31P NMR to identify the forms of Po in beef manure (total P

3,916 mg P kg�1) and reported that monoester-P (1,100 mg P kg�1) was the major

form of Po with small amounts of DNA-P (109 mg P kg�1).

For dairy manure (total P 3,450 mg P kg�1), He and Honeycutt (2001) reported

that most of the hydrolysable Po was DNA-P (135 mg P kg�1), followed by phytate

(121 mg P kg�1), organic pyrophosphate (116 mg P kg�1), and small amounts of

monoester-P (48 mg P kg�1). In a different study, He et al. (2004a) reported that

phytate (average 457 mg P kg�1) as the major form of hydrolysable Po in 13 dairy

manure samples (total P average 9,131 mg P kg�1). In contrast Pagliari and Laboski

(2012) reported similar amounts of monoester-P (295 mg P kg�1) and phytate

(254 mg P kg�1) and smaller amounts of DNA-P (103 mg P kg�1) in 18 dairy

manure samples (total P average 8,600 mg P kg�1). Nuclear magnetic resonance

has also been used to determine the forms of Po in dairy manure. The reports show

that the majority of the Po identified by 31P NMR is phytate and monoester-P with

similar amounts (about 250 mg P kg�1) and small amounts of DNA-P and other

diester-P forms (100 mg P kg�1) (He et al. 2009b; McDowell and Stewart 2005).

Others have used XANES to study the Po forms in dairy manure and reported only

phytate was present (Shober et al. 2006). He et al. (2007) compared the Po forms

identified by 31P NMR and enzyme hydrolysis in dairy manure (total P

6,880 mg P kg�1). He et al. (2007) reported that monoester-P (1,486 mg P kg�1)

was the highest form of Po followed by phytate (413 mg P kg�1) and DNA-P

(89 mg P kg�1) as indicated by 31P NMR. In contrast, the enzyme hydrolysis

showed similar amounts of monoester-P (608 mg P kg�1) and phytate

(678 mg P kg�1), with greater amounts of DNA-P (434 mg P kg�1) than 31P

NMR (He et al. 2007). Although the amounts of Po are highly variable among the

different studies, monoester-P and phytate are the dominant forms of Po in beef and

dairy manure.
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8.2.3.3 Chicken and Turkey

The majority of Po in poultry manure fed regular diets is in most cases reported to

be phytate with smaller amounts of monoester-P and DNA-P. For example,

Pagliari and Laboski (2012) reported that the amounts of phytate, monoester-P,

and DNA-P were 3,195, 1,037, and 315 mg kg�1, respectively. He et al. (2007)

reported similar results to those of Pagliari and Laboski (2012), where phytate,

monoester-P, and DNA-P were 2,060, 138, 407 mg kg�1, respectively. When 31P

NMR or XANES were used for identification of Po in poultry manure, higher

amounts of phytate was observed compared with the enzyme hydrolysis method.

For example, phytate has been reported to range from 3,638 to 8,208 mg kg�1

(Turner and Leytem 2004; Toor et al. 2005; Shober et al. 2006; He et al. 2007).

Similar results have been observed for turkey manure where enzyme hydrolysis

methods estimate lower concentration of phytate Po in manures compared with
31P NMR or XANES. Pagliari and Laboski (2012) reported that phytate in turkey

manure determined with the enzyme method was 1,707 mg kg�1, while Toor

et al. (2005) reported that phytate was 4,000 mg kg�1 using XANES. Although

very different results can be observed by the different methods used for Po
determination, the researcher should use the method that best suits their specific

research goals.

8.2.3.4 Other Species

Limited research has been reported on Po forms in manure from species such as

horse, deer, sheep, goat and others. Pagliari and Laboski (2012) used the enzyme

hydrolysis to determine the hydrolysable Po in samples of goat, horse, and sheep

manure and reported that Phytate was 508 mg kg�1 and 328 mg kg�1; monoester-P

was 305 and 243 mg kg�1; and DNA-P was 209 and 157 mg kg�1 in sheep and

horse respectively. In goat manure, 952 mg kg�1 was monoester-P, 717 mg kg�1

was DNA-P and 302 mg kg�1 was phytate. McDowell and Stewart (2005) used 31P

NMR to study the forms of Po in deer and sheep manure and reported that

monoester-P was 590 and 532 mg kg�1, DNA-P was 140 and 215 mg kg�1,

and phospholipids-P was 2,147 and 105 mg kg�1 in deer and sheep manure,

respectively. In their study, McDowell and Stewart (2005) grouped phytate into

the same group as the other general forms of monoester-P.

In summary, the Po compounds that are reported to be present in manure

include more generally phytate, monoester-P and DNA-P. The amount of each

form and the fraction that each form represents in a sample is highly variable.

Therefore, testing each manure sample is the only way to know what form of Po is

present and at what concentrations that particular form is present in a sample.

The next section examines the solubility of each Po form in water, NaHCO3,

NaOH, and HCl.
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8.2.4 Solubility of Organic Phosphorus

A diverse number of extractant solutions have been used to investigate the solubility

of P in animal manure. Among the extractants employed the most used include water,

NaHCO3, NaOH, NaOH + EDTA, sodium acetate (NaOAc), NaOAc with EDTA

or sodium dithionite (NaOAc-SD), and HCl. The concentration of those extracting

solutions usually varies from study to study, with exception of the NaHCO3, which is

usually set as 0.5M. Sodium hydroxide has been reported to be used at concentrations

ranging from 0.1 to 0.5 mol L�1. The EDTA is usually added at 0.05 M, which for

most manures should be enough to complex most, if not all, of the Ca and Mg in the

sample. Sodium acetate is usually used at 0.1 M, with the pH of the solution buffered

at 5.0. Hydrochloric acid has been used in manure extractions at the concentration of

1.0 M. For a particular manure sample, the amount of Po that is extracted with each of

these different solutions varies widely. Water and NaOAc in general, extract the least

amount of Po compared with the other extractants. The addition of EDTA or sodium

dithionite to NaOAc, however, makes NaOAc as effective as NaOH-EDTA or HCl

(He et al. 2009a, b). For example He et al. (2009a) reported that the amount of Po
extracted in water was 928 and 170 mg Po kg

�1, in 0.1 M NaOAc was 982 and

8,258 mg Po kg
�1, and averaged 3,595 and 10,691 mg Po kg

�1 in 0.1 M NaOAc +

0.05M EDTA, 0.25 and 0.5 MNaOH + 0.05M EDTA, and 1.0 MHCl from poultry

manure and poultry litter, respectively. In a different study, Turner and Leytem

(2004) compared the effectiveness of 0.5 M NaHCO3 in combination with either

1.0 MHCl or 0.5 MNaOH + 0.05M EDTAwith the sequential fractionation method

to extract P from cattle, poultry, and swine manures. Turner and Leytem (2004)

reported that, overall, combining NaHCO3 with NaOH + EDTA (total Po extracted

8,866, 809 and 1,229 mg Po kg
�1, in poultry, cattle, and swine manure, respectively)

was as effective as the sequential fractionation (total Po extracted 10,232, 3,830, and

1,429 mg Po kg
�1, in poultry, cattle, and swine manure respectively) with the

exception of cattle manure. However the NaHCO3 combined with NaOH + EDTA

simplified the procedures, as only two extractions were needed as opposed to four in

the sequential fractionation procedure.

Although a significant amount of work has been done to improve our under-

standing on manure Po solubility by using different extractants, there has been no

work that evaluated Po solubility as a function of MWR. In the study of Turner and

Leytem (2004) it was indicated that NaHCO3 with NaOH + EDTA was as effective

as the sequential fractionation to remove total Po. However, Turner and Leytem

(2004) also reported that the Po extracted in the water + NaHCO3 fraction

was higher than the Po extraction in the NaHCO3 alone from the NaHCO3 with

NaOH-EDTA method. This suggests that even the more labile Po pool in animal

manure might be affected by the ionic activity of Ca and Mg in solution, as is

the manure Pi. The fact that Ca and Mg might be affecting the rate of the more labile

manure Po solubility is also supported by the increased Po recovery that is observed

by adding EDTA to NaOH or NaOAc extracts (He et al. 2009a, b; Turner and

Leytem 2004).
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8.3 Increase in Soil Test Phosphorus

After Manure Addition

Soil tests have been used to estimate how much nutrient in the soil may become

available for plant uptake during the growing season. In the case of P, sol test

phosphorus values are used to determine the P status in a soil, or the labile P. From

the initial status, one can estimate how much P must be added to a soil to provide

plants with an adequate amount of P for optimum growth and productivity. Several

soil test methods have been developed over the past 60 years as an aid to best estimate

of the amount of P required for crop growth. The diversity in soil tests used for P

analysis reflects the differences in soil chemistry and also the ability of the different

tests in extracting P from different binding sites within the soils. These methods

include extraction of P in water (WSP), acidic solution (e.g. Bray-1 P, Mehlich-3,

Morgan, Modified Morgan), alkaline solution (e.g. Olsen P), and also exchange

reaction by using resins (e.g. iron oxide impregnated filter paper, namely FeO).

Although those soil tests have been proven to correlate well with plant uptake, the

best test to be used depends on the soil and also on the binding mechanisms between

the soil particles and P to be determined.

The Mehlich-3 and Bray-1 P extracts are very effective at complexing Ca, Al, and

Fe cations with fluoride (F) anions to release bound P (Kuo 1996). These tests use an

acidic extracting solution to solubilize easily soluble P present as Al-phosphate,

Fe-phosphate, and Ca-phosphate. However, the use of acidic extractants is appropri-

ate for soils with pH ranging from slightly alkaline to acidic. Soils with high pH, with

large concentration of hydroxyl anions (OH–) or carbonates (HCO�3) can neutralize

the acidity of the extracting solution and subsequently underestimate extractable P.

The Olsen P test, on the other hand, works by replacing anions adsorbed on Ca

(Kuo 1996). For example, the phosphate anions (HPO4
�2) from sorbed as

Ca-phosphate are replaced by bicarbonate (HCO�3) anions and released into solution.

In this test, the soil pH must be from slightly acid to alkaline, because low soil pH

reduces HCO�3 activity by forming H2O + CO2 and subsequently underestimating

the P status of that soil. The FeO test works differently from the other two extraction

methods. Ferric oxide provides sites that specifically sorb P in solution (Kuo 1996).

The WSP test is the simplest of the three extraction methods presented above.

In this test, the portion of P in solution that is in equilibriumwith P sorbed on the soil

is extracted. This portion, represents a very small fraction of available P and usually

is not used as an estimate of plant available P nor for fertilizer recommendations.

However, this test has been used to provide an index of the amount of P that may

pose a risk to surface water quality (Bundy et al. 2001; Sharpley and Moyer 2000).

After samples are extracted several methods can be used for P determination in

the extracts. For example, P can be determined by inductively coupled plasma

optical emission spectroscopy (ICP-OES), or it can be determined by colorimetry,

using methods proposed by Watanabe and Olsen (1965), or more recently the

method of He and Honeycutt (2005). Extensive work has been done to show that

the ICP-OES and the colorimetry methods quantify different amounts of P when the
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same samples are analyzed by both methods (Pittman et al. 2005; He et al. 2012).

This indicates that both methods are measuring different pools of P in the extracts.

Pittman et al. (2005) and He et al. (2012) have suggested that the differences

between ICP-OES P and the P measured by colorimetry was mainly due to the Po
fraction that was extracted together with the Pi when using the Mehlich-3 and

modified Morgan method for P extraction. Understanding that different P pools are

extracted when different soil extractants are used and that different P pools are

quantified when different methods are used is crucial to optimizing fertilizer

efficiency and minimizing potential environmental problems. Furthermore, under-

standing how manure affects the distribution of P in the soil, may help developing

management plans that can minimize the negative impacts of manure application

to agricultural fields.

8.3.1 The Inorganic Fraction

Our understanding of howmanure affects soil test P (STP) has significantly improved

over the last couple of years (Leconte et al. 2011; Waldrip et al. 2011, 2012;

Roboredo et al. 2012; Pagliari and Laboski 2013). The better understanding of the

manure solid phases, such as what minerals control P solubility, and also the

solubility and of the Po forms in manure has helped us better understand the effects

of manure on STP. Up until recently it was believed that the labile Pi from manure

(Pi soluble in the water and NaHCO3 fraction) was the fraction that had the most

impact on STP. However, the work of Waldrip et al. (2011) and Pagliari and Laboski

(2013), have shown that not only the total Pi in a manure sample is bioavailable,

but also the total hydrolysable Po. We will now discuss the effects of manure Pi on

STP, while the effects of the hydrolysable Po on STP will be discussed on the

next section (Sect. 8.3.2).

A linear increase in STP is usually observed when increasing amounts of

inorganic P from inorganic fertilizer such as triple superphosphate, or monoam-

monium phosphate, or diammonium phosphate are applied to a given soil (Griffin

et al. 2003; Leytem et al. 2005; Pagliari et al. 2010). Figure 8.3 exemplifies this

theoretical relationship for a typical Mollisol soil from Wisconsin, based on results

reported by Pagliari and Laboski 2013. The Fig. 8.3 shows that the increase in STP

measured with the Bray-1 P after inorganic P addition follows a normal distribution

and 95 % of the points fall within the 95 % confidence limit (95 % CI) represented

by the dotted lines.

In the case of manure, we can evaluate what the effects of Pi soluble in water,

NaHCO3, NaOH, and HCl is on the increase in STP. For example, if one would

consider that the Pi soluble in water is the only fraction of manure Pi that interacts

with the soil to increase STP, then plotting the increase in STP as a function of

manure applied Pi should result in at least 95 % of the points falling within the 95 %

CI for inorganic fertilizer. However, this is not what is observed when the water Pi
is assumed to be the only fraction of manure P that is highly reactive in the soil.
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Figure 8.4 shows the increase in STP measured with the Bray-1 P as a function of Pi
soluble in water for 40 different manures applied to a soil from Wisconsin

(Pagliari 2011). In this figure, the solid line represents the regression equation

obtained by applied inorganic P fertilizer and the dotted lines represent the 95 %

CI for the inorganic fertilizer.

If the manure Pi soluble in water was the only fraction of manure P that would

react with soil to increase STP, then all points would be expected to fall within

the 95 % CI for the fertilizer. However, the majority of the points fell above the

95 % CI. This suggests that the amount of manure Pi that can react with soil and

increase STP is greater than the amount that is water-soluble. Figure 8.1 showed

that 100 % of the manure Pi was soluble in a 0.05 mol L�1 EDTA solution

buffered at pH 5. In addition, it was mentioned earlier that if enough water is

added to a manure sample then most of the Pi from manure could dissolve. Pagliari

and Laboski (2013) have shown that 100 % of the manure Pi can in fact dissolve

in the soil and participate in reactions that are responsible for increasing STP

after manure addition. Figure 8.5 shows the increase in STP measured with the

Bray-1 P for the soil and manures showed in Fig 8.4 when the total manure Pi is

used as the amount of P applied. In this example, 88 % of the points for the increase

in STP after manure addition fell within the 95 % CI for the inorganic fertilizer. The

same behavior has been observed for over 20 soils amended with more than

40 different manures (Pagliari and Laboski 2013).

As explained earlier in Sect. 8.2.1, the solid phase of animal manure is composed

of a mixture of Mg- and Ca-phosphate minerals and the solubility of those minerals
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Fig. 8.3 Increase in soil test P (STP) measured with the Bray-1 P as a function of inorganic P from

inorganic fertilizer applied. Solid line represents the regression equation for the increase in STP as

a function of inorganic P applied; dotted lines are the 95 % confidence interval around the

regression line (Pagliari and Laboski 2013)
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Fig. 8.5 Increase in soil test P (STP) measured with the Bray-1 P as a function of total manure Pi
applied from 42 different manures. Each point represents one manure sample applied at 40 mg

total P kg�1. Solid line represents the regression equation for the increase in STP as a function of

inorganic fertilizer P applied; dotted lines are the 95 % confidence interval around the regression

line for the inorganic fertilizer (Pagliari 2011)
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Fig. 8.4 Increase in soil test P (STP) measured with the Bray-1 P as a function of water-soluble

manure inorganic P from 42 different manures. Each point represents one manure sample applied

at 40 mg total P kg�1. Solid line represents the regression equation for the increase in STP as a

function of inorganic fertilizer P applied; dotted lines are the 95 % confidence interval around the

regression line for the inorganic fertilizer (Pagliari 2011)
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is pH dependent. Therefore, when applied to soils with pH below the solubility

constant for those minerals, they will tend to dissolve, and this is what recent

research has started to observe (Pagliari and Laboski 2013). However, under

calcareous soils, where the soil pH is higher than the solubility constant for the

minerals present in the manure, less available P might be extracted than the total

manure Pi applied.

8.3.2 The Organic Fraction

Although there has been increased research that has categorized manure Po into

different fractions and forms, there was limited amount of work that evaluated the

availability of those forms to enzyme hydrolysis in soils. Waldrip et al. (2011)

reported that ryegrass root biomass was highly correlated with labile hydrolysable

Po on poultry manure amended soil. These authors also reported that the addition

of poultry manure to soil promoted mineralization of Po. In a different study,

Pagliari and Laboski (2013) showed evidences that the hydrolysable forms of Po
from manure were hydrolyzed in certain soils and affected the increase in STP.

Figure 8.6 illustrates the potential effect that the hydrolysable Po has on the increase

in STP. Figure 8.6 is a plot of the increase in STP measured with the Bray-1 P as a
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Fig. 8.6 Increase in soil test P (STP) measured with the Bray-1 P as a function of total manure Pi
(open squares) and total manure Pi+ hydrolysable Po (black diamond) applied from 42 different

manures. Each point represents one manure sample applied at 40 mg total P kg�1. Solid line
represents the regression equation for the increase in STP as a function of inorganic fertilizer P

applied; dotted lines are the 95 % confidence interval around the regression line for the inorganic

fertilizer (Pagliari 2011)

8 Variety and Solubility of Phosphorus Forms in Animal Manure. . . 157



function of total Pi and total Pi+ total hydrolysable Po applied with 42 different

manures for a soil from Wisconsin.

The open squares show the increase in STP observed as a function of total Pi
applied. About 21 % of the manures increased STP more (points above the 95 % CI

line) than would be expected by assuming that the manure Pi is the only fraction that

increases STP. Adding the total hydrolysable Po decreased the number of points

that were above the 95 % CI from 21 to 5 %. Adding the manure hydrolysable Po
also increased the number of points that fell below the 95 % CI to 7 %. Enzyme

hydrolysis of sequential extracts from these same manure samples showed that the

hydrolysable Po ranged from 4 to 29 % of the total P and were classified as phytate,

monoester-P, and DNA-P (Pagliari and Laboski 2012). Waldrip et al. (2012)

showed that the addition of organic dairy manure and conventional dairy manure

increased acid phosphomonoesterase enzyme activity compared with soil that

received inorganic fertilizer. The results of Waldrip et al. (2012) provided further

evidences that the hydrolysable Po from manure is potentially bioavailable to soil

microbes and plant roots. Chapter 10 provides more information on phosphatase

activity in soils.

Although there have been evidences that the manure hydrolysable Po can

affect how manure increases STP, there is still more information needed to fully

understand the entire process. The work of Pagliari showed that only a certain

group of soils had signs of Po hydrolysis, while a different set of soils showed

no signs of Po hydrolysis. Pagliari reported that soil clay content was the deter-

minant soil property that dictated whether or not Po would hydrolyze in the

soils studied. However, Pagliari were not able to provide conclusive evidences

neither did the authors provided what were the mechanisms controlling the

hydrolysis reactions. Phytate is known to adsorb strongly onto clay particles (Celi

et al. 1999; Karathanasis and Shumaker 2009), which can decrease the availability

of phytate for enzyme hydrolysis (Giaveno et al. 2010). Furthermore, certain types

of clay are more effective at protecting phytate against hydrolysis than others. For

example, Giaveno et al. (2010) reported that phytate adsorbed onto kaolinite types

of clay were available for hydrolysis, though only small amounts of Pi could be

recovered. In contrast, phytate adsorbed onto montmorillonite, goethite, or hematite

is unavailable for hydrolysis (Giaveno et al. 2010).

8.4 Future Research

As reported in this chapter the understanding of the effects of various forms of P

from manure has significantly improved over the last decade. Being able to identify

that 100 % of manure Pi is bioavailable as opposed to only the fraction that is

soluble in water and NaHCO3 will help in the future development of manure

management strategies that focus on reducing the unnecessary use of manure as a

P source for crop production. However, much research is still needed.
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Most of the research that has used the sequential fraction to investigate the

effects of the various Pi fractions on STP has been done in the laboratory and also

used soils with acidic pH. Soils with acid pH are more likely to provide the right

conditions for the mineral solid phases present in the manure to dissolve. Soils with

high pH values, such as >7.0, have not been thoroughly investigated. Therefore, it

is extremely important to assess whether the results observed in the laboratory

would also be observed in the field under unpredictable and uncontrollable weather

variations. In addition, the presence of growing plants in the field can also provide

interactions that could not happen in incubation studies. Understanding the effects

of those potential environmental differences on how manure and soil interact is

needed before significant improvements on current practices can be achieved.

Although evidences for the availability of Po for enzyme hydrolysis in soils have

been reported, much more work is still needed to fully understand the Po behavior in

soils. Clay content has been identified as one of the soil properties that have the most

impact on Po hydrolysis under laboratory conditions. However, there has been no field

research studies that have confirmed the results reported under laboratory conditions.

In summary, field research is needed so that the laboratory research is confirmed.
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Chapter 9

Phytate in Animal Manure and Soils:

Abundance, Cycling and Bioavailability

Courtney D. Giles and Barbara J. Cade-Menun

Abstract The importance of phytate in phosphorus (P) cycling in soil and manure

has long been recognized. Phytate is a storage compound in seeds that cannot be

fully digested by many animal species, resulting in the accumulation of phytate in

manures. It can enter the soil either directly from plants, or from application of

manures. In this chapter we will discuss the abiotic and biotic factors that control

the cycling and bioavailability of phytate in soil and manure. An understanding of

these processes is key to enhancing the availability of P to plants and animals,

minimizing the losses of P from soil to water, and sustainably managing the use of

P in agricultural systems.

9.1 Introduction

Phosphorus (P) research has increased in recent years. One reason for this is the

concern for water quality and eutrophication, which can be exacerbated by the loss

of P from land to water, particularly in areas of high soil P concentration

(e.g. Sharpley et al. 1994). In contrast, research has also become focused on the

potential for P deficiencies and sustainable ways to utilize this finite resource in

agricultural systems (e.g. Cordell et al. 2009). In a global analysis of agricultural

P budgets, Sattari et al. (2012) calculated the difference between inputs (e.g.,

fertilization) and outputs (e.g., crop uptake, erosional loss), and estimated that the
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residual P fraction (e.g., native, legacy) accounts for 10–30 % of P in crop systems,

becoming available as labile-P over variable time-lags. As such, improving the

P efficiency of crops, and their ability to access residual soil P, is a priority for the

management of P resources world-wide to mitigate agricultural nutrient pollution

and enhance crop and animal productivity (e.g. Richardson et al. 2011).

Historically, P research has focused on inorganic P (Pi). However, there is a

growing awareness that organic P (Po) is an important contributor to both soil

fertility and water quality problems (Condron et al. 2005). The best studied Po form

is phytate (e.g. Turner et al. 2002b; Giles et al. 2011). The objective of this chapter

is to review our current knowledge of the abundance, cycling and bioavailability of

phytate in soils and manure, and to suggest areas where knowledge is limited, and

thus where further research is needed.

9.2 Phytate Definition

Inositol phosphate (IPx) is a 6-carbon cyclohexanehexol (inositol) ring that can

have between one and six possible phosphate moieties linked via an ester bond.

Inositol hexakisphosphate (IP6) can occur in nine stereoisomeric forms (myo,
scyllo, neo, L-chiro-(�), D-chiro-(+), epi, muco, allo, or cis-IP6), differing only in

the axial or equatorial orientation of the six phosphate groups (Turner et al. 2002b;

Giles et al. 2011). Phytic acid is the term commonly used for myo-inositol
hexakisphosphate (myo-IP6). However, phytic acid does not exist in nature; instead,

it is found as a salt, which is called phytate. The term “phytate” generally refers to any

salt of phytic acid. Specific salts such as calcium (Ca)/magnesium (Mg)/potassium

(K)-myo-IP6 can be referred to as ‘phytin’ (Shears and Turner 2007). However, the

term “phytin” is less commonly used than the more general “phytate” for soils and

manures.

Under environmental conditions where the pH ranges between 6 and 9, phytate

will have one axial and five equatorial phosphate groups (Fig. 9.1), while at pH>10

the opposite will be true (Barrientos and Murthy 1996).

9.3 Methods to Identify and Quantify Phytate

As shown in Tables 9.1 and 9.2, a variety of methods have been used to quantify

phytate in soil and manure. Ideally, phytate should be quantified directly in soil or

manure samples without the need for extraction to minimize potential artifacts, and

by a method that distinguishes among the various phytate salts (e.g. Ca-phytate

vs. Mg-phytate). However, techniques for direct measurement may not be sensitive

enough to quantify P in all samples. Various methods that have been used to

identify and quantify phytate in soil and manure are discussed in this section.
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9.3.1 Solid-State Techniques

He and colleagues have shown that it is possible to identify and quantify various

phytate salts in prepared mixtures of phytate compounds using the solid-state

techniques of Fourier transform infrared (FT-IR), P-K-edge X-ray Adsorption

Near-Edge Structure (XANES), solid-state 1D 31P and 13C nuclear magnetic

resonance (NMR) and 2D 1H-13C NMR spectroscopies (He et al. 2006a,

2007b, c, 2013). However, these techniques have been less successful for manure

and soil samples. Phytate has not been identified in FT-IR or solid-state 31P NMR

spectra of soils or manure samples, which are generally broad and poorly resolved

due to the random orientation of molecules in the matrix, the presence of para-

magnetic ions, and the wide range of P compounds with overlapping P resonances

(Shand et al. 1999; Hunger et al. 2004, 2008; He et al. 2007b; Conte et al. 2008). In

contrast, P-K-edge XANES spectroscopy has been more widely used to charac-

terize P in manure (Toor et al. 2005a; Shober et al. 2006; Ajiboye et al. 2007) and

soil (Ajiboye et al. 2008; Prietzel et al. 2013) samples. However, as noted by

Prietzel et al. (2013), the quantification of phytate by XANES must be treated with

caution. The P K-edge XANES spectra of different organic P species, including

phytate, are almost identical (Kruse and Leinweber 2008). For most XANES

studies of soils and manure, phytate is the only organic P standard used, which

may result in an overestimation of phytate if other organic P species are present.

Additionally, most studies use Na-phytate as a standard. However, different salts

of phytate will have subtle differences in their XANES spectra (He et al. 2007c),

which may be missed if only one phytate form is used as a standard.

Fig. 9.1 The two configurations of phytic acid. In nature, these molecules exist as salts with

cations, termed phytate
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Table 9.2 Concentrations of phytate in manure from selected studies, including the methods used

to quantify phytate

References na Sample

Total P

(g kg�1)

Phytate

(g kg�1) Extractant Analysis

Hansen

et al. (2004)

1 Dairy solid 11 1.7 NaOH-

EDTA

Solution

P-NMR

1 Dairy lagoon 0.08 0.01 NaOH-

EDTA

Solution

P-NMR

Turner (2004) 1 Broiler litter 0.02 0.01 NaOH-

EDTA

Solution

P-NMR

1 Swine manure 0.01 0.001 NaOH-

EDTA

Solution

P-NMR

Toor

et al. (2005a)

2 Poultry litter 20.1–22.4 2.4–4.5 None XANES

2 Poultry litter

+phytaseb
11.3–19.0 0–2.3 None XANES

Shober

et al. (2006)

5 Dairy slurry 4.3–7.3 1.0–1.8 None XANES

1 Dairy solid 2.5 0.6 None XANES

2 Poultry litter 20.5–21.4 3.8–6.2 None XANES

Ajiboye

et al. (2007)

1 Hog liquid 120 38.4 None XANES

1 Hog liquidc 2.8 0.3 NaOH Solution

P-NMR

1 Hog liquidc 11.2 0.5 HCl Solution

P-NMR

1 Dairy solid 240 42 None XANES

1 Dairy solidc 1.4 0.3 NaOH Solution

P-NMR

1 Dairy solidc 1.0 0.3 HCl Solution

P-NMR

1 Beef solid 310 60 None XANES

1 Beef solidc 0.2 0.4 NaOH Solution

P-NMR

1 Poultry litter 290 203 None XANES

1 Poultry litterc 1.3 0.4 Bicarbonate Solution

P-NMR

1 Poultry litterc 1.7 1.0 NaOH Solution

P-NMR

1 Poultry litterc 5.2 3.1 HCl Solution

P-NMR

He et al. (2008) 1 Poultry litterc 3.0 0.7 Water Phytase

hydrolysis

1 Poultry litterc 3.0 0.2 Water Solution

P-NMR

1 Poultry litterc 1.0 0.05 Bicarbonate Phytase

hydrolysis

1 Poultry litterc 1.0 0 Bicarbonate Solution

P-NMR

1 Poultry litterc 2.5 1.8 NaOH Phytase

hydrolysis

1 Poultry litterc 2.5 1.5 NaOH Solution

P-NMR

(continued)
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Table 9.2 (continued)

References na Sample

Total P

(g kg�1)

Phytate

(g kg�1) Extractant Analysis

1 Poultry litterc 6.8 4.0 HCl Phytase

hydrolysis

1 Poultry litterc 6.8 5.3 HCl Solution

P-NMR

Leytem and

Thacker

(2008)

4 Swine – cornd 11.4 0 NaOH-

EDTA

Solution

P-NMR

4 Swine – normal

barleyd
8.8 0.26 NaOH-

EDTA

Solution

P-NMR

4 Swine – low

phytate

barleyd

8.2 0 NaOH-

EDTA

Solution

P-NMR

4 Swine – oatd 7.2 0.43 NaOH-

EDTA

Solution

P-NMR

4 Swine – wheatd 11.2 0.22 NaOH-

EDTA

Solution

P-NMR

Leytem

et al. (2008)

9 Poultry litter 7.0–11.3 4.2–6.3 NaOH-

EDTA

Solution

P-NMR

9 Poultry litter 7.0–11.3 4.9–6.7 HCl HPLC

9 Poultry litter

+phytaseb
5.9–8.3 2.8–3.5 NaOH-

EDTA

Solution

P-NMR

9 Poultry litter

+phytaseb
5.9–8.3 2.6–4.3 HCl HPLC

Hill and Cade-

Menun

(2009)

2 Poultry litter 14.3–17.9 5.1–6.0 NaOH-

EDTA

Solution

P-NMR

2 Poultry litter

compost

12.6–18.5 8.4 NaOH-

EDTA

Solution

P-NMR

He et al. (2009a) 2 Dairy Manure 2.94–7.01 2.6–6.6 Na-Acetate,

dithionite

Solution

P-NMR

2 Dairy Manure 2.94–7.01 2.4–6.8 NaOH-

EDTA

Solution

P-NMR

He et al. (2009b) Poultry manure 13.9 0.22 Water Phytase

hydrolysis

Poultry manure 13.9 0.46 Na Acetate,

pH 5

Phytase

hydrolysis

Poultry manure 13.9 2.1 Na Acetate

+EDTA

Phytase

hydrolysis

Poultry manure 13.9 3.5 HCl Phytase

hydrolysis

Poultry manure 13.9 2.1 0.25 M

NaOH

+EDTA

Phytase

hydrolysis

Poultry manure 13.9 2.2 0.5 M NaOH

+EDTA

Phytase

hydrolysis

Poultry litter 24.6 0.01 Water Phytase

hydrolysis

Poultry litter 24.6 8.0 Na Acetate,

pH 5

Phytase

hydrolysis

(continued)
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9.3.2 Extraction Techniques

The majority of studies quantifying phytate in soil and manure use an extraction

step followed by some form of analysis. Studies of phytate and other inositol

phosphates prior to 2000 predominantly relied on a two-step extraction:

pretreatment with HCl to remove carbonates followed by extraction with hot 3 M

NaOH (McKercher and Anderson 1968a, b). Inositol phosphates were then precip-

itated as barium salts and were analyzed by ion-exchange chromatography. There

were minor variations in this general protocol, some of which are shown in

Table 9.1. However, as noted by Turner et al. (2002b), this procedure had the

potential to overestimate phytate by also extracting other organic P forms, which

could be overcome with alkaline bromination (Irving and Cosgrove 1981, 1982).

However, it could still be difficult to separate phytate from its stereoisomers. In

more recent years, there have been improvements in these separation techniques,

such as the use of chromatographic separation and mass spectroscopy. These are

described in detail by Cooper et al. (2007).

Table 9.2 (continued)

References na Sample

Total P

(g kg�1)

Phytate

(g kg�1) Extractant Analysis

Poultry litter 24.6 9.8 Na Acetate

+EDTA

Phytase

hydrolysis

Poultry litter 24.6 9.1 HCl Phytase

hydrolysis

Poultry litter 24.6 10.0 0.25 M

NaOH

+EDTA

Phytase

hydrolysis

Poultry litter 24.6 10.2 0.5 M NaOH

+EDTA

Phytase

hydrolysis

Dairy manure 6.9 0.29 Water Phytase

hydrolysis

Dairy manure 6.9 0.77 Na Acetate,

pH 5

Phytase

hydrolysis

Dairy manure 6.9 0.39 Na Acetate

+EDTA

Phytase

hydrolysis

Dairy manure 6.9 0.97 HCl Phytase

hydrolysis

Dairy manure 6.9 0.72 0.25 M

NaOH

+EDTA

Phytase

hydrolysis

Dairy manure 6.9 0.86 0.5 M NaOH

+EDTA

Phytase

hydrolysis
aNumber of samples analyzed
bPhytase added to diet
cSequentially-extracted
dDiet modification
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Some authors have used phytase hydrolysis to quantify phytate in soil and manure

extracts (Tables 9.1 and 9.2). Phytase is a specialized enzyme in the phosphomonoes-

terase class of phosphatases (Eivazi and Tabatabai 1977) that is produced by plants and

microorganisms and displays high hydrolysis efficiencies towards phytate (Menezes-

Blackburn et al. 2013). Phytase-hydrolysable P is estimated by adding a commercially

available phytase to soil, manure, or an extract of these, and then measuring the

orthophosphate released colorimetrically. The first use of phytase to estimate phytate

concentration was applied in soils (Pant et al. 1994; Shand and Smith 1997) and later in

manures (He and Honeycutt 2001, 2005; He et al. 2004, 2006b, 2007a, 2008, 2009b).

As shown by He et al. (2009b) and in Table 9.1, the choice of extractant will influence

the phytate concentration determined by phytase hydrolysis. Others have coupled

phytase hydrolysis to sequential extraction (e.g. He et al. 2007a; Table 9.1). It should

be noted, however, that phytase may hydrolyze IP6 stereoisomers in addition to, or

instead of, phytate (He et al. 2011). As such, phytate determined by phytase hydrolysis

should be identified as phytate-like, rather than phytate (He et al. 2011).

The most widely used technique at present to quantify phytate in soils and

manures is solution 31P NMR spectroscopy after a one-step extraction with 0.25 M

NaOH plus 0.05MNa2EDTA (Cade-Menun and Preston 1996). Turner et al. (2003b)

used spectral deconvolution to clearly identify phytate peaks in a number of soil

samples, which could be clearly distinguished in many samples even without alkaline

bromination. Subsequent analysis has shown that phytate can be clearly distinguished

from its stereoisomers with solution P-NMR (Turner and Richardson 2004; Turner

et al. 2012). However, careful spiking experiments are required to confirm the

identification of the four phytate peaks (McDowell et al. 2007; Smernik and

Dougherty 2007; Doolette et al. 2009). To obtain more information about phytate

in soil and manure, solution P-NMR has been coupled with sequential extraction

(e.g. Turner and Leytem 2004; Ajiboye et al. 2007; He et al. 2008) or with enzyme

hydrolysis (e.g. He et al. 2008; Johnson and Hill 2010). Different extractants will

influence the concentration of phytate determined by P-NMR (Tables 9.1 and 9.2).

9.4 Abundance of Phytate in Soil and Manure

9.4.1 Source of Phytate in Soil and Manure

Plants and manures are the main sources of phytate to soils (Leytem and Maguire

2007; Leytem et al. 2007; Raboy 2007). Plants accumulate phytate as a storage

compound, which can represent 60–89 % of mature seed total P (Raboy 2007). In

plants, the majority of phytate is stored in seeds, with far lower concentrations in

other parts of the plant (Noack et al. 2012). The concentration of phytate varies with

plant species as well (Schlemmer et al. 2009). Phytate concentrations of seeds (in

g per 100 g dry weight) include (from Schlemmer et al. 2009): 0.35–9.42 (almonds),

1.44–5.36 (sesame seeds), 0.61–2.38 (kidney beans), 0.72–2.22 (maize, soybeans),

0.38–1.16 (barley, oats), 0.06–1.08 (rice) and 0.23–0.92 (hazelnuts).
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Monogastric animals, particularly poultry and humans, are limited in their

ability to hydrolyze phytate-P (Giles et al. 2011). As such, phytate from undigested

plant material can be added to soil from sewage sludge (e.g. Smith et al. 2006) or

manure (discussed in more detail below).

9.4.2 Abundance of Phytate in Manure

The concentration of phytate in animal waste will depend on the animal species,

animal diet, the nature of the waste (feces versus manure, which is feces plus

bedding material), and the storage of the waste (Table 9.2).

In general, the feces of poultry fed a normal, grain-based diet will have the

highest phytate content (Table 2, Ajiboye et al. 2007; Leytem and Maguire 2007).

This is in part due to physiology: monogastric animals, particularly poultry, have

low gut phytase activity compared to ruminants such as cows. Although swine are

also monogastric, they can digest phytate in their hindgut (Leytem and Thacker

2008). As such, their feces and manure contain little phytate. Ruminants, or rather

their associated rumen microflora, produce phytase to digest dietary phytate (Toor

et al. 2005b; Dao 2007; Menezes-Blackburn et al. 2013). However, some phytate

may persist in ruminant feces, possibly due to precipitation with cations or rapid

passage through the gut (Menezes-Blackburn et al. 2013).

The phytate content of feces and manure can also be controlled through diet,

through low-phytate grain varieties (Raboy 2007) or dietary phytase additions

(Leytem and Maguire 2007). Plumstead et al. (2008) reported decreased digestibil-

ity of phytate in broilers with increasing dietary Ca levels, while water soluble P in

manures also increased (Leytem et al. 2008), suggesting an important link between

Ca, phytate digestibility, and P excretion.

Combining bedding material with animal feces has been shown to reduce the

concentration of phytate in manures. Toor et al. (2005b) reported a decreasing

phytate concentration of 1.4–0.2 g P kg�1 dry matter from dairy feces to manure.

Manure storage will also affect phytate concentrations. Solid dairy manure

contained much higher phytate concentrations than dairy lagoons (Hansen

et al. 2004; Table 9.2). For poultry litter, McGrath et al. (2005) reported that wet

storage decreased the phytate concentration of poultry litter by 22 %, while Hill and

Cade-Menun (2009) reported little difference in phytate concentration in fresh

versus composted litter (Table 9.2). Drying of dairy and poultry manures also

promoted the conversion of phytate to orthophosphate (He et al. 2007a).

9.4.3 Abundance of Phytate in Soil

The range of phytate concentrations in soils can vary greatly, from as low as 0 to as

much as 987 mg P kg�1 soil (Table 9.1). There is no clear pattern to phytate
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concentration in soils, although Table 9.1 suggests that analytical technique may play

a role. Phytate concentrations were not higher in soils with high total P concentra-

tions, or in soils from temperate regions such as the USA (e.g. Hansen et al. 2004;

Hill and Cade-Menun 2009) than from warmer climates such as Bangladesh (Islam

and Ahmed 1973) or Australia (Doolette et al. 2011). Additionally, while manured

soils had higher total P concentrations, their phytate concentrations were not elevated

to the same degree (e.g. He et al. 2008; Dou et al. 2009). Phytate concentration has

not been shown to correlate with factors associated with soil organic matter (OM)

content, such as organic carbon, nitrogen, clay or microbial biomass (Turner 2007),

but instead is correlated with factors linked to P stabilization in soil. These are

discussed in more detail in the next section on chemical cycling of phytate (Sect. 9.5).

Although phytate was long thought to be very stable in soil (e.g. Turner

et al. 2002b), recent studies suggest that phytate may mineralize rapidly in soil.

Leytem et al. (2006) and Doolette et al. (2010) both added phytate to calcareous

soils, either as manure (Leytem et al. 2006) or as Na-phytate (Doolette et al. 2010)

and then incubated the soils. Over time, the phytate concentration decreased while

orthophosphate increased. Although some phytate may have precipitated as Ca salts

in these calcareous soils, becoming unextractable for 31P NMR analysis, it appears

from these studies that phytate was mineralized during incubation. The enzymatic

conversion of phytate to orthophosphate, referred to here as hydrolysis or mineral-

ization, may explain the lack of elevated phytate concentrations in other studies of

manured soils (e.g. Hill and Cade-Menun 2009; Dou et al. 2009). The factors

influencing phytate mineralization are discussed later in Sect. 9.6 (Bioavailability

of Phytate in Manure and Soil). Plant species can also influence soil phytate

concentration. For example, Chen et al. (2004) showed a decrease in phytate in

soils planted with pine seedlings compared with the same soils planted with

ryegrass. Management practices will also influence soil phytate concentrations.

Cade-Menun et al. (2010) showed a significant increase in phytate concentration

under zero-tillage compared to conventional tillage. However, for both of these

studies, it is not clear whether these differences in phytate were due to enhanced

mineralization of phytate or decreased phytate inputs from the different vegetation

or management practices.

9.5 Chemical Cycling of Phytate

Phytate cycling in soils is influenced by physical and chemical processes that are a

function of soil properties and management practices. Soil properties that control

phytate cycling include pH, surface charge, mineralogy, organic matter and texture

(Borie et al. 1989; Celi et al. 1999; Celi and Barberis 2007).

Phytate is sensitive to solution pH. Below pH 9, phytate occurs in a 1-axial/

5-equatorial conformation, which shifts to 5-axial/1-equatorial above pH 9 (Fig. 9.1).

Phytate acid dissociation constants are (Celi and Barberis 2007): 1.1 (pK1), 1.5

(pK2,3), 1.8 (pK4–6), 5.7 (pK7), 6.9 (pK8), 7.6 (pK9), 10.0 (pK10,11) and 12.0 (pK12).
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Thus, at the typical soil pH range of 5–8, phytate will have 6–9 hydroxyl groups with

negative charge that can react with the mineral surface or cations in solution (Celi

and Barberis 2007). In addition to affecting the charge of the phytate molecule,

solution pH will also influence the surface charge of the soil substrate (Barrow

et al. 1980, 1993; Bolan et al. 1986). As pH increases, the number of negative

charges on both the Po compound and soil components (minerals and OM) will

increase, leading to mounting repulsive forces (Celi et al. 2001) that may lead to

dispersion and/or flocculation of soil particles (Celi and Barberis 2007). In studies

using amorphous aluminum (Al) hydroxide (Guan et al. 2006), the amount of

phytate sorbed was constant at pH 4.0–7.0, but decreased considerably above pH

7.0. The sorption of phytate was also shown to increase solution pH by increasing –

OH release (Guan et al. 2006). In studies using goethite, phytate sorption was also

highest above pH 7.0 (Johnson et al. 2012), but nearly 50 % of the added phytate

remained sorbed at pH 10.0.

Surface charge is also strongly influenced by the concentration of polyvalent

cations in solution that can diminish negative charge concentration at pH values as

high as 9–10 (Celi et al. 2001). Recently, He et al. (2013) showed that cations

bonded to phytate could induce the same conformational change in phytate as

solution pH. Phytate adsorption is related to the availability of –OH groups at the

mineral or organic-solution interface. The phosphate groups of phytate will interact

with surface –OH groups until steric or charge effects occur due to surface satura-

tion (Anderson and Arlidge 1962; Anderson and Malcolm 1974; Celi et al. 2001).

An example of this is the binding of phytate with goethite via four of six phosphate

groups. The remaining two phosphate groups that are not bound to surface

hydroxyls will impact the surface-binding characteristics of other ionic species in

solution through steric hindrance or altered charge (Ognalaga et al. 1994; Celi

et al. 1999, 2000; Giaveno et al. 2010a). The stabilization of phytate in soils has

been linked to precipitation with metals [copper (Cu)II > zinc (Zn) > nickel (Ni)

II > cobalt (Co)II > manganese Mn(II) > Fe III > Ca; Martin and Evans 1987;

Celi et al. 2001; He et al. 2013]. Amorphous iron (Fe) and Al oxides have been

shown to sorb phytate more strongly than crystalline forms in acid soils (Ognalaga

et al. 1994; Celi et al. 1999, 2003), while phytate sorption in neutral and alkaline

soils is controlled by calcite, clays, and OM (McKercher and Anderson 1989).

The capacity of soils (acid, neutral, alkaline) to sorb phytate tended to increase

as the number of phosphate moieties increased in non-competitive (single IPx)

experiments. For example, McKercher and Anderson (1989) studied neutral and

alkaline soils and showed the sorption capacities for glucose 1-phosphate <
glycerophosphate < phytate. Similarly, Berg and Joern (2006) demonstrated that

the magnitude of sorption for Po compounds in slightly acidic soils occurred in the

order of myo-IHP > glucose 6-phosphate > adenosine triphosphate (ATP) >
phosphate. When more than one organic P species is present, as is usually the

case in natural systems, the P species will compete for substrate sorption sites.

Competitive isotherm studies have shown preferential binding of organic P relative

to inorganic P species, while sorption of the organic P species increased with the

number of phosphate moieties (Anderson and Malcolm 1974; Berg and Joern 2006;

9 Phytate in Animal Manure and Soils: Abundance, Cycling and Bioavailability 173



Fransson and Jones 2007). Phytate inhibited orthophosphate sorption to soil and

mineral surfaces (Anderson and Malcolm 1974; De Groot and Golterman 1993) and

was the least displaced orthophosphate monoester upon addition of orthophosphate

in a competitive isotherm study of soils (glucose 6-phosphate > ATP > IP6; Berg

and Joern 2006). Increases in P loss from manured soils (Mozaffari and Sims 1994,

1996; Dou et al. 2009) may be related to the competitive displacement of organic or

inorganic P by phytate from manure (Berg and Joern 2006). Recent research

suggests that this preferential binding is due to the sorption of phytate through

outer-sphere complex formation, while other P forms bind through inner-sphere

complexation (Johnson et al. 2012).

9.6 Bioavailability of Phytate in Manure and Soil

The extent to which a nutrient is bioavailable is defined by its ability to be

consumed by a primary producer. Orthophosphate can be directly assimilated by

plants and algae; however, in order for phytate to be converted to orthophosphate

and consumed it must first be hydrolyzed by phytases, which are produced by plants

and microorganisms in the environment. There are no examples of direct assimila-

tion of phytate by primary producers, and few examples exist for plant uptake of

other soluble organic P forms (Hayes et al. 2000a). If the appropriate biogeochem-

ical conditions exist to support the production and activity of phytases, the enzy-

matic conversion of phytate to orthophosphate may only be a matter of time (Makoi

and Ndakidemi 2008) (Fig. 9.2).

9.6.1 The Role of Phytases in the Bioavailability of Phytate

Early studies of phytate bioavailability were focused on understanding the role of

enzymatic hydrolysis in the conversion of phytate to orthophosphate by phytases.

There are four sub-classes of phytase (Giles et al. 2011), namely: (1) beta-propeller

phytase (βPP), (2) histidine-acid-phosphatase (HAP), (3) cysteine phytase (CPhy),
and (4) purple-acid-phosphatase (PAP). Each phytase type has a specific mecha-

nism of action, related to pH optima, requirements for co-factor cations (e.g., βPP
with Ca2+), and the pattern of dephosphorylation (Greiner 2007).

In manures, phytase originates from microbes that are endogenous to the animal

digestive system or through direct secretion of enzymes in the digestive tract (Leytem

et al. 2007). Phytase is actively produced in soils by plants and microorganisms, or

may be introduced in lesser amounts during fertilization with manures. In silico
analyses of phytase gene fragments in soils and manures indicate the role of soil

and rhizosphere microorganisms in its production (Greiner 2007; Lim et al. 2007),

and is reviewed further by Menezes-Blackburn et al. (2013). Microbial culturing

techniques have also been used to isolate phytate-mineralizing soil bacteria for
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identification of specific organisms (e.g., Pseudomonas spp., Bacillus spp.) and

identification of functional genes (Hill and Richardson 2007; Jorquera et al. 2008;

Patel et al. 2010a; Richardson et al. 2011; Richardson and Simpson 2011). Finally,

exudation of phytases by crop plants (e.g., tobacco, wheat, maize) or residual

amounts of phytase activity originating from plant seeds also contribute to the

abundance of phytase enzymes in agricultural systems (George et al. 2007a;

Lung et al. 2008).

The enzymatic hydrolysis of phytate in manures and soils is strongly influenced by

the solubility of the enzyme and substrate, the solid and aqueous phase enzyme

activity, and the relative abundance of both substrate and enzyme in a given medium

(George et al. 2007a). Upon introduction to the soil environment, phytase enzymes

may become immobilized on soil mineral surfaces or organic matter phases through

electrostatic interactions (Mullaney and Ulla 2007). The sorption of phytase to solid-

phase surfaces is primarily controlled by the specific isoelectric points (pI) of the

enzyme and soil, as well as the aqueous phase pH (George et al. 2005b, 2007b).

Giaveno et al. (2010b) reported a strong affinity of phytase (Aspergillus niger,
Peniophora lycii, PhyA, HAP) for clay and oxy-hydroxide minerals in 24 h incuba-

tion experiments, and noted an overall decrease in phytase activity as well as a

partitioning of activity from the aqueous to solid phases. The influence of surface

interactions was further illustrated in experiments with phytate-saturated minerals, in

which phytase partitioning to the solid phase was inhibited, but hydrolysis of sorbed

phytate was also minimal (Giaveno et al. 2010b). The inability of A. niger PhyA to

hydrolyze phytate-saturated goethite minerals was in contrast to that reported for the

simple orthophosphate monoester, glucose-1-phosphate (Olsson et al. 2012), and is

likely related to the high affinity that phytate has for goethite relative to less-

phosphorylated compounds. The hydrolysis of metal-precipitated phytate by three

classes of phytase (i.e., HAP, βPP, PAP) only occurred when phytate was complexed

with Ca2+, Mg2+, and Mn2+, whereas hydrolysis was negligible for Al3+, Cu2+, Zn2+,

Fe2+ and Fe3+ complexes (Tang et al. 2006).

For phytases remaining in solution, pH, dissolved metal concentrations, and

temperaturewill affect enzyme activity (George et al. 2007a). Beta-propeller-phytases

require two Ca2+ cations for proper activation (Kerovuo et al. 1998; Oh et al. 2001;

Fu et al. 2008), whereas the activity of some fungal phytases (e.g., A. ficuum

Fig. 9.2 A model of

phytate cycling in soil

and manure. The figure

illustrates the abiotic

and biotic solubilization

and hydrolysis processes

that lead to the generation

of orthophosphate from

phytate
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PhyA, HAP) will be enhanced in the presence of arsenic, barium, bromide, and

iodide (Tazisong et al. 2008). Certain dissolved cations [i.e., cadmium (II), Zn2+,

cobalt (Co2+), Al3+, Fe2+, Fe3+, Cu2+; Yamada et al. 1968; Hayes et al. 1999; Tang

et al. 2006] and anions (i.e., phosphate, fluoride, arsenate; Nagai and Funahashi 1962;

Chang 1966; Mandal et al. 1972; Lolas and Markakis 1977) will also inhibit the

activity of purified and dissolved phytases.

9.6.2 The Role of Solubility in the Bioavailability of Phytate

The solubility of phytate and its accessibility to the active site of phytase is a further

requirement for dephosphorylation to occur. The abiotic factors controlling the

solubility of phytate in soil and manure have been described in Sect. 9.5. Here we

will describe additional biotic mechanisms controlling the solubility of phytate. The

presence of organic ligands (Jones and Darrah 1994; Jones et al. 2003; Palomo

et al. 2006; Wang et al. 2008) may enhance the solubility of phytate through the

dissolution of phytate-metal/mineral complexes (Dao 2003, 2007; Oburger

et al. 2011; Giles et al. 2012). Plant exudation and microbial secretion are the

major sources of organic anions (OAs) in soils and manures. Plant and microbial

production of OAs is often coupled to the release of protons, leading to localized

changes in pH, which affect the interaction of phytate with metal and mineral

phases (Richardson et al. 2009). Specifically, organic anions such as mono- (e.g.,

acetate, oxalate), poly- (e.g., maleate), and hydroxy-carboxylates (e.g., citrate) as

well as redox-active OAs (e.g., ascorbate) increase phytate solubility in soils and

manures through reductive dissolution, the direct chelation of metals, or the satu-

ration of sorption sites on minerals. Bolan et al. (1994) reported a phosphate

solubilization series for organic anions (tricarboxylates > dicarboxylates >
monocarboxylates) that was positively correlated with the affinity of the various

OAs for trivalent metal cations. Simple in vitro experiments comparing phosphate

and phytate desorption by citrate have demonstrated the relative resistance of

phytate to desorption (tenfold less than phosphate; Martin et al. 2002, 2004) due

to the affinity of its multiple charged phosphate groups for the mineral surface. The

improved recovery of organic P from soils extracted with citrate is also frequently

reported (Palomo et al. 2006; Wang et al. 2008; Wei et al. 2009, 2010). The

recovery of organic P from forest soils was approximately 30 % greater for citrate

compared to other OAs (e.g., maleate, oxalate; Martin et al. 2002; Wei et al. 2010).

The release of phytate from goethite particles followed a similar order: ascorbate

> citrate > oxalate > pyruvate > acetate (Giles et al. 2012). Single mineral-

single compound incubations such as those carried out with goethite-bound phytate

are useful for identifying the likely mechanisms of desorption (i.e., reductive

dissolution, chelation), however further work is needed to demonstrate the influ-

ence of single and multiple OAs on the solubilization of phytate from soils of

varying chemistries.
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Recent studies of phytate bioavailability have become focused on the role of

organic anions in enabling the conversion of phytate to orthophosphate by phytases.

For example, OA-driven solubilization of precipitated phytate led to the improved

hydrolysis of phytate by phytases in vitro, in the order: oxalate > citrate > malate

(Tang et al. 2006). Incubations of Ca-phytate with common bacterial-produced

organic anions (e.g., gluconate, citrate, acetate) also led to the solubilization and

subsequent hydrolysis of phytate by bacterial and fungal phytases (Patel

et al. 2010a; Giles et al. 2014).

Animal feeds are often supplemented with metals, rendering the phytate in

manure fertilizers less soluble and therefore less available to dephosphorylation

by native soil or manure enzymes (Dao 2007). For example, Dao (2003) reported a

decrease in the hydrolysis of manure phytate with increasing counter ion concen-

trations in the order Fe3+ > Al3+ > Ca2+ due to the formation of insoluble pre-

cipitates. This is particularly relevant in cases where animal feeds are supplemented

with metals, as the resulting dephosphorylation of phytate salts may depend on the

local pH and ionic conditions or the biological production of OAs (Dao 2007).

9.6.3 Methods for Assessing the Bioavailability
of Phytate in Soils and Manures

Phosphorus bioavailability was traditionally assessed based on the solubility of

manure or soil P in water or weak salt solution. Sequential extraction procedures

have been developed to characterize organic P in soils (Hedley et al. 1982) and

manures (Leytem and Maguire 2007), and are defined based on the relative solu-

bility of inorganic and organic P compounds in extractants that range from neutral

(e.g. water) to extreme acid (e.g., HCl) or base (e.g., NaOH). Phosphorus retained in

the water-soluble fraction is considered immediately available for plant uptake,

whereas refractory and non-soluble fractions (e.g., strong base or acid-extractable

P) are sparingly bioavailable, and associated with organic P (such as phytate) that

has precipitated, sorbed, or become bound to solid phase metals and minerals

(Turner et al. 2005). As demonstrated in Table 9.2, various studies have applied a

sequential extraction scheme to manures to assess the P species composition of the

readily-soluble (i.e., water, sodium bicarbonate) and stable (i.e., NaOH, HCl)

fractions using solution 31P NMR spectroscopy (e.g. Turner and Leytem 2004;

Ajiboye et al. 2007; He et al. 2008). Generally, these studies found the majority of

phytate to be associated with the stable fraction, smaller proportions detected in the

readily soluble fractions, and some variation of this noted across animal species.

The relative solubility of phytate does not guarantee its availability in agricultural

systems, as additional hydrolysis steps are required to convert phytate to phosphate.

However, the hydrolysis of phytate is diminished due to precipitation and sorption

reactions, making estimates of phytate solubility of critical importance to our

understanding and measurement of bioavailable phytate pools.
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As previously described, hydrolysis by phytase has been used to quantify phytate

in soils and manures (Menezes-Blackburn et al. 2013). Manure and soil can be

treated through the direct addition of phosphatases (Bünemann 2008; George

et al. 2005a; Keller et al. 2012), or alternatively, the enzymes may be added to

an extract of the solid material (Hayes et al. 2000a; Turner et al. 2002a; He

et al. 2007a, 2008; Johnson and Hill 2010; Keller et al. 2012). Following an

incubation period, the phosphate released from the targeted organic P class is

quantified using molybdate colorimetry. Phytase may be applied individually or

in combination with other phosphatases. For example, Hayes et al. (2000a) incu-

bated citrate and bicarbonate extracts of soil with individual preparations of a

commercially available phosphatase and a phytase isolated from Aspergillus
niger. Alternatively, He et al. (2008) estimated simple-monoester-P, phytate-like-

P, and DNA-like-P in manures through the single addition of acid-phosphatase

from potato (PP; simple-monoester-P) or the combination of PP with wheat germ

phosphatase (PP+GP; phytate-like-P), and nuclease-P1 from Penicillium citrinum
(DNA-like-P). When enzymes are applied in combination, the calculation of

P associated with each enzyme-labile class is determined by difference, with

DNA-like-P being equivalent to the total P released by all three enzymes, less the

phosphate released by PP+GP enzyme incubations.

Phytate bioavailability has been measured directly using bioassay organisms

(e.g., plant, microorganism) that metabolically facilitate the transformation of

phytate to orthophosphate and serve as the ultimate sink of P. Manure slurry

(Patel et al. 2010a, b), soluble (Richardson et al. 2000; Hayes et al. 2000b), and

insoluble phytate sources (Giles et al. 2012, 2014) are provided as the sole source

of P. The amount of phytate-P that is incorporated into the organism can be

estimated based on biomass P (e.g., plant root/shoots) in cases where growth is

carried out in a closed system. Alternatively, phytate utilization by microorganisms

grown in liquid culture can be assayed by measuring the depletion of total P (Patel

et al. 2010a), or generation of orthophosphate in the media. The total P incorporated

into the biomass or depleted from the culture media is proportional to the bioavail-

able fraction of phytate that has been utilized during the growth period.

Direct measurements of phytate utilization by wild-type plants have been carried

out for numerous species (e.g., tobacco (Nicotiana tabacum), wheat (Triticum
aestivum L.), and mustard (Arabidopsis thaliana); Hayes et al. 2000a; Richardson
et al. 2001a; Sepehr et al. 2012). Wild-type and transgenic plant bioassays have

been particularly useful for elucidating the mechanisms of phytate utilization in the

rhizosphere (George et al. 2005a, 2009; Lung et al. 2005; Chan et al. 2006; Lung

and Lim 2006; Giles et al. 2012). For example, phosphatase and phytase activity

originating from plant roots is associated with the ability of wild-type wheat

(Richardson et al. 2000; Hayes et al. 2000b) and tobacco (George et al. 2005b;

Lung and Lim 2006) to utilize soluble and insoluble phytate sources in agar. In

goethite-containing media, transgenic tobacco expressing the A. ficuum fungal

phytase could access tenfold more phytate than wild-type plants when phytate

was added at twice the equilibrium concentration needed to saturate the goethite

particles (Giles et al. 2012). A high citrate-exuding plant-line incorporated nearly
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twice as much P into shoots when phosphate was sorbed to synthetic goethite

particles in agar (Giles et al. 2012). A transgenic plant-line (N. tabacum ex::phyA)
with high levels of root phytase and organic anion exudation could access greater

than twofold more P from Ca-phytate salts than wild-type plants under similar

growth conditions. In the same study, the inoculation of two low phytase-exuding

tobacco lines with a Pseudomonas sp. soil isolate resulted in a six to tenfold

improvement in the assimilation of Ca-phytate compared to uninoculated plants

(Giles et al. 2014), supporting a symbiotic mechanism of plant organic anion and

bacterial phytase production in the bioavailability of phytate.

Bioassays have also been employed to investigate the role of soil microorgan-

isms in phytate availability to plants. Plants inoculated with phytate-solubilizing

and -hydrolyzing rhizosphere bacteria displayed improvements in growth over

uninoculated controls (Richardson and Hadobas 1997; Richardson et al. 2001b;

Patel et al. 2010a, b; Giles et al. 2014). For example, phytate-mineralizing

rhizobacteria (e.g., Pseudomonas spp., Bacillus spp.) have promoted the hydrolysis

of insoluble phytate in vitro (Hill and Richardson 2007; Jorquera et al. 2008) as well
as the utilization of phytate by pasture plants grown in soil (Richardson and

Hadobas 1997). Specific mechanisms of phytate solubilization by plant inocula

are linked to the production of organic anions and the coupled transport of protons

across the outer membrane of bacterial cells. Gluconate is a common bacterial

metabolite that is produced through the pentose-phosphate pathway and is associ-

ated with Ca-phosphate (Goldstein 1995; Browne et al. 2009; Miller et al. 2010)

and Ca-phytate solubilization and hydrolysis by plant-growth promoting bacteria

(e.g., Pseudomonas spp., Giles et al. 2014; Citrobacter spp., Burkholderia spp.,

Patel et al. 2010b). Several Pseudomonas spp. soil isolates produce other organic

anions such as ascorbate, citrate, oxalate, and acetate, which improve the availabil-

ity of phytate to tobacco plants in synthetic soil (Richardson and Hadobas 1997),

calcareous-, and goethite-containing growth systems (Giles et al. 2012, 2014).

Finally, we can garner some understanding of the rate at which phytate becomes

bioavailability in soils and manures through the direct measurement of phytate flux

and turnover rates. Estimates of phytate mineralization and transport into and out of

environmental compartments (e.g., microorganisms, plants, soil pore water, etc.)

are based on a suite of analyses, which provide information on (1) time-series

changes in phytate abundance (e.g. Leytem et al. 2006; Doolette et al. 2010); (2) the

lability of phytate to phytases; (3) in situ phytase activity measurements, which are

currently limited to a small collection of fluorescent-tagged phytate analogs (Berry

and Berry 2005; Berry et al. 2009); (4) radiolabeling techniques to track phytate

transformations and uptake by plants or microorganisms (Caldwell and Black 1958;

Cosgrove 1964; Bünemann 2008); and (5) gross estimates of P flux using isotopic

dilution methods (Bünemann et al. 2012).

In combination, these methods provide information on how quickly phytate

is converted to orthophosphate in a given system, and therefore the rate at which

phytate-derived orthophosphate or carbon will be taken up by plants and microorgan-

isms. As previously noted, estimates of phytate and orthophosphate abundance in soil

and manure are currently limited to extract-based isolation of P compounds and
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subsequent analysis by colorimetry or spectroscopic and chromatography-based

technologies. The development of compound-specific methodologies for estimating

P abundance would allow for in situ assessment of phytate turnover and flux in a range

of environments. The time-dependence of phytate bioavailability may bemost impor-

tant from a land-management perspective. The design of nutrient-efficient farm

systems will depend, in-part, on the ability of crops to access native soil P on

seasonally relevant time-scales. The ability to estimate the timing of phytate conver-

sion to orthophosphate will therefore be needed to enhance phytate bioavailability at

specific times of the year.

9.6.4 Plant and Microbial Strategies for Improving
the Bioavailability of Phytate in Agricultural Systems

The specific role of phytate in P utilization efficiency has been studied for various

crop plants as an approach to localize the utilization of soil P in the root-zone

(rhizosphere) of plants and improve crop acquisition of soil P (Richardson

et al. 2007; Ramaekers et al. 2010). Specific strategies for this have included the

genetic modification of plants for enhanced exudation of organic anions (Giles

et al. 2012) and phytases from roots (Richardson et al. 2001b; George et al. 2005b,

2009; Kong et al. 2005; Lung et al. 2005; Lung and Lim 2006; Giles et al. 2012; Liu

et al. 2012; Wang et al. 2013) or rhizosphere inoculation with phytate-solubilizing

or hydrolyzing microorganisms (Patel et al. 2010a, b; Richardson et al. 2011;

Richardson and Simpson 2011). The utilization of phytate by plants has been

improved in vitro due to bacterial inoculation, genetic modification of plant exu-

dation patterns or a combination of these strategies (Richardson and Hadobas 1997;

Giles et al. 2012). However, limited studies have been carried out in vivo (i.e., in

soils; George et al. 2009) or at the field-scale in order to determine the impact of

these treatments on agricultural P loss (e.g., leaching). Several groups have also

reported the importance of microbial community structure and function in control-

ling the transformation and bioavailability of phytate in soils (Unno et al. 2005;

Richardson et al. 2011; Hayatsu 2013; Unno and Shinano 2013).

9.7 Conclusions

As a ubiquitous organic P compound in soils and manures, phytate represents an

ecologically significant component of P cycles in a variety of ecosystems, including

agriculture. As described in this chapter, numerous chemical and biological con-

trols influence the availability of phytate to plants and microorganisms, as well as

its potential to contribute to nutrient enrichment of surface waters and eutrophica-

tion. A number of techniques are available that can be used to quantify total phytate
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in samples, although many require the use of complex instrumentation. Various

phytate salts can be distinguished in model compounds; however, less is known

about the relative abundances of these salts in natural samples. Phytate concentra-

tions in animal manures will vary with animal species and diet; animal species vary

in their ability to digest dietary phytate, which can be enhanced by supplementation

with phytase. Soil phytate concentrations vary with inputs from plants and manure,

and also with soil mineralogy and pH. Phytate sorption is highest below pH 7.0, and

in soils containing more amorphous minerals than crystalline minerals. Because it

forms outer sphere complexes, phytate will preferentially sorb relative to other

organic P forms that form inner-sphere complexes.

Phytate is hydrolyzed by phytase, which occurs as four subclasses: beta-

propeller phytase, histidine-acid-phosphatase, cysteine phytase and purple-acid-

phosphatase. Phytate bioavailability is controlled by both abiotic and biotic factors,

which influence phytate solubility and phytase production and activity. Agricultural

practices (e.g., manure storage) and biotechnologies (e.g., transgenic plants and

microorganisms) that promote the efficient use of soil and manure phytate by plants

could be used to reduce demands on external or inorganic P sources for crop

fertilization, thereby improving the sustainable use of P at the field scale. A deeper

understanding of phytate chemistry and bioavailability will be needed to further

expand the suite of sustainable management options that are available to farmers

and land managers. The following section addresses some specific research needs

pertaining to phytate in manures and soils.

9.8 Future Research Needs Related to Phytate

in Manures and Soils

A further understanding of the chemical and biological controls on phytate

availability could be used to leverage phytate as a sustainable source of P in modern

agricultural systems. The use of advanced chemical techniques (e.g. NMR,

XANES) will further elucidate chemical controls, particularly when multiple tech-

niques are used together (e.g. Liu et al. 2013). Linking these spectroscopic tech-

niques to other techniques such as radioisotope tracer studies (e.g. L’Annunziata

2013) will provide information on chemical and biological cycling. However, there

is also a need to develop simple field tests for phytate concentration in soils and

manures for more effective management of phytate at the farm level. It should also

be noted that the majority of the research on phytate chemistry has been conducted

using model systems; in light of this, tests need to be conduct in natural systems. In

particular, there is a need to understand phytate movement in the environment,

including whether it exists in truly dissolved forms in runoff and receiving waters,

and how it binds to natural colloids.

Further research on phytate bioavailability should include the development of

in situ techniques for P species measurement to improve estimates of flux, transport,
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and turnover of phytate in the environment. Enzyme-based methods can be used to

determine the relative or potential bioavailability of phytate; however these

methods should be standardized to enable the comparison of estimates across

studies. More work is needed to produce suitable substrates for phytase activity

estimates in soils and manures. Studies of microbial community structure should

continue to characterize the organic anion and phytase production profiles of the

major resident organisms, which may be driving phytate transformations. These

studies should also be tied to chemical studies, to assess the effects of anion and

phytase production on phytate chemistry in soil. Site-specific assessments of

phytate turnover and flux may be needed at both the rhizosphere and field-scale.

Finally, although pot- and in vitro experiments have demonstrated the efficacy of

plant and microbial strategies in improving phytate bioavailability, field-scale trials

will be needed to determine the net impact of these practices on crop yields and

phosphate loss reductions from agricultural systems.
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Conte P, Šmejkalová D, Piccolo A, Spaccini R (2008) Evaluation of the factors affecting direct

polarization solid-state 31P NMR spectroscopy of bulk soils. Eur J Soil Sci 59:584–591

Cooper WT, Heerboth M, Salters VJM (2007) High-performance chromatographic separations of

inositol phosphates and their detection by mass spectrometry. In: Turner BL, Richardson AE,

Mullaney EJ (eds) Inositol phosphates: linking agriculture and the environment. CAB Inter-

national, Oxfordshire, pp 23–40

Cordell D, Drangert JO, White S (2009) The story of phosphorus: global food security and food for

thought. Glob Environ Change Hum Policy Dim 19:292–305

Cosgrove DJ (1964) An examination of some possible sources of soil inositol phosphates. Plant

Soil 21:137–141

Dao TH (2003) Polyvalent cation effects onmyo-inositol Hexakis dihydrogenphosphate enzymatic

dephosphorylation in dairy wastewater. J Environ Qual 32:694–701

Dao TH (2007) Ligand effects on inositol phosphate solubility and bioavailability in animal

manures. In: Turner BL, Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking

agriculture and the environment. CAB International, Oxfordshire, pp 169–185

9 Phytate in Animal Manure and Soils: Abundance, Cycling and Bioavailability 183



De Groot CJ, Golterman HL (1993) On the presence of organic phosphate in some Camargue

sediments – evidence for the importance of phytate. Hydrobiologia 252:117–126

Doolette AL, Smernik RJ, Dougherty WJ (2009) Spiking improved solution phosphorus-31

nuclear magnetic resonance identification of soil phosphorus compounds. Soil Sci Soc Am J

73:919–927

Doolette AL, Smernik RJ, Dougherty WJ (2010) Rapid decomposition of phytate applied to a

calcareous soil demonstrated by a solution 31P NMR study. Eur J Soil Sci 61:563–575

Doolette AL, Smernik RJ, Dougherty WJ (2011) A quantitative assessment of phosphorus forms in

some Australian soils. Soil Res 49:152–165

Dou ZX, Ramberg CF, Toth JD, Wang Y, Sharpley AN, Boyd SE, Chen CR, Williams D, Xu ZH

(2009) Phosphorus speciation and sorption–desorption characteristics in heavily manured soils.

Soil Sci Soc Am J 73:93–101

Eivazi F, Tabatabai MA (1977) Phosphatases in soils. Soil Biol Biochem 9:167–172

Fransson AM, Jones DL (2007) Phosphatase activity does not limit the microbial use of low

molecular weight organic-P substrates in soil. Soil Biol Biochem 39:1213–1217

Fu DW, Huang HQ, Luo HY, Wang YR, Yang PL, Meng K, Bai YG, Wu NF, Yao B (2008) A

highly pH-stable phytase from Yersinia kristeensenii: cloning, expression, and characteriza-

tion. Enzym Microb Technol 42:499–505

George TS, Richardson AE, Simpson RJ (2005a) Behaviour of plant-derived extracellular phytase

upon addition to soil. Soil Biol Biochem 37:977–988

George TS, Simpson RJ, Hadobas PA, Richardson AE (2005b) Expression of a fungal phytase

gene in Nicotiana tabacum improves phosphorus nutrition of plants grown in amended soils.

Plant Biotechnol J 3:129–140

George TS, Quiquampoix H, Simpson RJ, Richardson AE (2007a) Interactions between phytases

and soil constituents: implications for the hydrolysis of inositol phosphates. In: Turner BL,

Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking agriculture and the environ-

ment. CAB International, Oxfordshire, pp 221–241

George TS, Simpson RJ, Gregory PJ, Richardson AE (2007b) Differential interaction of Asper-
gillus niger and Peniophora lycii phytases with soil particles affects the hydrolysis of inositol

phosphates. Soil Biol Biochem 39:793–803

George TS, Richardson AE, Li SS, Gregory PJ, Daniell TJ (2009) Extracellular release of a

heterologous phytase from roots of transgenic plants: does manipulation of rhizosphere

biochemistry impact microbial community structure? FEMS Microbiol Ecol 70:433–445

Giaveno C, Celi L, Maja Aveiro Cessa R, Prati M, Bonifacio E, Barberis E (2010a) Interaction of

organic phosphorus with clays extracted from Oxisols. Soil Sci 173:694–706

Giaveno C, Celi L, Richardson A, Simpson RJ, Barberis E (2010b) Interaction of phytases with

minerals and availability of substrate affect the hydrolysis of inositol phosphates. Soil Biol

Biochem 42:491–498

Giles CD, Cade-Menun BJ, Hill JE (2011) The inositol phosphates in soils and manures: abun-

dance, cycling and measurements. Can J Soil Sci 91:397–416

Giles CD, Richardson AE, Druschel GK, Hill JE (2012) Organic anion-driven solubilization of

precipitated and sorbed phytate improves hydrolysis by phytases and bioavailability to Nico-
tiana tabacum. Soil Sci 177:591–598

Giles CD, Hsu L, Richardson AE, Hurst M, Hill JE (2014) Plant assimilation of phosphorus

from an insoluble organic form is improved by addition of an organic anion producing

Pseudomonas sp. Soil Biol Biochem 68:263–269

Goldstein AH (1995) Recent progress in understanding the molecular genetics and biochemistry of

calcium-phosphate solubilization by Gram-negative bacteria. Biol Agric Hortic 12:185–193

Greiner R (2007) Phytate-degrading enzymes: regulation of synthesis in microorganisms and

plants. In: Turner BL, Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking agri-

culture and the environment. CAB International, Oxfordshire, pp 78–96

Guan X-H, Shang C, Zhu J, Chen G-H (2006) ATR-FTIR investigation on the complexation of

myo-inositol hexaphosphate with aluminum hydroxide. J Colloid Interface Sci 293:296–302

184 C.D. Giles and B.J. Cade-Menun



Hansen JC, Cade-Menun BJ, Strawn DG (2004) Phosphorus speciation in manure-amended

alkaline soils. J Environ Qual 33:1521–1527

Hayatsu M (2013) Utilization of phytic acid by cooperative interaction in rhizosphere. Microbes

Environ 28:1–2

Hayes JE, Richardson AE, Simpson RJ (1999) Phytase and acid phosphatase activities in extracts

from roots of temperate pasture grass and legume seedlings. Aust J Plant Physiol 26:801–809

Hayes JE, Richardson AE, Simpson RJ (2000a) Components of organic phosphorus in soil extracts

that are hydrolysed by phytase and acid phosphatase. Biol Fertil Soils 32:279–286

Hayes JE, Simpson RJ, Richardson AE (2000b) The growth and phosphorus utilisation of plants in

sterile media when supplied with inositol hexaphosphate, glucose 1-phosphate or inorganic

phosphate. Plant Soil 220:165–174

He ZQ, Honeycutt CW (2001) Enzymatic characterization of organic phosphorus in animal

manure. J Environ Qual 30:1685–1692

He ZQ, Honeycutt CW (2005) A modified molybdenum blue method for orthophosphate deter-

mination suitable for investigating enzymatic hydrolysis of organic phosphates. Commun Soil

Sci Plant Anal 36:1373–1383

He ZQ, Griffin TS, Honeycutt CW (2004) Enzymatic hydrolysis of organic phosphorus in swine

manure and soil. J Environ Qual 33:367–372

He ZQ, Honeycutt CW, Zhang TQ, Bertsch PM (2006a) Preparation and FT-IR characterization of

metal phytate compounds. J Environ Qual 35:1319–1328

He ZQ, Toor GS, Honeycutt CW, Sims JT (2006b) An enzymatic hydrolysis approach for

characterizing labile phosphorus forms in dairy manure under mild assay conditions. Bioresour

Technol 97:1660–1668

He ZQ, Cade-Menun BJ, Toor GS, Fortuna AM, Honeycutt CW, Sims JT (2007a) Comparison of

phosphorus forms in wet and dried animal manures by solution phosphorus-31 nuclear

magnetic resonance spectroscopy and enzymatic hydrolysis. J Environ Qual 36:1086–1095

He ZQ, Honeycutt CW, Xing B, McDowell RW, Pellechia PJ, Zhang TQ (2007b) Solid-state

fourier transform infrared and P-31 nuclear magnetic resonance spectral features of phosphate

compounds. Soil Sci 172:501–515

He ZQ, Honeycutt CW, Zhang TQ, Pellechia PJ, Caliebe WA (2007c) Distinction of metal species

of phytate by solid-state spectroscopic techniques. Soil Sci Soc Am J 71:940–943

He ZQ, Honeycutt CW, Cade-Menun BJ, Senwo ZN, Tazisong IA (2008) Phosphorus in poultry

litter and soil: enzymatic and nuclear magnetic resonance characterization. Soil Sci Soc Am J

72:1425–1433

He ZQ, Honeycutt CW, Griffin TS, Cade-Menun BJ, Pellechia PJ, Dou ZX (2009a) Phosphorus

forms in conventional and organic dairy manure identified by solution and solid state P-31

NMR spectroscopy. J Environ Qual 38:1909–1918

He ZQ, Waldrip HW, Honeycutt CW, Erich MS, Senwo ZN (2009b) Enzymatic quantification of

phytate in animal manure. Commun Soil Sci Plant Anal 40:566–575

He ZQ, Olk DC, Cade-Menun BJ (2011) Forms and lability of phosphorus in humic acid fractions

of Hord silt loam soil. Soil Sci Soc Am J 75:1712–1722

He ZQ, Zhong J, Cheng HN (2013) Conformational change of metal phytates: solid state 1D 13C

and 2D 1H–13C NMR spectroscopic investigations. J Food Agric Environ 11:965–970

Hedley MJ, Stewart JWB, Chauhan BS (1982) Changes in inorganic and organic soil phosphorus

fractions induced by cultivation practices and by laboratory incubations. Soil Sci Soc Am J

46:970–976

Hill JE, Cade-Menun BJ (2009) Phosphorus-31 nuclear magnetic resonance spectroscopy transect

study of poultry operations on the Delmarva Peninsula. J Environ Qual 38:130–138

Hill JE, Richardson AE (2007) Isolation and assessment of microorganisms that utilize phytate. In:

Turner BL, Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking agriculture and the

environment. CAB International, Oxfordshire, pp 61–77

Hunger S, Cho H, Sims JT, Spark DL (2004) Direct speciation of phosphorus in alum-amended

poultry litter: solid-state P-31 NMR investigation. Environ Sci Technol 38:674–681

9 Phytate in Animal Manure and Soils: Abundance, Cycling and Bioavailability 185



Hunger S, Sims JT, Sparks DL (2008) Evidence for struvite in poultry litter: effects of storage and

drying. J Environ Qual 37:1617–1625

Irving GCJ, Cosgrove DJ (1981) The use of hypobromite oxidation to evaluate two current

methods for the estimation of inositol polyphosphates in alkaline extracts of soils. Commun

Soil Sci Plant Anal 12:495–509

Irving GCJ, Cosgrove DJ (1982) The use of gas–liquid-chromatography to determine the pro-

portions of inositol isomers present as pentakisphosphates and hexakisphosphates in alkaline

extracts of soils. Commun Soil Sci Plant Anal 13:957–967

Islam A, Ahmed B (1973) Distribution of inositol phosphates, phospholipids and nucleic acids and

mineralization of inositol phosphates in some Bangladesh soils. J Soil Sci 24:193–198

Johnson NR, Hill JE (2010) Phosphorus species composition of poultry manure-amended soil

using high-throughput enzymatic hydrolysis. Soil Sci Soc Am J 74:1786–1791

Johnson BB, Quill E, Angove MJ (2012) An investigation of the mode of sorption of inositol

hexaphosphate to goethite. J Colloid Interface Sci 367:436–442

Jones DL, Darrah PR (1994) Role of root derived organic acids in the mobilization of nutrients

from the rhizosphere. Plant Soil 166:247–257

Jones DL, Dennis PG, Owen AG, van Hees PAW (2003) Organic acid behavior in soils –

misconceptions and knowledge gaps. Plant Soil 248:31–41

Jorquera MA, Hernandez MT, Rengel Z, Marschner P, Mora MD (2008) Isolation of culturable

phosphobacteria with both phytate-mineralization and phosphate-solubilization activity from

the rhizosphere of plants grown in a volcanic soil. Biol Fertil Soils 44:1025–1034

Keller M, Oberson A, Annaheim KE, Tamburini F, Mader P, Mayer J, Frossard E, Bünemann EK

(2012) Phosphorus forms and enzymatic hydrolyzability of organic phosphorus in soils after

30 years of organic and conventional farming. J Plant Nutr Soil Sci 175:385–393

Kerovuo J, Lauraeus M, Nurminen P, Kalkkinen N, Apajalahti J (1998) Isolation, characterization,

molecular gene cloning, and sequencing of a novel phytase from Bacillus subtilis. Appl
Environ Microbiol 64:2079–2085

Kong F, Lin W, Yan X, Liao H (2005) Phytate-phosphorus uptake and utilization by transgenic

tobacco carrying Bacillus subtilis phytase gene. Yingyong Shengtai Xuebao 16:2389–2393

Kruse J, Leinweber P (2008) Phosphorus in sequentially extracted fen peat soils: a K-edte X-ray

absorption near-edge structure (XANES) spectroscopy study. J Plant Nutr Soil Sci 171:613–620

L’Annunziata MF (2013) Soil inositol phosphate biochemistry: a call to link radiotracer applica-

tions with spectroscopic structural analysis. Soil Sci Soc Am J 77:1107–1116

Leytem AB, Maguire RO (2007) Environmental implications of inositol phosphates in animal

manure. In: Turner BL, Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking

agriculture and the environment. CAB International, Oxfordshire, pp 150–168

Leytem AB, Thacker PA (2008) Fecal phosphorus excretion and characterization from swine fed

diets containing a variety of cereal grains. J Anim Vet Adv 7:113–120

Leytem AB, Smith DR, Applegate TJ, Thacker PA (2006) The influence of manure phytic acid on

phosphorus solubility in calcareous soils. Soil Sci Soc Am J 70:1629–1638

Leytem AB, Plumstead PW, Maguire RO, Kwanyuen P, Brake J (2007) What aspect of dietary

modification in broilers controls litter water-soluble phosphorus: dietary phosphorus, phytase,

or calcium? J Environ Qual 36:453–463

Leytem AB, Kwanyuen P, Plumstead PW, Maguire RO, Brake J (2008) Evaluation of phosphorus

characterization in broiler ileal digesta, manure, and litter samples: P-31-NMR vs. HPLC.

J Environ Qual 37:494–500

Lim BL, Yeung P, Cheng C, Hill JE (2007) Distribution and diversity of phytate-mineralizing

bacteria. ISME J 1:321–330

Liu J, Wang X, Huang H, Want J, Li Z, Wu L, Zhang G, Ma Z (2012) Efficiency of phosphorus

utilization in phyA-expressing cotton lines. Indian J Biochem Biophys 49:250–256

Liu J, Yang J, Cade-Menun BJ, Liang X, Hu Y, Liu CW, Zhao Y, Li L, Shi J (2013) Comple-

mentary phosphorus speciation in agricultural soils by sequential fractionation, solution 31P

NMR, and P K-edge XANES spectroscopy. J Environ Qual 42:1763–1770

186 C.D. Giles and B.J. Cade-Menun



Lolas GM, Markakis P (1977) The phytase of navy beans (Phaseolus vulgaris). J Food Sci

42:1094–1097

Lung SC, Lim BL (2006) Assimilation of phytate-phosphorus by the extracellular phytase activity

of tobacco (Nicotiana tabacum) is affected by the availability of soluble phytate. Plant Soil

279:187–199

Lung SC, Chan WL, Yip W, Wang LJ, Yeung EC, Lim BL (2005) Secretion of beta-propeller

phytase from tobacco and Arabidopsis roots enhances phosphorus utilization. Plant Sci

169:341–349

Lung SC, Leung A, Kuang R, Wang Y, Leung P, Lim BL (2008) Phytase activity in tobacco

(Nicotiana tabacum) root exudates is exhibited by a purple acid phosphatase. Phytochemistry

69:365–373

Makoi J, Ndakidemi PA (2008) Selected soil enzymes: examples of their potential roles in the

ecosystem. Afr J Biotechnol 7:181–191

Mandal NC, Burman S, Biwas BB (1972) Isolation, purification and characterisation of phytase

from germinating mung beans. Phytochemistry 11:495–502

Martin CJ, Evans WJ (1987) Phytic acid-divalent-cation interactions. V. Titrimetric, colorimetric,

and binding studies with cobalt (II) and nickel (II) and their comparison with other metal ions.

J Inorg Biochem 30:101–119

Martin M, Celi L, Barberis E (2002) Extractability and plant availability of phosphate from

P-goethite complexes. Commun Soil Sci Plant Anal 33:143–153

Martin M, Celi L, Barberis E (2004) Desorption and plant availability of myo-inositol
hexaphosphate adsorbed on goethite. Soil Sci 169:115–124

McDowell RW, Condron LM, Stewart I, Cave V (2005) Chemical nature and diversity of

phosphorus in New Zealand pasture soils using P-31 nuclear magnetic resonance spectroscopy

and sequential fractionation. Nutr Cycl Agroecosyst 72:241–254

McDowell RW, Cade-Menun B, Stewart I (2007) Organic phosphorus speciation and pedogenesis:

analysis by solution 31P nuclear magnetic resonance spectroscopy. Eur J Soil Sci 58:1348–1357

McGrath JM, Sims JT, Maguire RO, Saylor WW, Angel CR, Turner BL (2005) Broiler diet

modification and litter storage: impacts on phosphorus in litters, soils, and runoff. J Environ

Qual 34:1896–1909

McKercher RB, Anderson G (1968a) Characterization of inositol penta- and hexaphosphate

fractions of a number of Canadian and Scottish soils. J Soil Sci 19:303–310

McKercher RB, Anderson G (1968b) Content of inositol penta- and hexaphosphates in some

Canadian soils. J Soil Sci 19:47–55

McKercher RB, Anderson G (1989) Organic phosphate sorption by neutral and basic soils.

Commun Soil Sci Plant Anal 20:723–732

Menezes-Blackburn D, Jorquera MA, Greiner R, Gianfreda L, Mora M (2013) Phytases and

phytase-labile organic phosphorus in manures and soils. Crit Rev Environ Sci Technol

43:916–954

Miller SH, Browne P, Prigent-Combaret C, Combes-Meyne E, Morrissey JP, O’Gara F (2010)

Biochemical and genomic comparison of inorganic phosphate solubilization in Pseudomonas

species. Environ Microbiol Rep 2:403–411

Mozaffari M, Sims JT (1994) Phosphorus availability and sorption in an Atlantic coastal-plain

watershed dominated by animal-based agriculture. Soil Sci 157:97–107

Mozaffari M, Sims JT (1996) Phosphorus transformations in poultry litter-amended soils of the

Atlantic coastal plain. J Environ Qual 25:1357–1365

Mullaney EJ, Ulla AHJ (2007) Phytases: attributes, catalytic mechanisms and applications. In:

Turner BL, Richardson AE, Mullaney EJ (eds) Inositol phosphates: linking agriculture and the

environment. CAB International, Oxfordshire, pp 97–110

Murphy PNC, Bell A, Turner BL (2009) Phosphorus speciation in temperate basaltic grassland

soils by solution 31P NMR spectroscopy. Eur J Soil Sci 60:638–651

Nagai Y, Funahashi S (1962) Phytase from wheat bran. I. Purification and substrate specificity.

Agric Biol Chem 26:794–803

9 Phytate in Animal Manure and Soils: Abundance, Cycling and Bioavailability 187



Noack SR, McLaughlin MJ, Smernik RJ, McBeath TM, Armstrong RD (2012) Crop residue

phosphorus: speciation and potential bio-availability. Plant Soil 359:375–385

Oburger E, Jones DL, Wenzel WW (2011) Phosphorus saturation and pH differentially regulate

the efficiency of organic acid anion-mediated P solubilization mechanisms in soil. Plant Soil

341:363–382

Ognalaga M, Frossard E, Thomas F (1994) Glucose-1-phosphate and myo-inositol hexaphosphate
adsorption mechanisms on goethite. Soil Sci Soc Am J 58:332–337

Oh BC, Chang BS, Park KH, Ha NC, Kim HK, Oh BH, Oh TK (2001) Calcium-dependent

catalytic activity of a novel phytase from Bacillus amyloliquefaciens DS11. Biochemistry

40:9669–9676

Olsson R, Giesler R, Loring JS, Persson P (2012) Enzymatic hydrolysis of organic phosphates

adsorbed on mineral surfaces. Environ Sci Technol 46:285–291

Palomo L, Claassen N, Jones DL (2006) Differential mobilization of P in the maize rhizosphere by

citric acid and potassium citrate. Soil Biol Biochem 38:683–692

Pant HK, Edwards AC, Vaughan D (1994) Extraction, molecular fractionation and enzyme degra-

dation of organically associated phosphorus in soil solutions. Biol Fertil Soils 17:196–200

Patel KJ, Singh AK, Nareshkumar G, Archana G (2010a) Organic-acid-producing, phytate-

mineralizing rhizobacteria and their effect on growth of pigeon pea (Cajanus cajan). Appl
Soil Ecol 44:252–261

Patel KJ, Vig S, Nareshkumar G, Archana G (2010b) Effect of transgenic rhizobacteria

overexpressing Citrobacter braakii appA on phytate-P availability to mung bean plants.

J Microbiol Biotechnol 20:1491–1499

Plumstead PW, Leytem AB, Maguire RO, Spears JW, Kwanyuen P, Brake J (2008) Interaction of

calcium and phytate in broiler diets. 1. Effects on apparent prececal digestibility and retention

of phosphorus. Poult Sci 87:449–458
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Chapter 10

Phosphorus Forms and Mineralization

Potentials of Alabama Upland

Cotton Production Soils Amended

with Poultry Litter

Irenus A. Tazisong, Zachary N. Senwo, Barbara J. Cade-Menun,

and Zhongqi He

Abstract The essential role of phosphorus (P) in almost all biological processes

has led to its extensive studies. Phosphorus in its inorganic form (Pi) is required

for metabolic reactions and energy transfer. In contrast, organic P (Po) forms

become bioavailable usually after hydrolysis to Pi. Organic P dephosphorylation

in the soil environment is largely dependent on the stereochemical and stereoiso-

meric structures of the compounds in question. In addition, Po dephosphorylation

also depends on the types and enzymes sources involved in such catalytic activities.

This chapter focuses on P fractions and mineralization potentials of different P

forms in poultry litter amended soils of northern Alabama cropped with cotton.

Phosphorus forms characterized by solution 31P nuclear magnetic resonance

(NMR) spectroscopy showed orthophosphate to be the dominant form, accounting

for 63.6–76.1 % of the total P forms in these soils. A sequential fractionation was

used to separate soil Pi and Po into several fractions. The fractionation revealed

that soil Pi was mainly associated with Fe and Al oxides and was not readily

bioavailable. Water-, Fe- and Al- associated Pi increased in soils treated with poultry

litter compared with the control. The Ca-Al bound Po was the most abundant fraction

with more than 40 % of the total Po but the Ca-Al bound Po values was lower for the

control and no-tilled soils. Phosphatase enzymes were able to hydrolyze 7–62 %

water, 17–53 % Ca-EDTA, 18–88 % Na-EDTA, 40–77 % H2SO4, and 50–75 %

NaOH extractable Po. Information obtained from this study indicates that P dynamics
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and uptake in cotton soils amended with poultry litter is not well understood. More

research is needed to better understand the impact of poultry litter application on

P forms and mineralization potentials in cotton production soils.

10.1 Introduction

Phosphorus (P) is an essential nutrient for life in both aquatic and terrestrial

systems. In soils, too little P can limit plant growth in many regions, requiring the

addition of P fertilizers and strategies to improve the P efficiency of agriculture

(e.g. Richardson et al. 2011). However, addition of P to soils in excess of plant

needs can result in P being transported out of the field into water bodies, triggering

eutrophication (e.g. Elser and Bennett 2011).

Soils can be considered a sink for both aquatic and atmospheric P. Plants usually

take up P from soil solutions in inorganic forms. Although Pi equilibrium concentra-

tions in soil solutions is low, there is a continual replenishment for plants and

microbial uptake from soil solid phases (Wild and Oke 1966). There are several Pi
forms of soils, which include phosphate and anhydrides (complex Pi forms such as

pyrophosphate and polyphosphate) (Condron et al. 2005; Pierzynski et al. 2005).

Organic P in soils is classified based on the type of bond between the P and C atoms,

and is divided into orthophosphate monoesters, orthophosphate diesters and

phosphonates (Condron et al. 2005). Orthophosphate monoesters have the general

structure ROPO3
2� (where R is an organic moiety), with one orthophosphate per C

group. This is the predominant group of Po compounds in most soils, and includes

inositol phosphates, sugar phosphates, phosphoproteins and mononucleotides.

Orthophosphate diesters (R1OROPO2
�, where R and R1 are C moieties), have two

C groups per orthophosphate, and include nucleic acids, phospholipids and teichoic

acid. Phosphonates differ from other Po forms because they have a direct C-P bond

(not an ester bond through O). These have the structure [RP(O)(OH)2], and include

2-aminoethyl phosphonic acid (AEP), and agricultural chemicals such as the

herbicide glyphosate.

The forms and amounts of P in soils are governed by a combination of chemical,

physical and biological parameters, which in turn are controlled by such environ-

mental conditions as temperature, moisture, salinity, pH, land use intensity, and

fertilization history. Other investigators (Condron et al. 1990; Ottabong et al. 1997;

Chen et al. 2002) have reported that long-term P fertilization or animal manure

applications increase Po concentrations in soils, while long-term cultivation and

afforestation of grasslands significantly decrease soil Po. Stevenson (1986), classified

soil P into seven categories: (1) soluble inorganic and organic compounds in soil

solutions, (2) weakly sorbed inorganic phosphate, (3) insoluble phosphate-calcium

bound, (4) iron and aluminum bound, (5) strongly adsorbed phosphate or occluded

hydrous oxides of Fe and Al, (6) fixed phosphate of silicateminerals, and (7) insoluble

organic forms (undecomposed plant and animal residues).

Phosphatases are diverse groups of metalloenzymes that deserve special

attention because they are involved in Pi and Po transformations in the environment.
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They hydrolyze Po and anhydrides to release phosphate. These enzymes in the

environment are derived from plants and microorganisms and are known to

hydrolyze a variety of P compounds (Condron et al. 2005). These enzymes are

categorized into general groups such as diesterases, which generally hydrolyze

orthophosphate diesters. Alkaline and acid phosphatases degrade orthophosphate

monoesters, operating at alkaline and acid pH, respectively. They can also be more

specific in their hydrolysis. Phytase catalyze the hydrolysis of phytic acid to less

phosphorylated inositol phosphate and inorganic phosphates, all utilizing a

phosphohistidine intermediate in their phosphoryl transfer reactions (Vats

et al. 2005). Phytases are specific for phytic acid and it is possible to distinguish

them from acid and alkaline phosphatases, which are incapable of degrading phytic

acid. However, the hydrolytic activity of phytase may not be only limited to phytic

acid, for it has also been noted to hydrolyze (not effectively) various forms of

phosphomonoesters compounds (Tazisong et al. 2008).

Soil tillage and management practices, coupled with poultry litter applications,

greatly affect the fate of Pi and Po in soils. In the southeastern United States where

the soils are mostly highly weathered Ultisols, P has been a key nutrient limiting

soil productivity and health (Senwo et al. 2003). However, opinions differ on

strategies to best manage P in these highly weathered acid soils that typify these

systems. Investigators have long believed that a very high initial addition of P was

needed to maximize crop yields and that the excess P applied had a long-term

residual value. The advantages for the initially large P applications do not only lead

to P deficiency corrections for crops, but also affect soil pH, CEC, organic matter

content, and biological activities (Kingery et al. 1994; Dobermann et al. 2002;

Acosta-Martinez and Harmel 2006).

In Ultisols and Oxisols where P fixation is high, the risk of water contamination

is low in the short run, but in soils with less sorbing capacity, negative impacts to

water quality are possible due to mismanaged land applied animal manure. Poultry

litter applications have not only created P crises in soils, but have also lead to a

shift in P fractions. Dobermann et al. (2002), found an increase of Pi in the resin,

NaOH, and H2SO4 fractions due to manure application. In contrast, Dobermann

et al. (2002) reported no change in NaOH-Po fraction, which accounted for over

80 % of the total P in soils without manure application. Eghball et al. (1996)

reported a significant movement of P from manure applications through high P

adsorbing calcium carbonate soil layers than P from chemical fertilization.

Alabama is one of the leading cotton and poultry producing states in the USA.

To optimize cotton yield in Alabama Ultisols and other soils, poultry litter is

usually applied to cotton fields (Tewolde et al. 2010, 2011). There is currently little

or no comprehensive information available on the P forms, fractions, and their

potential mineralization in Alabama Ultisols amended with poultry litter and

cropped with cotton despite numerous studies on its carbon, nitrogen, macro and

micro elements contents (Tazisong et al. 2005; Tazisong and Senwo 2009; Sainju

et al. 2008a, b, 2010; Ohno et al. 2009). This information is needed to understand

the biogeochemistry and potential agroecosystem responses to complex organic

compounds in these soils. Therefore, this chapter presents and discusses published
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(Tazisong et al. 2013) and unpublished data on P forms and mineralization potential

in Alabama cotton soils amended with poultry litter (Table 10.1) and managed as

no-tilled, tilled, and mulch-tilled practices (Table 10.2).

10.2 P Forms in Alabama Cotton Soil

The soils used for this study is a Decatur silt loam (clayey, kaolinitic, thermic,

typic paleudults) collected from an upland cotton production site at the Alabama

Agricultural Experimental Station at Belle Mina, AL (34�410 N, 86�520 W).

Table 10.1 Poultry litter and P amount applied to cotton soils (Belle Mina-Alabama) from 1997

to 2004

Year

Amount of poultry litter applied

to supply 100 kg N ha�1
Amount of P applied to inorganic

fertilizer plotsa

Mg ha�1 Kg ha�1

1997 3.70 67

1998 3.33 67

2000 2.94 67

2001 2.86 67

2003 3.13 67

2004 3.57 67

Avg. 3.23 67

Adapted from Sainju et al. (2010)
aThe rate of P applied is similar to that supplied by poultry litter

Table 10.2 Cropping and fertilization management practices used in Belle Mina-Alabama

cotton soils

Management

practice Description of treatment

BF Bare fallow-no crop planted

CTAN Conventional-till, cotton-winter fallow + 100 kg N ha�1

from ammonium nitrate

CTR Conventional-till, cotton/rye cropping, 0 kg N ha�1

CTRAN Conventional-till, cotton/rye cropping + 100 kg N ha�1

from ammonium nitrate

CTRP Conventional-till, cotton/rye cropping + 100 kg N ha�1 from poultry litter

MTRAN Mulch-till, cotton/rye cropping + 100 kg N ha�1 from ammonium nitrate

MTRP Mulch-till. cotton/rye cropping + 100 kg N ha�1 from poultry litter

NT No-till, cotton-winter fallow, 0 kg n ha�1

NTAN No-till, cotton-winter fallow + 100 kg N ha�1 from ammonium nitrate

NTRAN No-till, cotton/rye cropping + 100 kg N ha�1 from ammonium nitrate

NTRP No-till, cotton/rye cropping + 100 kg N ha�1 from poultry litter

NTRPP No-till, cotton/rye cropping + 200 kg N ha�1 form poultry litter

Adapted from Tazisong et al. (2013)
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The site had been continuously cropped with cotton (Gossypium hirsutum L.)

for 5 years prior to sampling (Nyakatawa and Reddy 2000). Crop management

practices consisted of various combinations of tillage systems (conventional till,

mulch till, and no-till), cropping systems and management practices [cotton in

summer and rye (Secale cereale L.) cover crop in winter], inorganic nitrogen

fertilization [ammonium nitrate (0 and 100 kg N ha�1)], and poultry litter (0, 100,

and 200 kg N ha�1) (Table 10.2). The soils used in this study were collected in

spring of 2005 (no crops were in the field) with a hand probe (10 cm i.d.) from

the 0 to 10 cm depth in four replicates in the central rows of the plots after removing

the surface soil residues. The soils were air-dried, ground, and sieved to a 2 mm size

into plastic bags and stored until use. Selected soil properties of these soils have

been listed in other studies (Ohno et al. 2009; Sainju et al. 2008b; Tazisong

et al. 2013). Solution 31P NMR spectroscopy was used to study the P forms of

these soils. Phosphorus was extracted for solution 31P NMR spectroscopy using a

modified version of the Cade-Menun and Preston (1996) procedures. The NMR

spectra for the conventional till, mulch-till and No-till were visually similar among

the 12 soil treatments; however, only the representative spectra of the

conventionally-tilled soils are presented in Fig. 10.1. The spectra are visually

similar for soil samples reported in other literature (Cade-Menun et al. 2010;

Doolette et al. 2010; He et al. 2011; Ohno et al. 2011). The distributions of the P

compound classes in the soils used are listed in Table 10.3. Phosphonates and

polyphosphates were not detected in these soil samples. The dominant P species in

the investigated soil samples irrespective of tillage and amendments was ortho-

phosphate, accounting for 63.6–76.1 % of the total P forms in the soils. The high

concentrations of orthophosphate is not due to the hydrolysis of organic compounds

during extraction, but the orthophosphates associated with Fe, Al and Mn oxides

(Bishop et al. 1994). Orthophosphate monoesters (phytate, glucose-6-phosphate,

choline phosphate, adenosine-5-phosphate etc.) were the predominant Po forms.

The orthophosphate monoesters accounted for 20.1–29.5 % of the total P in the

soils. Phytate was the dominant monoester species in the soils accounting for

5–10 % of the total orthophosphate monoesters. However, the accumulation of

phytate P in the poultry litter-amended soils was not obvious, which is consistent

with previous observations in studies using Alabama soils under pasture manage-

ment (He et al. 2008) although poultry litter contains higher amounts of phytate

(He et al. 2006, 2007). The predominance of monoester Po forms in these soils is in

agreement with those reported in several NMR studies of organic P forms in various

soil types (He et al. 2008; Cade-Menun et al. 2010; Cade-Menun 2011; Johnson and

Hill 2010; Giles et al. 2011). The orthophosphate diesters (DNA, Teichoic acid,

RNA, phospholipids, phosphatidyl choline, etc.) accounted for less than 4 % of the

total P in soils (Table 10.3). Similar findings were reported by Rheinheimer

et al. (2002) in Brazilian Oxisols and Ultisols.

Tillage and soil amendments can greatly influence the quantity of P forms in

soils and thus affect P quality. Although, all the spectra were visually similar

irrespective of the treatments and tillage practices, the relative similarity suggests
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that tillage and soil amendments did not significantly alter the P forms in these soils.

However, the average amounts of monoesters in the bare fallow (BF) and no-tilled

samples was slightly higher (one unit higher) than in the conventionally and mulch

tilled samples (Table 10.3).

20 10 0 -20-10

CTRP

4 2 0

CTRAN

4 2 0
CTR

4 2 0 -2 -4

-2 -4

-2 -4

-2 -4
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4 2 0
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diesters

PyrophosphateOrthophosphate
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* *

Fig. 10.1 NMR spectra of NaOH-EDTA 31P extracts from conventionally-tilled (CT) soils

amended with poultry litter and ammonium nitrate. The inserts show expanded orthophosphate

monoester and diester regions (Refer to Table 10.2 for treatment abbreviations)
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Cultivated soils are usually but not always lower in Po content than their

uncultivated counterparts, because tillage increases aeration and exposes organic

matter to microbial decomposition. On the other hand, cultivation increases

the rate of orthophosphate monoesters and diesters adsorptions on Fe and Al

oxides, thereby preventing subsequent degradations. This may explain the reason

why the differences (average) in P categories between conventional, conservation

and mulch tillage was not much (0.66 %). Similar trends were observed for

diesters except that those in mulch-tilled soils were slightly higher (0.25 %).

Soils amended with poultry litter were lower in monoesters and diesters

and higher in orthophosphates contents than soils that have received inorganic

fertilizations. Faster mineralization rates of the orthophosphates monoesters and

diesters due to high microbial populations in the poultry litter may have been

responsible for the low P forms in the poultry amended soils. Further, correlation

analysis revealed that the orthophosphates positively correlated with microbial

biomass N, soil organic C, particulate organic C, and negatively correlated

with microbial biomass C and the potential C mineralized (Table 10.4).

Pyrophosphates negatively correlated with all the biological properties except

with microbial biomass C and the potential C mineralized which showed a

positive correlation. The lack of correlation between the organic P forms and

the soil biological, physical and chemical properties is in line with that of Sumann

et al. (1998).

They explained that the lack of such correlations between the Po forms and the

soil properties suggest that climate was the primary determinant for the soil Po
compositions, due to the strong correlation between climatic factors (mean annual

temperature and precipitation) and the Po forms in the Great Plains soils.

Table 10.3 Relative amount (%) of P within each P form assessed by 31P NMR spectroscopy

Treatment Orthophosphate Monophosphate

Other

diesters (%) DNA Pyrophosphate Recoverya

BF 69.1 25.5 0.8 1.6 2.9 42.2

CTAN 72.5 23.4 0.8 1.5 1.9 26.3

CTR 66.0 28.2 1.2 2.3 2.3 25.9

CTRAN 66.7 27.2 0.8 2.4 2.8 29.3

CTRP 74.7 21.6 0.7 1.3 1.7 31.7

MTRAN 66.0 27.2 1.5 2.3 3.0 28.9

MTRP 73.0 23.0 0.8 1.6 1.6 33.1

NT 67.5 27.6 0.8 1.6 2.4 28.4

NTAN 65.8 27.7 1.3 2.6 2.6 27.2

NTRAN 63.6 29.5 0.8 2.7 3.4 29.4

NTRP 72.8 22.9 0.7 1.8 1.8 34.5

NTRPP 76.1 20.1 0.9 1.1 1.7 31.8
aPercent of total P that was extracted for NMR analysis. Refer to Table 10.2 for treatment

abbreviations
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10.3 Inorganic P Fractions in Alabama Cotton Soils

In this chapter, the sequential procedure developed by Golterman et al. (1998) was

used to elucidate the various P fractions in the soils (Table 10.5). Golterman (1988,

1996) suggested the use of the chelating agent ethylenediaminetetraacetic acid

(EDTA) at neutral pH. The Ca-EDTA step in the method renders Fe soluble while

at the same time the phosphate and pH prevents re-precipitation. The Na-EDTA step

removes calcium and aluminum bound phosphate, thus minimizing extracting

organic materials. In brief, one gram of soil was used via shaking with 30 mL of

each extraction solution, after which the remaining P was digested with persulfate.

Following extraction, each soil suspension was centrifuged at 4,000 X g for 10 min,

filtered under suction using a 0.45 μm filter paper. Portion of the extract from each

fractionation step was immediately frozen at �20 �C after adding 10 μL of sodium

azide [NaN3 (to prevent P uptake and microbial growth)] until used for enzyme

hydrolysis determination. An aliquot of the remaining extract was taken for inorganic

P determination. To determine the inorganic P from the Ca- and Na-EDTA extracts, a

25-time dilution was performed to prevent the interference of EDTA with the Mo-P

colorimetric reaction.

Due to the incomplete factorial treatments arrangements used in this study,

contrast analysis was used for specific treatments means comparisons. Water

extractable, Ca-EDTA, and Na-EDTA extractable Pi were significantly different

from the control whereas; little or no significant differences existed for Pi between

various tillage systems (Table 10.6). The water soluble fraction was among the least

distributed fraction and accounted for less than 5 % of the total soil Pi (Table 10.6).

This fraction is considered to be the most important fraction because it is readily

available for plant and microbial uptake. Most studies on soil P fractions (Sui

et al. 1999; Gilbin et al. 2000; He et al. 2004a, b; McDowell and Stewart 2005)

have reported the water fraction to have the lowest P concentration. In contrast,

water soluble P in animal manure has been reported to be the dominant form of

soluble P (He and Honeycutt 2001; He et al. 2004b, c; Wienhold and Miller 2004).

Table 10.4 Correlation matrix for relationships between P forms and soil biological properties

(n ¼ 12)

POC:PON MBN MBC PON SOC POC PCM

Ortho �0.32 ns 0.69* �0.61* 0.54 ns 0.60* 0.63* �0.72**

DNA 0.30 ns �0.54 ns 0.41 ns �0.26 ns �0.37 ns �0.35 ns 0.54 ns

Pyro 0.05 ns �0.65* 0.58* �0.58* �0.59* �0.61* 0.62*

Other diest 0.28 ns 0.01 ns �0.07 ns �0.17 ns �0.11 ns �0.15 ns 0.14 ns

IHP 0.01 ns 0.18 ns 0.24 ns �0.05 ns �0.10 ns �0.13 ns �0.15 ns

Scyllo 0.04 ns 0.29 ns 0.19 ns 0.24 ns 0.10 ns 0.05 ns �0.24 ns

Other mono 0.23 ns �0.63* 0.23 ns �0.34 ns �0.34 ns �0.33 ns 0.62*

MBN microbial biomass nitrogen, MBC microbial biomass carbon, PON particulate organic

carbon, SOC soil organic carbon, POC particulate organic carbon, PCM potential carbon

mineralization

*, **, significant at P � 0.05, 0.01, respectively; ns not significant at P ¼ 0.05
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A decline in water extracted Pi within 21 days after amending a coarse-loamy,

mixed, frigid Typic Haplorthod soil at a rate of 100 mg total P kg�1 has been

reported (Griffin et al. 2003; He et al. 2004c). Such decline is attributed to the high

levels of exchangeable Al and Fe in the soils.

The P extracted with Ca-EDTA was found to have the greatest amounts of P in

the soils irrespective of management practices (Table 10.6). This fraction represents

Fe associated Pi and accounted for more than 43 % of the total Pi in the soils.

The high association of Pi with Fe is expected due to the high Fe content of the soils

(Tazisong et al. 2004). Reported data by others (Gilbin et al. 2000; Saavedra

et al. 2007) did not agree with our results probable due to the low Fe contents in

the soils analyzed in their studies. Approximately 25–30 % was Ca and Al bound P

(i.e. Na-EDTA fraction) (Table 10.6), which was the second most abundant fraction

after the Fe associated fraction. Soils with low Fe contents tend to show strong Pi
association with Al (Saavedra et al. 2007; Gilbin et al. 2000). Dobermann

et al. (2002) reported an increase in Fe and Al bound Pi fractions in Ultisols

Table 10.5 Sequential extraction procedure of organic phosphorus (Golterman et al. 1998)

1. Deionzed water (2 h) Water soluble Pi, Po
2. 0.05 M Ca-EDTA + 1 % Na-dithionite

pH 7.5 (2 h twice)

Fe associated Pi, Po

3. 0.1 M Na-EDTA pH 4.2 (16 h twice) Ca-Al associated Pi, Po
4. 0.5 M H2SO4 (2 h) Acid soluble Pi, Po
5. 0.5 M TCA (0 �C, 2 h) Sugar bound Po
6. 0.5 M TCA (95 �C, 30 min) Nucleic acid Po and polyphosphate

7. 2 M NaOH (90 �C, 1 h) Humic bound Po
8. K2S2O8 + 0.5 M H2SO4 (150

�C 2 h) Residual Po

Table 10.6 Pi fractions as affected by poultry litter amendments and tillage system

Contrast Water CaEDTA NaEDTA H2SO4 NaOH

BF vs MTRP 9.92 vs

37.6***

303 vs

489***

158 vs

271**

89.0 vs

113 ns

61.3 vs

70.1 ns

BF vs NTRP 9.92 vs

36.7***

303 vs

386 ns

158 vs

244 ns

89.0 vs

112 ns

61.3 vs

68.5 ns

BF vs NTRPP 9.92 vs

50.7***

303 vs

486***

158 vs

371***

89.0 vs

113 ns

61.3 vs

68.7 ns

CTRP vs MTRP 39.4 vs

37.6 ns

537 vs

489 ns

283 vs

271 ns

117 vs

113 ns

69.4 vs

70.1 ns

MTRP vs NTRP 37.6 vs

36.5 ns

489 vs

386 ns

271 vs

244 ns

113 vs

112 ns

70.1 vs

68.5 ns

MTRP vs NTRPP 37.6 vs

50.7*

489 vs

486 ns

271 vs

371*

113 vs

113 ns

70.1 vs

68.7 ns

CTRP vs NTRP 39.4 vs

36.5 ns

537 vs

386**

282 vs

244 ns

117 vs

112 ns

69.4 vs

68.5 ns

CTRP vs NTRPP 39.4 vs

50.7 ns

537 vs

486 ns

283 vs

371 ns

117 vs

113 ns

69.4 vs

68.7 ns

*, **, ***, significant at P � 0.05, 0.01, 0.001; respectively. ns not significant at P < 0.05
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and Oxisols of Philippines and Indonesia fertilized with single and triple

superphosphate to a depth of 15 cm. Similar results were reported by Cox

et al. (1997), which showed surface applied sewage sludge increased Ca-Al and

Fe associated Pi in the 0–7.5 cm soil depth. The Fe and Ca-Al associated Pi make up

about 70 % of the total Pi in the soils studied. The Pi associated with these two

fractions is tightly bound and relatively resistant to leaching thereby reducing the

risk of ground and surface water contamination. Andraski et al. (2003) observed

that soil test P levels were linearly related to dissolved P and bioavailable P loads

in runoff from soils with long-term applied manure under NT and CT systems.

The Pi tightly bound to these two fractions may not be available for plant or

microbial uptake in the short term; however, in the long term it may be slowly

released for uptake in times of high Pi deficiency. The acid soluble Pi (H2SO4

fraction) was about 10 % of the total Pi while organic matter (NaOH fraction)

associated Pi accounted for about 9 % of the total P. The NaOH extractable P

represents the P fraction associated with humic materials and phytate.

The low organic matter associated with Pi in the soils is because the soils

are highly weathered with usually less than 3 % organic matter content (Senwo

et al. 2003). Phosphorus studies in highly weathered tropical soils have indicated

that organic matter is the most important source that provides labile P to plants

(Tiessen et al. 1994; Selles et al. 1997). In conclusion, the amount of Pi extracted

in the soils studied was in the order: Ca-EDTA > Na-EDTA > H2SO4 >
NaOH > water > residual.

10.4 Organic P Fractions in Alabama Cotton Soils

Results from this study showed that the water extractable Po was significantly

(contrast analysis) affected by tillage and manure applications compared to the

control (Table 10.7). Neither tillage nor applied manure significantly affected the

acid soluble, cold TCA, nor residual Po fractions compared to the control

(Table 10.7). Differences in Po among treatments were only observed between

CTRP vs NTRP for the water fraction and CTRP vs MTRP, MTRP vs NTRPP, and

CTRP vs NTRP, for the Ca-EDTA Po. Most of the Po fractions were not signifi-

cantly different amongst the treatments.

The water extractable Po was among the least extractable fraction and accounted

for less than 5 % of the total soil Po (Table 10.7). The water extractable Po fraction

is an important source of P for microbes and plants in terrestrial and aquatic

environments. McDowell and Koopmans (2006) suggested that the water soluble

P fraction to be the least abundant fraction in some pastured and cultivated New

Zealand soils. In our study, the Na-EDTA extractable Po was the most abundant

fraction with more than 40 % of the total Po extracted in all fractions combined.

McDowell and Koopmans (2006) showed that Na-EDTA extracted the second

highest amount of Po in some cultivated New Zealand soils.
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Approximately 15–26 % of the total Po was extractable with NaOH in most

treatments except for the NT soils, which had 40 % of its total Po in this fraction.

This fraction also accounted for 27 % of total Po in the control (BF), making it the

dominant fraction in both the NT and the control. The NaOH-Po fraction was the

second most abundant after the Ca-Al bound Po. The NaOH-Po fraction has been

reported by several investigators (Daroub et al. 2000; Dobermann et al. 2002;

Lehmann et al. 2005; McDowell and Koopmans 2006) to constitute the dominant

fractions, especially in soils with significant amounts of organic matter contents.

The hot-TCA fraction (nucleic acid-Po and polyphosphate) contributed >5 % of

the total Po with the exception of the MTRP treatments where it was <4 %. Sugar

bound (cold TCA) Po ranged from 2 to 8 % while acid soluble (H2SO4) Po ranged

from 1 to 11 % depending on the treatments. The residual fractions accounted for

2–5 % of the total Po. The ranking of the various Po fractions in all treatments was in

the order: Na-EDTA-Po > NaOH-Po > Ca-EDTA-Po > hot TCA-Po � Residual-

Po � H2SO4-Po � water � cold TCA-Po.

10.5 Mineralization Potentials of Organic

P in Soils Under Cotton Production

Adding specific enzymes with known activities to extracts from a fractionation step

enables researchers characterize various Po forms in the respective extracts.

To estimate the labile Po forms in sequential extracts of soils in the studies reported

in this chapter, each of the extract was treated with phytase from two sources [wheat

(PHW), Aspergillus ficuum (APP)], acid phosphatase from various sources

[wheat germ (WGP), sweet potato (SPP), potato (PP)] and alkaline phosphatase

(ALK P). In the water fraction, wheat phytase (PHW) hydrolysis of Po was higher in

most of the treatments compared to acid phosphatase and alkaline phosphatase

hydrolysis of the water soluble Po; although statistical analysis (means separations)

revealed that the hydrolysis of the water soluble Po by each enzyme within each

treatment was not significantly different at P < 0.05 (Fig. 10.2). More water

soluble Po from the NT and MT treatments were hydrolyzed than from the CT

treatment (Fig. 10.2).

The results reported in this study are consistent with earlier reports (Pant

et al. 1994; Hayes et al. 2000; He and Honeycutt 2001, 2011; He et al. 2004a) and

suggest that phytic acid was the major form of hydrolyzable Po extracted in water.

Surprisingly, Aspergillus ficuum phytase (APP) activity was far lower than that of

PHW in most of the treatments. The low APP activity may suggest this enzyme is

easily inhibited by metal ions (such as Pb, Hg, Cd), degraded or complexed in soils.

Among the acid and alkaline phosphatase, the enzyme hydrolytic potentials were in

the order of WGP > PP > Alk P � SPP. Acid and alkaline phosphatase activities

suggest the hydrolysis of simple liable monoester P compounds (He and Honeycutt

2001; He et al. 2004a). Overall, less than 13 % of the water extractable Po from the
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treatments that received poultry litter was hydrolyzed. Wheat phytase activity was

higher than WGP, PP, and SPP activities in the water and Ca-EDTA extracts, and the

Ca-EDTA fraction showed higher Po concentrations than the water fraction (Data not

shown). The high phytase values in these fractions suggest that phytic acid and other

polyphosphates may be soluble and liable. The APP activity was lower than that of

PHW in all the treatments suggesting that this enzymemay be easily inhibited in soils

or unable to hydrolyze phosphates bond attached to colloidal materials. The WGP,

PP, and SPP activity was similar to each other in the water extracted fraction, with

17–42 % of the Po in the water extracted fraction hydrolyzed compared to 20–53 %

for the phytase and 17–36 % for alkaline phosphatase.

The activities of PHW and WGP far exceeded that of SPP and PP in the

Na-EDTA fraction (Fig. 10.3). The high PHW and WGP activities suggest that

Na-EDTA extracted a range of P compounds that include phytic acid, simple

monoesters, complex diesters, linear polyphosphates, and cyclic polyphosphates.

However, the Na-EDTA extracted Po is considered less available. The hydrolysis of

Po bound to Ca-Al suggests that this fraction may serve as a source of Pi after the

depletion of the more readily available Po. Wheat phytase and WGP hydrolyzed

approximately 50–88 % of the Po extracted in Na-EDTA compared to about

33–61 % for SPP and PP, and 18–53 % by APP.

Wheat germ acid phosphatase hydrolyzed more H2SO4 extracted Po than PHW,

PP, SPP, APP, and ALK (data not shown). Unlike in the Na-EDTA fraction where

PHW hydrolyzed the greatest amounts of Po extracted, the low PHW activity in

the H2SO4 fraction suggests low concentrations of phytic acid and complex
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Fig. 10.2 Enzymes activities on water soluble organic P extracted from soils. Vertical bars
represent the standard deviations of four field replicates. The incubation pH was 5.0 for wheat

phytase (PHW), wheat germ acid phosphatase (WGP), sweet potato acid phosphatase (SPP), and
potato acid phosphatase (PP); pH 2.5 for phytase from Aspergillus ficuum (APP); and pH 10.4 for

alkaline phosphatase (Alk P). Bars with different letters are significant at P < 0.05
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monophosphates and high concentrations of simple monophosphate in this fraction.

Published data by Hayes et al. (2000) showed less than 13 %HCl extractable Po was

hydrolyzed by commercial and purified phytase. In contrast, 40–77 % of H2SO4-

extractable Po in this study was enzymatically hydrolysable (data not shown).

Differences in the acid, enzyme preparation, and incubation techniques used

might have contributed to such differences.

The NaOH-extractable organic P is the Po mostly attached to organic matter and

humic substances. The enzymes hydrolyzed 50–75 % of the NaOH-extractable Po
with the PHW activity being the highest (data not shown). The findings are in

agreement with that of Pant andWarman (2000) and Bishop et al. (1994), but contrary

to those reported by He et al. (2004a) where only 29–49 % of NaOH-extractable Po
was hydrolysable. Among all the fractions, NaOHPowas themost sensitive fraction to

all the enzymes (data not shown) which may suggest that this fraction is the primary

source for plant or microbial available Pi after mineralization (Beck and Sanchez

1994; Zheng et al. 2002). Enzymes hydrolysis of NaOH extracted Po was in the order:

PHW > APP > SPP � WGP � PP > Alk P and statistically different.

10.6 Conclusion

By using NaOH-EDTA extraction and 31P NMR analysis, typical soil P forms

i.e. orthophosphate, pyrophosphate, monoesters including phytate, and diesters

were observed in Alabama Decatur silt loam soils under cotton production.
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at P < 0.05 (Refer to Fig. 12.3 for enzyme abbreviations)
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The bulk of P in these soils was in the inorganic forms. The Po extracted was

mainly orthophosphate monoesters including phytate, with smaller concentrations

of orthophosphate diesters and pyrophosphates. Deoxyribonucleic acid (DNA)

was the major orthophosphates diester (ranged from 1.3 to 2.6 %) suggesting

their resistance to biodegradation than RNA and phospholipids.

Sequential fractionation revealed that soil Pi in these cotton fields was mainly

associated with Fe and Al oxides and is not readily bioavailable in the short run

but may become available under appropriate environmental conditions. Soils

treated with poultry litter showed elevated levels of water soluble, and Fe, and Al

associated Pi compared with the control. The elevated water soluble Pi may be of

environmental concern because of possible runoff with rain water and leaching into

ground water leading to eutrophication of aquatic systems. Irrespective of treat-

ments, the concentrations of Pi extracted followed the order: Ca-EDTA > Na-

EDTA > H2SO4 > NaOH > water > residual. Chemical fractionation revealed

that most soil Po was associated with Al oxide (>40 %) except in the NT and BF

treatments where the bulk of the soil Po was organic matter bound. The NaOH-Po
was the next most abundant, and it has also been used to estimate short and long-

term P availability of P to algae in lake sediments. As expected, water soluble Po
increased after poultry litter applications. The concentrations of Po extracted

followed the order: Na-EDTA > NaOH > Ca-EDTA > hot TCA � Residual �
cold TCA � H2SO4.

The quantity of water soluble Po hydrolyzed by phytase, acid and alkaline

phosphatases were minimal. This may suggest that only low levels of potential

biomineralizable Po occurred in soil solutions. Less than half of the Po in Ca-EDTA

was hydrolysable by the tested enzymes. Wheat phytase and WGP hydrolyzed

50–88 % of Po in Na-EDTA compared to 33–61 % for SPP and PP. Simple

monoester P was the major hydrolysable P in the H2SO4 fraction. Greater than

50 % of Po in NaOH was hydrolysable by the various enzymes, which suggest that

NaOH-extractable Po is liable. Any portion of Po extracted in the fractions that

was not hydrolyzed by the enzymes is considered to be in more complex forms

tightly bound to colloidal materials.

10.7 Future Research

It is reported that poultry litter can serve as a sole nutrient source for cotton

production (Tewolde et al. 2010, 2011). Recently, He et al. (2013) reported that

the K, Mg, and P contents of cotton seed harvested from a Falkner silt loam soil in

Mississippi were higher in plots that received poultry litter compared with synthetic

fertilizer and control treatments. The authors further observed that the contents of P,

Mg, and K were highly correlated (P < 0.01), indicating these three elements were

co-accumulated in cottonseed, probably in the form of the mixture of K/Mg phytate

compounds. The results of our research showed that poultry litter applied to soils

affected many of the soil P fractions. However, this effect is not well understood as
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the content of major Po form, phytate, was not remarkably different between poultry

litter applied soils and controls shown by data in the cotton soil in this work and

other Alabama soils under pasture management (He et al. 2008). Thus, further

research should be focused on poultry litter P supplying potential in soils used for

cotton production and the impact of P supply on mineral contents in cotton seeds,

or vice versa. Such research would shed light on more efficient use of poultry litter

for environmentally-friendly and sustainable cotton productions in Alabama and

other US southern states.
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Chapter 11

Chemistry and Application of Industrial

By-products to Animal Manure for Reducing

Phosphorus Losses to Surface Waters

Chad J. Penn and Joshua M. McGrath

Abstract Several industries produce by-products capable of sorbing phosphorus

(P) that are typically placed in a landfill. These P sorbing materials (PSMs) can

reduce soluble P concentrations when added to animal manure, thereby reducing

the potential for non-point P transport to surface waters after land application of the

manure. Addition of PSMs to manure also provides a beneficial re-use for

the by-product material. This chapter reviews and discusses the use of PSMs as

manure amendments to reduce soluble P concentrations. The by-product PSMs can

generally be separated chemically into two groups: iron/aluminum and calcium/

magnesium. However, the ability of a PSM to reduce manure soluble P concentra-

tions is a function of the chemistry of both the PSM and the receiving manure.

11.1 Phosphorus Transport to Surface Waters

and Animal Waste Management

One of the major challenges facing animal agriculture is the loss of nutrients,

especially phosphorus (P), from manured fields to surface waters. Phosphorus is

typically the most limiting nutrient in surface waters and therefore small inputs

have the potential to cause a water body to become eutrophic. Transport of P to

surface waters can occur by both subsurface movement and overland flow. Animal

manure can potentially become a source of non-point P to surface waters directly or

indirectly. Direct loss of P can occur from rainfall/runoff that interact directly with
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stockpiled or spilled manure (Hively et al. 2005), or recently land applied manure

(Warren et al. 2006; Penn et al. 2004; Withers et al. 2003). Indirect loss of manure

P occurs from soils that have not received a recent manure application, but possess

elevated soil test P concentrations due to historic manure applications (Schroeder

et al. 2004; McDowell et al. 2001).

There are two broad categories of P that is transported in runoff: particulate and

dissolved. Particulate P is P that is sorbed onto the surfaces of minerals and organic

matter, and is therefore transported with eroded sediment or incidental manure

particles. Particulate P transport is mostly controlled through best management

practices (BMPs) that reduce erosion such as no-till agriculture and vegetated buffer

strips (Sharpley and Smith 1991). Dissolved P is simply P that is already dissolved in

solution, which makes it much more difficult to control its transport to surface waters.

The source of dissolved P in runoff can be from recently applied chemical fertilizers

and manure or from soils that are elevated in soil test P concentrations (Penn

et al. 2005, 2006; Schroeder et al. 2004; Gaston et al. 2003; Pote et al. 1999). Certain

BMPs such as vegetated filter strips that can reduce runoff volume can reduce some

dissolved P transport, but the reductions are often minimal (Carlyle and Hill 2001;

Osborne and Kovacic 1993). A study by Deng et al. (2011) examined the effective-

ness of Hippophae rhamnoides (grass) as a vegetative filter strip for reducing

pollutants in runoff. The authors found that while total P (which includes particulate

P) was reduced by more than 70 %, the dissolved P losses actually increased; this

increase was attributed to vegetative biomass at the surface. A big challenge with

regard to dissolved P transport from high P soils is the longevity of P in such soils. In

other words, soils that are elevated in soil test P will remain elevated for many years,

even if all P applications cease. For example, Four years of corn production without

P application decreased Bray-P soil test levels from 265 to 171 mg kg�1 (Eghball

et al. 2003). The authors concluded that it would require 10 years of continuous

drawdown in that soil to achieve a soil test level of 69 mg kg�1. The P lost from high

P testing soils is known as “legacy phosphorus”.

Phosphorus transport from agricultural fields is a function of the landscape’s

hydrologic connectivity to surface waters (transport factors) and the amount and

forms of P in the soils (source factors; Gburek et al. 2000). Transport factors

controlling P loss are typically inherent to a site and more difficult to manage;

whereas, P source characteristics can more easily be controlled by management

decisions. For example, limiting P applications to meet crop needs and not exceed

crop removal rates is an effective strategy to maintain soil P concentrations below

levels of environmental concern. As expected, a mass balance approach where

P additions are restricted to below P crop removal rates best achieves the goal of

managing soil P to control environmental P losses (Daniel et al. 1994). However,

P forms and soil characteristics may be just as critical as actual P concentrations in

controlling source factors related to P loss. Numerous studies have showed that soil

water Extractable P and forms of P added in manures or fertilizers, is strongly

related to runoff dissolved P losses (McGrath et al. 2005; Penn et al. 2005; Vadas

et al. 2005). In addition, when P sources are surface applied, such as is often the

case with manures, the forms of P in the manures dominate P losses from those soils
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(Penn et al. 2004; Warren et al. 2006). If organic sources of P are incorporated by

tillage a combination of manure characteristics and soil chemistry together deter-

mine the amount of P available for loss (Shober and Sims 2007).

11.2 Treatment of Animal Manure with Chemicals

to Reduce Phosphorus Solubility

Due to the importance of soil and manure chemistry in determining the potential for

source contributions to environmental P losses, several soil and manure amendments

have been studied in regard to their ability to sorb (adsorb and precipitate) P. These

materials act to reduce water soluble P concentrations and potential dissolved P losses

in runoff. Direct addition of P sorbing materials (PSMs) that are rich in Fe (FeCl3) or

Al (Al2(SO4)3) are currently used in poultry production to suppress ammonia loss

and have been shown effective at reducing P solubility in the manure and amended

soils and thereby reducing the potential for dissolved P losses in runoff (Smith

et al. 2001, 2004a, b; Shreve et al. 1995; Moore 1999; Moore et al. 2000; Moore

and Edwards 2007; Warren et al. 2006; Kalbasi and Karthikeyan 2004). For example,

Smith et al. (2004a) showed a 60 % reduction in runoff P losses when poultry litter

was treated with aluminum sulfate compared to non-treated litter. The authors noted

that the most important factor in determining P losses in runoff was dissolved

P concentrations in the applied litter. Brennan et al. (2011a) significantly reduced

dissolved P losses in runoff through addition of alum, poly-aluminum chloride

hydroxide, ferric chloride, and calcium hydroxide to dairy slurry, in comparison to

non-treated slurry. The authors also conducted an economic analysis and showed that

alum and ferric chloride were the most cost efficient (i.e. lowest cost per kg

P reduction). With regard to swine manure, Smith et al. (2001) also noted nearly

100 % reductions in manure dissolved P concentrations by amending with aluminum

sulfate and aluminum chloride, which resulted in a decrease in runoff dissolved

P concentrations from 5.5 to less than 1 mg L�1 after surface application. Several

different chemical amendments can clearly decrease dissolved P concentrations in

manure and therefore runoff after materials have been land applied. However, these

studies used commercially produced Fe or Al materials. As an alternative, the use of

industrial byproducts that have a strong affinity for P can reduce P solubility in

manures and therefore decrease environmental losses of P. In addition, the beneficial

reuse of byproducts could reduce the cost of their disposal.

11.3 By-product Phosphorus Sorbing Materials (PSMs)

By-products from several industries are rich in different forms of Fe, Al, Ca, and

Mg that are able to sorb P from solutions, soils, and manures. Such industries

produce by-products from mining, coal-fired power plants, metal casting, oil and
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gas exploration, steel production, drinking water treatment, wall board production,

fertilizer manufacture, and others. In general, one can split PSMs into two different

categories based on P sorption mechanisms; Fe + Al and Ca + Mg based materials.

Table 11.1 provides some examples of several by-products that may serve as a

manure amendment PSM. Several of these materials are pictured in Fig. 11.1.

The Al and Fe rich PSMs often contain these elements in the form of oxides and

hydroxides. Such minerals can strongly adsorb P by ligand exchange directly onto

the surface; depending on the mineralogy and pH, these minerals may precipitate Al

and Fe phosphates. At low pH, precipitation of P with Al and Fe may occur, but as

pH increases, soluble Al and Fe precipitate into oxides and hydroxides that adsorb

P via ligand exchange. On the other hand, PSMs rich in Ca and Mg dominantly

sorb P by precipitation of Ca and Mg phosphates rather than ligand exchange; the

degree of such precipitation generally increases with pH. One of the most important

differences between Al + Fe and Ca + Mg rich materials is that Ca and Mg must

first dissolve from the material (mineral) before they can precipitate P.

Example characteristics, including mineralogy, of several PSMs are shown in

Table 11.2. Leader et al. (2008) characterized several PSM materials and reported

Table 11.1 Examples of several by-product phosphorus sorbing materials (PSMs) that may serve

as manure amendments

By-product PSM

Main P sorbing

elements Studies involving application to manure

Fly-ash Ca, Mg, Al, and Fe;

varies

O’Flynn et al. (2012), Brennan et al. (2011b),

Dao (1999), Dou et al. (2003),

and Dao and Daniel (2002)

Blast furnace slag Ca, Mg, Al, and Fe;

varies

Electric arc furnace slag Ca, Mg, Al, and Fe;

varies

Melter slag Ca, Mg, Al, and Fe;

varies

Bauxite waste (red mud) Ca, Mg, Al, and Fe;

varies

Wang et al. (2011)

Drinking water treatment

residuals (WTRs)

Ca, Mg, Al, and Fe;

varies

Brennan et al. (2011b), Dao et al. (2001),

Codling et al. (2000),

and Gallimore et al. (1999)

Titanium oxide

manufacturing

by-product

Fe and Al Dao et al. (2001), and Codling et al. (2000)

Foundry sand Mg, Fe, and Al

Fe-coated sand Fe

Flue gas desulfurization

(FGD) gypsum

Ca O’Flynn et al. (2012), Brennan et al. (2011b),

and Dou et al. (2003)

Mg fertilizer by-product Mg

Sandblast grit Fe and Al

Acid mine drainage

residuals (AMDRs)

Ca, Al, and Fe; varies Han et al. (2005), Fenton et al. (2009),

and Adler and Sibrell (2003)
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ammonium oxalate extractable Al and Fe, and HCl extractable Ca and Mg.

A P fractionation was also conducted on treated PSMs and showed that materials

rich in Ca and Mg (such as a SuperMag byproduct) were dominated with

HCl-Extractable P, which is indicative of Ca and Mg related phosphates. Similarly,

treated PSMs that were elevated in Fe and Al (ore processing waste, Fe drinking

water treatment residuals, and coated sand) were dominated with NaOH

Extractable P, which is indicative of Fe and Al related P.

Acid mine drainage treatment residuals (AMDRs) have been shown to effec-

tively remove P from solutions. Sibrell et al. (2009) used acid mine drainage

residuals to remove dissolved P from solutions at several contact times and found

that a 5 min or less was sufficient for removal of 60–90 % of solution P. Another

study with AMDR materials showed that when the solid dosing rate was increased

above 1 g L�1 for a 20 mg P L�1 effluent solution, P removal increased above 95 %

(Wei et al. 2008). For both of those studies, the materials were dominated with Fe

and Al, suggesting the P removal was achieved by either ligand with metal oxides/

hydroxides or precipitation with Fe and Al. Other materials enriched with mostly

Ca are likely to remove P via Ca phosphate precipitation. Ugurlu and Salman

(1998) removed >99 % P in batch studies with fly ash. The fly ash used in their

study contained both calcite (Ca carbonate) and gypsum (Ca sulfate), and after

P treatment the samples were found to contain Ca phosphate as identified by X-ray

Fig. 11.1 Pictures of example phosphorus sorbing materials (PSMs) that are industrial

by-products. From top left moving clockwise: fly ash, gypsum, acid mine drainage treatment

residuals (AMDRs), and drinking water treatment residuals (WTRs)
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diffraction. Electric arc furnace (EAF) slag was shown by Drizo et al. (2002) to sorb

1.35 g P kg�1 over 278 days, with most of the P sorption occurring in the Fe, Al, and

Ca fractions of the slag. Cucarella and Renman (2009) compiled a review of several

different PSMs, including their capacity to sorb P directly from solution. The

authors noted that pH and particle size of the PSMs had a great impact on their

ability to remove P from solution.

Penn et al. (2011) investigated the mechanisms of P sorption onto six different

PSMs (Table 11.2) by adding solution P to them and conducting a P fractionation

before and after sequentially desorbing the previously P treated PSM four times

with anion exchange membranes. This analysis also showed what P pools were

most susceptible to desorption. The results illustrated that the capacity and mech-

anism of a PSM to sorb P was not simply a function of the total Ca, Mg, Al, and

Fe. Instead, P sorption was a function of the chemical environment (pH, buffering

capacity, ionic strength, common ion effects), forms (mineralogy) that the P sorbing

elements were in (for example, calcite vs. gypsum), and the “exposure” of the

P sorbing elements to solution (i.e. occluded vs. non-occluded). In regard to

P retention, the results showed the P bound to Fe was more resistant to desorption

compared to Ca and Al-bound P.

In addition to the main P sorbing elements, other properties of the PSMs may

influence potential uses. For example, excessive EC, soluble Na, F, trace metals and

extreme pH buffering could have adverse environmental impacts when applied or

utilized in soil systems or natural waters (Udeigwe et al. 2011). The AMDR2 and

Bauxite residual shown in Table 11.2 both possess elevated soluble Na concentra-

tions resulting from the use of NaOH in producing these materials. Bauxite resid-

uals are known to have excessive pH, Na, and EC; as a result they are typically

diluted with other materials before land application (Summers et al. 1996; Ippolito

et al. 2005). In addition, contaminants such as heavy metals and certain organic

chemicals can also have a negative impact on the environment and the ability of a

soil to grow crops. When compared to EPA limits for biosolids applications (EPA

2009), all materials shown in Table 11.2 would be considered “exceptional quality”

due to low trace metals concentrations (metals concentrations from Penn

et al. 2011). Although total trace metal concentrations are often correlated with

bioavailability, total trace metal concentration does not necessarily provide infor-

mation on bioavailability upon addition to soils or manures. Therefore, caution

should be exercised in use of such materials. Fenton et al. (2009) used an AMDR

material to remove P from dairy effluent and found that several trace metals were

released to solution at levels exceeding drinking water standards. A P-enriched

AMDR material applied to Scottish soils, however, did not introduce trace metals

beyond safe levels (Dobbie et al. 2005). The same author (Dobbie et al. 2009) also

found no detectable trace metals in wastewater that was treated with an AMDR.

Although not measured in this study, coal combustion byproducts such as fly ash

and FGD have been shown to possess some radioactivity due to decay of Ra226,

Ac228, K40, U238, and Th234 (Jala and Goyal 2006; Zielinski and Budahn 1998; Baba

2002). All PSMs should be characterized for environmental safety prior to use in

the field.
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11.4 Use of By-product PSMs for Reducing Soluble

Phosphorus in Manure

As expected, since PSMs rich in Al, Fe, Ca, or Mg can sorb P, application of these

materials to manure can reduce soluble P concentrations in manure-PSM mixtures.

Compared to pure chemicals, less research has been conducted on the use of

by-products for reducing P solubility in animal manures. Table 11.1 lists several

studies in which by-products have been tested for reducing manure soluble

P concentrations. Through application of a drinking water treatment residual (WTR)

and a Fe-rich residual from titanium processing, Codling et al. (2000) was able to

reduce water soluble P concentrations in poultry litter from 13 to 88 % depending on

application rate and incubation time. Dao and Daniel (2002) reported a reduction in

dairy manure dissolved P concentration from 1,164 to 652 mg kg�1 after addition of

10 g kg�1 of fly ash. Similarly, application of fly ash to cattle feedlot manure at a rate

of 100 g kg�1 reduced water soluble P concentrations 85 and 93 % for stockpiled and

composted manure, respectively (Dao 1999). Other studies have shown that AMDRs

can be very effective at reducing P solubility in manure (Fenton et al. 2009; Adler and

Sibrell 2003). Dou et al. (2003) found that aluminum sulfate consistently reduced

soluble P concentrations in swine, dairy, and broiler manure, while flue gas desul-

furization (FGD) gypsum and fly-ash varied in P reductions depending on application

rate and manure type. Results suggested that P sorption was a function of both PSM

chemical characteristics and manure chemistry.

Figure 11.2 shows the change in manure (poultry, swine, and dairy) P solubility

with the application of various by-products.

Table 11.3 provides the equation parameters for the relationship between PSM

application rate and the final water soluble P concentration shown in Fig. 11.2.

Increasing the rate of byproduct added to each manure generally resulted in a

greater amount of P sorbed (Fig. 11.2 and Table 11.3). However, some PSMs

reached their maximum effectiveness at relatively low application rates (Fig. 11.2

and Table 11.3). This approach provides a means of deriving a recommended rate

of addition for a specific PSM for a specific manure type.

11.5 Impact of PSM Additions on Manure Organic

Phosphorus Forms, Stability, and Potential Plant

Availability

The addition of by-products could have a profound impact on the stability of

manure organic P, mainly through the addition of Al and Fe. This is especially

true for phytic acid (inositol hexaphosphoric acid, IP6), which is considered to be

the predominant form of organic P in animal manure (He et al. 2006a). Phytic acid

reacts with metal cations to form metal-phytate compounds, which can have

reduced solubility depending on the metal cation (Dao 2003; He et al. 2006b).
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The six phosphates held onto the ring structure of IP6 can be released to solution,

and therefore available for transport or plant uptake, only after being cleaved by

phytase enzyme (Dao 2004a). Several organic ligands such as oxalate and citrate

can also contribute to the release of P from these metal-phytate compounds (Dao

2004a, b). Organic ligands and phytase enzyme occur naturally in soils as they are

excreted by microorganisms and plant roots. Certain organic ligands that are not

produced in nature, such as EDTA, are extremely effective at contributing to the

release of P from metal-phytate compounds (Dao 2004a).

Dao (2003) found that polyanionic IP6 had a strong affinity for cations and formed

insoluble precipitants with them. Dephosphorylation was increasingly inhibited as

counterion concentration increased the cation: IP6-P mole ratios to 6:6 in the order of

Fe3+, Al3+, and Ca2+ (least). In a study involving the addition of several metal cations

to solution of IP6, Dao (2004a) showed that the dephosphorylation of IP6 is inhibited

as the solution Al and Fe concentration increases. The authors also noted that in

Fig. 11.2 Water soluble

phosphorus (WSP)
concentrations among dairy

(a), swine (b), and poultry

(c) manure samples

amended with P sorbing

materials (PSMs) shown
in Table 11.2, as a function

of PSM amendment rate
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addition to complexation of Al3+ and Fe3+ with P of IP6, amorphous metal hydroxides

can sorb and protect IP6 from enzymatic hydrolysis. Such a reaction would be

especially important through the addition of by-products to manures since many

industrial by-products are rich in Al and Fe oxides/hydroxides. While almost all

IP6-P (90 %) was released by addition of 3-phytase in 30 h, only 50 % was released

when the ratio of IP6-P:Fe was 6:2; less than 3 % was hydrolyzed when the ratio was

increased to 6:6 (He et al. 2006a). A similar effect was observed for Al.

Although not a by-product, Warren et al. (2008) found that aluminum sulfate

application inhibited the hydrolysis of decomposing poultry litter compared to

un-treated litter. Through nuclear magnetic resonance (NMR) spectroscopy and

wet fractionation techniques, the authors showed that while IP6 in un-treated litter

degraded and released P to the water soluble pool, the alum treatment transformed

30 % of the organic P from the HCl to NaOH extractable organic pool and that both

P fractions were more persistent after 93 days of incubation. Note that the NaOH

extractable pool represents the P bound with Al and Fe. After both the alum treated

and un-treated degraded litter samples were amended to soils, the NaOH extractable

organic P pool was found to be recalcitrant after 63 days of incubation. This

suggests that the newly formed Al-IP6 compounds are not only less soluble than

normal IP6 found in poultry manure, but may be less plant available as well.

Little information is available with regard to the plant availability of P from

amended manure samples, and we are not aware of any studies regarding plant P

Table 11.3 Statistical

comparison of the slope

and intercepts obtained from

linear regression of material

amendment rate with soluble

P concentration for each

manure type shown

in Fig. 11.2

Material Slope Intercept R2

Dairy

AMDR1 �118 a 2299 bcd 0.87

AMDR2 �108 a 2309 bcd 0.88

WTRs �109 a 2115 cd 0.88

Fly-ash �29 b 2879 a 0.99

Bauxite residual �12 b 2272 cd 0.23

FGD �30 b 2711 ab 0.62

Swine

AMDR1 �212 ab 3863 bc 0.63

AMDR2 �146 abc 2504 cd 0.55

WTRs �250 a 4375 bc 0.82

Fly-ash �226 a 6291 a 0.99

Bauxite residual �62 bc 5951 ab 0.2

FGD �11 c 1147 d 0.21

Poultry

AMDR1 �168 b 14166 b 0.72

AMDR2 �179 b 15079 b 0.95

WTRs �208 b 14742 b 0.97

Fly-ash 5 c 14931 b 0.006

Bauxite residual �129 b 16311 a 0.68

FGD �516 a 13061 b 0.81

Materials with a different letter indicate a significant difference at

P ¼ 0.05
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availability from by-product PSM treated manures after land application. Although

not a by-product, Warren et al. (2006) found that while alum treatment of poultry

litter appreciably reduced water soluble P concentrations in the litter, land application

to tall fescue did not decrease P uptake or forage production compared to non-treated

litter. Similarly, Moore and Edwards (2007) noted that alum-treated litter land

applied each year since 1995 did not decrease P uptake or forage yield of tall fescue.

11.6 Variation in Efficacy of Manure Soluble

Phosphorus Reductions as a Function

of Manure and PSM Properties

While information onP sorption by PSMs in pure inorganic solutions can provide useful

information in regard to prediction of P removal performancewhen amended tomanure

samples, manure chemistry can have an appreciable impact on the efficacy of PSMs.

For example, although the PSMs shown in Table 11.2 were found to be highly

effective at removing P directly from pure P solutions (Penn et al. 2011) manure type

influenced the effectiveness of certain PSMs to sorb and retain P (Fig. 11.2). For

example, FGD gypsumwas one of the least effectivematerials in sorbing P from dairy

manure, yet it was by far the most effective PSM for poultry manure and was more

effective at lower rates than other PSMs when added to swine manure. In regard to

dairy manure, AMDR1, AMDR2, andWTRwere themost effective at P sorption. For

swinemanure, all materials were relatively effective, with the exception of the bauxite

residual. The FGD gypsum, which sorbs P primarily by forming Ca phosphates

(i.e. HCl extractable), was most effective for poultry manure. Acid mine drainage

residual 1, AMDR2, and WTR, all of which demonstrated moderate degrees of

formation of Ca/Mg phosphates with inorganic P in solution (Penn et al. 2011),

were only somewhat effective in poultry manure when applied at higher rates

(Fig. 11.2). Thus, the sorption of P from manure onto PSMs is a function of the

properties of the PSMs and the P forms of the non-amended manures. The forms of

P in three manure types before (“control”) and after PSM additions are presented in

Fig. 11.3. Swinemanure typically contains an appreciable proportion of water soluble

P (Leytem et al. 2004; Kleinman et al. 2005). The remaining P in the un-amended

swine manure shown in Fig. 11.3 was relatively evenly distributed among the other P

fractions. The dairy manure contained an intermediate amount of water soluble P, but

the Fe/Al bound P dominated the P fractions.

Poultry manure was the driest manure and had the lowest water soluble P concen-

tration; in contrast the Ca/Mg bound P fraction dominated the poultry manure

P fractions. This is due to the large Ca andMg concentrations in poultrymanure derived

from inorganic supplements provided in poultry feed and the favorable pH for Ca/Mg

phosphate formation (Maguire et al. 2004; McGrath et al. 2005). The elevated Ca and

Mg of the poultry manure can also inhibit P solubility in water. A general characteri-

zation of the threemanure samples amendedwith PSMspresented in Figs. 11.2 and 11.3

is shown in Table 11.4.
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Phosphorus forms are dynamic in the manure chemical environment (Fig. 11.3).

From the perspective of water quality protection, the ideal shift would be from the

water Extractable P and NaHCO3 Extractable P (considered weakly bound Ca, Mg,

Fe, and Al related P) fractions into the NaOH extractable (Fe/Al bound P) and HCl

extractable (Ca/Mg bound P) fractions. The NaOH and HCl extractions of the

Hedley fractionation also remove organic P associated with Fe/Al and Ca/Mg

(Turner and Leytem 2004; Warren et al. 2008; Seiter et al. 2008). However, as

previously discussed, such a shift to a less soluble P pool will vary with the

chemistry of the PSM and the manure.

While chemical properties of the PSM-manure mixture will dictate changes in

P solubility, especially pH, one should also consider nitrogen. If the manure

contains appreciable nitrogen in the form of ammonium, then an excessive pH in

the PSM-manure mixture could result in loss of nitrogen through ammonia vola-

tilization. This would decrease the monetary value of the manure since nitrogen is

required in large amounts by growing plants. On the other hand, acidifying

Fig. 11.3 Changes in

phosphorus (P) distribution

for dairy (a), swine (b), and

poultry (c) manure after

addition of 20 g 100 g�1

(20 % by weight) of P

sorbing materials (PSMs) to

manure, shown in Fig. 11.2.

PSM and manure

characteristics are shown

in Tables 11.2 and 11.4,

respectively (*Indicates

a significant decrease

or increase in P form

compared to un-amended

manure (control)
at P ¼ 0.05)
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amendments have been shown to stabilize ammonium-nitrogen thereby preventing

volatilization (Sims and Luka-McCafferty 2002; Moore et al. 2000).

11.6.1 Reducing Manure Phosphorus Solubility
with Calcium-Rich Materials

With regard to Ca-rich PSMs, the effectiveness of PSMs at reducing soluble P

concentrations in manure by Ca phosphate precipitation will be a function of

several manure and PSM characteristics. For manure, this includes P and Ca content

and forms, pH, and pH buffer capacity. For PSMs, factors such as Ca content and

forms, pH, and pH buffer capacity will be influential. For a Ca-rich PSM to be

effective at reducing soluble P concentrations, it must be able to dissolve Ca into

solution and maintain a pH of 7 or above (Stoner et al. 2012; Vohla et al. 2011).

However, as more Ca is released to solution from the PSM, a lower pH will be

required to precipitate Ca phosphate minerals (Lindsay 1979). If the manure-PSM

mixture results in an elevated pH, this could prevent the Ca in the PSM from being

released, depending on the type of Ca minerals present, therefore reducing the PSM

effectiveness. This will be a function of the pH buffer capacity of both materials and

Ca forms in the PSM. Three common Ca bearing minerals found in several PSMs

include the following:

CaCO3 þ 2 Hþ $ Ca2þ þ CO2 gð Þ ð11:1Þ
CaSO4 $ Ca2þ þ SO4

2� ð11:2Þ
CaOþ 2Hþ $ Ca2þ þ H2O ð11:3Þ

The Ca2+ produced from these dissolution reactions can then precipitate with

manure P. Consider the following reaction:

Ca2þ þ H2PO4� þ 2H2O $ CaHPO42H2O solidð Þ þ Hþ ð11:4Þ

These Ca minerals shown in reactions 11.1, 11.2, and 11.3 differ from each other

in regard to solubility, pH buffering capacity, and the impact of pH on their

solubility. CaCO3 minerals are generally less soluble than gypsum at pH 7 and

above, while CaSO4 minerals on the other hand, have minimal impact on increasing

pH compared to CaCO3. The CaO and Ca(OH)2 minerals are highly soluble at

pH levels of 9 and below, which not only release Ca2+ to the solution for precip-

itation of Ca phosphates, but it also maintains an elevated pH that is favorable for

Ca phosphate precipitation. Equation 11.4 illustrates the fact that Ca phosphate

minerals are generally able to form more readily at higher pH compared to low

pH. The notion of increased solution Ca concentrations and pH on precipitation
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of Ca phosphate minerals is shown visually in Fig. 11.4. Although not using manure

as the P source, Johansson (1999) found that Ca-rich PSMs containing Ca in

the form of CaO were more effective at P sorption compared to CaCO3 rich

materials.

For example, Moore and Miller (1994) found that the addition of Ca in the

form of CaO and Ca(OH)2 were successful at decreasing soluble P concentrations

in poultry litter, while CaCO3 and CaMg(CO3)2 additions had little impact.

The difference in effectiveness between the different Ca minerals is due to

the much higher solubility of CaO and Ca(OH)2 compared to CaCO3 and CaMg

(CO3)2 at the pH level of the poultry litter (8.2). However, it should be noted that

the stability of freshly formed Ca phosphates at a pH>8.2 is unknown; it is possible

that P could be slowly released from these Ca phosphate minerals since carbonate

is an effective competitor with phosphate for Ca at this high pH level.

Figures 11.2 and 11.3 provide several illustrations of the importance of manure

and PSM characteristics on reducing manure soluble P concentrations with

Ca-rich PSMs. For amended dairy manure, acid mine drainage residual 1, which

contained calcite (CaCO3), appeared to have sorbed P mainly by reaction with Ca

(HCl extractable; Fig. 11.3), whereas the other Ca rich PSMs (fly ash and FGD

gypsum; Table 11.2) were not as effective at sorbing P with Ca and Mg. This lack

of P sorption by the Ca-rich FGD gypsum and fly ash may be due to differences in

pH buffering; pH of the PSM-amended manures was 6.7, 6.7, and 7.3 for fly ash,

FGD, and AMDR1, respectively. Acid mine drainage residual 1 was able to

supply Ca/Mg to solution and maintain a suitable elevated pH, thereby promoting

greater precipitation of Ca phosphate. Kostura et al. (2005) found a high correla-

tion between acid-neutralizing capacity and P-sorption capacity of Ca-rich PSMs.

Although AMDR materials are typically rich in Al and Fe, they can also contain

significant amounts of Ca in the forms of either CaCO3 or CaSO4, depending on

the source AMD water and the treatment process used to neutralize the AMD. For

example, Adler and Sibrell (2003) created AMDRs by neutralizing AMD with

either NaOH or Ca materials (CaO and Ca(OH)2). They found that AMDRs that

were produced using Ca were more effective at reducing soluble P concentrations

in rainbow trout (Oncorhynchus mykiss) manure.

Similar to dairy manure shown in Figs. 11.2 and 11.3, the Ca rich fly ash did

not sorb P from the swine manure by reaction with Ca/Mg even though the pH of

the mixture (7.7) was sufficient to form Ca/Mg phosphates. This suggests that the
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Ca was either coated with Al minerals or the pH was too high for calcite to

sufficiently dissolve. Dou et al. (2003) also found that in swine manure, fly ash

failed to sorb P into the Ca/Mg-P fraction; instead, P shifted from the water

extractable pool into the NaHCO3 extractable, weakly bound fraction. It should

be emphasized that not all fly ash is the same, and the results described are specific

to that particular sample only. Several authors have shown that fly ash is able to

sorb P by forming Ca-phosphate minerals (Ugurlu and Salman 1998; Stout

et al. 1998).

The results in Figs. 11.2 and 11.3 illustrate the importance of manure P forms on

the mechanism for PSMs to sorb P. For example, all of the PSMs except for the high

rate of bauxite residual were able to sorb high amounts of P from the swine manure

(Fig. 11.2 and Table 11.3). Since much of the swine manure P was water soluble

and the pH was not strongly buffered, both of the two main groups of P sorption

elements (Fe/Al and Ca/Mg) could sorb significant amounts of P (Fig. 11.2). In fact,

results from the swine manure amendments were similar to those of Penn

et al. (2011) where inorganic P was reacted with these PSMs. As expected, the fly

ash, WTR, AMDR1, and AMDR2 sequestered P into the Fe/Al-P fraction (NaOH

extractable; Fig. 11.3). Calcium and Mg-rich materials, FGD gypsum and AMDR1,

sorbed P into the Ca/Mg-P fraction (Fig 11.3).

It is interesting to contrast the effectiveness of the PSMs (Table 11.2) in

different manure types, particularly between poultry litter, and swine and dairy

since the poultry manure sample was dominated by Ca phosphates (HCl extract-

able pool; Fig. 11.3). Although Penn et al. (2011) found that FGD gypsum sorbed

the least amount of P from inorganic solutions, it was the only PSM tested among

Table 11.2 that effectively reduced water Extractable P in poultry manure to

levels that may be expected to reduce P losses in runoff (Fig. 11.2 and Table 11.3).

When amended with FGD gypsum, P shifted from the water extractable fraction

to the Ca/Mg bound P fraction (HCl extractable; Fig. 11.3). Because poultry

manure contained elevated Ca and Mg concentrations compared to the other

manure types (Table 11.4), the other Ca/Mg-rich PSMs (fly ash and AMDR1;

Table 11.2) were probably not able to sorb P by this mechanism due to the

common ion effect and likely a buffered pH near 8 that prevented the dissolution

of calcite. The FGD gypsum was therefore more soluble in the high Ca/Mg

environment of the poultry manure compared to other PSMs and provided

Ca/Mg to solution that reacted with P (gypsum is more soluble than calcite and

its solubility is not as dependent on pH). This is similar to the results of Moore and

Miller (1994), where poultry litter was amended with either CaCO3 (calcite),

CaSO4 (gypsum), CaO, and Ca(OH)2.

Beyond the initial formation of Ca phosphates, Maurer et al. (1999) found that

the Ca phosphates precipitated at a pH below 8 were more soluble than those

formed at a pH above 8. The authors precipitated P from domestic wastewater

through simple manipulation of pH. The more “reversibly” formed Ca phosphates

that formed at pH <8 were hydroxydicalcium phosphate, while hydroxyl apatite

was considered to be less reversible in solubility.
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11.6.2 Reducing Manure Phosphorus Solubility
with Iron and Aluminum-Rich Materials

Phosphorus sorbing materials dominated with Fe and Al typically sorb P by ligand

exchange reactions onto the surface of the metal oxides and hydroxides. While

precipitation of Al and Fe phosphate minerals is possible, it is uncommon at the

typical pH values of most animal manure-PSMmixtures (i.e. near neutral or above).

This is due to the fact that Fe and Al are only in the free cation form (Al3+ and Fe3+)

at relatively acidic pH levels. For example, Peak et al. (2002) showed that alumi-

num sulfate additions to poultry litter precipitated amorphous Al hydroxide min-

erals which were then able to sorb P by ligand exchange.

The effectiveness of Al and Fe-rich PSMs are dependent on pH because Al and

Fe oxides and hydroxides possess variable charges. Specifically, the point of zero

charge (PZC) for most Al and Fe oxides and hydroxides is typically between pH

7 and 9 (Zelazny et al. 1996). Due to the decreasing positive charge with increasing

pH, and also because of increased competition with solution hydroxyls, excessive

pH levels can greatly reduce P sorption by PSMs rich in Al and Fe. For example,

while increased application of a Fe-rich by-product, ferrihydrite, increased the P

sorption capacity of soils, P removal decreased as the pH increased (Rhoton and

Bigham 2005). The authors attributed this to the impact of pH on the variable

charged ferrihydrite mineral. Bowden et al. (2009) used basic oxygen steel slag to

remove P from simulated wastewaters. Although the slag contained 42–44 % CaO

and 27–31 % FeO/Fe2O2, there was little evidence of P removal via Fe sorption

ascertained through XRD, E-SEM, and EDX analysis, which showed only Ca

phosphate minerals. Authors also noted that since P sorption only increased with

increasing pH, P sorption was mostly due to the Ca portion of the slag. This was

likely due to the elevated pH of the slag materials. Similar results were noted by

Claveau-Mallet et al. (2011) in a study that involved sorption of P with an electric

arc furnace steel slag that contained nearly equal amounts of CaO and Fe2O3.

The potential impact of a PSM on the resulting manure-PSM mixture pH is

extremely important with regard to animal manures dominated with P in the form of

Ca phosphate. For the normal pH range (4.5 to 8), Ca phosphates solubility increases

with decrease in pH; however, as pH increases above 8 the solubility increases again

due to increased competition of carbonate with phosphate for Ca (Lindsay 1979).

Figure 11.5 shows a seven-times increase in solution P concentration for a Ca rich

dairy manure when the pH is decreased from 7.4 to 4.5. This illustrates the importance

of the potential impact of PSM pH buffering on soluble P in manure-PSM mixtures.

If the pH of manure is not strongly buffered, then an added PSM will remove P

mainly as a function of the PSM characteristics (i.e. reactive elements and pH). For

example, all of the PSMs except for the high rate of bauxite residual were able to sorb

high amounts of P from the swine manure illustrated in Fig. 11.2 and Table 11.3. Since

much of the swine manure P was water soluble and the pH was not strongly buffered,

both of the two main groups of P sorption elements (Fe/Al and Ca/Mg) could sorb

significant amounts of P (Fig. 11.2). In fact, results from the PSM amended swine

manure were similar to those of Penn et al. (2011) where inorganic P was reacted with
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these PSMs. As expected, the fly ash,WTR, AMDR1, and AMDR2 sequestered P into

the Fe/Al-P fraction (NaOH extractable; Fig. 11.3). Calcium and Mg-rich materials,

FGD and AMDR1, sorbed P into the Ca/Mg-P fraction (HCl extractable; Fig. 11.3).

One exception in Fig. 11.2 was the bauxite residual, which is a good example of how

total Fe and Al alone is not sufficient to determine if a material will be an effective

PSM. Figure 11.3 shows that although bauxite residual contained the highest amount of

total Al and Fe, the swine effluent Fe/Al-P fraction actually decreased with addition of

thematerial, likely due in part to the excessive pH (9.8; Table 11.2). In addition, bauxite

residual may have been less effective at the 20% addition rate due to excessive Na and

ionic strength (Table 11.2; EC ¼ 4.2 mS cm�1), which likely hindered ligand

exchange of P, as observed in all three manure types (Fig. 11.2). Another hypothesis

for the poor P sorbing ability of the bauxite residual is that fluoride (F) contained in the

material may have been released as the material weathered during the reaction period

(i.e. shaking). Although this material was not analyzed for F, previous studies have

shown that bauxite residual typically contains appreciable concentrations of F that may

leachwith additions of rainfall (Summers et al. 1996; Ho et al. 1989). Fluoride released

from weathering minerals during the shaking/reaction process could have prevented P

from sorbing with Fe and Al since F is a more effective competitor for such surfaces.

Previous studies have shown that bauxite residuals can be “pre-washed” to remove

such potential contaminants prior to use (Wang et al. 2011; McConchie et al. 2002).

When a Fe/Al-rich PSM is first added to a manure, it can immediately sorb P by

ligand exchange:

FeOH2
þ0:5 þ H2PO4� $ FeOPO3H2

�0:5 þ H2O ð11:5Þ

In addition, an Fe/Al-rich PSM can also inhibit P release through the stabiliza-

tion of organic phytate as described in a previous section. In Figs. 11.2 and 11.3, the

dairy manure P that sorbed onto WTR, bauxite waste, and AMDR2 was primarily

shifted from the water and NaHCO3 fraction into the Fe/Al-P fraction, as evidenced

by a significant increase in the percent NaOH extractable pool (Fig. 11.3). This is

expected based on the fact that these three materials contained the highest amount

of amorphous Al and Fe, which is considered indicative of the most reactive forms
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of Al and Fe in by-products with regard to P sorption (Penn et al. 2011; Dayton and

Basta 2005; Sakadevan and Bavor 1998). Total Al and Fe may overestimate P

sorption capacity of PSMs not only because of the impact of pH on Al and Fe oxide/

hydroxide effectiveness, but also because such minerals must have exposed surface

area in order to efficiently remove P by ligand exchange reactions.

If a PSM decreases the pH of a manure dominated by Ca phosphate minerals, then

the result can be dissolution of suchminerals, i.e. the reverse of reaction 11.4, which is

demonstrated in Fig. 11.5. If the dissolution ofmanure Ca phosphate minerals exceeds

the P sorption capacity of the added Fe and Al from the PSM, then the result will be an

increase in solution P concentrations; this scenario is illustrated in Fig. 11.6.

Fig. 11.6 Phosphorus (P) pool dynamics with changes in pH (fulcrum) for a hypothetical system

where the initial calcium phosphate (Ca-P) pool is larger than the amount of P-unsaturated

aluminum (Al) and iron (Fe). The direction of the lever pointing downward is indicative of either

net P release or P sorption
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Thus, there is a balance between the size of the Ca phosphate pool, available or

“unsaturated”Al + Fe, and P sorption status as a function of pH. For example, Fig. 11.7

illustrates changes in P solution statuswith acidification in the casewhere the size of the

initially unsaturated Al + Fe pool is larger than the Ca phosphate pool. Penn and

Bryant (2008) acidified a manure-impacted and Ca-P dominated soil to various pH

values down to about 5 and found that with acidification, soil water soluble P (WSP)

initially decreased until about pH 7 and then increased with further acidification.

However, further 2 w of incubation time of the soils with pH <7 allowed dissolved

Ca-P to react with the P unsaturated soil Al and Fe oxides/hydroxides and decrease soil

WSP from 40 to about 15 mg kg�1. Such a scenario is illustrated in Fig. 11.7.

Fig. 11.7 Phosphorus (P) pool dynamics with changes in pH (fulcrum) for a hypothetical system

where the initial P-unsaturated aluminum (Al) and iron (Fe) is larger than the calcium phosphate

(Ca-P) pool. The direction of the lever pointing downward is indicative of either net P release or P

sorption
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Although not a by-product, Fig. 11.8 shows that increased application of alumi-

num sulfate (alum) to a manure-impacted soil initially decreased WSP concentra-

tions until the pH decreased below 4 at an application rate of 50 g kg�1. After the

pH decreased below 4, increased alum application appreciably increased WSP

concentrations as pH continued to decrease. This scenario is illustrated in

Fig. 11.6. Similarly, Moore and Miller (1994) showed that increased application

of alum, ferric chloride, and ferric sulfate initially decreased soluble P concentra-

tions in poultry litter, further applications beyond 20, 40, and 60 g kg�1, respec-

tively, increased soluble P concentrations. Huang and Shenker (2004) also noted the

same phenomenon of Ca phosphate dissolution in biosolids with excessive ferric

sulfate application.

In Fig. 11.2, P sorption by WTR, AMDR1, and AMDR2 in poultry manure is a

result of shifting the water Extractable P into the more stable Fe/Al-P fraction

(NaOH fraction; Fig. 11.3). The ability of Fe and Al to effectively sorb P in poultry

manure has been well documented (Moore and Miller 1994; Sims and Luka-

McCafferty 2002; Staats et al. 2004). However under the pH conditions in this

study, these Fe/Al-rich PSMs did not appreciably reduce water Extractable P to

levels in poultry manure that would be expected to significantly decrease soluble P

losses from surface applied manure in runoff (Fig. 11.2 and Table 11.3). Each of

those materials would likely have sorbed more P if the pH of the PSM-manure

mixture was lower.

The interaction between Fe/Al from added PSMs with manure is somewhat

complicated and contradictory in regard to the impact on P solubility. If the Fe

and Al are soluble, then they can potentially stabilize organic phytate P as discussed

in a previous section. However, if the added Al/Fe are not soluble, as is the most

Fig. 11.8 Changes in water soluble phosphorus (WSP) and pH with application of alum (alumi-

num sulfate) to a manure-impacted soil. The soil properties are presented in Penn and Bryant

(2006)

11 Chemistry and Application of Industrial By-products to Animal Manure. . . 231



probable case considering the pH of most animal manure and by-product PSMs,

then the presence of organic compounds in the manure can decrease P sorption of

the PSM. Another consideration in regard to the use of Fe and Al-rich PSMs is that

organic compounds can potentially block some of the P sorption sites (Ohno and

Crannell 1996; Traina et al. 1986). For example, Pratt et al. (2007) found that a

large portion of the oxide/hydroxide surfaces in wastewater-treated slag sorbed

little P. The authors speculated that this was a result of organic compounds blocking

sorption sites and preventing the release of cations that could precipitate with P.

11.7 Treatment of Manure-Impacted Soils

and Runoff Phosphorus Filters

In addition to direct treatment of animal manure with PSMs prior to land applica-

tion, application of PSMs to soils that have been heavily impacted by excessive

manure applications can also reduce dissolved P losses. In fact, there have been

more studies on the application of by-product PSMs to soils than manure (Penn

et al. 2006; Callahan et al. 2002; Rhoton and Bigham 2005; Stout et al. 1998; Elliott

et al. 2002; Brauer et al. 2005; Ippolito et al. 2003; Torbert et al. 2005; Peters and

Basta 1996). The chemistry of direct application of PSMs to manure-impacted soils

is the same as described in previous sections; however, P solubility is likely to be

controlled by the properties of the soil instead of the applied manure. Elliott

et al. (2002) reduced dissolved P losses in leachate using Ca, Al, and Fe-based

WTRs co-applied with P on bahiagrass. Application of the WTRs reduced

dissolved P losses to less than 3.5 % of the applied P. Penn and Bryant (2006)

conducted a study in which several by-products (fly ash, FGD gypsum, WTRs) and

aluminum sulfate were applied to streamside cattle loafing areas that were

extremely high in soil test P (408–878 mg kg�1 of Mehlich-3 P). Simulated rainfall

was applied before PSM application to determine background runoff P concentra-

tions. Rainfall simulations were conducted 7 and 28 days after PSM application and

incorporation with a simulated cow hoof, and P was measured in the runoff. While

dissolved P reductions at day 7 were significantly different from the pre-application

levels, P concentrations after 28 days were not different from the pre-application

levels. This suggests that for high P soils, direct PSM applications will only reduce

dissolved P losses temporarily.

A potential solution to this problem is the construction of landscape runoff P

removal structures to directly remove P from runoff before it reaches a surface water

body. In this context, the PSMs are physically contained to avoid loss, and water is

channeled directly into the structure containing the PSMs. After the materials

become saturated with P, they can be removed and replace with new materials,

thereby allowing for true P removal (Penn et al. 2007, 2010). Although this new

BMP is still being developed (Stoner et al. 2012), P-removal structures using PSMs
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has been demonstrated to be effective in some situations (Penn et al. 2006, 2012;

Penn and McGrath 2011). A modeling tool is being developed to aid in design of

such structures. A complete economic analysis is currently needed.

11.8 Conclusion and Future Research

By-product PSMs can clearly reduce soluble P concentrations in animal manure if

they are applied at the proper rates and if the chemistry of the manure and PSM are

compatible. Important manure properties include P forms and amounts, pH, pH

buffering capacity, and relevant cations. For the PSM, the most relevant factors are

forms, solubility, and amount of P sorbing elements, pH, pH buffering capacity, and

safety. The maximum benefit of reducing soluble P concentrations in runoff is

realized in surface applications of the PSM-manure mixture with no incorporation.

This is particularly important in no-till agriculture and manure applications made to

pasture and hay fields. With incorporation, the increased contact of soil to manure

immediately reduces soluble P concentrations as manure P is sorbed onto the soil

(Sharpley 2003; Daverede et al. 2003). In such a case, the added benefit of the PSM

to the manure is little. However, a surface manure application with no incorporation

into the soil causes minimal manure to soil contact, and is thereby the worst case

scenario for P loss. In such a scenario, dissolved P losses will be dictated directly by

the manure P solubility (Elliott et al. 2006), and therefore treatment of manure with

PSMs prior to land application will have the most benefit to reducing P losses.

There is a great need for research on the impact of PSM treated manure on crop

growth after the materials have been land applied. To our knowledge, there is not a

single published study on this topic. However, there are several studies that

examined the use of P saturated PSMs as potential fertilizers (Dobbie et al. 2005;

Bird and Drizo 2009; Grubb et al. 2011, 2012). For example, Dobbie et al. (2005)

applied a P saturated AMDR to soils and tested the growth of grass, barley, birch

seedlings, and spruce tree seedlings. The authors concluded that the P saturated

AMDR served as a suitable slow release fertilizer and was as effect as chemical P

fertilizer with regard to biomass production. It is likely that a PSM-manure mixture

will produce similar results when land applied.

Information on the economics of using by-products as manure PSMs is scarce. A

study by O’Flynn et al. (2012) calculated the cost of P reductions in pig slurry using

chemical and by-product amendments and found that fly ash was among the least

expensive materials compared to chemicals such as alum. On the other hand, FGD

gypsum was the most costly material for P reductions. The same group of scientists

also examined the economics of P reductions in dairy slurry (Brennan et al. 2011b).

The authors showed that in the context of dairy slurry, WTRs (dominated with Al)

were the most cost effective materials while FGD gypsum and fly ash were the least

economical.
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Chapter 12

Nutrient Chemistry of Manure

and Manure-Impacted Soils as Influenced

by Application of Bauxite Residue

Jim J. Wang and Lewis A. Gaston

Abstract Adequate management of animal manure and manure-affected soils is

important for sustainable animal production as nutrient runoff from agricultural

fields with long-term application of animal manure has caused great concerns over

its impacts on the environment. This chapter demonstrates the effects of using

bauxite residue, a by-product from the aluminum refinery industry, to modify

nutrient characteristics of animal manure and manure-affected soils. The chapter

begins with an introduction of bauxite residue properties followed with different

aspects of treatment effects including pH, phosphorus (P) chemistry, mobility of

nitrogen (N), organic carbon (OC), trace metals with focus on zinc (Zn), copper

(Cu) and arsenic (As) as well as fecal coliforms in animal manure and manure-

affected soils. Bauxite residue generally improves the nutrient characteristics of

animal manure by suppressing the leaching potential of water-soluble P, NH4-N,

OC, Zn, Cu and As. It also decreases populations of fecal coliform in manure.

The high organic nature of animal manures appears to be able to buffer the

alkalinity contributed from the bauxite residues, preventing a substantial increase

in pH of the treated manures and manure-affected soils although the soil sodium

adsorption ratio (SAR) is elevated. Sorption and transport of phosphate in soil

amended with bauxite residue indicate that bauxite residue can be used as possible

reactive permeable barriers. Seawater neutralized bauxite residues, in general,

exhibit greater retention of P and trace metals than un-neutralized ones. Bauxite

residue addition up to 10 % (w/w) had no effect on the growth of transplanted

switchgrass seedlings. Overall, bauxite residues could be used as a potential

amendment for reducing P and other contaminant leaching in animal manures

and manure-affected soils, and manure-bauxite residue treatment improves

the application of both wastes for beneficial use.
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12.1 Introduction

Animal manure is rich in nutrients and its use as fertilizer amendments helps reduce

the cost of crop production as well as provides waste disposal for the concentrated

animal production industry. Long-term and extensive land application of animal

manures to agricultural fields has, however, caused concerns over the runoff losses

of nutrients such as phosphorus (P) and nitrogen (N) as well as trace elements,

which leads to potential eutrophication and toxicity in nearby watersheds (Sims

1995; Moore et al. 1998; Rostagno and Sosebee 2001; Turner and Rabalais 2003;

Sharpley et al. 2003a). Due to feed additives, besides major nutrient elements such

as N and P, trace metals, especially Cu, Zn and As have been found in animal

manures (Sims and Wolf 1994; Van der Watt et al. 1994; Jackson et al. 2003; Bolan

et al. 2004). Copper and Zn are added to feed to prevent anemia and ensure correct

eggshell deposition and feather growth, respectively, whereas As is added as

roxarsone (3-nitro-4-hydroxyphenylarsonic acid) to control coccidial intestinal

parasites (North and Bell 1998; Bednar et al. 2002). Copper and As are much

more soluble than Zn in animal manures, however, Zn is also present in relatively

high quantity (Jackson et al. 2003).

Various nutrient management plans aiming at reducing land application of animal

manures have been implemented to minimize further risk of nutrient loss into water

bodies (Sharpley et al. 2003b; Weld 2003). On the other hand, efforts have also been

made to change the chemistry of animal manures though pre-treatment before land

application (Moore and Miller 1994; Sims and Wolf 1994). Many of these

pre-treatments are aimed at reducing the mobility of nutrients and immobilization of

contaminants so the benefit of animal manure as nutrient sources can be maximized

(Moore and Miller 1994; Schreve et al. 1995; Dao 1999; Dao et al. 2001; Wang

et al. 2011). Among the pre-treatments, using industrial by-products to reduce nutrient

and contaminant leaching offers an economic advantage over pure chemicals

(Dao et al. 2001; Wang et al. 2011). One of the industrial by-products that has

extensively been used to immobilize both inorganic and organic contaminants is

bauxite residue or red mud from the aluminum refinery industry (Udeigwe

et al. 2009; Wang et al. 2011).

Bauxite residue is a by-product after aluminum is extracted from bauxite ore.

Currently, world-wide annual production of bauxite residues is approximately

90 million Mg and usually there is 0.6–2.0 Mg of bauxite residue generated per Mg

of aluminum produced (Kumar et al. 2006). This waste material has become an

environmental disposal issue for the industry (Menzies et al. 2004). Bauxite residue

has two distinctive characteristics: high pH and rich contents of Fe and Al oxides and

Ca carbonate. For both beneficial use and disposal, various uses of bauxite residue

have been proposed ranging from large volume application as building materials

(Amritphale and Patel 1987; Vincenzo et al. 2000) to specific applications as a

coagulant (Orešcanin et al. 2006) or catalyst (Lamonier et al. 2005), as well as an

adsorbent for anions, metals, and organics for treating wastewater effluents

(Çengeloğlu et al. 2002, 2006; Li et al. 2006; Santona et al. 2006; Gupta
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et al. 2001; Genç-Fuhrman et al. 2004; Vaclavikova et al. 2005; Tor et al. 2006;

Gupta and Ali 2006). Because of bauxite residue’s alkaline nature, the material

was first suggested as a liming material for acid soils (Whittaker et al. 1955).

Application of the bauxite residue to acidic sandy soils increased pasture growth

(Summers et al. 1996a). Bauxite residue was also investigated for possible use in

nutrient retention in upland soils (Peters and Basta 1996) or in coarse soil catchments

of estuaries (Summers et al. 1996b; Summers and Pech 1997). Recently, bauxite

residue was used to immobilize heavy metals in abandoned mine-polluted soils

(Lombi et al. 2002a, b; Brunori et al. 2005a; Friesl et al. 2006). While it may be

feasible to use bauxite residue as an amendment to treat animal manure to enhance its

fertilizer value by increasing nutrient retention, research data in this area are very

limited. In this chapter, we will focus on effects of bauxite residue on some important

processes associated with animal manure and manure-affected soils.

12.2 Properties of Bauxite Residues

Bauxite residue is produced from the Bayer process in which the bauxite ores

are mixed with hot concentrated sodium hydroxide to dissolve aluminum oxide.

The remaining solid residue or red mud (due to its color) from the Bayer process is

separated from the process liquor in a series of thickeners and then pumped to near-

by impounding sites. For low grade bauxite ores, additional processes besides the

Bayer process have been used to extract aluminum. Bauxite residue has an averaged

reported pH range from 10 to 13 and is mainly composed of fine particles with 90 %

<75 μm (Liu et al. 2011). It has a surface area of 13–48 m2 g�1 (Chvedov

et al. 2001) and a cation exchange capacity (CEC) of 40–80 cmol kg�1

(Liu et al. 2007a, b). In addition, bauxite residue has a point of zero charge

(pHpzc) of 8.3, which is close to the pHpzc of Fe2O3, Al2O3, and TiO2 (Atun and

Hisarli 2000). Mineral and chemical composition of bauxite residue varies with the

source and refinery process. In general, bauxite residue contains many residual

minerals from bauxite, such as hematite (Fe2O3), goethite (α-FeOOH), boehmite

(γ-AlOOH), anatase/rutile (TiO2), quartz (SiO2), kaolinite (Al2SiO5(OH)4),

sodalite (Na4Al3Si3O12Cl), calcite (CaCO3), and gibbsite (Al(OH)3) (Wang

et al. 2008, 2011; Liu et al. 2011). Chemical analysis reveals that bauxite residue

contains silica, aluminum, iron, calcium, titanium, sodium as well as an array of

minor constituents, namely: K, Cr, V, Ni, Ba, Cu, Mn, Pb, and Zn (Liu

et al. 2007a, b; Wang et al. 2008, 2011).

Bauxite residue is generally not considered a toxic material although it is

caustic due to residual hydroxides (Wang et al. 2008). Evaluations based on the US

Environmental Protection Agency (EPA) for hazardous waste characteristics:

corrosivity, reactivity, ignitability and extraction procedure (EP) toxicity does not

classify bauxite residue as a hazardous waste as the concentrations of all EP constit-

uents are below the EPA regulatory levels (USEPA 1984). Nonetheless, red mud in

larger quantities still presents an environmental problem due to landfilling and
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possible leaching, leading to the contamination of ground water under severe

conditions (Wang et al. 2008). Raw or impounded bauxite residue is often treated

or activated in order to increase its effectiveness as a sorbent to remove pollutants as

well as minimize potential adverse environmental impacts. Common treatment or

activation includes acidification (Çengeloğlu et al 2006; Huang et al. 2008), seawater

washing and heating (Menzies et al. 2004; Li et al. 2006) or a combination of these

processes (Liu et al. 2011). While acid neutralization removes alkali metals and other

inorganic impurities as well as some organics, the procedure is generally shown to

increase the surface area and pore volume, favoring adsorption (Wang et al. 2008).

On the other hand, heat treatment can decompose unstable compounds and organics

as well as cause particle aggregation or sintering. Seawater treatment can help

neutralize red mud and reduce alkalinity without losing acid neutralization capacity.

The later shifts the dominance of sodium ions to calcium and magnesium in bauxite

residue (Hanahan et al. 2004; Wang et al. 2008). Combined treatment of bauxite

residue using hydrogen peroxide and calcination at 500 �C increases its surface area

to 108 m2 g�1 (Gupta et al. 2001, 2004b; Gupta and Sharma 2002). Bauxite residue

treated with seawater has been found to be environmentally compatible and the

release of trapped metals is low at pHs as low as 5 based on eco-toxicological

evaluations (Brunori et al. 2005b). On the other hand, organic material tends to

ameliorate the adverse effect of bauxite residue on vegetation growth. Bauxite

residue treated with nutrient rich sewage sludge or compost produced from a mixture

of municipal green waste, pine bark and poultry manure has been found to

increase the potential of direct revegetation (Wong and Ho 1994; Jones et al. 2012).

Similarly, nutrient rich and strong buffering characteristics of animal manure and

manure-impacted soils also likely make their interaction with bauxite residue positive

and beneficial.

12.3 Impact on Properties of Manure

and Manure-Affected Soils

12.3.1 Manure, Soil and Bauxite Residue Treatment

Fresh chicken litter from a poultry production farm in Louisiana and cattle manure

from a cattle feedlot farm in Oklahoma were obtained. Manure-affected soils were

collected from three manure-amended sites in the northern part of Louisiana and

were known to have received poultry manure applications for 5–20 years with about

3–8 applications per year. An average annual application rate of approximately

9 Mg ha�1 has been common in this area (Gaston et al. 2003). Collected manure and

soil samples were air dried, and ground to pass through a 2-mm sieve. Bauxite

residues were collected from aluminum producing facilities in Arkansas, Texas,

and Louisiana. The residue wastes include two types, red mud and brown mud.

Red mud is a direct by-product from the Bayer process whereas brown mud is
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produced from red mud after additional leaching and sintering (USEPA 1984).

Selected fresh bauxite residues were treated to lower the pH and/or reduce the

soluble Na level using a modified seawater neutralization approach as described by

McConchie et al. (2002). Selective physical and chemical properties of these

animal manure and bauxite residue samples are shown in Table 12.1. For treat-

ments, bauxite residues were mixed with manure at levels of 0, 11, 22, and 50 %,

whereas they were mixed with manure-affected soils at 0, 2, and 4 % (Udeigwe

et al. 2009; Wang et al. 2011). The 2 % soil treatment corresponds to approximately

40 Mg ha�1 of bauxite application.

12.3.2 pH and Salinity

Bauxite residue-treated manures at 11–50 % had generally much lower pH

values than those of the two bauxite residues, with pHs of the brown mud-treated

manures ranging from 7.2 to 8.2 and red mud-treated manures ranging from 7.0 to

7.5 in their water extracts. These pH ranges were not much different from those of

original chicken litter (pH 7.3) and cattle manure (pH 7.1) as shown in Table 12.1,

indicating that the high organic nature of animal manures was able to buffer

the alkalinity of bauxite residues. This result suggests easy and safe handling of

animal manures directly treated with bauxite residue. The observed pH range of

treated manures also indicated that it was unlikely that the alkalinity of bauxite

residue would cause damage to plants if applied to agricultural fields. Similar pH

ranges were also found in bauxite residue-treated soils influenced by long-term

application of animal manures (Table 12.2). In general, the treatments of original or

seawater neutralized bauxite residues at 2–4 % increased the soil pH by 0.8–1.5

units from those of the original soils, and the impact on soil pH was slightly greater

at the higher bauxite residue rate of 4 %. These results are consistent with those of

others (Friesl et al. 2003; Brunori et al. 2005a).

The bauxite residue amendments did significantly (P < 0.05) increase the soil

electrical conductivity (EC), an indicator of soluble salt concentration. As high as a

twofold increase in EC was observed in the three soils treated with 4 %-seawater

neutralized red mud from two different sites (NORM for site O and NARM for

site A, Table 12.2). In general, the seawater neutralized red muds had more impact

on EC due to their higher soluble salt contents, and in all cases, the increase in soil

EC was less than 0.38 dS m�1. In addition, sodium adsorption ratio (SAR), which

often approximates the degree of dispersion in soil systems, was highly affected

(2- to 5-fold increase) by both 2 % seawater-untreated red mud, ORM (red mud

from site O) and the 4 % NORM amendments, especially the former (Table 12.2).

On the other hand, Ca-dominated brown mud at both 2 and 4 % amendment rates

had little effect on SAR or even decreased the soil SAR. The results suggest that the

source of bauxite residue could make a difference in determining the proper choice

of bauxite residue for treating manure-affected soils. The bauxite residue such as

ORM may require additional treatment for sodium using Ca rich products such as

12 Nutrient Chemistry of Manure and Manure‐Impacted Soils as Influenced. . . 243



T
a
b
le

1
2
.1

C
h
em

ic
al

an
d
p
h
y
si
ca
l
p
ro
p
er
ti
es

o
f
an
im

al
m
an
u
re
,
m
an
u
re
-a
ff
ec
te
d
so
il
s,
an
d
b
au
x
it
e
re
si
d
u
es

a

M
at
er
ia
l

p
H

C
N

P
K

C
a

M
g

N
a

A
l

F
e

T
i

M
n

C
u

Z
n

A
s

%
g
k
g
�
1

m
g
k
g
�1

M
a
n
u
re

C
L

7
.3
1

2
6

3
.3
2

1
6
.4

3
1
.0

1
2
.5

4
.0

1
3
.2

8
.5

4
.0
5

0
.8
8

4
2
1

5
8
0

4
6
5

1
6

C
M

7
.0
5

2
1

2
.0
7

5
.1
8

1
4
.9

1
2
.0

3
.9

5
.0
3

7
.6

3
.7
8

0
.7
9

1
2
0

1
7

1
3
8

3

S
o
il

B
ri
le
y

6
.1
0

3
.3

0
.3
9

3
.1
7

3
.3
3

2
.6
1

0
.9

0
.8
7

1
9

1
2
.7

_
2
1
5

1
0
6

1
7
9

6

D
ar
le
y

7
.0
0

0
.8

0
.1
1

0
.4
6

3
.9
5

0
.4
0

0
.4

0
.7
0

1
1

3
.1
3

_
5
0
0

1
9

2
3

4

S
m
it
h
d
al
e

6
.0
0

1
.9

0
.2
4

1
.7
0

3
.9
3

1
.4
3

0
.4

0
.7
1

1
1

4
.6
6

_
2
6
9

1
1
8

1
2
6

6

R
u
st
o
n
b

6
.1
6

1
.4

_
0
.0
1

0
.0
3

0
.3
3

0
.1

0
.0
1

_
_

_
_

_
_

_

B
a
u
x
it
e
re
si
d
u
e

A
R
M

9
.1
7

1
.2

0
.0
3

2
.3
9

1
.5
2

2
9
.5

1
.1

1
6
.6

5
0

3
1
6

2
7
4

5
,0
3
1

1
1
5

2
5
9

4
4

O
R
M

1
0
.5

0
.7

0
.0
4

0
.4
0

1
.2
3

1
1
.6

0
.4

4
8
.1

8
9

2
2
5

3
6
.0

2
3
9

6
6

1
2

1
1

A
B
M

9
.9
5

2
.9

0
.0
3

0
.8
2

1
.1
2

1
7
9

1
.8

7
.1
3

4
1

9
4
.7

1
5
.2

1
,6
1
0

1
6

4
7

6

A
d
ap
te
d
fr
o
m

U
d
ei
g
w
e
et

al
.
(2
0
0
9
),
W
an
g
et

al
.
(2
0
1
1
)
an
d
u
n
p
u
b
li
sh
ed

d
at
a

a
C
L
ch
ic
k
en

li
tt
er
,
C
M

ca
tt
le

m
an
u
re
,
A
R
M
,
re
d
m
u
d
fr
o
m

si
te

A
,
O
R
M

re
d
m
u
d
fr
o
m

si
te

O
,
A
B
M

b
ro
w
n
m
u
d
fr
o
m

si
te

A
.
A
ll
v
al
u
es

ar
e
av
er
ag
es

o
f
tw
o

re
p
li
ca
te
s
w
it
h
st
an
d
ar
d
er
ro
rs

<
5
%
.
p
H

fo
r
m
an
u
re

an
d
b
au
x
it
e
re
si
d
e
b
as
ed

o
n
1
:3

an
d
1
:1

so
li
d
to

so
lu
ti
o
n
ra
ti
o
,
re
sp
ec
ti
v
el
y
.
T
o
ta
l
C

an
d
N

w
er
e

d
et
er
m
in
ed

b
y
d
ry

co
m
b
u
st
io
n
an
d
th
e
re
st
o
f
th
e
el
em

en
ts
w
er
e
d
et
er
m
in
ed

b
y
d
ig
es
ti
o
n
u
si
n
g
H
F
-H

2
S
O
4
-H

C
lO

4
fo
ll
o
w
ed

b
y
IC
P
-A

E
S
an
al
y
si
s

b
F
o
r
R
u
st
o
n
so
il
,
P
w
as

d
et
er
m
in
ed

b
y
B
ra
y
2
an
d
b
as
es

b
y
1
M

N
H
4
O
A
c
ex
tr
ac
ti
o
n

244 J.J. Wang and L.A. Gaston



T
a
b
le
1
2
.2

E
ff
ec
ts
o
f
v
ar
io
u
s
am

en
d
m
en
ts
o
n
se
le
ct
ed

p
ar
am

et
er
s
o
f
th
re
e
m
an
u
re
-a
ff
ec
te
d
so
il
s.
D
at
a
re
p
re
se
n
t
th
e
m
ea
n
v
al
u
es

w
it
h
th
e
st
an
d
ar
d
er
ro
r
fo
r

ea
ch

g
iv
en

in
p
ar
en
th
es
es

a

S
o
il
tr
ea
tm

en
t

p
H

E
C

S
A
R

T
u
rb
id
it
y

B
O
D
5

d
S
m

�1
N
T
U

m
g
L
�
1

B
ri
le
y

6
.2

(0
.0
3
)d

0
.2
1
(0
.0
0
)e

2
.0
4
(0
.0
0
)c

2
,1
2
7
(2
1
)e

1
9
.9

(1
.9
5
)a

B
ri
le
y
+
2
%
-O

R
M

7
.3

(0
.0
0
)b

0
.3
5
(0
.0
1
)d

5
.7
6
(0
.2
7
)a

4
,2
6
3
(3
6
)b

1
7
.6

(1
.2
0
)a
b

B
ri
le
y
+
2
%
-A

R
M

7
.1

(0
.0
2
)c

0
.3
5
(0
.0
0
)d

1
.5
9
(0
.0
9
)c

2
,5
4
0
(4
)d

1
3
.8

(0
.2
3
)b
cd

B
ri
le
y
+
2
%
-N

O
R
M

7
.1

(0
.0
1
)c

0
.4
4
(0
.0
2
)c

3
.7
6
(0
.1
3
)b

3
,2
5
4
(3
8
)c

1
4
.9

(1
.6
1
)b
c

B
ri
le
y
+
2
%
-N

A
R
M

7
.1

(0
.0
2
)c

0
.4
0
(0
.0
0
)c

1
.6
2
(0
.2
9
)c

2
,1
9
0
(3
6
)e

1
6
.0

(1
.0
1
)a
b
c

B
ri
le
y
+
4
%
-N

O
R
M

7
.3

(0
.0
2
)b

0
.5
9
(0
.0
1
)a

4
.1
5
(0
.1
0
)b

4
,9
3
5
(6
0
)a

1
4
.4

(0
.3
8
)b
c

B
ri
le
y
+
4
%
-N

A
R
M

7
.3

(0
.0
2
)b

0
.4
9
(0
.0
0
)b

1
.6
8
(0
.0
1
)c

2
,7
1
7
(2
3
3
)d

9
.3

(0
.8
6
)d

B
ri
le
y
+
2
%
-A

B
M

7
.3

(0
.0
2
)b

0
.3
5
(0
.0
3
)d

0
.9
7
(0
.3
5
)d

1
,9
3
7
(2
8
)e

1
7
.5

(2
.6
6
)a
b

B
ri
le
y
+
4
%
-A

B
M

7
.5

(0
.0
0
)a

0
.4
0
(0
.0
0
)c

0
.9
8
(0
.0
3
)d

1
,9
0
4
(1
0
4
)e

1
2
.7

(2
.1
0
)c
d

D
ar
le
y

6
.5

(0
.0
3
)f

0
.2
1
(0
.0
0
)f

1
.2
6
(0
.1
0
)d

7
4
4
(1
8
)e

1
4
.2

(0
.0
7
)a

D
ar
le
y
+
2
%
-O

R
M

7
.6

(0
.0
2
)b

0
.3
5
(0
.0
0
)c
d

6
.9
6
(0
.3
5
)a

4
,2
6
5
(2
)a

1
3
.9

(0
.8
2
)a

D
ar
le
y
+
2
%
-A

R
M

7
.3

(0
.0
1
)e

0
.3
5
(0
.0
0
)c
d

1
.7
2
(0
.0
5
)c

1
,8
5
1
(1
5
)c

9
.4

(0
.5
3
)b

D
ar
le
y
+
2
%
-N

O
R
M

7
.4

(0
.0
1
)d

0
.3
8
(0
.0
0
)c

3
.6
0
(0
.1
2
)b

3
,2
1
8
(1
2
2
)b

1
1
.1

(0
.2
6
)a
b

D
ar
le
y
+
2
%
-N

A
R
M

7
.3

(0
.0
1
)d

0
.3
8
(0
.0
0
)c

1
.2
7
(0
.0
6
)d

1
,3
2
0
(1
5
)d

1
1
.5

(0
.2
2
)a
b

D
ar
le
y
+
4
%
-N

O
R
M

7
.5

(0
.0
0
)c

0
.5
5
(0
.0
2
)a

3
.5
5
(0
.0
9
)b

1
,0
7
1
(1
1
4
)d

1
0
.0

(0
.4
5
)b

D
ar
le
y
+
4
%
-N

A
R
M

7
.5

(0
.0
0
)c

0
.4
5
(0
.0
3
)b

1
.6
0
(0
.4
2
)c
d

1
,0
0
1
(2
9
)d
e

9
.2

(2
.2
5
)b

D
ar
le
y
+
2
%
-A

B
M

7
.6

(0
.0
2
)b

0
.3
2
(0
.0
1
)d
e

1
.3
1
(0
.0
4
)c
d

1
,0
8
5
(2
2
4
)d

1
2
.7

(2
.2
5
)a
b

D
ar
le
y
+
4
%
-A

B
M

7
.9

(0
.0
3
)a

0
.3
0
(0
.0
1
)e

1
.4
2
(0
.0
3
)c
d

1
,3
0
1
(1
1
3
)d

9
.0

(1
.0
1
)b

S
m
it
h
d
al
e

6
.0

(0
.0
3
)f

0
.2
1
(0
.0
0
)f

1
.4
4
(0
.0
4
)d

7
0
8
(6
)f

1
7
.8

(1
.7
3
)a

S
m
it
h
d
al
e
+
2
%
-O

R
M

7
.3

(0
.0
3
)b

0
.3
0
(0
.0
4
)d
e

7
.8
3
(0
.0
7
)a

3
,7
9
2
(9
3
)b

1
7
.3

(0
.0
4
)a

S
m
it
h
d
al
e
+
2
%
-A

R
M

7
.0

(0
.0
2
)c

0
.2
6
(0
.0
1
)e

1
.4
0
(0
.1
7
)d

2
,2
5
6
(6
6
)d

1
4
.2

(0
.7
5
)a
b

S
m
it
h
d
al
e
+
2
%
-N

O
R
M

7
.1

(0
.0
4
)d

0
.3
6
(0
.0
1
)c

3
.7
9
(0
.1
2
)c

3
,0
2
1
(1
5
)c

1
4
.7

(0
.9
0
)a
b

(c
o
n
ti
n
u
ed
)

12 Nutrient Chemistry of Manure and Manure‐Impacted Soils as Influenced. . . 245



T
a
b
le

1
2
.2

(c
o
n
ti
n
u
ed
)

S
o
il
tr
ea
tm

en
t

p
H

E
C

S
A
R

T
u
rb
id
it
y

B
O
D
5

d
S
m

�1
N
T
U

m
g
L
�
1

S
m
it
h
d
al
e
+
2
%
-N

A
R
M

7
.1

(0
.0
2
)d

0
.3
2
(0
.0
0
)d

1
.4
4
(0
.0
3
)d

2
,0
9
4
(1
2
)d

1
2
.6

(1
.3
5
)b
c

S
m
it
h
d
al
e
+
4
%
-N

O
R
M

7
.2

(0
.0
2
)c

0
.5
4
(0
.0
0
)a

4
.1
5
(0
.0
3
)b

4
,9
3
8
(1
3
8
)a

7
.9

(1
.1
6
)d
e

S
m
it
h
d
al
e
+
4
%
-N

A
R
M

7
.2

(0
.0
0
)c

0
.4
5
(0
.0
0
)b

1
.4
3
(0
.0
7
)d

1
,1
8
2
(2
1
)e

1
0
.4

(2
.0
3
)d
c

S
m
it
h
d
al
e
+
2
%
-A

B
M

7
.2

(0
.0
0
)c

0
.3
1
(0
.0
1
)d

0
.5
2
(0
.1
2
)e

1
,0
2
9
(9
)e

1
4
.3

(0
.8
6
)a
b

S
m
it
h
d
al
e
+
4
%
-A

B
M

7
.5

(0
.0
0
)a

0
.3
3
(0
.0
1
)c
d

0
.7
5
(0
.1
0
)e

1
,1
8
4
(7
7
)e

4
.9

(0
.1
1
)e

A
d
ap
te
d
fr
o
m

U
d
ei
g
w
e
et

al
.
(2
0
0
9
)

a
A
R
M

si
te

A
re
d
m
u
d
,
N
A
R
M

n
eu
tr
al
iz
ed

si
te

A
re
d
m
u
d
,
O
R
M

si
te

O
re
d
m
u
d
,
N
O
R
M

n
eu
tr
al
iz
ed

si
te

O
re
d
m
u
d
,
A
B
M

si
te

A
b
ro
w
n
m
u
d
,
E
C
el
ec
tr
ic
al

co
n
d
u
ct
iv
it
y
,
S
A
R
so
d
iu
m

ad
so
rp
ti
o
n
ra
ti
o
,
B
O
D
5
fi
v
e-
d
ay

b
io
ch
em

ic
al

o
x
y
g
en

d
em

an
d
.
M
ea
n
v
al
u
es

in
a
co
lu
m
n
(w

it
h
in

a
so
il
)
w
it
h
th
e
sa
m
e
lo
w
er
ca
se

le
tt
er

ar
e
n
o
t
st
at
is
ti
ca
ll
y
d
if
fe
re
n
t
at

α
¼

0
.0
5

246 J.J. Wang and L.A. Gaston



gypsum and its direct use as amendment for manure-affected soils, even though

the observed SAR impacts are still within tolerable ranges of soils for agricultural

production. Among all the bauxite residue amendments evaluated, the 2 and

4 %-ABM (brown mud from site A) would tend to have the least impact on SAR

and turbidity of runoff water from these manured soils (Table 12.2).

12.3.3 Impact on Phosphorus Chemistry

12.3.3.1 Leaching Characteristics of Phosphorus

from Manure and Manure-Affected Soils

Bauxite residue treatment reduces water extractable P from manure, an indicator of

P loss potential from leaching and runoff. As shown in Fig. 12.1, both red mud and

brown mud-treated chicken litter and cattle manure showed lower P in successive

water extractions than untreated manure. The higher the percentage of bauxite

residue treatment, the lower the water-soluble P extracted from the manures.

At the same treatment rates, greater water-soluble P reduction was observed in

the cattle manure compared to chicken litter (Fig. 12.1b, d vs. Fig. 12.1a, c), which

was likely due to the large difference in total P content between the two manures.

Fig. 12.1 Effect of bauxite residue on successive extractions of water-soluble P from animal

manures: (a) Chicken litter with red mud; (b) Cattle manure with red mud; (c) Chicken litter with

brown mud; and (d) Cattle manure with brown mud. All experimental data points are averages of

two replicates with standard errors <5 % (Adapted from Wang et al. 2011)
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Total P in the chicken litter was three times of that in cattle manure (Table 12.1).

At same 22 % treatment rate, brown mud reduced water-extractable P by 40 and

70 % relative to untreated chicken litter and cattle manure as opposed to 27

and 55 % by red mud, respectively, during five successive extractions (Fig. 12.1c, d

vs. Fig. 12.1a, b). The latter indicates that brown mud is more effective than red

mud in immobilizing water-soluble P of animal manures. The higher reduction in

soluble P by brown mud is likely the result of higher sorption capacity of brown

mud than red mud (Wang et al. 2011).

The slightly higher pH of brown mud-treated manures likely reflects the strong

role of Ca or CaCO3 in retaining soluble P, as P is known to be strongly adsorbed to

CaCO3 or precipitated as secondary Ca-P compounds at neutral to alkaline pH

(Lindsay 1979; Amer et al. 1985). On the other hand, P sorption by Fe oxides was

also shown to play an important role in P retention in alkaline and calcareous soil

conditions (Ryan et al. 1985; Harrell and Wang 2006). Iron oxide-dominated red

mud at treatment rates of 11, 22, and 50 % corresponded to total Fe/P molar ratios of

1.4, 3.0, and 9.5 in the chicken litter treatment and 4.3, 8.8, and 23.5 in the cattle

manure treatments, which were greater than the minimum Fe/P molar ratio of

1 required for optimal P removal from aqueous solution by Fe/Al oxides-dominated

mechanisms (Ulmgren 1975; Hsu 1976). For Ca-dominated brown mud, the same

treatment rates yielded a total Ca/P ratio of 0.8, 1.0, and 2.0 in the chicken litter

treatments and 2.3, 3.0, and 5.8 in the cattle manure treatments, respectively.

Because precipitation of P as Ca-P minerals generally occurs with Ca/P molar

ratios >1.3 (Koopmans et al. 2007), this suggests that the highest brown mud

treatment rate of 50 % with this chicken litter and all three treatment rates of cattle

manure had the Ca/P molar ratios that likely facilitated the precipitations as Ca-P

minerals. At 50 % mixing, brown mud and red mud reduced water-soluble P by

78 and 73 % in chicken litter and by 91 and 90 % in cattle manure, respectively

(Fig. 12.1). The greater increase in Al/Fe to P ratio or Ca to P ratio as a result of

red or brown mud amendment likely explains the stronger treatment effect of

bauxite residues on the cattle manure than on the poultry litter. Red mud and

brown mud were found to adsorb 75 and 99 % of added initial P at 100 mg L�1

(adsorption capacities of 700 and 910 mg P kg�1) even at a solution pH of 8.98 and

9.58, respectively.

Bauxite residue amendments also significantly (P < 0.05) reduced the water-

soluble P by 58–95 % in three manure-affected soils (Fig. 12.2). It is interesting to

note that red mud, ARM, showed higher reduction in soil soluble P than brown

mud, ABM, a result that was different than that observed in bauxite residue-treated

manures as discussed previously. This was likely due to generally slightly lower pH

values observed in these brown mud-treated manure-impacted soils than those

brown mud-treated manures as well as a difference due to the integrated effects

of soils and manures. A slight decrease in pH significantly reduces affinity of Ca

and CaCO3 reacting with phosphates. In addition, these soils contain much less Ca

and Mg than manures. The fact that the Fe/Al-dominated ARM reduced soluble P

more than the Ca-dominated ABM in the manure-affected soils at pH 7.0–7.3

suggests that Fe/Al-oxides likely play a significant role in retaining P under neutral

248 J.J. Wang and L.A. Gaston



or alkaline conditions. A similar result has been reported for calcareous soils

(Harrell and Wang 2006). On the other hand, the neutralized red muds (NARM

and NORM) at 2 % application rate yielded the largest reduction (�82 %) of

water-soluble P, which was 12 % more than the raw red muds (ARM and ORM).

In addition, increasing the application rate from 2 to 4 % had no additional effect on

soluble P reduction. This suggests that 2 % (40 Mg ha�1) field application is

adequate when neutralized red mud or brown mud residues are used for reducing

P runoff from P-rich soils. This finding is significant as a high rate of field

Fig. 12.2 Effects of various bauxite residue amendments and application rates on water-

Extractable P of three manure-impacted soils: (a) Briley, (b) Darley, and (c) Smithdale. Within

a soil, bars with the same lowercase letter are not statistically different (Fisher’s LSD, α ¼ 0.05)

(Adapted from Udeigwe et al. 2009)
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application of bauxite residues could cause adverse impacts on soil quality

(Lombi et al. 2002a; Friesl et al. 2003) and increase operational costs.

Previous research has shown that, compared to other low-cost adsorbents,

bauxite residue is effective at a wide pH range and at high phosphate concentrations

(Wang et al. 2008; Liu et al. 2011). In general, about 80–90 % added P at an initial

concentration of 30–100 mg/L can be sorbed. All ortho-, inorganic condensed, and

organic phosphates are adsorbed by bauxite residue with the optimum efficiencies of

the three phosphate types under slightly acidic conditions (Altundogan et al. 2002;

Liu et al. 2011). Adsorption of phosphate on oxide surfaces of red mud is through a

ligand exchange mechanism which involves exchange of an aqueous ligand for a

surface hydroxyl group. This process leads to the formation of an inner sphere

complex that involves coulombic interaction (Pradhan et al. 1998; Altundogan

et al. 2002; Li et al. 2006). Clearly, as demonstrated by the results in Figs. 12.1 and

12.2, animal manure treated with bauxite residue will increase its P retention value

whereas manure-affected soils treated with bauxite residue will reduce the potential

of P loss through leaching and surface runoff.

12.3.3.2 Sorption and Transport of Phosphate

in Red Mud Amended Soil

Besides loss of P to surface waters in runoff, lateral subsurface flow to seep areas

may be an important route for P loading depending on depth to the restrictive

subsurface horizon and its hydraulic conductivity (Walthall and Nolfe 1998; Buda

et al. 2012). Red mud (Duchesne and Doye 2005; Coruh and Ergun 2010) and

neutralized red mud (Munro et al. 2004; Lapointe et al. 2006; Zijlstra et al. 2010)

have been examined as possible reactive permeable barriers to treat acidic mine

drainage and sorb dissolved metals. Red mud mixed with soil down to a restrictive

soil horizon would be an analogous design for trapping dissolved P where lateral

subsurface flow substantially contributes to P loads in surface water.

We examined sorption of P from KH2PO4 in untreated red mud mixed with

Ruston soil at different ratios and examined the applicability of batch sorption

data for describing phosphate transport in these media (characterization data given

in Table 12.1). Sorption was determined using a solid to solution ratio of 1:5, a

range of input concentrations from 0 to 200 mg L�1, and 24 h shaking. Change in

sorbed phosphate concentration (ΔS, mg kg�1) was calculated by change in solu-

tion concentration, and modeled by an adaptation of the Langmuir equation, ΔS +

S0 ¼ kSMaxC/(1 + kC), where S0 is initially sorbed phosphate (mg kg�1), C is

solution concentration (mg L�1), and the parameters k (L mg�1) and SMax

(mg kg�1) are, respectively, an affinity parameter and apparent sorption maximum.

Both the Langmuir and Freundlich, S ¼ KFC
N (where KF and N are fitted

parameters), models have been used to describe phosphate sorption onto red mud

where neither a clear sorption maximum was approached nor sorption evidently

continued to increase with increasing solution concentration (Li et al. 2006; Liu

et al. 2007a, b). However, phosphate sorption onto Ruston soil approached a
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maximum, so that the Langmuir would be the appropriate model (Fig. 12.3).

Although there was no clear approach to maximum sorption in the 1:1 mixture,

for consistency the best-fit Langmuir model is shown (Fig. 12.3). While replacing

half the mass of soil with red mud increased sorption about threefold compared to

the soil alone, maximum sorption was much less than might be expected based on

the mass of red mud present. For example, Li et al. (2006) and Liu et al. (2007a, b)

calculated sorption maxima of 100 g kg�1, and Penn et al. (2011) obtained a

maximum of 25 g kg�1. In sorption studies that showed no maximum (i.e., where

the Freundlich model was applicable) similarly large values for phosphate sorption

were obtained for the highest solution concentrations (Wang et al. 2011).

Variable results for phosphate sorption likely reflect differences in chemical

composition and physical properties among red mud sources. However, differences

in experimental methodologies further complicate comparison among results

(Cucarella and Renman 2009). The latter include wide discrepancies in ratios of

red mud to solution used in batch sorption studies, and Cucarella and Renman

(2009) noted a general trend of increasing P sorption capacity with decreasing mass

to solution ratio. Our results are consistent with this trend, since a 1:5 ratio was

used, whereas Penn et al. (2011) used a 1:15 ratio, and Li et al. (2006) and Liu

et al. (2007a, b) used a 1:200 ratio. Since phosphate sorption increases with

decreasing pH (Huang et al. 2008), the effect of solid to solution ratio may reflect

differences in pH due to dilution of the sorbent. Particulate dispersion may also

increase with dilution, increasing the surface area for sorption (van Beinum

et al. 2005). Studies on the kinetics of phosphate sorption on red mud would

seem to support the latter. Whereas Li et al. (2006), Liu et al. (2007a, b) and

Huang et al. (2008) found no change in sorption after �6 h contact when using

solid to solution ratios from 1:125 to 1:2,500, López et al. (1998) found increasing

sorption up to 48 h with a 1:25 ratio. Time-dependent changes in pH may also be

involved (Snars and Gilkes 2009). Despite lower sorption, a 1:5 solid to solution

ratio more closely matches field conditions than wider ratios, giving data more

applicable to the field (Cucarella and Renman 2009). Moreover, the low sorption
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maxima were not necessarily outliers. The Freundlich model of Wang et al. (2011)

gives sorbed concentrations (about 1 g kg�1) similar to our data for the solution

concentrations we used.

Use of sorption data to describe the mobility of phosphate through columns of

Ruston soil or 1:1 soil and red mud was next examined. After saturation with

prepared native soil solution, a pulse of phosphate (100 mg L�1) and Br

(100 mg L�1) was applied, then eluted with soil solution at steady-state flow.

The convective-dispersive equation (CDE; e.g., López et al. 1998), with flux

boundary conditions and assumed uniform initial concentrations was used to describe

Br tracer and phosphate elution. The dispersion coefficient was determined by fitting

the CDE to the Br elution data using a least-squares method (van Genuchten 1981).

The CDE was expressed in implicit finite difference form, and elution of phosphate

was predicted assuming that Langmuir equilibrium sorption/desorption was

applicable.

Figure 12.4 compares elution of phosphate pulses from columns of the Ruston soil

and the 1:1 mixture. Elution of phosphate from the mixed medium was delayed and

reached a much lower maximum concentration compared to phosphate elution from

the Ruston soil alone. Whereas nearly 40 % of the phosphate added to the Ruston soil

was eluted, only about 4 % was eluted from the mixture. Within an overall mass

balance error of about 2%, addition of redmud to the Ruston soil increased phosphate

retention from 60 to 96 %. Thus, red mud effectively trapped phosphate. However,

simulations assuming equilibrium sorption (Langmuir parameters given in Fig. 12.3)

did not describe phosphatemobility in either the Ruston soil or themixture (Fig. 12.4).

Measured phosphate elution was earlier or much less concentrated than predicted.

Since the Br data did not indicate physical non-equilibrium (van Genuchten and

Wierenga 1976) in either medium, discrepancies between experimental and modeled

data suggest that sorption/desorption was likely time-dependent. While numerous

studies on P transport in soil (e.g., early work by Mansell et al. (1977)) have shown

that slowly reversible sorption affects P transport, it did not seem unreasonable to
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describe phosphate transport in the mixed medium assuming chemical equilibrium

because sorption should be dominated by the redmud, for which the kinetics are either

fast (Li et al. 2006; Liu et al. 2007a, b; Huang et al. 2008) or rapid sorption/desorption

comprises the major fraction of total sorption (López et al. 1998). Furthermore, López

et al. (1998) were able to approximately describe phosphate transport through a small

column of red mud assuming equilibrium sorption. On the other hand, López

et al. (1998) obtained approximately steady effluent concentration of phosphate that

was only about 70 % of the input concentration, while predicted concentration

continued to increase. Thus, their results may reflect slow sorption kinetics at a large

solid to solution ratio (column), similar to our data.

12.3.4 Impact on Nitrogen Retention

As bauxite residue has generally high pH values, there is a concern over the loss of

N from animal manure through NH3 volatilization. The pH of the manure solution

is often the main variable that regulates the equilibrium between NH4
+ ions and

NH3 gas. Aerobic and alkaline conditions are noted to enhance NH3 volatilization

of manure N and could lead to as much as 9–44 % of N volatilized as NH3

(Kirchmann and Witter 1989). Therefore, the effect of bauxite residues on NH3

volatilization was tested by mixing with chicken litter at 10 and 30 % moisture

contents, common conditions of chicken litter. In general, it was found that bauxite

residue-treated chicken litter actually had slightly lower NH3 release at both 10 and

30 % moisture contents than untreated chicken litter but the difference was not

statistically significant (P > 0.05) (Wang et al. 2011). This result was likely due to

the limited increase in pH as a result of bauxite residue treatment (Table 12.2).

The latter could be attributed to the strong buffering ability of organic matter in

poultry litter as discussed earlier. In addition, the large surface areas of bauxite

residues could also play a role in retaining NH3 from being evolved. In addition,

bauxite residue-treated chicken litter showed lower runoff loss of NH4
+ than

alum-treated and untreated chicken litter when it was surface-applied to a pasture

field (Fig. 12.5). This result is interesting as alum has extensively been used for

reducing NH3 volatilization in poultry houses and reducing P loss from surface

runoff of animal manure-affected soil (Moore et al. 1995). This result could suggest

that alum may have a weak role in retaining NH4
+ when alum-treated manure is

applied to the field. There are currently no data available on the role of bauxite

residue on NO3-N in manure. Nonetheless, earlier studies showed that sand treated

with red mud was able to remove 30–74 % of the NO3
� from primary and

secondary sewage effluents depending on the quantity of bauxite residue treatments

(Ho et al. 1992). Adsorption of NO3
� by red mud followed Langmuir and

Freundlich isotherms (Çengeloğlu et al. 2006).
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12.3.5 Impact on Dissolved Organic Carbon and BOD

Runoff loss of dissolved organic carbon (DOC), in addition to N and P, is a major

concern with respect to increased biological oxygen demand (BOD) in affected water

bodies, an effect which has not been adequately investigated. Bauxite residue amend-

ments in general also reduce the DOC lost from manure. As shown in Fig. 12.6, both

red mud and brown mud significantly (P < 0.05) reduced the water-extractable

(dissolved) organic C by 10–40 % in three manure-affected soils. Both Al and Fe

are known to bind readily with organic matter through surface complexation. Strong

correlations (R2 � 0.72) were found between soil extractable Al/Fe and OM (Ross

and Bartlett 1996; Darke and Walbridge 2000). These Al/Fe-OM complexes would

likely lead to the reduction of the DOC concentration in these treated soils.

The seawater neutralization significantly enhanced soluble C retention by ORM

(red mud from the site O) which contained higher soluble sodium, but not by

ARM, which had relatively little sodium (Udeigwe et al. 2009). In addition, the

4 % application rate offered little improvement over the 2 % application rate of the

respective amendment, suggesting that the 2 % application rate of the neutralized

red mud was likely adequate for reducing the release of DOC from these manure-

amended soils. The effects of the bauxite residue amendments on DOC were also

consistent with their effects on five-day biochemical oxygen demand (BOD5)

conducted on the extract of the 1:10 solid (soil and amendment)-water mixture

(Table 12.2). Five-day BOD has often been used as a measure of the organic

biodegradable materials present in a water system (Sawyer et al. 2002). Previous

research has shown different degrees of relationships between BOD5 and organic

carbon in surface water and wastewater (Constable and Edward 1979). Nonetheless,

this BOD5 analysis revealed that the bauxite residue amendments decreased

the resulting BOD5, particularly with the neutralized red mud and 4 %-ABM

amendments (Table 12.2).

Previous studies have also shown that bauxite residues, especially acid treated

ones, can adsorb organic dye such as basic dye, methylene blue, as well as phenol
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and chlorophenol compounds such as 2-chlorophenol, 4-chlorophenol, and

2,4-dichlorophenol from wastewater. The results showed that 2,4-dichlorophenol

and 4-chlorophenol were sorbed by red mud up to 94–97 %, while the removal of

2-chlorophenol and phenol was up to 50–81 % (Gupta et al. 2004a; Tor et al. 2006;

Liu et al. 2011). Although not as effective as the impact on soluble P reduction, the

results shown in Fig. 12.6 indicate that these Fe, Al, and Ca-dominated bauxite

residues could reduce the leaching and runoff losses of soluble organic C.

Fig. 12.6 Effects of various bauxite residue amendments and application rates on water-

Extractable C of three manure-impacted soils: (a) Briley, (b) Darley, and (c) Smithdale. Within

a soil, bars with the same lowercase letter are not statistically different (Fisher’s LSD, α ¼ 0.05)

(Adapted from Udeigwe et al. 2009)
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12.3.6 Impact on Metal Mobility

Treating with bauxite residue also enhanced the reduction of the water soluble

fraction of Zn, Cu and As in chicken litter (Fig. 12.7). Red mud showed slightly

higher reductions of extractable Zn and Cu than brown mud, especially at treatment

rates of 11 and 22 % (Fig. 12.7a, b vs. Fig. 12.7d, e). This was likely due to the

stronger adsorption of these two metal ions by the relatively large presence of Fe/Al

oxide surfaces in red mud at pH >7.0. High pH could also promote more precipi-

tation as metal hydroxides. There was no significant difference in water-soluble As

reduction between the red mud and brown mud across three different levels of

mixings (Fig. 12.7c vs. 12.7f). In all cases, the highest reduction in water-soluble

metals in chicken litter was achieved at 50 % bauxite residue treatment with

reductions of 60–70 % for Zn, 64–65 % for Cu, and 55–60 % for As. Similar

reductions in these water-soluble fractions of these metals were also observed with

bauxite residue-treated cattle manure (Wang et al. 2011). Among these three major

metals often found in animal wastes, Zn is often less soluble whereas Cu and As can

be very soluble (Jackson et al. 2003). The results of successive extractions shown in

0

50

100

150

200

250

300

0 1 2 3 4 5 6

0

2

4

6

8

10

0 1 2 3 4 5 6

Number of sucessive extractions

0

20

40

60

80

100

0 1 2 3 4 5 6

W
at

er
-s

ol
ub

le
 Z

n
(m

g 
kg

-1
)

W
at

er
-s

ol
ub

le
 C

u
(m

g 
kg

-1
)

W
at

er
-s

ol
ub

le
 A

s
(m

g 
kg

-1
)

a

b

c

d

e

f

0% ARM
11% ARM
22% ARM
50% ARM
100% ARM

0

20

40

60

80

100

0 1 2 3 4 5 6

0% ABM
11% ABM
22% ABM
50% ABM
100% ABM

Brown mud

0

50

100

150

200

250

300

0 1 2 3 4 5 6

0

2

4

6

8

10

0 1 2 3 4 5 6

Number of sucessive extractions

Red mud

Fig. 12.7 Water extractable Zn, Cu and As from chicken litter treated with red mud (a–c) and

brown mud (d–f). The y-axis is expressed as per kilogram of dry matter of chicken litter or cattle

manure. All experimental data points are averages of two replicates with standard errors < 5 %

(Adapted from Wang et al. 2011)

256 J.J. Wang and L.A. Gaston



Fig. 12.7 also indicate that 82 % As and 61 % Cu in chicken litter were soluble

while approximately 23 % of Zn in both chicken litter and cattle manure was

soluble. Nonetheless, bauxite residue treatment shows clear benefits of reducing

the leaching risk of potentially toxic metals associated with animal manure.

Bauxite amendment of manure-affected soils also exhibits immobilization of Zn

and Cu (Udeigwe et al. 2009). As shown in Fig. 12.8, the amendments exhibited

significant (P < 0.05) reduction on both of the extractable metals in all three soils.

Overall, the amendments reduced the water-extractable Cu by 2–98 %, and Zn by

10–90 %. At 2 % application rate, ARM (red mud from site A) was the most

effective in reducing water-extractable Cu and Zn compared to ORM and ABM.

In all cases, the site O red mud, ORM, was the least effective in reducing soluble

metal release, especially Cu, likely due to its high background Cu concentration

(Udeigwe et al. 2009). The seawater neutralized red muds, particularly the NORM,

enhanced the reduction of water-extractable Cu release (Fig. 12.8), but had little

improvement over the fresh ones in water-extractable Zn reduction, likely sugge-

sting different mechanisms for retaining these two metals. As discussed earlier, the

neutralization process increased the divalent cations, Mg and Ca, which could in

turn enhance the binding between clay (or metal oxide) and organic matter (OM).

Since Cu in manured soils is likely complexed by organic matter (Del Castilho

et al. 1993; Han et al. 2000), the enhanced clay-OM binding by Mg and Ca could

then increase soluble Cu retention, reducing its solubility and potential losses.

On the other hand, Zn in the manured soils is likely in the exchangeable and

precipitated forms (Han et al. 2000; Stietiya and Wang 2011) and would be less

likely subjected to the effect of increased clay-OM binding caused by the neutral-

ization of the red muds. In addition, increasing the application rate from 2 to 4 %

increased the reduction of water-extractable Cu but had little or no impact on the

reduction of water-extractable Zn for all the bauxite residue amendments.

This result was consistent with generally stronger affinity of Fe/Al oxides for Cu

than for Zn (Stietiya and Wang 2011).

Previous studies have also used bauxite residues to remediate metal-contaminated

soils at mining sites and found that bauxite residues significantly reduce the metal

concentrations in the soil pore water and shift metals from the exchangeable or

“labile” form to the Fe-oxide fraction (Lombi et al. 2002a, b, 2004; Friesl

et al. 2003; Garau et al. 2007). The chemisorption and decreasing acid extractability

of metals were the main mechanisms for the shift (Lombi et al. 2002b). Application

of 2 % red mud (w/w) in two contaminated soils decreased the uptake of Cd, Zn, Cu

and Ni by oilseed rape, peas, wheat and lettuce (Lombi et al. 2002a). Field extractable

fractions of Cd, Pb, and Zn were reduced by up to 96 %, 99 %, and 99 %,

respectively, in bauxite residue-amended soils (Friesl et al. 2006).

12.3.7 Impact on Fecal Coliforms

While animal manures have indisputable nutritional values, they often contaminate

waterways with fecal coliform bacteria in addition to nutrient runoff if mismanaged
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(Edwards et al. 2000; Gerba and Smith 2005; Soupier et al. 2006). To further

explore the benefit of bauxite residue in improving characteristics of animal wastes

for environmentally-friendly application, chicken litter was used as amodelmaterial

and tested at a modest bauxite residue mixing rate of 22 % (Wang et al. 2011).

Bauxite residue treatment had significant effects on fecal coliform activity in poultry

litter. At 22%mixing rate, bauxite residue reduced fecal coliform bacteria counts by

more than one order of magnitude (Wang et al. 2011). Brown mud had slightly

greater effect on fecal coliform bacteria die-off than red mud, although there was no

statistical difference (p > 0.05). High pH is known to affect fecal coliform die-off,

especially at a pH close to 9 in water systems (Pearson et al. 1987). The pH impact on

fecal coliform population could be partly attributed to the production of toxic forms

of oxygen such as hydroxyl ions at elevated pHwhich could damage the cytoplasmic

membrane and hinder the growth of the organisms (Curtis et al. 1992). In a column

study, red mud treated with 5 % gypsum and 30 % sand also showed excellent

removal of Escherichia coli, Salmonella adelaide and poliovirus-1 in a secondary

effluent from a wastewater treatment plant. Filtration, die-off and adsorption were

thought to play roles in organism removal (Ho et al. 1991). Traditionally,

composting has been commonly used to reduce fecal coliform in animal wastes.

However, this process could concentrate P and therefore increase the absolute size of

the dissolved P pool (Dao et al. 2001). Our results showed that direct treatment of

animal manures with bauxite residues can reduce fecal coliform pollution (Wang

et al. 2011). Other studies on soil application of bauxite residue showed that bauxite

residue generally promoted bacterial abundance and soil enzyme activity (Lombi

et al. 2002a; Garau et al. 2007). On the other hand, bauxite residue could cause a shift

in the culturable bacterial population from Gram positive to Gram negative forms in

soils (Garau et al. 2007).

12.3.8 Growing Plants on Soil Amended
with Bauxite Residue

If redmud is added to soil to increase retention of P or other potential contaminant, this

benefit must not be offset by any negative effect on plant growth. There has been

extensive research on establishing vegetation on red mud (e.g., reviews by Wehr

et al. (2006), Jones and Haynes (2011)) and considerable research on effects of red

mud-amended soil on plants. Among the latter, Summers et al. (1996a) found

that amending an acidic soil with red mud at rates to 40 Mg ha�1 increased yields of

perennial ryegrass (Lolium perenne) and subterranean clover (Trifolium subterraneum)
by increasing soil pH. While red mud amendments are beneficial to acidic pastures

as liming agents up to 100 Mg ha�1 (Ward and Summers 1993), increased yields on

acidic, sandy soils may be possible with additions up to 500 Mg ha�1 due to

increased water-holding capacity. In more fertile soils, red mud may be used as a

sink for excessive soil P (Summers et al. 1993; Udeigwe et al. 2009) without
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adversely affecting yields (Summers et al. 1996b; Snars et al. 2004), even of

horticultural crops (gypsum-treated red mud, Robertson et al. 1997).

Whether red mud is used as a topsoil amendment or a deeper band, the logical

placement would be upslope from where runoff and subsurface flow discharge into

surface water. This riparian area filters sediment and traps contaminants, depending

on the type and stand of vegetation. Switchgrass (Panicum virgatum) is among

several grasses that have been shown to effectively reduce contaminant loads in

surface runoff (Lee et al. 1999, 2003; Kovar and Claassen 2009), and we investigated

the effect of red mud concentration in Ruston soil on the growth of switchgrass

seedlings. Since a permeable barrier of red mud would not cover a large area,

transplanting seedlings is a reasonable option and may be preferable compared to

seeding due to the negative effect of soil salinity on switchgrass seedling emergence

and growth (Dkhili and Anderson 1990). Pots were filled with Ruston soil, or 19:1,

9:1 or 4:1 ratios of soil to red mud that had been amended with N, P, and K based on

soil test values and recommendations for bermudagrass (Cynodon dactylon) hay on

upland sandy loam soil. Gravimetric water content was maintained at 0.75 field

capacity and Alamo switchgrass seedlings were grown for 1 month, after which

soil pH and salinity were determined and stem lengths measured for growth. Results

indicated that red mud addition to 10 % had no effect on the growth of transplanted

switchgrass seedlings despite about 500 % greater salinity and basic pH (Table 12.3).

While growth of switchgrass in the 20 % red mud medium was suppressed, all

transplants survived. Since water flow through a permeable barrier would reduce

salinity over time, our results tested the most severe conditions and showed that

establishing transplanted switchgrass on a red mud barrier may be a viable option.

12.4 Conclusion

Reducing nutrient leaching enhances fertilizer value of animal manure while min-

imizing its adverse impact following long-term application to agricultural fields.

This chapter demonstrated that bauxite residue (red mud and brown mud), a

by-product from the aluminum refinery industry, could be used to improve the

nutrient characteristics of animal manure by suppressing the leaching potential of

water-soluble P and trace metals such as Zn, Cu andAs. Bauxite residue also showed

better retention of NH4-N than alum-treated or untreated chicken litter following

Table 12.3 Effects of

increasing rate of red mud

addition to Ruston soil on

the growth of transplanted

switchgrass seedlings,

and growth medium

pH and salinity

Red mud

pH

Salinity Mean stem lengtha

% mg L�1 cm

0 6.15 90 29 a

5 7.86 428 31 a

10 8.37 576 30 a

20 8.84 829 20 b
aNumbers in the column followed by the same letter are not

significantly different (α ¼ 0.05)
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surface application to pasture fields. In addition, bauxite residue treatment of

manure-affected soils significantly reduced DOC and BOD besides significantly

reducing P and heavy metals in potential runoff losses. Sorption and transport

studies of phosphate in soil amended with bauxite residue indicated that it could

also be used for possibly making reactive permeable barriers. On the other hand, the

high organic nature of animal manures appeared to be able to buffer the alkalinity

contributed from the bauxite residues, preventing substantial increases in pH of the

treated manures and manure-affected soils. Bauxite residue did not increase NH3

release despite the fact that it elevated the pH of manure and manure-affected soils.

Additionally, amending manures with bauxite residues decreased populations of

fecal coliform in manure. Bauxite residue treatment could significantly increase the

SAR of manure-affected soils if red mud containing high Na was used directly as an

amendment without additional treatment. While increasing the animal manure/

bauxite mixing rates generally resulted in decreased pollutant leaching, the degree

of the effect of these amendments on reducing pollutant leaching varied slightly

within the bauxite residues and animal manures owing to the differences in elemen-

tal composition. Seawater neutralized bauxite residues, in general, exhibited greater

retention of P and trace metals than un-neutralized ones. Bauxite residue addition up

to 10 % (w/w) had no effect on the growth of transplanted switchgrass seedlings.

Overall, bauxite residues could be used as a potential amendment for reducing P and

other contaminant leaching in animal manures and manure-affected soils. Such a

combined practice would improve beneficial uses of wastes from both animal

production and the aluminum refinery industry.

12.5 Future Work

While research to date indicates that permeable barriers of bauxite residue mixed

with sandy soil have a large capacity to retain input P, limits to this capacity that

presumably depend on slow sorption/desorption kinetics are unknown. Experimental

data are needed on the performance of barriers as affected by bauxite residue

concentration, additives or pretreatments, and composition of the soil solution

(P concentration, pH, etc.) so that these systems can be modeled and tentative design

parameters determined. The use of bauxite residue as a dilute soil amendment to

reduce loading of P and other contaminants into runoff or as a barrier to subsurface

transport must be shown to have no adverse effects on plant growth or quality. Field

plot studies on the long-term effects of bauxite residue amendments on performance

of different pasture, riparian or biomass species in soils under long-term influence of

manure application are planned. On the other hand, studies on proper incorporation of

animal manure into sites of bauxite residue impoundments for revegetation of these

sites are also be needed. The information from the relevant research will improve

management for the sustainability of both animal production and the aluminum

refinery industries.
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López E, Soto B, Arias M, Núñez A, Rubinos D, Barral MT (1998) Adsorbent properties of red

mud and its use for wastewater treatment. Water Res 32:1314–1322

Mansell RS, Selim HM, Kanchanasut P, Davidson JM, Fiskell JGA (1977) Experimental and

simulated transport of phosphorus through sandy soils. Water Resour Res 13:189–194

McConchie D, Clark MW, Davies-McConchie F (2002) New strategies for the management of

bauxite refinery residues (red mud). In: Proceedings of the 6th international alumina quality

workshop, Brisbane, Australia, 8–13 September 2002, pp 327–332

Menzies NW, Fulton IM, Morrell WJ (2004) Seawater neutralization of alkaline bauxite residue

and implication for revegetation. J Environ Qual 33:1877–1884

Moore PA Jr, Miller DM (1994) Decreasing phosphorus solubility in poultry litter with aluminum,

calcium, and iron amendments. J Environ Qual 23:325–330

Moore PA Jr, Daniel TC, Edwards DR, Miller DM (1995) Effect of chemical amendments to

reduce ammonia volatilization from poultry houses. J Environ Qual 24:293–300

Moore PA Jr, Daniel TC, Gilmour JT, Shreve BR, Edwards DR, Wood BH (1998) Decreasing

metal runoff from poultry litter with aluminum sulfate. J Environ Qual 27:92–99

Munro LD, Clark MW, McConchie D (2004) A BauxsolTM-based permeable reactive barrier for

the treatment of acid rock drainage. Mine Water Environ 23:183–194

North M, Bell D (1998) Commercial chicken production manual, 4th edn. Van Nostrand Reinhold,

New York
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Chapter 13

Investigation of Compound-Specific

Organic-Inorganic Phosphorus

Transformation Using Stable Isotope

Ratios in Phosphate

Deb P. Jaisi, Ruth E. Blake, Yuhong Liang, and Sae Jung Chang

Abstract Phosphorus (P) is one of the most important nutrients for all life forms

irrespective of physiological uptake mechanism or metabolic pathway. Soils and

sediments contain a variety of organic P compounds that may undergo active

transformation into inorganic P and vice versa. Phosphate oxygen isotope ratios

have increasingly been applied to better understand the physico-chemical and

biological pathways of P cycling and its fate in agricultural and nonagricultural

soils. For example, the fractionation factors during hydrolysis of structurally-

similar organic P compounds studied thus far are often distinct. Therefore

compound-specific isotopic composition could be a powerful tool for differenti-

ating transformation of different P compounds, tracking their origin and fate, and

ultimately to develop an integrated and quantitative understanding of P cycling in

both extant and fossil ecosystems. This chapter reviews biochemical reaction

mechanisms and the current state of knowledge on compound-specific isotopic

effects during hydrolysis of organic P compounds. While this research is still in its

infancy, a new paradigm has emerged and it is hoped that the future expansion

of this research will allow development of a holistic approach to integrate

transformation of organic and inorganic P over time and space in different

ecosystems.
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13.1 Introduction: Issues on P Resources

and Cycling in the Environment

Phosphorus (P) is an essential nutrient and a key element involved in mediating

the connection between living and non-living parts of the biosphere. Despite its

occurrence at ~0.09 wt% in Earth’s crust, P is a key ingredient of fertilizers and

there is no other substitute for P in sustaining life and food production. Because

world’s P reserves and resources are declining, global issue on short and long-range

sustainable use of P has become a more pressing and greater concern than before.

From the time of the agricultural revolution, the movement of P in the environ-

ment has been largely unidirectional – from mines to fertilizers for crop production,

and then to processing foods and fodders for human and animal consumption

(Suh and Yee 2011). In this unidirectional transport, driven primarily by human

efforts, a significant fraction of extracted P is lost back to the environment.

Although long-term recovery of P applied to soils may approach as high as 90 %

because P fixed in the soil may change slowly into available forms (Syers et al.

2008), excess P could be released out of agricultural soils into lakes, rivers, and the

ocean and deteriorate water quality. For example, eutrophication and water quality

issues in the Chesapeake Bay and Gulf of Mexico in the US have caught media

attention for decades and still continued to be highlighted in news and reports such

as from the National Academy of Engineering (Dzombak 2011), USEPA (Ohio

EPA 2010), professional magazines (Erickson 2011) as well as in a recently formed

US research coordination network on sustainable P (RCN-SEES 2012). Although

the double-sided threats of P (declining reserves and polluting water resources) are

well-known, feasible solutions to these complex problems are seemingly intractable

unless new approaches to better understand nutrient cycling and nutrient-plant

interactions as well as more efficient use of P are identified.

Because of the low stoichiometric need for P as compared to other major nutrients

(ca. 106C: 16N: 1P; Redfield 1958), small amounts of P addition can cause severe

impacts on water quality in the receiving catchments and groundwater aquifers, and

promote eutrophication (Wetzel 1983). However, understanding the sources, cycling,

and transformation of P is not straightforward, compared to many other nutrients,

particularly because of: (1) very low concentration of dissolved phosphate compared

to the total P pool in soil and sediments and redistribution of phosphate from

one phase/pool to another (Frossard et al. 1995; Bünemann and Condron 2007;

Jaisi et al. 2011); (2) active but variable transformation of organic and inorganic P

compounds in macro- and micro-soil environments, (3) co-occurring biotic and

abiotic reactions to dissolve, precipitate, and cycle phosphate at time scales varying

from a few seconds to several years (Bünemann and Condron 2007; Jaisi et al. 2011),

and (4) organisms’ variable strategies to uptake and store P depending both on the

concentrations and compositions of organic and inorganic P compounds in the

environment. These complexities not only hamper the better understanding of sources,

cycling, and transformation of different P compounds, but also restrict formulation of

an effective guideline for nutrient management plans that could eventually lead to the
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desired outcome of decreased P loss. These deeply complex issues and existing

limitations to track P sources downstream have opened up debates on accountability

issues on the nutrient loads released to the different open waters and ecosystems in the

US and around the world. This accountability debate, unfortunately, will remain

open ended unless individual sources are tracked to their origins or to specific

biogeochemical processes. Therefore, fuller understanding of P sources and cycling

is urgent not only for an academic interest but for greater environmental and societal

importance.

In this chapter, we discuss hydrolysis pathways of organophosphorus compounds

and update current progress in the compound-specific isotopic fractionation

approach used to understand these pathways. We include hydrolysis in the presence

of specific phosphoenzymes, ultraviolet radiation (UVR), and by intact cells, and

explore how this approach could be integrated to better understand P cycling in soils

and other ecosystems. While the compound-specific isotopic study of the hydrolysis

of organophosphorus compounds is still in its infancy, it is hoped that the future

expansion of this research along with inorganic P will collectively help develop a

holistic approach to integrate transformation of organic and inorganic P over time

and space in different ecosystems. Such integration may be able to identify key

reactions and processes in the environments and can be exploited to address major

issues on P sources and environmental concerns related to P contamination.

13.2 Organic Phosphorus and Its Cycling

in the Environment

Organic P (Po) constitutes a variety of organic compounds containing P-primarily

as phosphate ester or condensed P (Fig. 13.1). Some examples of organic P include

nucleic acids, phospholipids, phosphoamide, phosphoproteins, phosphonic acids,

and many others. In general, the composition of Po depends on nature of the

environment, soil/sediment type, composition of biota, and degree of P demand,

among others (e.g., Ammerman and Azam 1985; Smucker and Kim 1991; Dyhrman

and Ruttenberg 2006). Diversity of Po in the environment is not well characterized

and the role of Po in the global phosphorus cycle remains poorly understood. This is

partly because of the lack of widely available techniques for measuring Po concen-

tration and speciation (McKelvie 2005).

Research on the potential role of organic phosphorus compounds in the

environment started in the 1970s, when attention was focused on eutrophication

(Jong 2006). Follow up studies found that dissolved organic P was at least partially

bioavailable to bacterioplankton and can support bacterial growth and metabolic

activities, especially when the concentration of inorganic P (Pi), the preferred

form of P for microbial uptake, is insufficient to meet P demand (Cotner and

Wetzel 1992; Benitez-Nelson 2000; Nicholson et al. 2006; Vanderzee et al. 2007).

Many Po compounds are not readily utilizable owing to their large size and complex
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chemical structures, and have to be broken down extracellularly into a usable form

before uptake (e.g., Ehrlich 1996). With the recent development of new methods to

identify and quantify Po in the environment, Po has been found to be less refractory

than previously assumed (e.g., Cotner and Wetzel 1992; Nausch and Nausch 2007;

van Moorleghem et al. 2013).

A wide variety of phosphoenzymes present in the environment can hydrolyze Po

compounds to release Pi. These enzymes can be located both outside and inside of

living cells. Major phosphoenzymes that are active in terrestrial and marine eco-

systems include 50-nucleotidase, peptidase, alkaline phosphatase, aminopeptidase,

phosphodiesterase, chitinase etc. (Fig. 13.2). These enzymes can be non-specific

and cleave P–O–C bond of different Po compounds but some of them are highly

specific to certain Po structures (e.g. nucleotides) or bond types and may act only

under specific reaction conditions (e.g., pH). Some other enzymes such as C-P lyase

cleaves C-P bond of a broad spectrum of phosphonates. Application of phosphate

oxygen stable isotope ratios (δ18Op) in Po compounds to identify sources or

reaction pathways/mechanisms is not straightforward, compared to inorganic phos-

phate compounds, because almost all Po compounds contain extra, non-PO4 oxygen

atom in their structural sites. Therefore, phosphate (–PO4) in Po has to be selec-

tively removed from the Po structure before isotopic analysis. The breaking of a P–

O–C or C–P bond at the catalytic site of an enzyme or by abiotic means involves
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incorporation of exogenous/outside oxygen atom (e.g., from water or other oxygen

containing sources such as air) and fractionation, if any of oxygen isotopes between

incorporated and residual (exogenous) oxygen atoms. Therefore, both the number

of incorporated oxygen atoms and associated fractionation factors have to be taken

into account to track hydrolysis of Po compounds.

Blake et al. (1997, 1998a, b) attempted the first controlled laboratory studies on

the hydrolysis of Po with an aim to understand isotopic fractionation of oxygen

between Pi metabolized bymicrobial enzymes both in-vitro and by purified cell-free

enzymes (e.g., APase, inorganic pyrophosphatase) and water. From these studies, it

has been found that the intracellular enzyme inorganic pyrophosphatase (PPase) is

the only enzyme known, so far, to catalyze complete and temperature-dependent

equilibrium exchange of O between Pi and water.

Because PPase is one of the most relevant enzymes in isotope biogeochemistry,

it is relevant to discuss its distribution in different domains of life. PPase enzymes

are broadly classified into four non-homologous families. Among them, three are

soluble ones (Families I, II, and III) and the forth one is membrane-bound (Family

IV) (Harway and Keister 1981; Kasho and Baykov 1989; Baykov et al. 1991, 1994;

Baykov and Shestakov 1992; Sivula et al. 1999; Smirnova et al. 1995; Zyryanov et

al. 2004). Family I PPases are most widespread in all kingdoms of life, but the

family II is found to be present only in bacteria and archaea. Family IV (membrane

PPase) is present in all plants and a quarter of bacteria and archaea (personal

communication with Alexander Baykov). Except for soluble Family III (which is

not tested for this reaction), all other PPase families catalyze reversible oxygen

exchange in phosphate (Heikinheimo et al. 1996).

It is important to note that it is the PPase enzyme itself that resets PO4 δ18Op

values regardless of its location in cell membrane or in cytoplasm. Soluble PPases

are rather stable enzymes and may be present in extracellular environments.

Therefore when released out of cell such as due to cell lysis, death, or predation,
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Fig. 13.2 Classes of enzymes that catalyze reactions at P in monoester, diester, and anhydride

compounds. The dashed arrows show specific cleaving positions. Please note that diester hydro-

lysis occurs in two steps- first endonuclease cleaves the internal P diester linkage and produces

oligonucleotides and second, an exonuclease further cleaves P diester bonds at the terminal

nucleotide position and forms free nucleotide (monoester). The nature of the reaction catalyzed

by each enzyme depends on the structure of the organophosphorus compound and enzyme

specificity. ‘Ad’ refers to adenosine (from Knowles 1980) (Reprinted with permission from the

Annual Review of Biochemistry, 49, 1980 by Annual Reviews)
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it is intuitive to assume that they may still catalyze isotope exchange reaction.

Further research is needed to understand the role of extracellular PPase in

pyrophosphate synthesis and breakdown.

In contrast, alkaline phosphatase (APase) is a key enzyme involved in extracel-

lular hydrolysis of phosphomonoesters, and is characterized by large kinetic frac-

tionations, incomplete Pi-water O isotope exchange, and disequilibrium isotope

effects as well as inheritance of original O from the Po substrate (Blake et al. 2005;

Liang and Blake 2006b).

13.2.1 Enzymatic and Non-enzymatic Hydrolysis
of Organophosphorus Compounds

Reactions involving P in phosphate esters are fundamental to many basic metabolic

pathways in living organisms. Dubbed as ‘Yin and Yang’ of cellular signaling, kinase

and phosphatase play central roles in the formation and hydrolysis of phosphate

monoesters (Hengge 2002). The general nature of the hydrolysis reaction, particu-

larly the type of reaction (such as a concerted reaction with transition states or a

stepwise reaction with discrete intermediate phases) and variation among different

esters are fairly well known. However, the differences in hydrolysis mechanisms and

the nature of intermediate phases or transition states for enzyme-catalyzed (involving

enzymes) vs. non-enzymatic (abiotic) reactions are still unclear. This is due largely to

the variable experimental methods chosen to study hydrolysis reactions, limitations

of the methods chosen, and inconsistencies among methods and terminologies used

(e.g., Mildvan 1979; Knowles 1980; Hengge 2002; Cassano et al. 2004; Lassila

et al. 2011). These factors have caused complications in synthesizing literature data

to employ the wealth of knowledge already gained in biochemistry/enzymology to

isotope geochemistry. For example, potential differences in isotopic fractionation

accompanying hydrolysis of an organophosphorus compound in enzyme-catalyzed

vs. non-enzymatic reactions were not studied until very recently (Liang and Blake

2006a). Differentiating enzymatic and non-enzymatic reaction mechanisms from a

structural perspective provides a basis for developing a framework for identifying

compound- specific isotopic fractionations accompanying hydrolysis of specific Po

compounds. We review hydrolysis mechanisms that differ for or are specific to

monoester, diester, and triester compounds and the current state of understanding

developed in biochemistry and enzymology. It is our hope that this information can

be integrated to interpret isotopic exchange and fractionations accompanying organ-

ophosphorus compound degradation and to also justify the need for the compound

specific- isotope research that has recently been started.

Enzyme-catalyzed hydrolysis reactions are tremendously fast. For example,

phosphatase catalyzed monoester hydrolysis reactions are �10-fold faster than

uncatalyzed hydrolysis (Mildvan 1997; Wolfenden et al. 1998) and can be 27-fold

faster (e.g., in methyl phosphate hydrolysis catalyzed by alkaline phosphatase,
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Zalatan et al. 2008). Such an extreme increase in reaction rate results from better

positioning of the nucleophile, increasing nucleophilicity, and overcoming electro-

static repulsion by enzymes (e.g., Lassila et al. 2011). These properties are aided by

specific folding of enzymes and presence of specific metal ion (such asMg, Fe, or Zn)

as co-factors in the active binding sites (Knowles 1980; Admiraal and Herschlag

1999). These properties result in a tighter transition state of organophosphorus

hydrolysis in enzyme catalyzed reactions than in the non-enzymatic reactions

(Kirby and Jencks 1965; Knowles 1980; Matte et al. 1998).

Abiotic hydrolysis is exceptionally slow (e.g., Lad et al. 2003). However, the

hydrolysis reaction rate increases by several orders of magnitude as the pH is

decreased, implying that protonated phosphate monoesters (monoanionic form,

i.e. R–HPO4
1�) react much faster than non-protonated monoesters (phosphate

monoester dianions, i.e. R–PO4
2�) (Kumamoto and Westheimer 1955; Bunton

et al. 1958). This is related to the overcoming of electrostatic repulsion of the O’s

surrounding P when these O’s become protonated. Analogously, at low pH the O

exchange between Pi and water is much faster because of the greater presence of

protonated species like H3PO4 and H2PO4 than that at high pH (O’Neil et al. 2003).

These authors also noted 5–8 ‰ difference in oxygen isotopic fractionation

between protonated species and water at low pH and non-protonated species and

water (like PO4
3�) at high pH. Interesting, a recent study found 5–7.5‰ difference

in δ18Op values between alkaline and acid phosphatase catalyzed degradation of

two monoesters (adenosine 50 monophosphate and glycerol phosphate) (von

Sperber et al. 2014). This difference was attributed to the difference in the sources

of oxygen atom incorporated (OH vs H2O which have isotope fractionation of 40

±3 ‰ at 25 �C, Green and Taube 1963) into the newly formed inorganic P. It is

likely that the similar difference in δ18Op values between acidic and alkaline pHs

both in enzymatic and non-enzymatic isotopic exchanges (O’Neil et al. 2003; von

Sperber et al. 2014) is because of same sources of oxygen atoms incorporated in

both cases. These results are consistent with higher exchange rates observed in the

analogous sulfate–water system (Hoering and Kennedy 1957; Chiba et al. 1981).

13.2.2 Hydrolysis of Monesters, Diesters, and Triesters

Phosphoester hydrolysis can either follow a stepwise reaction [either addition-

elimination (AN + DN) or elimination-addition (DN + AN) type] (see Fig. 3 in

Lassila et al. 2011 for explanation) in which nucleophilic attack entails the forma-

tion of metaphosphate or phosphorane intermediates (Breslow 1993; Gerratana

et al. 2000), or a concerted reaction [ANDN type] that involves simultaneous

breaking of the leaving group (e.g., a ester, -OR) and the formation of a new

bond with a nucleophile such as activated water molecule or -OH� (Kirby and

Younas 1970; Hengge et al. 1995). Monoester hydrolysis has been found to follow

the concerted reaction where the hydrolysis proceeds through a single transition

state with simultaneous breaking and formation of bonds (Lassila et al. 2011).

However, the ranges of transition states of a concerted reaction could be
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differentiated into loose, synchronous, and tight sub-states based on the relative

dominance of bond breakage and bond formation (Fig. 13.3). These transition

states depend on the degree to which the bond strength varies between the central

P atom and nucleophile ion or leaving group. The tight transition state corresponds

to the position in which the bond strength order is increased with a nucleophile and

the leaving group, and the opposite holds true for the loose transition state

(Weinhold and Landis 2005). The amount of charge developed in the transition

state determines the rate of reaction (Fig. 13.3).

A monoester hydrolysis reaction follows a loose transition state because of the

dominance of bond breakage and proceeds near the bottom right corner with a

metaphosphate-like transition state but does not form metaphosphate intermediate

(Bourne and Williams 1984; Kirby and Jencks 1965; Herschlag and Jencks 1989;

Lassila et al. 2011). Linear free energy calculation, kinetic isotope analysis (both

primary and secondary isotope effects) and stereochemical studies have demon-

strated that the hydrolysis proceeds through the loose transition state pathway (e.g.,

Khan and Kirby 1970). In general, the transition states tend to be tighter from

monoester to diester to triester with predominance of bond formation (Fig. 13.3).

Whether this difference in transition states during hydrolysis is solely responsible

for difference in isotope fractionation is yet to be measured.

Kinetic isotope effects (KIE) have long been studied in biochemistry to understand

the nature of bonding and the type of bond cleavage. Please note that isotope effects

are defined slightly differently in biochemistry than in isotope geochemistry.

Fig. 13.3 Relative dominance of bond formation and bond breakage during hydrolysis of

monoester, diester, and triester compounds, and corresponding transition states (from Lassila

et al. 2011). The relative position of different esters in the two dimensional co-ordinates depends

on the nature of the nucleophile and the leaving group. In general, monoesters show little

variability in transition state and triesters show considerable variability (Reprinted with permis-

sion from the Annual Review of Biochemistry, Volume 2011 by Annual Reviews)
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More often degrading anions are labeled with heavy isotopes and the rate of

degradation is compared with its non-labeled counterpart. Isotope effects, that origi-

nate from the difference in vibrational energy between the heavy and light isotopes,

are not present for specific bonds that are completely broken. If the bond is partially

retained, however, the difference in isotope effect is still present. For example,

because of a higher energy barrier for cleavage of a heavy atom in a bond, the reaction

is slower and produces a normal kinetic isotope effect (klight/kheavy > 1), but this effect

could be inverse (klight/kheavy < 1) if the bonding strength increases at the substituted

position such as due to hydrogen bonding (Melander and Saunders 1980). Therefore, it

is the usual practice in biochemistry to systematically alter the structure of a molecule

and/or isotopically label a specific ion located in a specific position of a molecule and

measure isotope effects during its degradation. Information gained from the difference

in reaction equilibria and rates along with the isotope effects at various degrees of

isotope labeling in specific structural site/s is used to identify the mechanism of

hydrolysis at specific bond sites. In general, the kinetic isotope effects of the leaving

group oxygens have been found to be much more pronounced for monoesters than for

diesters and triesters (Fig. 13.4), but the effect is opposite for non-bridged oxygens

(i.e. three other oxygen atoms in the phosphate molecule untouched in the reaction)

with triesters showing the highest kinetic isotope effect.

13.2.3 Structure-Based Mechanism of Diester Hydrolysis

Because hydrolysis of a phosphoester is specific to its structure, composition, and

enzyme specificity, a general model of hydrolysis cannot be applied to all diesters.

This property can be exploited, however, to distinguish different sources of esters

and origins of Pi released into the environment. For example, DNA and RNA are

Fig. 13.4 Kinetic isotope effects (KIEs) for non-enzymatic hydrolysis reaction with p-nitrophenyl

leaving groups. The isotope effects can be measured on leaving group (a) or non-bridged oxygen

of the phosphate group (b) (from Lassila et al. 2011) (Reprinted with permission from the Annual
Review of Biochemistry, Volume 2011 by Annual Reviews)
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two of the most common diesters. As shown in Fig. 13.5, the main distinction

between RNA and DNA is the presence of an –OH group at the 20-position in RNA.
Because –OH is the nucleophile for Po hydrolysis, the presence of –OH in the RNA

structure allows formation of a cyclic- P-diester intermediate during hydrolysis

by ribonuclease (RNase) (Walsh 1979; Mishra 2002; Liang and Blake 2009).

Reversible non-enzymatic formation of a 20,30-phosphodiester intermediate allows

extensive O isotope exchange between PO4 and H2O before the monoesters formed

are cleaved by a monoesterase (Fig. 13.5; Liang and Blake 2009). This, however,

does not occur in DNA hydrolysis because of the absence of an –OH functional

group in its structure. Further research is needed with other diesters to identify any

structure-specific reaction mechanism during the first step of hydrolysis so that

measured isotope effects can be better explained and interpreted.

13.3 Phosphate Oxygen Isotope Ratios as a Tracer

for Understanding P Sources and Cycling

Although P has 23 isotopes varying in mass from 24P to 46P, only one P (i.e., 31P) is

stable. Among radioisotopes, 32P and 33P have half-lives of 14.26 and 25.34 days,

respectively, while all others have half-lives of less than 2.5 min. Being the only

stable isotope, 31P cannot be used to understand P systematics in the environment in a

similar fashion to other nutrient elements – N, C, and S, which have multiple stable

isotopes for analysis. However, under Earth’s surface conditions, P occurs primarily

as Pi and permits the use of stable isotope ratios of oxygen in Pi as a potential

stable isotope tracer of P in the environment (Blake et al. 1997, 2001, 2005;

Fig. 13.5 Different hydrolysis reaction mechanisms between RNA and DNA: (a) RNAase

catalyzed RNA hydrolysis forms cyclic 20,30-P-diesters. Reversibility of P diester and 30-phosphate
(formed from P diester) allows possibility of all four O’s exchanging with water O; and (b) For

DNA, absence of –OH limits the formation of cyclic diester (from Liang and Blake 2009)

(Reprinted with permission of Elsevier from Geochimica et Cosmochima Acta 2009,

73, 3782–3794)
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Paytan et al. 2002; Colman et al. 2005; McLaughlin et al. 2006). Oxygen isotope

ratios in Pi are commonly expressed as δ18Op values defined as:

δ18Op ¼ Rsample

Rstandard
� 1

� �
1; 000 ð13:1Þ

where R denotes the ratio of the less abundant to more abundant isotope (18O/16O),

and Rsample and Rstandard refer to the ratio measured in sample and standard,

respectively. The isotopic abundance is measured against a reference standard

and is reported in permil (‰) relative to the VSMOW (Vienna standard mean

ocean water) standard.

Stable isotope ratios of nutritional elements such as nitrogen (δ15N) and carbon

(δ13C) and also oxygen (δ18O) in oxyanions of N and C have been classically used as a

means to track nutrient sources and cycling (e.g., Böhlke and Denver 1995; Kendall

1998; Wang et al. 1998; Oelmann et al. 2007). Major breakthroughs using N and C

isotopes in the field of soil sciences include the development of the nutrient retention

hypothesis (Vitousek and Reiners 1975), N saturation hypothesis (Aber et al. 1989),

ability to calculate gross rate of soil N mineralization, and microbial immobilization

(e.g., Davidson et al. 1992; Hart et al. 1994), C3 and C4 plant respiration pathways,

and proposition of the ‘regulatory gate theory’ (Kemmitt et al. 2008) which challenges

classical theory on autochthonous and zymogenous soil microbial populations

(Winogradsky 1924). While these breakthroughs are not free from controversy, they

have introduced a new realm of exploration of biogeochemical processes and have led

to the development of new paradigms on nutrient cycling and processes in soils and

many other ecosystems. The ability of stable isotope compositions to integrate

information on transfer and transformation of nutrients over time in different soil

compartments and at biotic/abiotic interfaces, and more importantly, the potential for

original isotopic compositions to be preserved enabling the tracing of nutrient sources,

has led to their application as a major tool for disentangling mechanisms of nutrient

cycling (Nadelhoffer and Fry 1994).

δ18Op compositions of P oxyanions can analogously be used as what Carreira

et al. (2010) have elegantly listed the application of stable isotopes as a: (1) ‘tracer’

to disentangle specific biogeochemical reactions and interactions among different P

forms and phases, (2) ‘marker’ to distinguish successive generations of P in both

extant and fossil ecosystems, and (3) ‘integrator’ for input/output budgets and

export from an ecosystem. Yet, major scientific breakthroughs for the phosphate

isotopic system are only beginning to emerge. Realistic expectations for such

breakthroughs are tied to the specific properties of δ18Op values, specifically,

including that: (1) in abiotic processes such as sorption, desorption, transport, and

mineral transformation, phosphate does not undergo any significant changes in its O

isotopic composition (Tudge 1960; Lecuyer et al. 1999; O’Neil et al. 2003; Jaisi

et al. 2010, 2011; Jaisi 2013); (2) during biological processes, rapid O-isotope

exchange between dissolved phosphate and water may result in complete isotope

exchange and produce temperature-dependent equilibrium O-isotope fractionation

(Longinelli and Nuti 1973a; Blake et al. 1997, 2005). Even if P undergoes
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biological and abiotic cycling in an ecosystem, a distinct trend of δ18Op evolution

may help identify the extent of internal cycling (Jaisi et al. 2011).

Oxygen isotopic compositions of inorganic P have been widely used to understand

various biogeochemical processes such as source tracking (Markel et al. 1994;

McLaughlin et al. 2006; Young et al. 2009; Elsbury et al. 2009; Gross et al. 2013);

bioavailability of specific P pools and preservation of ancient intra-basinal and

extrabasinal P sources including biotic and abiotic pathways of P cycling (Jaisi and

Blake 2010; Blake et al. 2001, 2010; Jaisi et al. 2011); sorption, desorption,

and mineral transformation (Liang and Blake 2007; Jaisi et al. 2010); and transport

and remobilization (Jaisi 2013). So far, several aspects of O-isotope systematics in

natural systems have been characterized (e.g., Blake et al. 1997, 2005; Paytan

et al. 2002; Colman et al. 2005) including isotope signatures associated with specific

P phases in soil and sediments (Zohar et al. 2010; Goldhammer et al. 2011; Tamburini

et al. 2012). Enrichment and natural abundance studies have been used to identify

microbial P cycling in soils (Larsen et al. 1989; Johansen et al. 1991; Melby

et al. 2011; Angert et al. 2012; Tamburini et al. 2012). While inorganic P dynamics

are better known and have received reasonable attention due to increasing applications

of δ18OP values, research on organic-inorganic transformations and isotope effects

during Po degradation have been very limited despite the fact that this research is

equally important and essential to better interpret isotope data obtained from soil and

other ecosystems.

13.4 Compound-Specific Organic-Inorganic

Transformation: Isotope Effects

The theoretical basis for applying phosphate oxygen isotopic compositions as a tool

to investigate biologically-mediated reactions came after determination of isotopic

effects associated with specific enzyme(s) responsible for degradation/hydrolysis

of organophosphate compounds by Blake et al. (1997). While 18O-labeling technique

has long been used by biochemists to elucidate oxidative phosphorylation reactions,

presence of isotope exchange was first noted by Cohn (1953). Blake et al. (1998b,

2005) later found that inorganic pyrophosphatase (PPase) catalyzed the wholesale

exchange of O, exchange of all 4 oxygen atoms in Pi with oxygen in ambient water, to

achieve O isotopic equilibrium between Pi and water. See details of different PPase

families and their roles in the environment in Sect. 13.2. Prior to these studies,

enzyme-catalyzed exchange reactions were implicitly assumed to be responsible

for the observed empirical relationship between mineral Pi in bones, teeth, shells,

fish scales and the water ingested by organisms—the same as ambient water in the

case of fish and other aquatic species, and drinking water or body water in the case of

land mammals (e.g., Longinelli and Nuti 1973b; Kolodny et al. 1983). These studies

marked the onset of new explorations of specific enzymes and specific phosphatic

compounds to determine mechanisms of hydrolysis and associated isotope effects

(Liang and Blake 2006a, b, 2009; Sandy et al. 2013; von Sperber et al. 2014).
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13.4.1 Monoester Hydrolysis

Among the numerous phosphoenzymes present in natural environments that are

capable of hydrolyzing Po, alkaline phosphatase (APase) is the most common and

most widely studied enzyme (Perry 1972; Taft et al. 1977; Ammerman and Azam

1985; Hoppe and Ullrich 1999). It is a non-specific phosphate-scavenging enzyme

that hydrolyzes a variety of organic phosphomonoester compounds as well as

condensed inorganic phosphates such as pyrophosphate and even phosphite

(Yang and Metcalf 2004). Unlike pyrophosphatase (PPase), however, the APase

reaction is unidirectional and thus, does not promote wholesale Pi-water exchange.

Furthermore, it imparts a large kinetic isotope fractionation (�30 � 8 ‰) during

conversion of Po to Pi. It is expected that the loose transition state of monoesters

during degradation contributes to large kinetic isotope effects (Figs. 13.3 and 13.4).

It is still unclear, however, to what extent the loose transition state can be linked to

mass-dependent isotope effects.

The mechanism by which a phosphohydrolase cleaves Po is shown schemati-

cally in Fig. 13.6. The O isotope signature of enzymatic Pi regeneration from Po can

be expressed as (Liang and Blake 2006b):

For APase, 5
0
nucleotidase : δ18OP ¼ 0:75 δ18OPo þ 0:25 δ18Ow þ F1

� � ð13:2Þ

where δ18OP, δ18OPo, and δ18Ow are the O-isotope composition of Pi regenerated

from nucleotidase, PO4 moiety groups bound to nucleic acids, and ambient water

O-isotope composition, respectively. F1 is the fractionation factor associated with

replacement of the HO-R (alcohol) leaving group with nucleophilic O from ambient

water (corresponding to steps 2 in Fig. 13.6). For the monoesters studied by Liang

and Blake (2006b), one of the four oxygen atoms in Pi was found to come from

water and three oxygen atoms were inherited from phosphate monoesters.

One of the key differences among different enzymes is that the fractionation

between incorporated and bulk water was found to be different depending on the

enzyme (e.g. APase vs. 50 nucleotidase involved) and substrate despite the fact that
monoester hydrolysis always involved incorporation of one O atom from water.

For example, APase from two different sources (prokaryotic E. coli and eukaryotic

calf) produced similar intercepts (trends overlap each other) for the same substrate

both in the case of glucose-1-phosphate and β-glycerol phosphate (Fig. 13.7a). This
demonstrates that for the same substrate, fractionation factor is the same

irrespective of enzyme sources. However, there was ~8 ‰ difference between the

intercepts of these two substrates (Fig. 13.7a). The difference of initial Po δ18OP

values between these two substrates is 9 ‰ (Liang and Blake 2006b). Accounting

75 % inherited O in release Pi, the difference becomes 8.7 ‰. In other words,

the different intercepts for glucose-1-phosphate and β-glycerol phosphate reflects

dominantly the difference in initial isotopic composition of these 2 monoesters.

In contrast, the same substrate hydrolyzed by two different enzymes, for example,

when 50-AMP is hydrolyzed by 50-nucleotidase vs. APase (Fig. 13.7b), for
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50-nucleotidase catalyzed hydrolysis, fractionation accompanying incorporation

of ambient water oxygen was �10 (�1) ‰, but for APase this fractionation

was ~�30(�8) ‰ (Fig. 13.7b). The fractionation factors of different substrates

and enzymes measured by Liang and Blake (2006b) are listed in Table 13.1.

Fig. 13.7 Monoester hydrolysis involves incorporation of one oxygen atom from water and

3 oxygen atoms inherited from organic P. The y-intercept is impacted from different fractionation

factors and original isotopic composition of organic P. In (a) the y-intercept indicates majorly the

impact of inherited O on the overall isotopic composition of PO4 but in (b), difference in

fractionation is dominant (from Liang and Blake 2006b) (Reprinted with permission of Elsevier

from Geochimica et Cosmochima Acta 2006, 70, 3957–3969)

Fig. 13.6 Hydrolysis of monoester and diester model compounds. (a) Two-step bond cleavage

reaction in diesters includes the formation of a P-monoester first and (b) subsequent cleavage of

the P-monoester bond and release of free Pi. Oxygen incorporated in Pi can also come from an –

OH on RNA structure in the case of RNase, other than H2O (not shown in the drawing) (from
Liang and Blake 2009) (Reprinted with permission of Elsevier from Geochimica et Cosmochima
Acta 2009, 73, 3782–3794)
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It is, however, important to emphasize that the reaction mechanism and isotopic

fractionation mentioned above holds true for the enzymes and substrate studied by

Liang and Blake (2006b), and may not be generalized for hydrolysis of other

monoesters catalyzed by other phosphohydrolases in any specific or non-specific

reactions. This highlights the importance of studying other enzymes and substrates

relevant to specific ecosystems and the urgency of this understanding to determine

the variation in fractionation factors for different enzymes and substrates.

As illustrated above in Sect. 13.2.2, the rate of enzyme reaction depends on the

charge distribution within the active site of the enzymes relative to that of the PO4

group and metal cofactors, and primarily on the charge stabilization of the leaving

group (alcohol in this case). The rates of diffusion of substrates/products and espe-

cially rates of diffusion of reactants – in this case water molecule involved in

hydrolysis – is responsible for typically large kinetic fractionations in enzymatic

reactions. While studies on individual O groups (e.g., leaving/bridging group and

non-bridging oxygen group, see Fig. 13.4) have not been conducted so far, it is

expected that research of this kind will help further characterize differences in each of

these reactions and resolve variations in isotope effects. This would eventually lead to

the distinction among enzymes and substrates and provide a basis for distinguishing

compound- and enzyme-specific isotopic fractionations of Po hydrolysis.

13.4.2 Diester Hydrolysis

For diesters, two C-O-P bonds must be cleaved to release Pi (Fig. 13.6), which can

be predicted based on structure alone (Fig. 13.5) to involve the incorporation of

ambient water O in 2 of 4 sites in released Pi (Liang and Blake 2009) as:

For PDase, RNase : δ18OP ¼ 0:5 δ18OPo þ 0:25 δ18Ow þ F1
� �þ 0:25 δ18Ow þ F2

� �
ð13:3Þ

Table 13.1 Oxygen isotope fractionation factors (between incorporated water to Pi and ambient

water) during degradation of monoesters (From Liang and Blake 2006b). The fractionation factors

were independently determined by using initial Po δ18OP values by UV degradation methods and

δ18OP values of PO4 produced by each enzyme hydrolysis reaction for each of the different

compounds (Reprinted with permission of Elsevier from Geochimica et Cosmochima Acta 2006,

70, 3957–3969)

Enzymes Substrates Fractionation factors

Calf APase β-Glycerophosphate �33 � 2

Adenosine 50-monophosphate �30 � 8

E. coli APase β-Glycerophosphate �27 � 1

Shrimp APase β-Glycerophosphate �31

50-Nucleotidase Adenosine 50-monophosphate �10 � 1
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where all other symbols are the same as in Eq. 13.2, except F2 which is the

fractionation factor associated with breaking the P-diester bond (corresponding to

steps 1 in Fig. 13.6). Results presented by Liang and Blake (2006b, 2009) suggest that

the O isotope effect of APase and 50 nucleotidase monoesterase catalyzed hydrolysis

depends on compound structure, but not on the chemical composition, whereas

hydrolysis of phosphodiesters such as DNA and RNA was compound-specific.

This finding prompted these authors to develop structure-reaction-based models to

predict isotope effects during cell-free enzyme reactions/hydrolysis as well as whole

cell hydrolysis of Po. This is due to the structure of RNA, specifically due to the

presence of –OH at the 20-position in ribose (Fig. 13.5). Therefore, during the first

C-O-P bond cleavage in RNA catalyzed by RNase, a cyclic P-diester intermediate is

formed by an intra-molecular attack of the 20 –OH on P without incorporation/

involvement of O from water (see also Figure 3 in Liang and Blake 2009).

The transformation between cyclic P-diester and 20 and 30 P-monoesters does not

require enzymatic catalysis and is reversible; therefore, all four oxygen atoms in PO4

moieties could possibly exchange with water O during this process. It should be noted

that this reversibility and incorporation of more than one O from water into the PO4

moiety during the first step of RNA hydrolysis catalyzed by RNase was observed only
in laboratory experiments performed with a single, cell-free, enzyme without

monoesterase present to immediately catalyze the second C-O-P hydrolysis of 20

and 30 nucleotides. Thus, RNase can promote extensive Pi-water exchange similar to

PPase by creating the cyclic diester intermediate, but RNase is not likely to be present

in nature and in whole cells alone without 50-nucleotidase or APase present to

immediately catalyze the second hydrolysis step. Also, the nature of the PO4

moiety-water exchange (equilibrium/non-equilibrium, temperature dependent) that

occurs in the cyclic diester has not been measured specifically. In contrast to this

(RNase) enzyme-specific isotopic fractionation, during DNA and RNA hydrolysis by

the non-specific phosphodiesterase, phosphodiesterase 1 (PDase), compound-specific

O isotopic fractionations are observed. The first C-O-P bond is cleaved by hydrolysis

and 16O from ambient water is preferentially incorporated into the individual

nucleotides released from DNA; whereas 18O is preferentially incorporated into

nucleotides released from RNA. The second C-O-P cleavage step for both RNase

and PDase catalyzed reactions is catalyzed by a phosphomonoesterase such as a

non-specific enzyme like APase or a specific enzyme like 50-nucleotidase with

attendant isotope effects described above. The fractionation factors of DNA and

RNA degradation with two different monoesterases are shown in Table 13.2.

Table 13.2 Oxygen isotope fractionation factors (between incorporated water to Pi and ambient

water) during two step degradation of diesters (From Liang and Blake 2009, Reprinted with

permission of Elsevier from Geochimica et Cosmochima Acta 2009, 73, 3782–3794)

Substrate Monoesterase

Fractionation factors

F1 F2 F

DNA Nucleotidase �20 �10 �15

Apase �20 �30 �25

RNA Nucleotidase +20 �10 +5

Apase +20 �30 �5
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13.4.3 Hydrolysis of Phosphonates

Phosphonates are a group of single chain organophosphorus compounds which

contain a direct C–P bond (Fig. 13.8). Phosphonates comprise about 5 % of soil

organic P (Cade-Menun et al. 2002) and a similar fraction of marine organic P (e.g.,

Kolowith et al. 2001; Dyhrman et al. 2009). Because of their high sorbent capacity,

they have been used as chelating agents in household detergents and cleaning

products, and to prevent scaling in industrial processes such as wastewater treat-

ment as well as carriers of selected radionuclide ions in cancer therapy. Glyphosate

and phosphonoacetic acids are anthropogenic phosphonates, with glyphosate being

the most widely used non-selective systemic herbicide (Cox 2004). Because of the

nature of the direct C-P bond, these organophosphorus compounds persist for

extended times in the environment.

Hydrolysis of two phosphonates, glyphosate and phosphonoacetic acid, has been

studied recently under conditions of intensive UV radiation (1,200 W) (Sandy

et al. 2013). These authors found a relatively higher rate of UV hydrolysis of

phosphonoacetic acid compared to glyphosate which they interpreted as being

due to its relatively simple structure consisting of an acetate group attached to a

phosphate moiety through a single C-P bond (Fig. 13.8). Under UV radiation, the

reaction was likely aided by singlet oxygens formed by the breakdown of atmo-

spheric oxygen (Braun et al. 1986).

The slopes of plots of oxygen isotope compositions of released phosphate

vs. 18O-labeled water used to carry out experiments were positive suggesting the

incorporation of oxygen from ambient water (Fig. 13.9). While the slopes varied

considerably among different organophosphorus compounds, with almost negli-

gible (0.016) for G-1-P (glucose 1-phosphate) to small (e.g., 0.18 for glyphosate)

slopes, a clear distinction was observed among monoesters, diesters, and

phosphonates studied by these authors, with phosphonates incorporating relatively

higher proportions of ambient water oxygen during UV-promoted hydrolysis.

Interestingly, in all cases the number of oxygen atoms incorporated was less than

1 (i.e. slope < 0.25). This means that hydrolysis of the C–P bond must also involve

the incorporation of O from an external source other than ambient water such as

partial contribution of singlet oxygen generated from atmospheric O2 during UV

excitation (Braun et al. 1986). By assuming that both water and atmospheric O are

incorporated directly into regenerated Pi without any fractionation, this method

Phosphonoacetic acidGlyphosate

H2O/O2 H2O/O2Fig. 13.8 Chemical

structure of two

phosphonates: glyphosate

and phosphonoacetic acid.

C-P bond is hydrolyzed by

water and reactive oxygen

produced from UV light
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provided a means of calculating the original isotopic composition of PO4 moiety

groups bound to phosphonates (δ18OPh) as:

δ18OPh ¼ 1

0:75
δ18O�

P � Xδ18O�
w þ 0:25� Xð Þδ18O�

O2

n oh i
ð13:4Þ

where δ18O*
P, and δ18O*

w, and δ18O*
O2 are O-isotope composition of measured/

released Pi (regenerated from phosphonates), experimental water, and atmospheric

oxygen, respectively. Similarly, X and (0.25 � X) refer to the fraction of oxygen

incorporated from water and atmospheric O2, respectively. It is straightforward to

calculate the fractional contribution of oxygen from atmospheric O2 directly from

the slope as (0.25 � X) (e.g. 7 % for the slope of 0.18 in Fig. 13.9).

13.4.4 Distinction Between Enzyme, UV, and Microbial
Hydrolysis of Organic P

Microbial metabolism is the major pathway of hydrolysis of organophosphorus

compounds in natural environments. The role of free enzymes could be substan-

tial in the environment but depends on various factors, primarily the release of

these enzymes and their stability/perseverance in the environment. These

enzymes, however, are often not freely exposed but rather bound to particles or

cell surfaces, or shielded by mineral surfaces/structures to which they attach.

The solar UV irradiation could also play an important role in organic P degrada-

tion particularly when these compounds are associated with metal oxides that

Fig. 13.9 Slope of phosphates vs water δ18O during UV photo-oxidative hydrolysis of different

organic compounds. The intercepts are indicative of fractionation of water used in hydrolysis.

Studied organophosphorus compounds include glyphosate (Gly), phosphonoacetic acid (PA),
DNA and RNA (from Sandy et al. 2013) (Reprinted with permission of Elsevier from Journal
of Hazardous Materials 2013, 260, 947–954)
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catalyze photo-oxidation of these compounds (e.g. Mopper and Kieber 2002).

One of the important distinctions between cell-free enzyme-catalyzed reactions

vs. metabolism by intact microbial cells is that the latter involves a series of

phosphoenzymes acting together including mono- and di-esterases (including

RNase) as well as cytoplasmic pyrophosphatase (PPase), which can overprint

the large kinetic fractionations produced by diesterase and monoesterase enzymes

(Fig. 13.10). Therefore the intracellular production of Pi from Po with large

isotope fractionation resulting in very low δ18OP values may evolve to achieve

equilibrium with water inside the cells by the action of PPase. It is likely that a

suite of δ18OP values could be produced depending on the timing of Po hydrolysis.

The isotopic evolution from fresh regeneration to complete recycling could be

observed in some environments.

13.5 Perspectives on Compound-Specific Isotope Research

in Agricultural Environments

Agricultural expansion over the next 50 years is expected to be accompanied by a

2.4–2.7-fold increase in nitrogen and phosphorus driven eutrophication of terres-

trial and coastal environments (Tilman et al. 2001). Such ecosystem damage is

Fig. 13.10 Oxygen isotope effects during hydrolysis of Po measured in laboratory systems with

single cell-free enzymes vs. whole microbial cells under conditions of forced extracellular

hydrolysis of Po with subsequent metabolism of released Pi (Blake et al. 1998a, 2005; Liang

and Blake 2006b). The increase in slope from ~0.25 in the APase catalyzed reaction to 0.90 in

whole-cell experiments with forced extracellular hydrolysis of Po followed by uptake and cycling

of Pi through the cells indicates that cellular cycling of Pi regenerated from Po causes Pi to evolve

toward wholesale exchange of all four oxygen atoms in Pi with ambient water and equilibrium

isotopic compositions (Reprinted with permission of Elsevier from Geochimica et Cosmochima
Acta 2006, 70, 3957–3969)
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caused primarily by nutrients released from fertilizer and manure applied to

agricultural fields (Carpenter et al. 1998). Temporally and spatially variable inputs

of point and nonpoint source nutrient pollutants and their mixing and recycling in

an ecosystem pose a greater challenge for efficient ecosystem management (Ator

et al. 2011) because of the unknown sources of these nutrients and the underlying

process of their delivery. When P from a distinct source is released to the environ-

ment and different sources mix with each other, the origin and history of P are

largely lost. Given that the different sources of P applied or present in agricultural

soils (e.g., inorganic fertilizers, manures, municipal wastes, and rock weathering)

often have distinct isotopic compositions (e.g., Gruau et al. 2005; Young

et al. 2009), stable isotopes can be most useful tool to trace these sources and

track biological cycling of specific P sources. Therefore, stable oxygen isotope

ratios of inorganic P, and compound-specific oxygen isotopic compositions as well

as fractionation factors are expected to be a most valuable analytical tool for

understanding P dynamics in the environment. While compound-specific isotope

studies of organic P are still in their infancy, a new paradigm has emerged and it is

hoped that the future expansion of this research will provide a ‘missing link’ to

develop a holistic approach that integrates transfer and transformation of organic

and inorganic P compounds and eventually leads to sustainable agriculture and

more healthy ecosystems.
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Chapter 14

Chemical Characteristics of Custom

Compost for Highbush Blueberry

Dan M. Sullivan, David R. Bryla, and Ryan C. Costello

Abstract Recent development of markets for blueberry (Vaccinium corymbosumL.)

produced underOrganic certification has stimulated interest in production of composts

specifically tailored to its edaphic requirements. Blueberry is a calcifuge (acid-loving)

plant that responds favorably to mulching and incorporation of organic matter into

soil. Many composts are high in pH and soluble nutrients, and may not be suited to

blueberry. This chapter describes recent improvements in developing chemical

criteria for composts that indicate potential suitability for blueberry. The experimental

work, whichwas conducted in western Oregon, USA, confirmed that acidic pH (<5.5)

is the most important characteristic needed in a custom compost for blueberry.

Composts with pH < 6 are rare, so a testing protocol to quantify the pH buffering

capacity of compost (CBC) and the quantity of acidity needed to reduce compost pH to

5.0 was developed. Median compost buffering capacity (n ¼ 36) was 0.20 mol H+/

kg/pH unit, and median elemental S (So) addition required for acidification to pH

5 was 8 g So/kg, assuming full reaction of So to H+. In compost acidified with So to a

final pH of 5–6, ECwas increased 1.6 fold, accompanied by increased solubility for K

and Na (1.3–1.4�); P, Ca, and Mg (3.2–3.6�); and SO4-S (5.2�). Blueberry plants

accumulated K supplied by compost, accompanied by reduced plant uptake of Mg,

reduced growth, and possible Mg deficiency. Compost acidification to below pH 6

improved blueberry plant growth and Mg uptake. We conclude that compost can be

used to increase soil organic matter for blueberry, but that compost N must be limited

to low analysis values (total N < 20 g/kg) in order to avoid problems with high pH,

EC, and excess K. Because all compost feedstocks that met USDA-Organic certifica-

tion requirements needed acidification to reach the desired pH level for blueberry
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(<5.5), future research should focus on economical, safe, and reliable methods for

compost acidification that are acceptable under Organic certification rules.

14.1 Introduction

Consumption of blueberries has increased rapidly in recent years, primarily due to

promotion of their health benefits and to greater availability of the fruit year round.

Currently, there are more than 77,000 ha of cultivated blueberry (Vaccinium sp.)

grown worldwide, and production is expected to increase by another 46 % over the

next 5 years (Brazelton 2011). Eighty-seven percent of the crop is produced in

North America and South America, but plantings are expanding into less traditional

growing regions, including Mexico, Brazil, Peru, southern Europe, northern and

southern Africa, Asia, and Australia. By 2015, total global production is predicted

to reach 635,000 metric tonnes of blueberries per year.

Blueberry is a long-lived perennial crop (30+ years) categorized as a calcifuge,well-

adapted to acidic soil conditions. The plants acquire primarily the NH4 form of N over

NO3-N and tolerate relatively low levels of P, K, Ca, and Mg in the soil and high

concentrations of plant-available metals such as Mn and Al (Korcak 1988). The plants

are also known to respond positively to organic matter when grown in mineral soils,

including sawdust, pine bark, and peatmoss, although the exactmechanism responsible

for the benefit remains unclear (Clark 1991; Clark and Moore 1991; Lareau 1989;

Moore 1979;White 2006). Inmost cases, the benefit is attributed to better drainage and

soil aeration when the organic matter is incorporated in the soil prior to planting, and to

improved weed control and reduced fluctuations in soil temperatures when it is applied

as a surface mulch. Organic matter may also affect pH and availability of soil nutrients

to blueberry (Larco et al. 2013b). Traditionally, most blueberry plantings were grown

with either fir or pine obtained as either bark or sawdust from local lumber industries.

However, with increasing costs of bark and sawdust, the use of weed mat (perforated

landscape fabric) is becoming a common alternative.When blueberry beds are covered

with weed mat, it is usually not feasible to add organic matter, except at planting or

when the weed mat is replaced. Because weed mat is typically replaced every 3–5+

years, a high rate of compost application would be needed at the time of replacement.

Finished compost has many characteristics similar to that of soil organic matter

(C:N of 12–20; high CEC; high stability). As compost decomposes, it slowly

releases mineral N, with 3–10 % of the total compost N converted to mineral N

for several years after application (Sikora and Szmidt 2001). Previous field research

has demonstrated that a high rate of application of compost can build soil N

mineralization rates for 7+ years after application (Sullivan et al. 2003). However,

composts with high N (or low C:N ratios) are also usually high in soluble nutrients

and electrical conductivity (EC). Many are also high in pH. For example, composts

with C:N ratios <12 such as those produced from poultry litter or grass clippings

are very high in soluble nutrients and pH and therefore probably unsuitable for high

rate application to blueberry. Thus, choosing appropriate feedstocks to develop a

custom compost for blueberry is a compromise between supplying N and other

nutrients and avoiding high pH and high EC (Table 14.1). Composts with C:N ratios
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of 12–25 can be produced with a wide variety of feedstocks. Such composts may be

suitable for high-rate incorporation into blueberry planting beds or may be applied

as mulch under the weed mat. For a high rate of compost application, the ideal

compost will contain manageable levels of soluble salts and will not increase soil

pH above that tolerated by blueberry (i.e., pH > 5.5). Composts with C:N > 25 are

usually undesirable as a soil amendment due to increased N fertilizer requirements;

however, composted woody mulch with large-sized particles and a C:N of 25–40

usually has little effect on N fertilizer requirements.

Recent experimental work in western Oregon (Costello 2011a, b; Costello and

Sullivan 2013) has improved current understanding of the linkage between compost

feedstocks and compost chemical characteristics and the growth and nutrient uptake

of blueberry. Compost acidification has also been investigated as a tool for making

compost more suitable for blueberry.

14.2 Overview of Experimental Methods

Below is a brief summary of the key methods used in the research of Costello

(2011a, b) and Costello and Sullivan (2013).

14.2.1 Compost Sources

Composts were collected from farms or municipal composting facilities in western

Oregon and Washington with the goal of representing a wide range of feedstocks,

including: dairy manure solids recovered from mechanical separation of flushed

dairy manure + bedding (Dairy), horse manure + bedding (Horse), chipped woody

prunings mixed with grass and other plant materials from urban landscape mainte-

nance (Yard), deciduous tree leaves from urban street sweepings (Leaf), pepper-

mint (Mentha piperita) leaves and stems recovered after steam distillation of mint

oil (Mint), or mixed feedstocks (Other). Bark:biosolids compost was produced from

a mix (v/v) of 60 % aged conifer bark, 20 % fine softwood sawdust, and 20 %

USEPA Class A dewatered (25 % DM) municipal biosolids by the City of Tacoma,

WA. Composts were held in moist condition at 10–30 �C prior to chemical analyses

and preparation of soil + compost mixes for plant growth trials.

14.2.2 Chemical Analyses of Compost and Plant Tissue

Compost total nutrient analyses were performed by Brookside Laboratories (New

Bremen, OH) using methods described in Test Methods for Composts and
Composting (TMECC; Thompson et al. 2001). Compost total P, Ca, Mg, K and

Na were determined by digesting samples in nitric/perchloric acid, with determi-

nation by an inductively coupled plasma (ICP) spectrophotometer (TMECC 4.03,
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4.04, 4.05); total C and N were determined by combustion analysis (TMECC

4.01-A; 4.02-D). Combustion analysis was also used to determine N in plant tissue.

Other nutrient concentrations in plant tissue were determined by digesting in nitric/

perchloric acid, with determination by an ICP spectrophotometer (Gavlak et al. 1994).

Compost pH, EC, and soluble nutrients were determined using an adaptation of

the saturated media extract (SME) method (Warncke 1986; Brookside Laboratory

soil-less media package S003). Using the SME method, a 200-g “as-is” compost

sample (sample is not dried or ground) is moistened to saturation (compost begins

to flow when tilted and has minimal free water on the surface). The SME extract is

obtained by filtration under vacuum, and soluble nutrients are determined by an ICP

spectrophotometer and expressed on an extract solution concentration basis (mg/L).

14.2.3 Determination of Compost Buffering Capacity

To determine compost buffering capacity (CBC), 5 g of compost was reacted with

50 mL of diluted H2SO4 at addition rates of 0.1–1.0 mol H+ per kg for 72 h

(Costello and Sullivan 2013). The CBC was calculated as the negative reciprocal

of the slope of the linear regression between compost pH (y-axis) and acid addition

(x-axis) (Fig. 14.1). The rate of elemental sulfur (So) required to reach target

compost pH (g So per kg compost) was then calculated as:

Initial compost pH� Target final compost pHð Þ � CBC� Seq

where:

CBC ¼ mol H+ per kg compost per pH unit

Seq ¼ equivalent wt of So (16 g/mol H+)

Acidity added to compost (mol H+/kg)
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Fig. 14.1 Illustration of

acid titration of compost to

determine compost pH

buffering capacity (CBC)

and the quantity of acidity

needed to reduce compost

pH to a target value

(Adapted from Costello and

Sullivan 2013)
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14.2.4 Plant Growth Trials

In preparation for plant growth trials, cured composts were acidified by

adding wettable So dust that was allowed to react with moist compost for 70 days

at 20–30 �C. Prior to So addition, compost organic matter was stable, as indicated

by net CO2 evolved in a 21-day incubation in soil at 22 �C (<3 % of compost-C

respired). All composts had more NO3-N than NH4-N, indicating that compost had

cured at mesophilic temperatures conducive to nitrification.

Two plant growth trials were conducted in pots to evaluate compost suitability.

Organic amendment (compost or sawdust) was added to pots at a high rate (3 parts

compost or sawdust to 7 parts soil; v/v). Trials were performed in winter in a

greenhouse (4-L pots; Jan-May) and in summer in an outdoor can yard (14-L pots

placed on a gravel bed; May-Sept). A silt loam soil (pH 5.3; 40 g/kg OM) was used

in our growth trials (instead of nursery media) because our goal was to evaluate

compost suitability for field application.

During each plant growth trial, N was supplied by fertigation every 14 days

(Greenhouse Trial) or every 7 days (Can Yard Trial). Fertilizer N was supplied via

mineral NH4-N salts in the Greenhouse Trial, and by fish emulsion in the Can Yard

Trial. More N was supplied to plants via fertigation in the Can Yard Trial (5 g/plant)

than in the Greenhouse Trial (<0.1 g/plant).

Whole plants were harvested at the end of each plant growth trial. Shoots were

separated into old stem (present in transplant) and new growth (leaves + stem

produced after transplanting). In the Greenhouse Trial, root growth was measured

from the original root ball using a cm scale (1 ¼ no root growth; 7 ¼ maximum

root growth extended across entire pot diameter). In the Can Yard Trial, soil was

removed with a high-pressure water spray, and then root dry weight was

determined.

14.3 Compost Nutrient Analyses and Their

Relationship to Blueberry Growth

Composts that were highest in N (low C:N) such as Dairy and Mint compost also

had characteristics considered undesirable for blueberry, including high pH and EC

as well as high K (Table 14.2). Bark:biosolids, Leaf, and Yard composts, on the

other hand, had lower pH and EC, and a C:N ratio near 20, and were closest to that

of organic materials typically used for blueberry such as peat and sawdust.

Blueberry plant growth was superior with the Bark:biosolids, Leaf, and Yard

composts (Table 14.3). Mint and Dairy, in contrast, hosted very limited root growth

in both the Greenhouse Trial and the Can Yard Trial. Under low fertilizer N supply

(Greenhouse Trial), plant top growth was superior with all composts except Mint

than with the grower-standard amendment of sawdust. However, under greater

fertilizer N supply (Can Yard Trial), plant growth was better with sawdust than
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with several composts. Plants grew well with Bark:biosolids compost in both the

low and adequate N trials, demonstrating its suitability across a variety of manage-

ment regimes.

Compost also increased N uptake under low N supply conditions relative to

sawdust and soil only (Table 14.4). Blueberry plants likewise responded to compost

application by increasing K uptake and reducing Mg uptake, especially for com-

posts with the highest K concentrations (Mint, Dairy, Horse; Table 14.2). Conse-

quently, compost had a strong effect on cation ratios in the shoots. The K:Mg ratio

was more sensitive to K supply than the K:Ca ratio. These results demonstrate that

K can accumulate to high levels in blueberry amended with compost (luxury

consumption), and may lead to problems with plant Mg deficiency. Bark:biosolids

Table 14.2 Nutrient analysis of composts compared to other organic amendments suited to

highbush blueberry

Organic source (n) pHa
ECa

(dS/m)

C

(g/kg)

N

(g/kg)

C:N

ratio

P

(g/kg)

Ca

(g/kg)

Mg

(g/kg)

K

(g/kg)

Na

(g/kg)

Compost

Dairy (9) 7.6 6.1 310 22 14 5 30 6 14 3

Horse (5) 7.8 3.3 300 12 24 3 11 4 16 3

Yard (5) 7.0 4.0 280 13 21 3 17 4 8 1

Leaf (2) 7.4 2.2 200 10 19 2 24 3 3 0

Mint (2) 7.7 11.6 380 47 8 7 23 9 30 1

Other (5) 6.8 6.0 200 16 12 5 14 5 10 5

Bark:biosolids (3) 6.5 2.5 280 11 26 7 12 4 2 1

Other organic amendment

Sphagnum peat moss

(1)

4.8 0.7 480 13 37 1 10 2 1 0.1

Sawdust (1)b 5.2 0.4 490 1 490 0.3 0.4 0.3 <0.1 <0.1
aCompost pH and EC were determined using the SME method
bSuitable for highbush blueberry with supplemental N fertilizer

Table 14.3 Shoot and root growth in compost-amended soil pot trials with highbush blueberry

Compost

% of bark:biosolids compost treatmenta

Greenhouse trial (low N) Can yard trial (adequate N)

New shoots

and leaves Roots

New shoot

and leaves Roots

Bark:biosolids 100 100 100 100

Dairy 62 39 84 55

Horse 96 96 52 51

Leaf 88 120 94 75

Mint 45 45 78 56

Yard 88 93 78 82

Sawdust 35 157 87 90
aValues <80–85 % relative yield reflect plant growth inferior to Bark:biosolids-based substrate
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compost was a notable exception, having low compost K analysis (Table 14.2) and

little effect on plant K or Mg uptake (Table 14.4).

Competition between K+ andMg2+ for plant uptake, resulting in elevated plant K

uptake, and reduced Mg uptake has been reported in most plant species (Dibb and

Thompson 1985), including tree fruit and small fruit crops (Cummings 1985).

Highbush blueberry, a calcifuge plant, has lower K requirements than most fruit

crops. Forge et al. (2013) reported that highbush blueberry leaf K was increased

from 5 g/kg (with sawdust mulch) to 8 g/kg with 7–10-cm yard debris compost

mulch, accompanied by a decrease in leaf Mg from 1.4 to 1.1 g/kg. Leaf K of

4–7 g/kg and Mg of 1.3–2.5 g/kg are considered adequate for blueberry in the

Pacific Northwest USA/Canada (Hart et al. 2006).

14.4 Determination of Compost Buffering Capacity

and Amount of Elemental Sulfur Required

to Acidify the Compost

The response of compost pH to dilute acid addition was reasonably fit with a linear

regression function (Fig. 14.2). Linear regression was highly significant

(P < 0.001) for all composts tested, and each r2 value exceeded 0.87. Compost

buffering capacity, as determined by dilute acid titration, ranged from 0.17 to

0.28 mol H+ per kg per pH unit across feedstock categories (Table 14.5) and

from 0.10 to 0.39 among individual compost samples (n ¼ 36; Fig. 14.3). Mint

and dairy composts had notably higher CBC than other feedstocks. Variation in

CBC among composts made from the same feedstock was considerable. For

example, for dairy composts, the 25th and 75th percentile CBC values were

0.23–0.33 mol H+ per kg (Fig. 14.3). The quantity of So needed to acidify compost

to pH 5, assuming complete oxidation of So to H+, ranged from 2 to 17 g/kg

(Fig. 14.3).

Table 14.4 Effect of compost on total aboveground plant biomass and N and cation uptake by

highbush blueberry plants grown in a greenhouse with a low N fertilizer rate

Compost Total biomassa (g DW/plant)

Nutrient uptake

(mg/plant)

K:Mg ratio K:Ca ratioN K Mg Ca

Horse 6.7 91 95 7.1 20 13 4.7

Mint 3.3 65 117 3.1 9 38 12.6

Dairy 4.6 64 95 3.4 13 28 7.5

Leaf 6.3 59 46 6.4 20 7 2.3

Yard debris 6.3 59 57 5.9 18 10 3.2

Bark:biosolids 6.4 57 37 7.4 21 5 1.7

Sawdust 3.0 16 17 4.1 13 4 1.3

Soil only 5.2 42 25 5.9 17 4 1.5
aBiomass (aboveground) at harvest: old stem + new stem + leaves (Costello 2011a)
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The relationship between the 3-day dilute acid measurement of CBC and

calculated So required for acidification was verified via laboratory incubations of

compost + wettable So dust (Costello and Sullivan 2013). For the eight composts

evaluated, So addition to acidify compost by 1 pH unit (as predicted by CBC)

resulted in an actual pH decline after 28 days of 1.1 units (SE ¼ 0.2), and predicted

So addition to acidify it by 2 pH units resulted in an actual decline of 1.7 units

(SE ¼ 0.2).

Yard compost
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Fig. 14.2 Compost pH buffering capacity (CBC), as determined by titrating compost with dilute

sulfuric acid for 3 days at 22 �C. Similar pH values were obtained by incubating compost with

wettable elemental sulfur dust for 28 days at 22 �C

Table 14.5 Acidity to reduce compost pH to 5.0 (as determined by titration) vs. total cation

analysis of compost

Titration Titration Titration

CBCa H+ to pH 5 Total K + Mg + Ca H+/Cation(+)

Compost (n) (mol H+/kg/pH unit) (mol H+/kg) [mol (+)/kg] Ratio

Dairy (9) 0.28 0.73 2.51 0.29

Horse (5) 0.17 0.48 1.35 0.36

Yard (5) 0.18 0.41 1.42 0.29

Leaf (2) 0.20 0.50 1.55 0.32

Mint (2) 0.28 0.72 2.81 0.26

Other (5) 0.18 0.33 1.40 0.24

Bark:biosolids (3) 0.21 0.29 0.92 0.32
aCBC ¼ Compost pH buffer capacity to pH 5.0 as determined by dilute acid titration (Costello and

Sullivan 2013)

14 Chemical Characteristics of Custom Compost for Highbush Blueberry 301



Compost buffering capacity was correlated with the total cation analysis of

compost (K, Mg, Ca, Na), expressed as mol (+)/kg (P > 0.001). The molar ratio

of CBC to cations [mol H+/mol cation(+)] ranged from 0.24 to 0.36 across feed-

stock categories, with an average value of 0.30 (Table 14.5).

Linear regression analysis yielded a significant (r2 ¼ 0.51; P > 0.001) equation

to predict So requirement based on the total cation analysis of compost (Fig. 14.4).

For acidification to pH 5, approximately 5 g of So per kg was required per mol of

total cations. Correlations between total cation content of organic matter and its

liming effect have been reported previously (Wong et al. 1998; Naramabuye and

Haynes 2006), but these studies reported data for only a few composts.

Compost buffering capacity, when expressed on an OM basis ranged from 0.5 to

0.7 mol H+/kg OM/pH unit for eight composts from western Oregon (Costello and

Sullivan 2013), a similar or greater pH buffer capacity than has been reported for

peat (Jeong 2010), for soil organic matter in forest soils (James and Riha 1986;

Magdoff et al. 1987), and for soil organic matter in agricultural soils (Helling

et al. 1964; Curtin and Rostad 1997).

So required for compost acidification to pH 5 (g S/kg)
(assumes 100% efficiency of S to H+)

0 2 4 6 8 10 12 14 16 18 20

Dairy

Horse

Yard

All

n = 4

n = 8

n = 10

n = 36

Compost pH buffering capacity (mol H+/pH unit)
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n = 8
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Fig. 14.3 Compost pH

buffering capacity (CBC) as

determined by dilute acid

titration of compost samples

(top) and elemental sulfur

(So) required for compost

acidification to pH 5.0,

assuming complete

oxidation of So to H+

(bottom). Center line in
box ¼ median value.

Outside of box are 25th and

75th percentile values.

Whiskers at 5th and 95th

percentile. Outliers ¼ dots
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14.5 Effect of Compost Acidification on Blueberry

Growth and Nutrient Uptake

Reaction with So increased EC and nutrient solubility across all composts

(Table 14.6). The effect of acidification on solubility was larger for divalent

cations (Ca2+ and Mg2+) than for monovalent cations (K+ and Na+). Soluble Mg

increased threefold in compost after acidification, while K increased only 1.4-

fold. Phosphorus solubility was similarly increased by more than threefold,

indicating dissolution of mineral P, and Mn solubility was increased by more

than tenfold. Compost feedstocks with high initial soluble nutrient concentrations

(before acidification) showed the largest increases in EC and soluble nutrients

after acidification. Because compost acidification increased soluble Ca and Mg

more than K, the acidified compost had a lower soluble K:Mg and K:Ca ratios

than the non-acidified compost.
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Fig. 14.4 Relationship

between compost total

cation analysis (K, Ca, Mg,

Na) and amount of

elemental sulfur (So)

required for compost

acidification, as determined

by dilute acid titration. The

So requirement estimate

(y-axis) assumes complete

oxidation of So to H+

Table 14.6 Elemental sulfur

(So) reaction with compost

increases acidity, EC, and

soluble nutrients

Compost Change

Measurementa No So With So (With So/no So)

pH 7.5 5.8

EC (dS/m) 5.6 9.1 1.6

P (mg/L) 25 80 3.2

Ca (mg/L) 130 470 3.6

Mg (mg/L) 90 290 3.3

K (mg/L) 980 1,380 1.4

Na (mg/L) 260 330 1.3

SO4-S (mg/L) 410 2,170 5.2

Mn (mg/L) 0.2 5.5 25

Zn (mg/L) 0.3 0.4 1.3
aAverage of SME extract for 24 compost samples from Dairy (8),

Horse (5), Yard debris (3) and Other (8)
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Blueberry leaves, shoots and roots had greater growth in soil amended with

acidified compost, even though compost EC was increased by acidification

(Table 14.7). The improvement in plant growth (about 20 %) with compost

acidification was observed across a wide range of compost feedstocks. One mech-

anism of benefit to blueberry from acidified compost appears to be improved plant

uptake of Mg. Leaf Mg was higher in plants growing in soil amended with acidified

compost (Fig. 14.5). Plants grown in soil amended with compost containing high

concentrations of soluble K had low leaf Mg concentrations (<1.5 g/kg), indicating

possible plant Mg deficiency (Hart et al. 2006).

Table 14.7 Effect of compost acidification on compost analysis and blueberry plant growth in a

78-day pot triala

Compost acidification Changeb

Measurement No So With So (So/no So)

Compost analysis
c

pH 7.2 5.3 –

EC (dS/m) 1.9 3.5 1.8

Plant growth

Leaves (g DW/plant) 2.9 3.4 1.17

Shoot (g DW/plant) 5.2 5.9 1.13

Root rating (cm of growth) 3.6 4.6 1.28
aCompost analysis and plant biomass are averaged across 10 composts (Costello 2011a)
bCompost analysis and plant growth responses were significant at P < 0.001
cCompost pH and EC were determined by the 1:10 (compost:water; w/w) method
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Fig. 14.5 Compost acidification with elemental sulfur (So) increases Mg concentration in young

blueberry leaves. Compost was acidified prior to soil incorporation. Young leaves were collected

from plants at 50 days after transplanting into compost-amended soil (Costello 2011a). Soluble K

was determined by SME analysis. Leaf Mg of 1.3–2.5 g/kg is considered adequate for recent fully

expanded leaves (Hart et al. 2006)
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14.6 Summary and Future Research

14.6.1 Choosing Feedstocks to Produce
Custom Compost for Blueberry

Pot trials presented here have confirmed the generally held idea that organic matter

sources for blueberry should be low in soluble salts and have pH < 5.5. Only a

small subset of available compost feedstocks will be suitable for partial replace-

ment of the current blueberry industry standard organic substrates, conifer sawdust

(for field application) and peat moss (for containers). Manures and plant materials

that contained total N > 20 g/kg were not suitable for blueberry because of

associated characteristics of high pH, EC, and K (Table 14.8). The manure com-

posts evaluated in the present studies (i.e., horse manure with woody bedding and

dairy manure solids separated by gravity from a liquid handling system) were lower

in EC than whole manures (no bedding). A high-N crop residue (i.e., mint) was also

poorly suited to blueberry.

Composts derived from municipal yard debris, leaves from street sweepings,

or dewatered municipal biosolids composted with conifer bark need to be further

evaluated as potential materials to replace sawdust in field-scale production

systems. Yard debris composts are likely the best candidate for use by growers

because they have relatively consistent chemical analyses, can be acidified to

pH 5 with a moderate rate of So, and composters have the ability to control

particle size by screening. Cation analysis of yard debris compost is reflective

of local soil and vegetation. Yard debris composts from more arid regions may

not be suitable for blueberry compost because of higher cation analyses, higher

CBC, and high EC.

Bark:biosolids and Leaf composts used in this study had near-ideal chemical

properties for blueberry. They were the only composts that supplied low levels of

K (<5 g/kg) and low levels of other soluble salts (EC < 3 dS/m). Most, but not all

dewatered municipal biosolids will be low in K because K follows the liquid

stream at wastewater treatment plants. Cation analyses of biosolids (and CBC)

will likely be higher in regions with “hard” water. The major limitation to use

of biosolids compost is public perception. Biosolids compost is specifically

prohibited in rules governing Organic certification (USDA 2000), although

USEPA considers biosolids composted to meet Class A standards to be suitable

for use with any food crop (USEPA 2002; Sullivan et al. 2007). Compost analyses

and plant growth response was also favorable for leaves collected from street

sweepings, but availability of this material is more limited than yard debris.

Leaves collected from some urban areas may also have unacceptably high levels

of trace elements due to soil contamination (e.g., Pb and Cd; Heckman and

Kluchinski 1996) and therefore should be tested.
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14.6.2 Recommended Compost Analysis Methods

pH: Compost pH values are relatively consistent across different methods. Similar

pH values can be obtained with either SME or 1:5 or 1:10 methods.

pH buffering capacity: The pH buffering capacity of compost can be accurately

determined using equilibration with dilute acid for 3 days (Costello and Sullivan

2013). This method may be too time-consuming for implementation by com-

mercial laboratories, but it is simple enough for use by nurseries and other large

plant production facilities that have a scale and a well-calibrated pH meter.

Because the relationship between acid addition and compost pH is approxi-

mately linear, it may be feasible to use a single acid addition rate to estimate pH

buffering capacity, rather than a regression line based on multiple acid addition

rates. The dilute acid test may also prove useful to formulators of potting mixes,

as an indicator of the lime substitution value of specific composts. The median

value for the liming value of compost (pH > 5) was equivalent to 25 g of CaCO3

per kg and ranged from 6 to 50 g/kg.

Electrical conductivity: Compost EC values are strongly method dependent. The

EC determined by SME is two- to three-times higher than that determined by

other methods using a fixed compost (dry) to water ratio (1:5 or 1:10 methods;

VanderGheynst et al. 2004). Composts that are unsuitable for blueberry have EC

values >4 dS/m with the SME method, >2 dS/m with the 1:5 method, and >1–

1.5 dS/m with the 1:10 method.

Cations: The most common method offered by commercial laboratories, total

nutrient analysis, is suitable for identifying composts with excessive K and

composts with high buffering capacity (via sum of cations). Calcium carbonate

equivalency tests can be used to identify composts that contain high quantities of

carbonate minerals, which are likewise unsuitable for blueberry. We do not

recommend compost CEC testing as an indicator of pH buffering capacity

because the pH buffering capacity of compost resides in both mineral and

organic matter fractions, and CEC is usually determined at pH 7.

Respiration rate and inorganic N: An assessment of compost respiration rate and

NH4-N + NO3-N determination will provide information about the likely effect

of N dynamics on compost pH (Sullivan and Miller 2001). Composts that are

unstable and have high concentrations of NH4-N show a decline in pH with

further curing, as NH4 is converted to NO3-N via nitrification, or NH3 is lost to

the atmosphere.

14.6.3 Interpretation of Recommended Compost
Analyses for Blueberry

Our research demonstrates the value of pH, EC, K, and pH buffering capacity tests

as screening criteria to identify potential composts for high application on blueberry
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beds. We consider composts with total K > 10 g/kg, total cations > 1.5 mol (+)/

kg, compost acidification requirement to pH 5 (as determined by pH buffering

capacity test) > 0.5 mol H + per kg, and EC > 4 dS/m (by SME) to be a risk for

short-term plant damage when applied at high rates (>5 cm depth of compost

applied to the beds). Note that these limits are based on experience with composts

available in western Oregon and should be regarded as preliminary. Composts that

meet all of the criteria considered ideal for blueberry are rare. Therefore, composts

that meet “most” of the analytical criteria should be considered for trial use. For

example, yard debris composts in western Oregon have analysis values that are

approximately equal to the given limits. Results from a recent study on organic

blueberry indicated that a 4-cm deep layer of yard debris compost covered with

5 cm of sawdust mulch produced more shoot growth and higher early yields than

9 cm of sawdust alone but reduced net cumulative returns relative to weed mat

(landscape fabric) or sawdust alone by as much as $7,800/ha, primarily due to

higher weed management costs (Julian et al. 2012; Larco et al. 2013a). The yard

debris compost with sawdust also increased soil pH and organic matter content and

resulted in higher levels of soil NO3-N, P, K, Ca, B, Cu, and Zn than sawdust alone

and increased leaf K and B (Larco et al. 2013a). Forge et al. (2013) observed,

however, that a 7.5–10 cm layer of yard debris compost without sawdust reduced

plant vigor in blueberry compared to sawdust and attributed the reduction to

increased soil pH and EC levels, Mg deficiency in the plants, and to less coloniza-

tion by mycorrhizal fungi in the roots. Thus, the use of yard debris compost in

blueberry can be beneficial, provided weeds are managed economically and the

compost application rate is not excessive.

14.6.4 Recommendations for Future Research

The data presented here illustrate the challenge of developing compost test criteria

applicable to production of a specialty crop like highbush blueberry. To achieve

confidence in compost analyses as predictors of compost suitability, growth trials

designed to evaluate the relationship between compost analysis and crop perfor-

mance are essential. Developing custom uses for compost will require close col-

laboration among horticulturalists, agronomists, and soil scientists.

Composts that contain high concentrations of N are often considered desirable

by growers but also generally have a high EC and pH buffering capacity and

contain high levels of K (undesirable characteristics). Future research should

evaluate the feasibility of enriching low N composts by using NH3 captured

from animal manure storage or animal manure composting. Woody debris is

commonly used as biofilter material to trap NH3 and odors at large composting

facilities (Williams and Miller 1993; Rynk and Richard 2001). It may be possible

to trap N in biofilter material, then utilize the spent biofilter material as

N-enriched woody compost feedstock.
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Future research and technology development to improve compost suitability for

blueberry should also address safe and effective methods for on-farm compost

acidification. Compost pH is critical to the use of compost in blueberry and may

be customized by using So for acidification. In studies reported here, we used

wettable So dust to acidify compost at a laboratory scale. Sulfur dust is potentially

hazardous to farm workers, however, and it can be explosive when handled

improperly. Another potential problem with So addition to large compost piles is

emission of odiferous reduced S compounds such as organic sulfides, mercaptans,

and hydrogen sulfide (Rosenfeld et al. 2004; Buyuksonmez et al. 2007). Thus,

alternative methods for compost acidification need to be developed for on-farm use.

Perhaps the most feasible method to acidify compost with So is to add it to compost

at the time of field application. Regardless of the timing of So addition, commercial

formulations (pellets, prills, etc.) need to be evaluated for efficacy in rapidly

acidifying compost or in compost-amended soil. In a pilot study, we found that

S-bentonite pellets did not acidify compost after 10 weeks in a 40 �C compost

windrow, while So dust nearly reacted completely with compost after 2–4 weeks.

Binding compounds used in some pelleted So formulations also disqualify these

products for use under Organic certification.

Accumulation of K in soil appears to be a major drawback to use of yard debris

compost in blueberry. Our results showed that K from the compost can accumulate

in blueberry plants and possibly cause Mg deficiency. Once applied to soil, K resists

leaching by adsorption to CEC, so it is likely to accumulate in soil over time when

compost is routinely used. Research is needed on how to reduce K in compost.

Because most of the K is present in water soluble form, it may be possible to

remove K by leaching the compost at a composting facility. This would require

technology, expense, and an acceptable method for utilizing the compost leachate.
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Chapter 15

Distribution and Biodegradability of Water

Soluble Organic Carbon and Nitrogen

in Subarctic Alaskan Soils Under

Three Different Land Uses

Mingchu Zhang, Aiqin Zhao, and Zhongqi He

Abstract Water-extractable organic matter (WEOM) contains labile organic

carbon (C) and nitrogen (N) and is sensitive to soil management. However,

knowledge about quantitative changes of water soluble organic C (WSOC) and N

(WSON) impacted by land use conversion is still limited. In this chapter, the level

and degradability of WSOC and WSON in soils sampled from subarctic Alaska

under three different land use managements (i.e. forest, agriculture; and grassland

converted from agricultural use and under a Conservation Reserve Program-CRP)

were examined. There was no statistical difference of WSOC and WSON among

three land uses. Furthermore, WSOCwas dominated by large (>0.45 μm) and small

(<1 kDa) size molecules in CRP and forest soils, while small molecules

predominated in agricultural soils. All WEOM fractions displayed three similar

fluorophore components (two humic acid-like, fulvic-like and a protein-like),

indicating that they were major components of WSOC and WSON, and the impact

of land uses was mainly on the quantity, rather than on the composition, of WEOM.

Laboratory incubation revealed that the biodegradability of cold or hot WEOC was

significantly correlated (p < 0.01) with the protein-like component, indicating that

a protein-like fluorophore represented a labile fraction in cold and hot WEOM

pools. High correlation was found between cold and hot WSON and other chem-

ically extracted potential mineralizable N indexes, showing that hot WSON was a
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part of acid or alkaline hydrolysable N. Information derived from this chapter

increased understanding of subarctic soil WEOM properties and its

biodegradability.

15.1 Introduction

Water-extractable organic matter (WEOM) is generally regarded as the most labile

and mobile form of soil organic matter fractions (Zsolnay 1996; Zhang

et al. 2011b). WEOM is a heterogeneous mixture of complex geomolecules and

biomolecules (Hunt et al. 2007a, b; Ohno et al. 2010). Among them, dissolved or

water soluble organic C (DOC orWSOC) and N (DON orWSON) are the important

components (Rousk and Jones 2010; Zhang et al. 2011b; Ghani et al. 2013). The

quantity and biological nature of WEOM are affected by extraction temperatures

(Nkhili et al. 2012) so that WEOM is frequently extracted by water at ambient

(20 �C) temperature (cold WEOM), and at a temperature of 80 �C (hot WEOM).

The cold and hot water extractions can be performed separately (Landgraf

et al. 2006; Ohno et al. 2009; Bu et al. 2010) or sequentially (Gregorich et al. 2003).

Various methods are developed for evaluating WEOM. Spectroscopic character-

istics of WEOM are usually analyzed by techniques such as UV/visible (Zhang

et al. 2011a), fluorescence (Ohno et al. 2009; Ohno and He 2011), FTIR

(Bu et al. 2010; He et al. 2011a) and NMR spectroscopy (Tatzber et al. 2008; He

et al. 2009a). Chemical composition and degradability are typically characterized by

element (especially C and N content and C/N ratio) analysis (He et al. 2011a; Zhang

et al. 2011b), laboratory incubation (Hunt et al. 2007a), sequential filtration

(Smolander and Kitunen 2002; Kiikkilä et al. 2006), and chromatographic tech-

niques (Hunt et al. 2007a; He et al. 2010; Tatzber et al. 2011; Nkhili et al. 2012).

Generally speaking, there are plenty of research studies on soil WSOC but not

enough research on soil WSON (McDowell 2003). Partly for this reason, the

information on C:N ratios of WEOM are often contradictory. Some show that the

C:N ratios in hot WEOM are narrower than C:N-ratios of cold WEOM and whole

soil organic matter (Kaiser and Zech 2000; Curtin et al. 2006), but others report a

wider C:N ratio in hotWEOM than in coldWEOM (Landgraf et al. 2006; Chantigny

et al. 2010). Whereas Curtin et al. (2006) demonstrate that hot water extracted

organic N can serve as an index for estimating soil potential mineralizable N, we

still don’t know the properties of these hot water extracted organic N.

Climate change and demand of bioenergy have stimulated new aspirations on

agricultural production in the subarctic regions. The Delta Junction area (64�490 N,
147�520 W) is a major small grain production region in the subarctic Alaska, USA

(Zhang et al. 2012). The arable land was developed in 1978 by clearing native

forest. Later, part of the arable land was converted to grassland through the

Conservation Reserve Program (CRP) administrated by United States Department

of Agriculture (USDA). Based on USDA regulations, the CRP land must be

maintained in a condition so that the land can be easily returned to crop production.
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The details of land uses and related management practices were summarized

(Table 15.1). The studies in high latitude often focused on impact of land use on

the stored total soil carbon pool (Grünzweig et al. 2003; Grünzweig et al. 2004) or

on effect of vegetation on WSOM in tundra forest soils (Neff and Hooper 2002).

Little information is available on WEOM for different land uses in the high latitude

area. Therefore, increased understanding of impact of different land uses on

characteristics and biodegradability of soil WEOM will provide information for

future land and water quality management in the subarctic region. Based on

published and unpublished data (Zhao 2011; Zhao et al. 2012, 2013), this chapter

systematically presents and discusses the quantity, distribution, and features of soil

WEOM, especially its critical components, organic C and N, as affected by the

three land uses in the subarctic Alaskan region. Knowledge and insight derived

from this work may also be helpful in enhancing the sustainability of the agricul-

tural land management in other climatic regions.

15.2 Wet Chemistry of Water Extracted Organic Matter

15.2.1 Soil Basic Properties, Organic C and N Extracted
by Cold and Hot Water

Fourteen soil samples were taken from the major agricultural areas (Fairbanks,

Delta Junction, and Palmer) of subarctic Alaska, USA, representing different land

uses (Table 15.2). These soils were loam to sandy loam in texture, with a pH

ranging from 5.0 to 6.9, total soil C content from 2.3 to 8.3 %, soil total N content

from 0.2 to 0.5 %, and soil C:N ratios from 12 to 24. The cold and hot WSOC

concentrations ranged from 274.1 to 755.5 mg kg�1 and 608.9 to 1,700.6 mg kg�1,

Table 15.1 Land uses and related management practices in subarctic Alaskan soils

Land use

Management

practices Plant species

Forest No Black spruce (Picea mariana), poplars (Populus balsamifera,
Populus tremuloides), and various under story plant species,

mostly sphagnum moss

Agriculture N fertilization,

tillage

Continuous barley (Hordeum valgare L.) planting every year since

the clearance of the land in 1979

CRPa Mow every

5 years

A mixture of shrubs (Bebb’s willow (Alix bebbiana), paper birch
(Betula apyrifera), quacking aspen (Populus tremuloides), forbs
(common yarrow (Achillea millifolium)); grass of Parnassus
(Parnassia palustris), winter green (Pyrola spp.), and grasses

(bluejoint reedgrass (Calamagrostis Canadensis); wheatgrass
(Elymus trachycaulus) and sedge (Cares spp.)); a history of

18 years at time of soil sampling
aGrassland land under a Conservation Reserve Program administrated by United states

Department of Agriculture

15 Distribution and Biodegradability of Water Soluble Organic Carbon. . . 315



T
a
b
le
1
5
.2

S
o
il
p
ro
p
er
ti
es

an
d
w
at
er

ex
tr
ac
ta
b
le
o
rg
an
ic
C
(W

E
O
C
)
an
d
N
(W

E
O
N
)
ex
tr
ac
te
d
b
y
co
ld

(2
2

� C
)
an
d
h
o
t
(8
0

� C
)
w
at
er

fr
o
m

d
if
fe
re
n
t
la
n
d
u
se

so
il
s
in

A
la
sk
a
(Z
h
ao

et
al
.
2
0
1
3
)

S
o
il
s

L
o
ca
ti
o
n

S
o
il
te
x
tu
re

S
o
il

T
O
C
b

T
O
N
c

S
o
il

C
o
ld

W
E
O
C

H
o
t
W
E
O
C

C
o
ld

W
E
O
N

H
o
t
W
E
O
N

C
o
ld

w
at
er

H
o
t
w
at
er

p
H
a

%
%

C
:N

m
g
k
g
�
1

m
g
k
g
�1

m
g
k
g
�
1

m
g
k
g
�1

C
:N

C
:N

C
R
P

1
D
el
ta

Ju
n
ct
io
n

S
an
d
y
lo
am

5
.4

4
.5

0
.2

2
2
.5

4
2
3
.1

1
,3
0
4
.3

2
4
.1

7
6
.6

1
7
.5

1
7
.0

2
D
el
ta

Ju
n
ct
io
n

S
an
d
y
lo
am

5
.4

4
.1

0
.2

2
0
.5

5
4
7
.4

1
,5
1
6
.2

2
7
.6

8
0
.2

1
9
.8

1
8
.9

3
D
el
ta

Ju
n
ct
io
n

L
o
am

5
.0

5
.0

0
.3

1
6
.7

3
2
6
.4

9
7
4
.7

2
4
.3

5
7
.4

1
3
.2

1
7
.0

M
ea
n

5
.3

4
.5

0
.2

1
9
.9

4
3
2
.3

b
1
,2
6
5
.1

a
2
5
.3

b
7
1
.4

a
1
6
.9

1
7
.6

F
o
re
st

4
D
el
ta

Ju
n
ct
io
n

S
an
d
y
lo
am

5
.2

4
.7

0
.2

2
3
.5

3
5
1
.6

1
,3
8
7
.5

1
5
.1

6
2
.7

2
3
.2

2
2
.1

5
D
el
ta

Ju
n
ct
io
n

L
o
am

5
.4

4
.8

0
.2

2
4
.0

5
1
1
.4

1
,3
8
3
.3

2
2
.5

5
9
.2

2
2
.7

2
3
.4

6
D
el
ta

Ju
n
ct
io
n

L
o
am

5
.4

4
.8

0
.2

2
4
.0

3
1
8
.9

7
9
6
.1

1
4
.9

3
5
.9

2
1
.4

2
2
.2

M
ea
n

5
.3

4
.8

0
.2

2
3
.8

3
9
4
.0

b
1
,1
8
9
.0

a
1
7
.5

b
5
2
.6

a
2
2
.4

2
2
.5

A
g
ri
cu
lt
u
re

7
P
al
m
er

S
an
d
y
lo
am

5
.4

5
.7

0
.3

1
9
.0

7
5
5
.5

1
,7
0
0
.6

4
6
.6

1
0
4
.4

1
6
.2

1
6
.3

8
D
el
ta

Ju
n
ct
io
n

L
o
am

5
.4

3
.8

0
.2

1
9
.0

5
5
4
.4

1
,6
5
3
.6

3
0
.5

9
2
.7

1
8
.2

1
7
.8

9
F
ai
rb
an
k
s

L
o
am

5
.3

8
.3

0
.5

1
6
.6

4
1
1
.4

1
,2
8
2
.2

2
5
.8

7
0
.7

1
5
.9

1
8
.2

1
0

F
ai
rb
an
k
s

L
o
am

5
.3

3
.1

0
.2

1
5
.7

4
6
5
.7

9
5
8
.8

2
5
.7

6
1
.0

1
8
.2

1
5
.7

1
1

F
ai
rb
an
k
s

L
o
am

5
.1

3
.3

0
.2

1
9
.4

2
7
4
.1

7
0
7
.9

1
0
.3

3
9
.3

2
6
.5

1
8
.0

1
2

D
el
ta

Ju
n
ct
io
n

L
o
am

6
.9

2
.3

0
.2

1
2
.0

4
4
0
.5

6
0
8
.9

2
4
.8

4
5
.1

1
7
.8

1
3
.5

1
3

D
el
ta

Ju
n
ct
io
n

L
o
am

6
.2

2
.9

0
.2

1
5
.4

3
9
4
.3

6
8
8
.4

2
6
.9

5
4
.5

1
4
.7

1
2
.6

1
4

D
el
ta

Ju
n
ct
io
n

S
an
d
y
lo
am

6
.7

3
.6

0
.2

1
8
.1

3
6
0
.2

7
2
9
.9

2
2
.1

4
8
.8

1
6
.3

1
5
.0

M
ea
n

5
.6

4
.3

0
.2

1
9
.2

4
5
7
.0

b
1
,0
4
1
.1

a
2
6
.6

b
6
4
.6

a
1
8
.0

1
5
.9

S
ig
n
.d

N
S
e

N
S

N
S

N
S

N
S

N
S

N
S

D
if
fe
re
n
t
le
tt
er
s
in

co
lu
m
n
s
in
d
ic
at
e
si
g
n
ifi
ca
n
ce

at
p
<

0
.0
5
b
et
w
ee
n
co
ld

an
d
h
o
t
W
E
O
M

fo
r
ea
ch

p
ro
p
er
ty

a
D
I
w
at
er

(s
o
lu
ti
o
n
:s
o
il
¼

1
:1

(v
:w
))

b
T
O
C
to
ta
l
o
rg
an
ic

ca
rb
o
n

c
T
O
N
to
ta
l
n
it
ro
g
en

d
S
ig
n
ifi
ca
n
ce

te
st
am

o
n
g
la
n
d
u
se

fo
r
ea
ch

p
ro
p
er
ty

ex
ce
p
t
fo
r
C
:N

ra
ti
o

e
N
S
n
o
si
g
n
ifi
ca
n
t
d
if
fe
re
n
ce

(
p
<

0
.0
5
)
am

o
n
g
la
n
d
u
se
s

316 M. Zhang et al.



respectively. The cold and hot WSOC averaged 1.0 % and 2.6 % of soil total

organic C, respectively. The cold and hot WSON concentrations ranged from 10.3

to 46.6 mg kg�1 and 35.9 to 104.4 mg kg�1, respectively. The cold and hot WEON

represented 1.2 % and 3.2 % of soil total organic N, respectively. The hot WEOC

and WEON concentrations were significantly ( p < 0.05) higher than cold WSOC

andWSON for all soils. On average, the concentration of hot WSOCwas about four

times higher than that of cold WSOC in all soils, and the concentration of hot

WSON was about six times higher than that of cold WEON in all soils. The C:N

ratios were 13.2–26.5 for cold WEOM to 12.6–23.4 for hot WEOM, respectively.

Increases of WSOC and WSON in hot water extractions than cold water extractions

has been reported before (Curtin et al. 2006; Ros et al. 2009; Chantigny et al. 2010),

and this increase in soil may be attributed to released soluble organic C and N by

depolymerization of SOM, decreased viscosity of soil humus, physical state change

of soil organic matter, and killed microbes (Chantigny et al. 2010). The similarity of

C:N ratios in hot WEOM and whole soils was also found by Chantigny et al. (2010).

This similarity is attributed to the preferential dissociation of soil organic C at high

temperature (Curtin et al. 2006; Chantigny et al. 2010).

15.2.2 Molecular Size Distribution of WSOC and WSON
of Water Extractable Organic Matter

Three molecular size fractions of cold WEOM were separated: small molecules:

<1 kDa, medium molecules: 1 kDa–0.45 μm, and large molecules: <2.5 μm but

>0.45 μm (Table 15.3). The WSOC content within each size fraction was rather

similar among soils of three land uses for both field moist and air-dried samples. In

contrast, the WSON content was statistically different ( p < 0.05) in medium

(1 kDa–0.45 μm) and small (<1 kDa) size fractions for the field moist soil samples,

and no difference for all size fractions from the air-dried soil samples. For the field

moist soils, most WSOC and WSON were distributed in large and small sizes,

whereas, for air-dried soil samples, most WSOC was distributed in small size

fraction, and WSON was less changed among size fractions. Calculated from

their contents, the C:N ratio of WSOM from the field moist soil samples was

widened when molecule sizes decreased in CRP and forest soils, whereas, the C:

N ratio of WSOM in agricultural soil changed little. In contrast, in the air-dried soil

samples, the C:N ratio increased prominently in the small size fraction. Air-drying

process did not decrease large size fraction of WSOC for all land uses, but did

significantly increase this pool in medium and small size fractions of WSOC for all

land uses. Also, air-drying process decreased the WSON-pool in large size fraction,

but increase in the medium size fractions for all land uses. Only in the agricultural

land use, small size fraction of WSON was decreased by air drying. This study

demonstrated that size distribution of WSOC andWSON was affected by land uses.

Forest soils and CRP contained a relative large proportion of large molecules in
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WSOM while agricultural soils consisted of primarily small molecules. There are

two ways that forest floor organic matter entering the beneath mineral soils: through

leaching or mixing by large soil faunas (i.e. bioturbation). Kaiser et al. (2002)

reported a significant amount of high molecular weight in pine and beech forest

floor in autumn. Since there is lack of bioturbation caused by large soil fauna in the

forest soil in subarctic area in this study (Zhang et al. 2012), the organic matter in

forest mineral soil might be mostly from the downward movement of dissolved

organic matter in the forest floor, and this leached dissolved organic matter might

contain large molecules (aromatic and aliphatic). Agricultural soils contained

preferably small molecules due to frequent disruption of tillage, enhanced decom-

position, and N fertilization (Delprat et al. 1997).

15.3 Fluorescence Excitation-Emission Matrix

(EEM) Spectroscopy

15.3.1 Fluorophore Component Features of WEOM

Fluorescence excitation and emission matrix spectrum is a method often used to

characterize soluble organic matter. The method uses full excitation and emission

wavelengths to identify fluorophores in a solution. The output of the EEM is a three

dimensional contour curve with excitation and emission wavelength respectively as

x and y coordinator and fluorescence intensity as z coordinator. The EEM spectra

for all soil samples were remarkably similar. Parallel factor analysis (PARAFAC)

revealed that three fluorophore components were present in these cold and hot

WEOMs (Fig. 15.1). The spectral features of the three components are similar to

those in WEOM of Cecil sandy loam soils from Cotton-corn fields in Georgia, USA

(Zhang et al. 2011b). Specifically, the component 1 in cold WEOM and the

component 2 in hot WEOM had similar broad peak (Em 474–480 nm/Ex 240 and

348 nm), which was typical terrestrial humic substance-like fluorophore

(He et al. 2006b; Fellman et al. 2008). The component 2 in cold WEOM and the

component 1 in hot WEOM were similar with a shorter emission wavelength

(Em 400–440 nm) than humic acid-like, which is considered as fulvic acid-like

component (He et al. 2006b; Santin et al. 2009). It is also attributed to the marine or

fresh water humic acid-like component (Yamashita and Tanoue 2004; Stedmon and

Markager 2005). This pattern also was observed in the water extracts of soil, plant

biomass and animal manure (Ohno and Bro 2006). The spectral contours of the

component 3 showed different protein contours between cold and hot WEOM.

Cold WEOM showed a strong emission signal at wavelengths ranging from

335 to 340 nm at the comparably low excitation wavelength 240 nm which is

assigned to tryptophan-like components (Chen et al. 2003; Yamashita et al. 2008).

15 Distribution and Biodegradability of Water Soluble Organic Carbon. . . 319



Hot WEOM included unknown fluorophores with a shorter emission wavelength

(300 nm) for the maximum at the lower excitation wavelength. According to

operationally defined fluorophore locations by Chen et al. (2003), this component

is most likely composed of tyrosine-like components. When the cold WEOM was

further fractionated to the three size fractions, the EEM-PARAFAC analysis

revealed similar three-fluorophore-component features (Zhao et al. 2012).
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Fig. 15.1 The PARAFAC fluorophore components for cold (22 �C) (left) and hot (80 �C) (right)
WEOM from sample soils. Ex. means excitation wavelength; Em. means emission wavelength

(Zhao et al. 2013)
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15.3.2 Distribution of Fluorophore Components
in Different WEOM Fractions

An average of 94 % and 89 % of the fluorescence intensity was contributed by

humic acid-like and fulvic acid-like components in cold and hot WEOM, respec-

tively. However, the distribution of the two components in cold and hot WEOM

was markedly different, with the fulvic acid-like fluorophore being higher than

humic acid-like fluorophore for the cold WEOM but lower than humic acid-like

fluorophore in hot WEOM. Increasing extraction temperature resulted in a signif-

icant ( p < 0.05) decrease in the contribution of fulvic acid-like fluorophore for

forest and agricultural soils, and a significant increase in the humic-like fluorophore

for all soils and in the protein-like fluorophore for CRP and agriculture soils. As hot

water extracted more humic acid-like and less fulvic acid-like than cold WEOM,

this reflected the presence of significant quantities of water soluble humic acid as

extraction temperature increased. Curtin et al. (2006) also found that a large

proportion of organic N extracted by hot water is resistant to acid hydrolysis,

which was assigned to the fraction of humic acids.

Statistical difference ( p ¼ 0.05) was found in the relative loadings of the

terrestrial- and marine humic acid- like components in the <1 kDa fraction of

WEOM from different land uses. The relative loading of the terrestrial humic acid-

like component in the field moist soil samples was similar for agricultural and CRP

soils among the three size fractions, but this component increased as the size went

smaller (Fig. 15.2). For the air-dried soil samples, this component increased in the

forest and the agriculture but not for CRP as size fraction decreased. As for the

relative loading of marine/fresh water humic acid-like component, it increased as

size fraction decreased for forest and the agricultural soils but not for CRP of both

field moist and air-dry soil samples. The relative loadings of the protein (tyrosine)-

like component in all land uses were reduced as molecule sizes decreased especially

for the air dried soil. Statistical differences were observed between the CRP, forest

and agricultural land uses among different sizes for WEOM from air-dried soil

samples, but such difference was only found in the fresh forest soil samples.

Air-dried process significantly decreased the tyrosine-like component in WSOM

of all three sizes.

15.4 Degradation of Organic C and N of WEOM

in Laboratory Incubation

15.4.1 Loss of Organic C and N of WEOM

The incubation for cold and hot WEOM was carried out following a method by

Kalbitz et al. (2003). In brief, the extracted solution (diluted to <20 mg C L�1) was
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incubated in a flask in dark at 15 �C. Prior to the incubation, a mixed inoculum

extracted (2 mM CaCl2, soil:solution ratio, 1:2) from the 14 experimental soils was

added in the solution (1 % v/v). The concentration of organic carbon before and

after the 21-day incubation was determined and the differences were the C loss

Fig. 15.2 Relative fractional loadings of PARAFAC components of WEOM under different land

uses and different size fractions from field moist soil samples (a–c) and air-dried soil samples (d–

f), (a, d): typical terrestrial humic acid-like component; (b, e): marine/fresh water humic acid-like

component; (c, f): tyrosine-like component. Vertical bars denote standard errors for nine replicates
(Zhao et al. 2012)
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during the incubation. McDowell et al. (2006) suggested that a 7-day incubation at

20 �C can lead to a relatively labile DOC-pool and a 42-day incubation at the same

temperature can determine labile and relatively refractory components. In this

study, the soil solution was incubated at a relatively low temperature of 15 �C
which is an average growing season temperature in the study region. The mineral-

ization rate at 15 �C could be lower than that at 20 �C hence a longer (21-day)

incubation was chosen to insure that most of the labile WEOC andWEON and little

of refractory component of WEOC and WEON was determined.

The losses of cold and hot WEOC during 21 day incubation (at 15 �C) ranged
from 9.5 to 14.7 % and from 12.1 to 24.9 %, respectively (Table 15.4). These

changes were quite different to the range of 5.3–31.8 % of mineral soils reported by

Kalbitz et al. (2003) in a 90 day 20 �C incubation. The losses of cold and hot WEON

during 21 day incubation ranged from 13.7 to 62.0 % and from 52.3 to 63.1 %,

respectively. These outcomes were wider than the range of 12–20 % of hot WEOC

loss reported by Bu et al. (2010). The greater losses of WEON suggested that the

fraction of WEON was more biodegradable than the fraction of WEOC. Previous

studies also reported a higher biodegradation of WEON than WEOC in the humus

layer under coniferous forest (Norway spruce and Scots pine) (Kiikkilä et al. 2006),

and in maize-cropped agricultural soils (Gregorich et al. 2003).

Compared between cold and hot water extraction, hot water extraction

increased biodegradable organic C in agriculture and CRP but not forest soils

(Table 15.4). Quite contrary, hot water extraction increased biodegradable

organic N in forest but not agriculture and CRP soils. Comparing among

the three land uses, only difference ( p < 0.05) was found with cold WEON

where forest soil had the lowest fraction of biodegradable WEON (Table 15.4).

It appeared that the increase in biodegradability of hot WEOC did not couple with

an increase in hot WEON in CRP and agricultural soils, and the increasing

biodegradable hot WEON did not couple with the biodegradability of the hot

WEOC in forest soil. This decoupling suggested that hot WEOC may have totally

different turnover rate than hot WEON.

Table 15.4 The loss of cold (22 �C) and hot (80 �C) water Extractable C (WEOC) and N (WEON)

after a 21-day incubation at 15 �C for Alaska soils

Soils

%WEOC loss %WEON loss

Cold Hot Cold Hot

Mean for CRP (n ¼ 3) 14.72 b 24.19 a 54.61 56.24

Mean for forest (n ¼ 3) 9.54 12.10 13.68 b 52.26 a

Mean for agriculture (n ¼ 8) 11.66 b 24.87 a 61.95 63.11

Significance of land uses NSa NS p ¼ 0.007 NS

Data are adapted from Zhao et al. (2012)

Different letters indicate significance at p < 0.05 between loss of cold and hot water extractable

organic matter for each land use
aNS no significant difference (p < 0.05) among land uses for tested parameters
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15.4.2 Soil Mineralizable N Parameters

As Curtin et al. (2006) demonstrated that hot WEON can serve as a potential soil

mineralizable N index, another 24-week incubation was carried out based on the

method of Wang et al. (2004). This was performed for estimation of total soil

potential mineralizable N in the 14 investigated subarctic Alaskan soils. During the

24-week incubation, total mineralizable N in the 14 soils (N24weeks) ranged from

12 to 86 mg kg�1 with a CV of 56 % (Table 15.5). The N24weeks accounted for

between 0.6 and 4.3 % (average of 2.4 %) of total soil organic N. The active

mineralizable N pool (Na) size estimated from a fixed double exponential model

(Zhao 2011) ranged from 1.9 to 30.2 mg N kg�1 with an average of 16.5 mg N kg�1.

The slow mineralizable N pool (Ns) ranged from 18.9 to 120.5 mg N kg�1 with an

average of 57.2 mg N kg�1. The proportion of the active N pool (Na) in the total

mineralizable N-pool (Na + Ns) averaged only 22 %, indicating slow N pool was

the majority of potential mineralizable N. During the 24-week incubation, an

average of 69 % of total mineralizable N (Na + Ns) was released. However, the

total mineralizable N pool size (Na + Ns) had an average proportion of 3.7 % of the

total soil organic N which was relatively small (Table 15.5).

The proportion of the total mineralizable N pool (Na + Ns) in total soil organic N

(3.7 %) was lower than reported by Sharifi et al. (2007, 2008) (6–7.5 %) and

Benedetti and Sebastiani (1996) (10 %). This may attribute to at least three reasons.

First, the incubation in this study was at 15 �C, which was lower than other studies

(25 �C for Sharifi et al. (2007); and 30 �C for Benedetti and Sebastiani (1996)).

Table 15.5 Means, standard deviations and ranges of potential mineralizable N indices in Alaska

soils

Index Mean SDa Minimum Maximum C.V.%b

N24weeks
c, mg N kg�1 50.5 26.0 12.3 86.1 56

N24weeks/total organic N, % 2.4 1.1 0.6 4.3 51

Na
d, mg N kg�1 16.5 9.0 1.9 30.2 55

Ns
e, mg N kg�1 57.2 30.8 18.9 120.5 54

(Na + Ns)/total organic N, % 3.7 1.4 0.9 5.6 52

Organic N_hot water, mg N kg�1 63.4 20.4 35.9 104.1 31

Organic C_hot water, mg C kg�1 1,120.8 395.6 608.9 1,700.6 34

Organic N_cold water, mg N kg�1 24.3 8.8 10.3 46.6 35

Organic C_cold water, mg C kg�1 438.2 125.4 274.1 755.5 28

NaOH hydrolyzable N, mg N kg�1 133.6 26.5 91.8 183.3 37

HCl hydrolyzable N, mg N kg�1 73.9 31.0 36.0 156.2 43

NaHCO3_260, UV absorbance 0.65 0.12 0.46 0.96 18

NaHCO3_205, UV absorbance 1.55 0.55 0.93 2.66 36
aStandard deviation
bCoefficient of variance
cThe mineralized N during an incubation time of 24 weeks
dThe labile Na pool estimated from modified double exponential model
eThe labile Ns pool estimated from modified double exponential model
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The mineralization rate increases exponentially with temperature-increase from

5 to 30 �C (Stanford and Smith 1972). Second, leaching procedure before incuba-

tion can lead to overestimation of potentially mineralizable N pool sizes because

the leachate N may include mineral N that could have been immobilized (Wang

et al. 2003). Third, C:N ratios of soils here (12–24) were higher than that reported

by Benedetti and Sebastiani (7–15, 1996) and Sharifi et al. (7–13, 2007), which may

result in less net N mineralization in soils of this study.

The 1 M NaOH hydrolysable N content ranged from 92 to 183 N kg�1 with a

mean of 134 mg N kg�1 (Table 15.5). The NaOH hydrolysable N accounted for

6.7 % of total soil organic N. This is in line with the study of Wang et al. (2001),

who obtained values ranging from 30 to 400 mg N kg�1. The NaOH hydrolysable N

extraction is similar to the procedure used for Illinois soil nitrogen test (ISNT),

except for an extraction of Extractable NH4
+-N (Sharifi et al. 2007). The ISNT can

recover amino sugar N derived primarily from bacterial and fungal cell walls and

some α-amino acid (Khan et al. 2001; Greenfield 2002). The NaOH hydrolysable N

extracted the highest proportion of total organic N in soils among the chemical

methods used (Table 15.5). The 1 M HCl hydrolysable N content, another potential

mineralizable N index, ranged from 36 to 156 with a mean of 74 mg N kg�1

(Table 15.5). The HCl hydrolysable N accounted for 3.7 % of the total soil

organic N, similar to the reported 25–150 mg N kg�1 in 19 arable soils by Wang

et al. (2001).

The UV absorbance at 260 nm for 0.01 M NaHCO3 hydrolysable organic matter

ranged from 0.46 to 0.96 with a mean of 0.65 and the UV-absorbance at 205 nm was

from 0.93 to 2.66 with a mean of 1.55. The two UV absorbances were used in the

past and they are positively related with the amount of N mineralized in situ (Hong

et al. 1990; Serna and Pomares 1992).

15.4.3 Correlations Between Water Soluble C and N
with the Other Chemically Determined
Mineralizable N

The hot water extracted N was related to alkaline hydrolysable N (NaOH extraction)

(r ¼ 0.72, p < 0.01), and acid hydrolysable N (HCl extractable) (r ¼ 0.86, p < 0.01),

and the absorbance at 260 nm for NaHCO3 extraction (r ¼ 0.61, p < 0.05)

(Table 15.6). The cold water extracted organic N, on the other hand was related to

these potential mineralizable N indexes, but additionally, the cold water extracted N

was also related to the absorbance at 205 nm for NaHCO3 extraction. In addition, the

water extracted C and N was related to each other for both cold and hot water

extraction. The water extractable organic N was not related to the total soil organic N.

Cold water extractable organic N often consists of labile hydrophilic compounds

(e.g. free amino acids, amino sugars, small carbonxylic acids, proteins, sugars) due

to the selective sorption of recalcitrant aromatic and hydrophobic compounds by
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the solid fraction of organic matter from the soil solution (Qualls and Haines 1991;

Kalbitz et al. 2003). The hot-water extractable organic matter contains proportions

deriving from dead microbes, soluble soil carbohydrates and other simple com-

pounds which may account for the labile fraction of soil organic matter (Ghani

et al. 2013). The HCl hydrolysable organic N and NaOH hydrolysable organic N are

assumed to be indicators of biologically active soil organic matter (Xu et al. 1997;

Wang et al. 2001). The amount of N from these extractions were only a small

proportions (<6.7 %) of total soil organic N. The amount of N extracted in total soil

organic N was in an order of alkaline hydrolysable N (6.7 %) > acid hydrolysable

N (3.7 %) > hot water Extractable N (3.2 %) > cold water Extractable N (1.2 %).

The addition of cold water and hot water extraction was 4.4 %, higher than acid

hydrolysable N but lower than alkaline hydrolysable N. Due to its small pool size,

water extractable N was not related to the total organic N in soil. However, water

extractable organic N (22, 80 �C), HCl hydrolysable organic N and NaOH

hydrolysable organic N were similar in their extracted nitrogen-quantities and

were correlated to each other, indicating these extraction solution might attack

similar N pools.

Earlier studies reported poor correlations between water extractable organic C

and N at 22 �C (Campbell et al. 2000; Curtin et al. 2006). The poor correlation

between water extractable organic C and N is possibly due to different variables

driving dissolved organic C and N production in soil such as N fertilization and

ecosystem age (McDowell 2003). For example, N fertilization may increase

dissolved organic N but not dissolved organic C. In this study, samples were

taken before N fertilization. Apparently, a good correlation of water extractable

organic C and N (22 �C) reflected little influence of factors such as N fertilization or

Table 15.6 Pearson correlation coefficient between water extractable organic C and N and the

other indices of N mineralization

Index HWEONa HWEOCb CWEONc CWEOCd

HWEONa, mg N kg�1 1

HWEOCb, mg N kg�1 0.89** 1

CWEONc, mg N kg�1 0.80** 0.53* 1

CWEOCd, mg N kg�1 0.84** 0.72** 0.89** 1

NaOH hydrolysable N, mg N kg�1 0.72** 0.66** 0.63* 0.50

HCl hydrolysable N, mg N kg�1 0.86** 0.84** 0.80** 0.93**

NaHCO3_260, UV absorbance 0.61* 0.47 0.83** 0.81**

NaHCO3_205, UV absorbance 0.27 0.01 0.59* 0.41

TOCe, g kg�1 0.15 0.50 0.21 0.37

TONf, g kg�1 0.09 0.22 0.29 0.26
aOrganic N in hot water
bOrganic C in hot water
cOrganic N in cold water
dOrganic C in cold water
eTotal C
fTotal organic N

*Significant correlation at p < 0.05; **Significant correlation at p < 0.001
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soil age on dissolved organic C and N production. A high correlation between water

extractable organic C and N (80 �C) has been reported by Curtin et al. (2006). A

high correlation between water extractable organic C and N (80 �C) was also found
in this study.

Both UV260 and UV205 of NaHCO3 extracted soil organic matter serve as

potential mineralizable N indicator. The UV260 of NaHCO3 indicates the amount

of water extractable organic matter but the UV205 of NaHCO3 reflects the amount of

inorganic NO3 and organic carbon in water extraction (Hong et al. 1990; Serna and

Pomares 1992). As such, the correlation of water extractable organic C extracted at

22 �C (i.e. cold water extraction) was higher with the UV260 of NaHCO3 than with

the UV205 of NaHCO3. In general, the UV absorbance at longer wavelengths

determines the aromaticity of organic matter. Compared with water extractable

organic matter at 22 �C, water extractable organic C at 80 �C showed a poor

correlation with UV values at 260 and 205 nm of NaHCO3, which may reflect a

low aromaticity of hot water extractable soil organic matter.

15.4.4 Relationships Between Chemically Extractable
Organic N with Model Estimated Mineralizable N

The amount of N released in 24-week incubation was 50.5 mg N kg soil�1

(Table 15.5). This was only 69 % of the potential mineralizable N in soil as

estimated by an unbiased double potential model (Zhao 2011),

Nt ¼ Na 1� e�0:693t
� �þ Ns 1� e�0:051t

� �

where two pools are used to describe the active mineralizable N, Na (mg kg�1) and

the less readily mineralizable N, Ns (mg kg�1), and the total potential mineralizable

N for a time period is Nt.

The active N pool Na was linearly related ( p < 0.05) with hot water extractable

organic N, NaOH hydrolysable organic N, and cold water extractable organic N

(Table 15.7), indicating a portion of hot and cold water extractable N, and NaOH

hydrolysable organic N was in the active N pool.

The total potential mineralizable N, Na + Ns, was linearly related ( p < 0.05)

with hot water organic C and N, cold water organic C and N, NaOH hydrolysable N,

and HCl hydrolysable N (Table 15.7). There was no significant ( p > 0.05) rela-

tionship between Na + Ns and other chemically determined organic N including

UV absorbance at 205 and 260 nm of soil organic matter extracted with NaHCO3,

and total soil organic C and N.

In summary, Quality and quantity of soil hot (80 �C) and cold (22 �C)WEOMwere

related to the three land uses. For all land uses, there were three fluorescence

components in both hot and cold WEOM, but their biodegradability was different.

Hot and cold WEON were also related to other potential mineralizable indices,
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especially acid (1MHCl) and alkaline (1MNaOH) hydrolizable N. The hot plus cold

WEON was a small proportion (4.4 %), higher than acid hydrolizable N (3.7 %) but

lower than alkaline hydrolysable N (6.7 %) to the total soil organic N. Both hot and

cold WEON was related to mineralizable N obtained from laboratory incubation,

therefore, either can be used as a potential soil mineralizable N index.

15.5 Future Research

This research mainly focused on the total level, size distribution and

bio-degradability of WSOC and WSON in WEOMs in the subarctic Alaskan soils

and the impacts by land uses. A part from soil WEOM, particulate soil organic

matter (POM) is another indicator sensitive to soil management and land uses

(Cambardella and Elliott 1992). The approaches for defining this SOM-fraction

are different (e.g. physical dispersion vs. chemical dispersion, Liao et al. (2006);

Billings (2006)). However, researchers found that the chemical dispersion (sodium

hexametaphosphate) separated particulate soil organic matter is sensitive to soil

management practice. Whereas research on particulate soil organic matter focus on

management practices such as no till or land use changes on active carbon pool so

that terrestrial carbon cycles can be quantified and modeled; the water extractable

soil organic matter, on the other hand, is also found to be a sensitive indicator for

soil management such as land use changes and tillage practices (Zhang

et al. 2011b). Nevertheless, studies on water extracted soil organic matter empha-

size more on its availability to microorganisms or plants (Zhao et al. 2013), and its

Table 15.7 Linear regression of tested indices of soil N mineralization to total mineralizable N

using model estimation based on 24-week incubation

Index

Na
a Na + Ns

b

mg N kg�1 soil mg N kg�1 soil

R2 p value R2 p value

Organic N_hot water, mg N kg�1 soil 0.42 0.01 0.70 0.0002

NaOH hydrolyzable N, mg N kg�1 soil 0.40 0.01 0.62 0.0008

Organic C_hot water, mg N kg�1 soil 0.17 0.14 0.46 0.007

Organic N_cold water, mg N kg�1 soil 0.36 0.02 0.43 0.01

Organic C_cold water, mg N kg�1 soil 0.14 0.18 0.32 0.03

HCl hydrolyzable N, mg N kg�1 soil 0.14 0.18 0.32 0.04

NaHCO3_260, UV absorbance 0.14 0.18 0.13 0.19

NaHCO3_205, UV absorbance 0.28 0.05 0.12 0.22

Total organic C, g kg�1 0.20 0.11 0.18 0.79

Total organic N, g kg�1 0.33 0.03 0.21 0.73
aLabile organic N pool size estimated through the double exponential model with the fixed rate

constants
bTotal mineralizable N (Na + Ns) estimated from the double exponential model with the fixed rate

constants
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relationship to surface water quality such as spring runoff from forest or agriculture

areas (Royer et al. 2007; Wilson and Xenopoulos 2009). However, the link between

these two soil organic matter fractions is not clear. Will POM positively or

negatively relate to WEOM? What is the proportion of this WEOM in this POM

fraction? Another missing link is the protected or occluded soil organic matter in

relation to WEOM. Hence a further question is how much of this WEOM attributes

to the protected or occluded soil organic matter. Further knowledge in these areas

will help land management practice to achieve the goal of both high soil fertility

and high water quality.

Whereas characterization of WSOC and WSON would contribute to better

understanding of WEOM properties and their biodegradability in soil and other

environments, one should be aware that another nutrient P may associate or bind to

some organic matter fractions (Mahieu et al. 2000; He et al. 2006b, 2009b, 2011a, b).

These organic matter-bound P could be released biotically or abiotically by

enzymatic hydrolysis and UV irradiation (He et al. 2009b, b). In other words,

these organic matter-associated P forms are bioavailable. It would be of interest

to investigate if and how P is present in these WEOMs from the subarctic Alaskan

soils, and how the composition and bio availability would change by different land

uses. In addition, the chemical interaction between soil organic matter and P is

important for reactions of P at the soil solid phase, in soil solution, and in natural

waters (Hens andMerckx 2001; He et al. 2006a; Gerke 2010). DecomposedWEOM

is reported to inhibit P sorption to a greater extent than did WEOM from

fresh materials (Hunt et al. 2007b). Thus, investigating the soil WEOM-metal-P

interaction in Alaskan field conditions and laboratory decomposition incubation

will certainly provide valuable additional insight into the management and conser-

vation strategies for the subarctic, perhaps also other soils under different climate.
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Chapter 16

Remote Sensing of Nutrient

Concentrations of Soils and Crops

in Biosolid Amended Soils

B.B. Maruthi Sridhar, Fengxiang X. Han, and Robert K. Vincent

Abstract The accumulation of heavy metals in the biosolid amended soils and the

risk of their uptake into different plant parts is a topic of great concern. This chapter

summarizes the accumulation of several heavy metals and nutrients in soils and in

plants grown on biosolid applied soils and the use of remote sensing to monitor the

metal uptake and plant stress. Field and greenhouse studies were conducted with

soybeans grown on soils applied with biosolids at varying rates. The data indicated

that the chemical concentrations in soils and in soybean shoots and roots increased

significantly with increase in applied biosolid concentrations. Copper (Cu) and

Molybdenum (Mo) accumulated significantly in the shoots and roots of the metal-

treated plants. The spectral and Landsat TM data indicated that the Normalized

Difference Vegetative Index (NDVI) can be used to distinguish the metal stressed

plants. The NDVI showed significant negative correlation with increase in soil Cu

concentrations followed by other elements. This data indicated that the remote

sensing can be used to monitor soybean stress patterns and to indirectly assess soil

chemical characteristics. The data from remote sensing analysis of the biosolid

applied soils indicated that the satellite imagery of bare-soil fields can be used to

quantify and map the spatial variation of total phosphorous and copper concentra-

tion in surface soils.
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16.1 Introduction

The agricultural use of biosolids (sewage sludge) for crop production is widely

favored as it is an inexpensive source of several soil nutrients. Biosolids are known

to improve soil physical and chemical properties (Epstein et al. 1975; Wei

et al. 1985), and supply the nutrients required for crop growth (Sommers 1977;

Singh and Agrawal 2008). However, biosolids also contain some toxic heavy

metals (Logan et al. 1997). The effect of these heavy metals on the plant uptake

and growth varies with the type of plant species. Logan et al. (1997) observed a

plateau-type response in accumulation of Cd, Cu and Zn concentrations in corn and

a linear response in lettuce plants. Consequently, Logan et al. (1997) considered

that the metal concentration in plants may follow either a linear or plateau-type

relationship, depending on the plant species. Accordingly, Dowdy et al. (1994)

found no increase in heavy metal concentrations in corn after 19 years of sludge

application and Chang et al. (1987) showed that the Cd concentration in leaves of

radish and swiss chard increased yearly with each sludge application. Heckman

et al. (1987) reported that the Zn, Cd, Cu and Ni concentrations in soybeans

increased linearly with the increase in rate of sludge application. Similar results

were also reported by Reddy et al. (1989) and Ham and Dowdy (1978) in soybean.

McBride et al. (2000) showed higher concentration of Mo in peas, soybeans and

canola than in corn plants. Soybeans grown on biosolids amended soils also showed

high Mo accumulation in the grain (O’Connor et al. 2001).

Similar to biosolid land disposal, agricultural land application offers the best

solution for the management of enormous amounts of Poultry Litter (PL) generated

on U.S. poultry farms each year. Although PL is one of the best organic fertilizer

sources available, excessive land application of PL can cause environmental prob-

lems (Bolan et al. 2010; Moore et al. 1995). Land application of PL is known to

improve soil physical and chemical properties, such as plant nutrient availability,

soil reaction (pH), organic matter content, cation exchange capacity, water holding

capacity, structural stability and soil tilth (Bolan et al. 2010; Williams et al. 1999;

Moore et al. 1995). Poultry waste contains all essential nutrients and it has been

well documented that it provides a valuable source of plant nutrients (Kelley

et al. 1996; Williams et al. 1999; Chan et al. 2008; Harmel et al. 2009). Apart

from high concentrations of N, P and K and micro nutrients, PL also contains heavy

metals such as As, pesticide residues, pharmaceuticals such as coccidiostats, endo-

crine disruptors and microorganisms (Bolan et al. 2010; Moore et al. 1995).

Excessive accumulation of heavy metals such as Zn, Cd, Cu and Ni cause

changes in physiological status and alters the growth rate of plants (Berti and

Jacobs 1996). The increased metal accumulation causes changes in pigment con-

centration, water content, dry weight and growth of plants. All these changes in

plant characteristics result in distinct light absorption and reflectance characteristics

of the plants which can thus be used as an indicator of soil contamination. A number

of field and green house studies have demonstrated that metal stress in plants cause

changes in the spectral reflectance of the vegetation (Collins et al. 1983; Labovitz
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et al. 1983; Milton et al. 1989; Kooistra et al. 2004; Su et al. 2007; Sridhar

et al. 2007a, b). In general, the plant spectral response varies with soil and plant

type under study, level of soil contamination, and the sensitivity of the plant to

different metal concentrations.

16.1.1 Remote Sensing of Vegetation

Remote sensing is the process of inferring surface parameters from distant mea-

surements of upwelling electromagnetic radiation of the land surface (Schmugge

et al. 2002). Remote sensing has been used as an alternative method for determining

and mapping the physical and chemical characteristics of the soil and plants at a

spatial scale.

Plant reflectance is governed by leaf surface properties and internal structure, as

well as by the concentration and distribution of foliar pigments and biochemical

components (Penuelas and Filella 1998; Raun et al. 1998). Thus analysis of

remotely sensed reflected light can be used to assess the changes in plant charac-

teristics such as biomass and the physiological status of plants (Raun et al. 1998).

Spectral reflectance of leaves is relatively low in the visible region (400–700 nm)

where light absorption by leaf pigments (primarily due to chlorophyll) is the

determining factor. The absorption maxima occur in the blue and red at 470 and

680 nm respectively, while the familiar green reflectance peak occurs at 550 nm. In

the near and middle infrared regions, these pigments are transparent and internal

leaf structure and biochemical composition controls the reflectance. The reflectance

spectrum of principal biological interest occurs in the near infrared (NIR) region

between 700 and 1,300 nm, where reflectance is high and absorption is minimal

(with two minor water absorption bands at 975 and 1,175 nm); beyond 1,300 nm,

major water absorption bands (at 1,450 and 1,950 nm) become significant.

All plants respond to increase in supply of plant nutrients in basically the same

way, through the increase in growth rate and increase in pigment concentration.

Several studies have indicated that the increase in plant biomass and chlorophyll

concentration resulted in an increase in NIR reflectance affecting the red edge of

spectral curve compared to normal plants. NDVI (Rouse et al. 1974), a widely used

vegetative index in remote sensing, can be used to monitor plant changes as a result

of biosolid application.

16.1.2 Remote Sensing of Soil

Remote sensing has been used as an alternative method for determining and

mapping the physical and chemical characteristics of the soil at a spatial scale.

High resolution aerial imagery were used to map the organic carbon (Chen

et al. 2000), clay content (Sullivan et al. 2005), organic matter (OM) and Bray-1
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phosphorus (P) concentration in soils (Varvel et al. 1999), and satellite imagery has

been used to map total soil phosphorus, copper and sulfur concentrations (Sridhar

et al. 2009a, b) in bare soils.

Nanni and Dematte (2006) used Landsat TM imagery to estimate the various

physical and chemical properties of bare soils. Soil samples were collected from a

total of 184 ha study area with soils belonging to five different soil orders and

significant correlations were obtained with all the soil parameters using Landsat

single band reflectance values (Nanni and Dematte 2006). However, no soil maps

were presented in that study. Nanni and Dematte (2006) suggested that the success

of their methodology for estimating the soil attributes depends on factors such as

atmospheric image correction, geometric corrections, transforming the data to real

reflectance values.

Varvel et al. (1999) collected soil spectral data using multispectral digital

cameras on a field containing two different soil types to map organic matter and

Bray-1 P. They used digital cameras to record brightness values for each pixel in the

blue (450–520 nm), green (520–600 nm) and NIR (775–900 nm) bands. Soil OM,

Bray-1 P were correlated with the bare soil aerial image. The brightness values,

which can vary from date to date due to sun angle, sensor gain, atmospheric

conditions, were used in that study. In spite of these potential problems, Varvel

et al. (1999) noted that the differences in brightness values could still be used for

mapping OM and soil test P. Significant correlations between brightness values of

blue, green and NIR bands with OM and Bray-1 P of soils and surface maps for OM

and Bray-1 P were produced (Varvel et al. 1999) and a correlation coefficient of

0.57 was reported between soil OM and Bray-1 P.

Applications of airborne imaging systems have shown that soil properties such

as clay mineral content, mineral composition, salt content, pH, OM levels and

cation exchange capacity (CEC) can be extracted directly from observations of bare

soil surfaces or through physiological conditions in the overlying vegetation cover

(Bogrekci and Lee 2007, 2005; Chang et al. 2001; Dalal and Henry 1986; Hender-

son et al. 1992; Lobell and Asner 2002; Dematte et al. 2003; Morra et al. 1991; Post

et al. 2000; Reeves et al. 2002).

There are several concerns about the potential buildup of heavy metal concen-

trations in soils and thereby affecting the crop growth from repeated organic

amendment applications (Berti and Jacobs 1996). Without extensive and time

consuming field work, it is often difficult to obtain an overview of the spatial

distribution of soil chemical concentrations and its effect on crop growth.

As the agricultural fields are covered with vegetation for most of the year,

remote sensing of crop-covered biosolid applied fields helps in making indirect

assessment of soil concentrations through mapping the spatial and temporal het-

erogeneity of crop growth. Remote sensing also improves the possibility of mon-

itoring several fields simultaneously. Based on published data (Sridhar et al. 2009a,

2011), this chapter summarizes the impact of the accumulation of metals and

nutrients in soils and in soybeans grown on biosolid amended soils and the

relationship between soybean vegetation reflectance and different levels of soil

contamination.
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16.2 Soybean Growth on Biosolid Amended Soils

A greenhouse study was conducted in parallel with a field study, to assess the

phytotoxic effects of increase in soil chemical concentrations on soybean growth

and to study the changes in plant spectral reflectance. The soil used for the pot

experiment was a Miracle-Gro® potting mix (Miracle Grow Lawn Products Inc.,

Marysville, OH) and the biosolid used for making the sludge treatments was

Millorganite® (Milwaukee Metropoliton Sewerage District, Milwaukee, WI). The

soybean seeds were of a commercial variety obtained locally. A total of 30 potted

plants consisting of five sludge treatments and a control or untreated group (P0) were

arranged in a completely randomized design, with 5 replicates in each treatment.

Sludge treatmentsweremade by adding the biosolids at the rate of 2, 5, 10, 25 and 50 t/

acre on dry weight basis to the potting-soil and these groups were subsequently

referred as P2, P5, P10, P25 and P50 respectively. The soils were air dried, homog-

enized and about 2.0 kg of the soil was weighed and transferred into plastic pots

(1000 � 700 in size). The seedlings were thinned to two plants per pot at the 2-3-leaf

stage. Two plants per pot were allowed to grow upto 57 days after sowing (DAS).

The field study was carried out in a 65 acre production farm inNWOhio which had

been applied with biosolids for the past 20 years. The soybeanswere grown in the field

from May through October of 2007, following the land application of biosolids. The

selected parts of the field were applied with biosolids at the rate of 5 and 10 t/acre and

these are subsequently referred as F5 and F10 respectively. A part of the field that

never received biosolids was selected as untreated or control (F0). The control field

had similar soil and crop types and identical management history like that of the other

treatments except that no biosolids were land applied (Sridhar et al. 2011).

Surface soil samples (0–15 cm) and aboveground shoot samples were collected

from 18 locations across the field on September 15, 2007 and the field sampling was

conducted on the day of Landsat TM overpass. All the sampling locations were

marked using an eTrex Venture® (Garmin Limited, KS, USA) global positioning

system (GPS) receiver.

16.2.1 Nutrient and Metal Accumulation in Soybeans

At the end of the greenhouse study (after 57 DAS), the plants were cut about 2 cm

above the soil level, shoots (stems and leaves) and roots were harvested and washed

with de-ionized water and the samples were dried at 80 ºC in an oven for 24 h. The

samples were then ground, passed through a 2 mm sieve and a representative

subsample was analyzed for chemical analysis. The soil samples collected were

also dried and passed through a 2 mm sieve. From the field study, a total of 36 soil

and plant samples were collected from 18 georeferenced locations on the day of

Landsat TM overpass. These samples were processed in the same steps as described

for the greenhouse study (Sridhar et al. 2011).
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The soybean plants in the P0, P2, P5, P10, P25 and P50-treated groups grew

steadily and chlorosis was not visually observed during the pot study. Accumula-

tion of Ba, Cd, Cu, Mo, P, S and Zn in soils, roots and shoots are summarized in

Table 16.1. The metal and nutrient accumulation in soils increased significantly

( p < 0.05) with increase in applied sludge (Millorganite) concentration in all the

sludge-treated groups (Table 16.1). Accumulation of Ba, Cd, Cu, Mo, S and Zn in

roots increased with increase in their soil chemical concentrations (Table 16.1).

Accumulation of Cu and Mo in shoots increased with increase in the applied sludge

concentrations (Table 16.1). Metal concentrations remained high in soils, followed

by roots and shoots while the nutrient (P and S) concentrations remained high in

shoots and roots followed by soils.

In the field study, the chemical concentration of the surface soils and shoot

samples of untreated (F0), F5 and F10-treated fields are shown in Table 16.2.

Among all the chemicals that were analyzed, the accumulation of Ba, Cu, P, S

and Zn were significantly ( p < 0.05) higher in the surface soils of F5 and

F10-treated fields compared to F0 (Table 16.2). In soybean shoots, accumulation

of Cu and S increased with increase in sludge concentration.

Table 16.1 Chemical concentration in soils, shoots and roots (in mg kg�1 dry weight) of soybean

treated with biosolids at the end of the pot experiment

Treatment Ba Cd Cu Mo P S Zn

Soil samples

P0 17 da 0.4 d 5 d 1.1 d 786 d 972 c 22 d

P2 14 d 0.3 d 5 d 1.1 d 861 d 904 c 19 d

P5 22 c 0.6d 8 d 1.5 c 1,087 c 1,181 b 30 c

P10 26 c 0.8 c 12 c 1.8 c 1,445 c 1,332 b 37 c

P25 38 b 1.5 b 24 b 2.3 b 2,113 b 1,759 a 58 b

P50 53 a 2.4 a 42 a 3.1 a 3,354 a 1,955 a 83 a

Shoot samples

P0 4 ca 0.2 b 3 d 2 b 7,651 a 3,901 c 28 b

P2 5 c 0.3 b 4 c 3 b 9,093 a 3,289 c 27 b

P5 6 c 0.5 b 5 c 4 a 6,183 a 3,750 c 26 b

P10 9 b 0.5 b 8 b 4 a 6,235 a 3,651 c 27 b

P25 10 b 0.8 a 10 b 5 a 7,375 a 4,406 b 41 a

P50 13 a 0.9 a 17 a 5 a 8,831 a 5,507 a 45 a

Root samples

P0 4 aa 0.2 a 3 b 0.7 b 13,306 a 2,006 a 50 a

P2 4 a 0.3 a 3 b 0.6 b 13,903 a 2,320 a 50 a

P5 3 a 0.2 a 3 b 1.1 b 13,308 a 2,197 a 46 a

P10 3 a 0.2 a 4 b 1.2 b 13,454 a 2,481 a 48 a

P25 3 a 0.2 a 6 a 1.2 b 10,080 a 2,236 a 55 a

P50 2 a 0.3 a 7 a 3.1 a 11,155 a 2,709 a 53 a

The P0, P2, P5, P10, P25 and P50 treatments were applied with biosolids at the rates of 0, 2, 5, 10,

25 and 50 t/acre, respectively on dry weight basis

The given are mean values (n ¼ 5) of five replicates (Sridhar et al. 2011)
aMeans followed by a different letter are significantly different at the 0.05 probability level,

grouped into classes a, b and c
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The analytical results showed that the accumulation of soil and plant chemical

concentrations increased with the increase in biosolid application rates in both the

greenhouse (Table 16.1) and field studies (Table 16.2). This confirms the results of

increased accumulation of Cu, Zn (Reddy and Dunn 1986, Reddy et al. 1989;

Heckman et al. 1987), Mo (McBride et al. 2000; O’Connor et al. 2001) in soil

and tissues of soybean grown on biosolid amended soils. According to Heckman

et al. (1987) the soybean tissue concentrations of Zn, Cd, Cu and Ni exhibited

significant linear increase with sludge application rate from 0 to 112 Mg/hac. The

high chemical concentration in soils of biosolid amended fields (F5 and F10) was

due to the historical land application of biosolids for over 20 years in the study area.

Several studies reported that heavy metal and nutrient concentrations in the surface

soils increased with long-term application of biosolids (Mantovi et al. 2005; Udom

et al. 2004; Nyamangara and Mzezewa 1999). Metal accumulation in roots

increased with the increase in sludge concentration. The accumulation of Cu and

Mo are significantly higher in the shoots of P50-treated plants in the pot study and

in the F5 and F10-treated plants in the field study. This indicates that the translo-

cation of Cu and Mo into soybean shoot increases with increase in their soil

concentration. The significant positive correlation of shoot concentrations of Cu,

Zn and Mo with soil concentrations also confirms their increased translocation rate

compared to other metals. This agrees with the results of Reddy et al. (1989) that the

Cu concentration in soybean seeds increased from 4 to 11 ppm with increase in rate

of biosolid application from 0 to 120 Mg/hac. The Millorganite is widely used as a

garden fertilizer along with potting mix and soils for plant growth.

16.2.2 Spectral Reflectance of Soybean

A Fieldspec Pro spectroradiometer (ASD Inc., Boulder, CO, USA) with a spectral

range of 350–2,500 nm was used to obtain the reflectance spectra of each individual

Table 16.2 Chemical concentration in soils and shoots (in mg kg�1 dry weight) of soybean

treated with biosolids at the end of the field experiment

Treatment Ba Cd Cu Mo P S Zn

Soil samples

F0 103 ca 3 a 24 b 3 a 547 b 325 c 81 b

F5 128 b 3 a 40 a 3 a 3,073 a 511 b 118 a

F10 156 a 3 a 47 a 4 a 3,477 a 627 a 125 a

Shoot samples

F0 3 aa 0.02 a 6 b 1 a 7,646 a 1,168 b 44 a

F5 2 a 0.03 a 8 a 1 a 7,948 a 1,768 a 49 a

F10 2 a 0.03 a 9 a 2 a 8,197 a 1,601 a 52 a

The F0, F5 and F10 treatments were applied with biosolids at the rates of 0, 5 and 10 t/acre,

respectively on dry weight basis

The given are mean values (n ¼ 6) of six replicates
aMeans followed by a different letter are significantly different at the 0.05 probability level,

grouped into classes a, b and c (Sridhar et al. 2011)

16 Remote Sensing of Nutrient Concentrations of Soils and Crops in Biosolid. . . 339



potted plant in the green house, with a quartz-tungsten-halogen (QTH) lamp as a

light source. Diffused light from the 100 W Lowell Pro-Light was used to illumi-

nate the plant canopy at 45� angles when spectra were collected in the laboratory

(Sridhar et al. 2011).

The spectral measurements of each treatment group (n ¼ 5) of the pot experi-

ment were averaged to overcome individual variations. Changes in spectral reflec-

tance along with metal accumulation in soils, plant roots and shoots were used to

characterize the metal stress in plants. The averaged NDVI of each treatment group

was calculated for all the days of spectral collection. The spectra obtained in the

green house study were resampled over the same spectral band intervals as used by

the Landsat TM sensor to simulate the satellite spectral bands. Similarly, NDVI of

each treatment group of the field study was calculated from all the Landsat

TM images obtained during the period of study. The significant differences between

the treatments were evaluated through analysis of variance (ANOVA). Pearson’s

correlation coefficients have been calculated to identify statistically significant

relationships between spectral indices and concentration of metal content in soil

and plant tissues. Duncan’s multiple range test was performed using SAS statistical

analysis software (SAS Institute Inc., Cary, NC).

The averaged (n ¼ 5) reflectance spectra of canopies of all the treated groups

from the last day (57th day) of green house study are given in Fig. 16.1.

The reflectance spectra of the P25 and P50-treated groups showed a decrease in

reflectance in the 800–1,300 nm, 1,470–1,850 nm, and 2,000–2,500 nm regions

(Fig. 16.1). The reflectance spectra from the P5- and P10-treated groups showed

less decrease in the 800–1,300 nm and 1,470–1,850 nm regions compared to

untreated (P0) plants (Fig. 16.1). The NDVI results obtained during the sludge

treatment period are given in Fig. 16.2. The P10, P25 and P50-treated plants show

significant (p < 0.05) decrease in NDVI compared to untreated plants (P0) by last

day (57th) of the study (Fig. 16.2). The P2 and P5-treated plants show no significant

Fig. 16.1 Averaged

(n ¼ 5) canopy reflectance

spectra of control (P0), P2-,

P5-, P10-, P25- and

P50-treated groups on the

last day (57th day) of pot

experiment. All the spectra

were obtained inside the

green house (Sridhar

et al. 2011)
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difference in NDVI from untreated plants during the entire plant growing period

(Fig. 16.2).

Pearson’s correlation coefficients were calculated in order to identify the signif-

icant correlations between the metal concentration in soil and shoots of the plants.

Among all the chemicals that were analyzed, Cu showed significant positive

correlation (r ¼ 0.83**; p < 0.01) followed by Zn (r ¼ 0.64**; p < 0.01) and

Mo (0.62**; p < 0.01). This indicates that the Cu, Zn and Mo concentrations in

plant tissue increased linearly with increase in soil concentration of the respective

metals. Among correlations calculated between NDVI and soil metal concentra-

tions, NDVI showed significant negative correlation with soil Cu concentration

(r ¼ �0.64**; p < 0.01).

16.2.3 Satellite Data Collection and Analysis

To determine the changes in seasonal variation in soybean growth, all the cloud free

Landsat TM images available fromMay through October of 2007 were downloaded

and processed for analysis. The study area was located within the Landsat TM

overpass region of Path 20, Row 31. The georeferenced and terrain corrected

Landsat TM images were downloaded from the USGS EROS Data Center. The

Landsat TM images were processed using the ERMapper image processing soft-

ware, a commercial product of Earth Resources Mapping, Inc. (now part of

ERDAS).

Based on the locations of the sampling points, the dark object subtracted (DOS)

pixel values corresponding to the Landsat TM bands 1–5 and 7 were derived from

the corresponding imagery. The spectral range of these Landsat TM bands are as

follows: Band 1: 450–520 nm; Band 2: 520–600 nm; Band 3: 630–690 nm; Band 4:

760–900 nm; Band 5: 1,550–1,750 nm; and Band 7: 2,080–2,350 nm. The dark

object of each spectral band is defined as one value less than the minimum digital

number found in all the pixels of the image (Vincent et al. 2004). The detailed

Fig. 16.2 Changes in

NDVI of control (P0), P2-,

P5-, P10-, P25- and

P50-treated plant groups

that were grown on biosolid

amended soils at 21, 28,

43 and 57 days after sowing

(DAS). Bars are � standard

error of five replicates

(Sridhar et al. 2011)

16 Remote Sensing of Nutrient Concentrations of Soils and Crops in Biosolid. . . 341



procedure for DOS and its effects on removal of atmospheric haze has been

presented elsewhere in Vincent (1997), Vincent et al. (2004) and Sridhar

et al. (2009a, b). From the DOS-corrected digital number (DN) values of the six

30-m resolution Landsat single bands, the normalized difference vegetative index

(NDVI) was calculated. The NDVI was calculated using the formula NDVI ¼
((Band4 � Band3)/(Band4 + Band3)) (Rouse et al. 1974).

The DOS NDVI spectral ratio images of the fields obtained during the soybean

growth period are given in Fig. 16.3. The Landsat TM NDVI images of the plants

grown in biosolid amended soils show a consistent and systematic difference from

the plants grown in untreated soils starting from 44 DAS. The plants grown in F5

and F10-treated fields show significant ( p < 0.05) decrease in NDVI compared to

untreated plants (F0) starting from 44 DAS (Fig. 16.4).

The significant ( p < 0.05) decrease in the NDVI values of P10, P25 and

P50-treated plants compared to the control (P0) plants of the pot study and F5

and F10-treated plants compared to the control (F0) of the field study indicates that

the NDVI decreases with increase in metal accumulation in soybean tissues and

thus with increase in soil chemical concentrations. Although no visible phytotoxic

symptoms were observed, the plants at higher treatments clearly showed stunted

growth compared to the untreated plants in both greenhouse and field studies. Also

the canopy-level spectra of the P25 and P50-treated plants were clearly lower in the

entire spectral range (from 350 to 2,500 nm) compared to the control (P0) plants

(Fig. 16.1). This data indicates how heavy metals can pose an additive toxic effect

when accumulated at higher concentrations.

Among correlations calculated between NDVI and soil metal concentrations of

the field, NDVI showed significant negative correlation with soil Cu concentration

(Fig. 16.5) during all the stages of crop growth at 44, 60 and 108 DAS, respectively.

Regression analyses were conducted between the soil Cu concentrations and the

Fig. 16.3 The NDVI images of the field study site that were derived from the Landsat TM data

acquired on July 13 (a); July 28 (b) and Sept 15 of 2007 (c), which were of 44, 60 and 108 DAS

respectively. The sampling transects corresponds to control (F0), F10 and F5-treatments from right

to left in each image (a–c) respectively (Sridhar et al. 2011)
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NDVI of the crop plants during each of the crop growth stages at 44, 60 and

108 DAS respectively (Fig. 16.5). Application of the regression equations to the

respective Landsat images resulted in mapping the soil Cu concentrations based on

the reflectance characteristics of the standing soybean crop (Fig. 16.6). The spatial

Fig. 16.4 Changes in

NDVI of control (F0), F5-,

and F10-treated plant

groups that were grown on

biosolid amended plots at

44, 60 and 108 days after

sowing (DAS). Bars

are � standard error of five

replicates (Sridhar

et al. 2011)

Fig. 16.5 The relationship between the NDVI that were derived from the Landsat TM data

acquired on July 13 (a); July 28 (b) and Sept 15 of 2007 (c), which were of 44, 60 and

108 DAS respectively and the soil Cu concentration
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distribution of the soil Cu concentration in the fields which was indirectly calcu-

lated based on the plant spectral and NDVI characteristics (Fig. 16.6) clearly

represents higher soil Cu concentrations in the F5 and F10-treated fields.

In summary, the NDVI of plants will decrease with the increase in the shoot and

root metal concentrations and these phenomena were evident from the data reported

in both the green house and field studies. The P2 and P5-treated potted plants

showed a slight increase in NDVI compared to the other treatments, this is because

the biosolids at lower rate supplied the soil nutrients at the optimum rate required

for plant growth. Besides finding a relationship between patterns of NDVI and soil

metal concentrations, the Landsat TM imagery can also be used to determine the

seasonal variation in plant stress and its effect on the different vegetative and

reproductive stages of the crop. Thus remote sensing can be used to monitor

metal stress in plants and also for indirect assessment of soil contamination.

16.3 Mapping the Chemical Concentration of Soils

Application of biosolids to agricultural land has become a prominent and accept-

able method of waste utilization in recent years. Biosolids are known to improve

soil physical characteristics (Epstein et al. 1975; Wei et al. 1985), increase soil

organic matter content and cation exchange capacity, and supply the nutrients

required for crop growth (Sommers 1977; Singh and Agrawal 2008). However,

the potential for excess application of biosolids, resulting in a build up of nitrogen,

phosphorus (Mantovi et al. 2005), zinc, copper, lead (Mantovi et al. 2005; Udom

et al. 2004; Nyamangara and Mzezewa 1999) and cadmium (Bergkvist et al. 2003)

in the surface soils of agricultural fields continues to be an area of concern.

Accumulation of phosphorus (P) to high concentrations is a major environmental

Fig. 16.6 The images of the field study site showing the soil Cu concentrations that were derived

from the Landsat TM data acquired on July 13 (a); July 28 (b) and Sept 15 of 2007 (c), which were

of 44, 60 and 108 DAS respectively
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concern, as it affects the water quality of lakes and rivers in the event of runoff

(Shober and Sims 2003). Hence, there is an increasing need to continuously monitor

the extent of soil contamination in biosolid and animal manure-applied fields. Even

though conventional methods of soil sampling and testing are being used for this

purpose, they are often expensive, time-consuming and impractical for mapping

soil contamination over large areas. Based on the published data (Sridhar

et al. 2009a), this section of the chapter summarizes the impact of elemental

concentrations on soils amended with biosolids and the use of Landsat data to

map these elemental concentrations of the soils when they are not covered by

vegetation (bare).

16.3.1 Soil Chemical Characteristics

Two adjacent agricultural fields, F34 and F11 that received a cumulative amount of

34 t acre�1 (76 Mg hac�1) and 11 t acre�1 (25 Mg hac�1) of Class B biosolids on a

dry weight basis during the period of 1985–2002 were selected. Soil samples were

collected at surface, 30, and 50 cm depths from each of the 70 sampling locations

across the two fields. These fields were selected because they are representative of

large areas of northwest Ohio where land application of biosolids has become an

important agricultural practice. The soil samples were collected on May 19 of 2005,

one day prior to Landsat over pass, and the sampling locations were marked using a

Trimble GeoExplorer (Trimble Navigation Limited, CA, USA) global positioning

system (GPS) receiver. The collected soil samples were dried and passed through a

2 mm sieve (Sridhar et al. 2009a).

Soil samples (approximately 0.5 g) were digested with concentrated HNO3,

according to USEPA method SW846-3051A (USEPA 1998) using a Mars Xpress

microwave digestion unit (CEM, Matthews, NC, USA). Analysis of variance

(ANOVA) was used to compare the accumulation of each element in the F34 and

F11 fields using SAS version 9.1 statistical software (SAS Institute Inc., Cary, NC,

USA). An alpha level of 0.05 was used to determine the significance.

The chemical concentration of the surface soils and the moisture content of the

surface soils in both the F34 and F11 treated fields are shown in Table 16.3. Among all

Table 16.3 Concentration of selected elements and moisture content in the surface soils applied

with 34 t/acre�1 (F34) and 11 t acre�1 (F11) of class B biosolids

Treatment

Ba Cd Cu S P Moisture

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (%)

F34 161 5.7 55 405 2,550 9.7

(� 28.5) (� 0.5) (� 5) (� 57) (� 625) (� 7.3)

F11 98 3.6 37 265 988 5.5

(� 19.1) (� 1.9) (� 6.6) (� 68) (� 303) (� 2.5)

The given values are means � standard deviation of 35 replicates (Sridhar et al. 2009a)
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the elements that were analyzed, the accumulation of Ba, Cd, Cu, S and P in the surface

soils of F34 were significantly (p < 0.05) higher than those of F11 (Table 16.3).

However, the moisture content of the surface soils in both the fields was similar

(Table 16.3). The soils were of the prevalent latty silty clay type with surface soils

having 40–55 % of clay and 3–5 % of organic matter (Soil Survey Staff 2007).

The analytical results showed that the accumulation of P in surface soil samples

of F34 was about 2.6 times of F11 soils. This confirms the report of Chang

et al. (1983) that 5 years continuous biosolids application in two California soils

at 0, 22.5, 45 and 90 t/hectare increased the total P concentration of surface soil

(0–15 cm) from 515–540 mg/kg to 1,092–1,312, 1,657–2,163 and 2,617–3,470 mg/

kg, respectively. Similarly Maguire et al. (2000) reported that the concentration of

total soil P in surface soils (0–20 cm) of biosolid amended soils was 738 mg/kg, or

nearly double the concentrations in unamended soils, where the total soil P was

403 mg/kg. High concentrations of Cd and Cu in the surface soils of F34 compared

to F11were consistent with the reports of Nyamangara andMzezewa (1999), that the

long-term application of biosolid increased the accumulation of Cd and Cu in

the surface soils.

16.3.2 Satellite Model Development

The Landsat image frames of May 20 and June 5, 2005, covering the study area

were downloaded soon after soil sampling. They were then processed with the ER

Mapper image processing software. The study area was located within the Landsat

overpass region of Path 20, Row 31. The locations of all the 70 soil sampling points

collected one day prior to LANDSAT 5 overpass were marked with a GPS unit. The

study site was dry, without any vegetation, implying that image spectral reflec-

tances represent the spectral reflectance of a bare soil (Sridhar et al. 2009a). The

procedure for developing the GIS database of the Class B biosolid permitted fields

in Wood and Lucas counties of northwest Ohio was reported in detail by

McNulty (2005).

Based on the locations of the 70 soil samples, the dark object subtracted (DOS)

pixel values corresponding to the LANDSAT TM bands 1–5 and 7 were derived

from the original May 20, 2005 image. The spectral range of these LANDSAT TM

bands were as follows: Band 1: 450–520 nm; Band 2: 520–600 nm; Band 3: 630–

690 nm; Band 4: 760–900 nm; Band 5: 1,550–1,750 nm; and Band 7: 2,080–

2,350 nm. The dark object of each spectral band is defined as one value less than

the minimum digital number found in all the pixels of the image (Vincent

et al. 2004). The detailed procedure for DOS and its effects on removal of

atmospheric haze was given in Vincent (1997) and Vincent et al. (2004). From

the DOS-corrected digital number (DN) values of the six LANDSAT single bands,

15 non-reciprocal spectral ratios were calculated. These spectral ratios are: R2,1;

R3,1; R3,2; R4,1; R4,2; R4,3; R5,1; R5,2; R5,3; R5,4; R7,1; R7,2; R7,3; R7,4; R7,5 where R

represents the ratio and the numbers represent the LANDSAT TM band numbers
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(Vincent 1997). The spectral ratios were calculated using the MINITAB statistical

software (MINITAB Inc., State College, PA, USA).

The relationship between the chemical concentrations of the surface soil samples

and the DOS DN values corresponding to the six single bands and the 15 -

non-reciprocal spectral ratios were developed by regression analysis. Using the

MINITAB regression analysis component the best subsets regression was

employed, and only the top two models with highest R2 adjusted values were

chosen to report for each number of variables. The best subsets procedure was

used for sequentially entering independent variables one at a time to improve the

regression equation’s predictive ability. The reported models from the best subset

regression output were tested for autocorrelation with a Durbin-Watson

(DW) statistical test (Durbin and Watson 1951). This tests for autocorrelation in

the input parameters. Finally, the model which had the highest R2 adjusted and that

also passed the DW test was selected as the best model for given inputs. This

procedure was reported in detail elsewhere by Vincent (2000) and Vincent

et al. (2004). The identified best model was then applied to the same May

20, 2005, LANDSAT image, which was used in developing the model to map the

elemental concentration of the surface soils. The model was also applied and

validated using the June 5, 2005, LANDSAT image, which was obtained 17 days

after the soil sampling. In the LANDSAT images that were applied with the best

model, masks were created to limit the display to only bare soil fields.

Regression equations were established to determine the chemical concentrations

of Ba, Cd, Cu, S and P, which are significantly ( p < 0.05) higher in the surface

soils of F34 compared to F11, using the DOS-corrected six TM bands and the

15 non-reciprocal spectral ratios. The best spectral ratio input model for P and Cu

that passed the DW test of significance along with their R2 adjusted and standard

error values were P (mg/kg) ¼ 4,156�1,690 (R51) + 2,257 (R73), R
2 adjusted value

(67.9 %), standard error of 531.2 mg/kg while for Cu (mg/kg) ¼ 75�17.9

(R51) + 21.9 (R73), R
2 adjusted value (59 %), standard error of 6.9 mg/kg. Phos-

phorus had the highest R2 adjusted value (67.9 %) among the chemical attributes

that passed the DW test followed by Cu. Hence, only the P and Cu results were

shown in this chapter. The P and Cu values obtained from chemical analysis of the

70 surface soil sampling locations versus the predicted values of P and Cu for the

same locations obtained by applying the P and Cu spectral ratio models were given

in Fig. 16.7a, b. The P and Cu spectral ratio model were also applied to the June

5, 2005 LANDSAT image frame and the predicted P and Cu values were plotted

against the P and Cu values obtained by the soil analysis (Fig. 16.7c, d). The model

performed well in predicting the P and Cu concentrations of surface soil when

applied to either of the Landsat TM images (Fig. 16.7).

The application of the best P and Cu spectral ratio models to the Landsat TM

frame of May 20, 2005, which was also used in developing the model, is shown in

Fig. 16.8. The redder color in this image corresponds to higher amounts of P and Cu

in surface soil. The application of the best P and Cu spectral ratio models to the

Landsat TM image, reveals all the fields and other locations at the watershed scale

that have higher concentrations of P and Cu (Fig. 16.8).
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16.3.3 Satellite Model Application

Nanni and Dematte (2006) have successfully employed Landsat TM data to esti-

mate the sand, silt, clay, organic matter, cation exchange capacity (CEC) and sum

of cations in Brazilian soils. They derived spectral reflectance values from the

corrected LANDSAT image to develop multiple regression equations in order to

estimate the different physical and chemical characteristics of the soils; however,

no soil maps were presented in that study (Nanni and Dematte 2006).

Aerial imagery was used to map the organic carbon (Chen et al. 2000), clay

content (Sullivan et al. 2005), OM and Bray-1 P (Varvel et al. 1999) and Landsat

TM imagery was used to estimate the physical and chemical properties (Nanni and

Dematte 2006) of surface soils in the previous studies. However, the algorithms

developed in these studies were based on the reflected image intensity values of

the soils, which required correction for atmospheric haze with atmospheric models

before applying the algorithms to another date. The P spectral ratio models

Fig. 16.7 Actual versus predicted P and Cu concentrations (in mg/kg) of surface soil samples

using the dark object subtracted best P and Cu spectral ratio models being applied to the Landsat

TM frame of May 20, 2005 (a, b), which was also used for developing the model. Also the P and

Cu spectral ratio models being applied to a different Landsat TM frame of June 5, 2005 (c, d),

which was also used for evaluating the models (Sridhar et al. 2009a)
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(Sridhar et al. 2009a, b) were based on the DOS-corrrected spectral ratios and are

more robust than any model that could be derived from a combination of single

spectral bands. Vincent et al. (2004) showed that the DOS spectral ratio models

were more robust than single band models and can be applied with reasonable

accuracy to different times of data collection, although their subject was about

cyanobacteria blooms in lakes or streams, and the present context of this chapter is

about P and Cu concentrations in bare soils on dry land.

In summary, the Landsat TM data can be used to estimate and map selected

chemical characteristics of soils, such as total P and Cu. The summarized data

Fig. 16.8 The total P and

Cu concentration (mg/kg) in

surface soil samples of the

bare soil fields in the eastern

part of the Lucas County of

northwest Ohio, which is a

part of the drainage basin of

Lake Erie, which is located

at the northern side (top) of
the image. The image was

obtained by applying the P

and Cu spectral ratio models

to the Landsat TM frame of

May 20, 2005 which was

used for developing the

model. The fields permitted

for Class B biosolid

application in the vicinity

are outlined in the image.

The fields marked with a

pink border are the
experimental fields used in

this study. Not all of the

permitted fields in this

image would have recently

received biosolids, and

some non-permitted fields

could have recently

received other types of

fertilizers (Sridhar

et al. 2009a)
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enables us to conclude that remotely sensed imagery of bare soil fields can be used

to quantify and map the spatial variation of total P and Cu concentration in surface

soils. The technology is simple enough to be applied to the entire watershed.

The P and Cu spectral ratio models were more robust and reliable than the single

band input models and can be applied to bare soil fields with low soil moisture.

16.4 Conclusions

Satellite remote sensing has the potential to monitor the effect of elevated chemical

concentration in soybeans grown on biosolid amended soils and also to map the

chemical concentrations in bare soils. The EPA part 503 regulations (USEPA 2002)

require monitoring of heavy metal additions to biosolids amended soils. However,

they do not require any testing and monitoring of the crops grown on these soils. The

effects of biosolid application on soil and crop quality have rarely been monitored

in non-research field conditions, such as the regular production agriculture farm.

Most of the biosolid research has been conducted on experimental fields where all

the parameters are carefully controlled and such controls are absent in regular

agriculture production farms and hence remote sensing is a means to monitor such

fields. Mapping the crop growth patterns and indirectly assessing the soil chemical

characteristics can help farmers in planning future biosolid application rates.

By applying the satellite spectral ratio models, nutrient and heavy metal con-

centrations, such as P and Cu data shown in this chapter, can be identified and

mapped in surface soils as a result of biosolid application. Because P accumulation

in soils can also result from the application of biosolids, animal manures, and

man-made fertilizers, the application of remote sensing has significant implications

in identifying the fields with high concentrations of surface soil P, thus helping

implementation of P-based management practices on agricultural fields, with an

aim toward reduction of P runoff into nearby surface water bodies.

16.5 Future Research

Several states and territories in the United States now have regulations to restrict the

land application of biosolids, based on phosphorus concentration in soils. Most of

these states have established actual numerical limits for soil test phosphorus (STP),

with an aim to cease the application of biosolids once these limits are reached.

However, monitoring the P concentrations and several other nutrient and heavy

metal concentrations at field and landscape level is very difficult. Further research is

required to extend and apply the research of satellite nutrient and metal sensing at a

large scale, and to establish the predictable model for plant available P or STP.

Since STP is used to guide animal manure and biosolids application instead of total

soil P. The spectral ratio models also need to be tested on fields with higher
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moisture contents. Further, these models need to be applied to surface soils of other

soil types in the different agricultural zones. With respect to the application of

remote sensing to monitor the metal stress in plants and the relationship between the

plant spectral reflectance and the soil chemical concentrations are specific to the

type of plant species; the results summarized in this chapter are applicable to

soybeans only. Another aspect that needs to be considered was that the soil samples

were taken from surface (0–15 cm); however’ roots of plants may penetrate deeper

and considerable vertical variation in soils is known. Further research should be

done with different plant types grown on biosolid applied soils to determine their

metal uptake and changes in spectral features.
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Chapter 17

Cotton Production Improvement

and Environmental Concerns from Poultry

Litter Application in Southern

and Southeastern USA Soils

Haile Tewolde and Karamat R. Sistani

Abstract Much of the poultry litter generated in the US is concentrated in

six southern and southeastern states which also produce the majority of the nation’s

cotton. The enormous amount of litter generated in the region can be an environ-

mental burden if not managed properly. Research has been conducted in the region

to encourage the utilization of poultry litter as a row crop fertilizer away from

the traditional application to pastures around chicken houses. This chapter reviews

results of the research on the effectiveness of poultry litter as cotton fertilizer

and environmental concerns associated with its land application. The results

which have been published in at least 55 refereed journal articles have shown that

poultry litter is an excellent cotton fertilizer. Litter supplies all essential plant

nutrients, builds soil organic matter, does not further acidify low pH soils unlike

synthetic fertilizers, and may control or suppress harmful plant parasitic nematodes.

Fertilizing cotton with poultry litter has been shown to increase lint yield above

that possible with synthetic fertilizers in many soils in the region. Land-applying

litter as cotton fertilizer should benefit cotton and other row crop farmers

by increasing farm profits and poultry producers by generating new income if its

use can be effectively and fully integrated into the cropping systems of the region.

However, the potential of litter-derived P, Cu, and Zn to accumulate in the soil

is a concern that future research should address.
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17.1 Introduction

Animal manures have been used as fertilizers or soil conditioners throughout the

history of agriculture. However, their integration into modern agriculture has been

haphazard at best partly because manures were produced in small quantities and used

on a small scale. Since the transformation of animal agriculture from small-holding

farms to large scale animal feeding operations, manures have been generated in large

quantities in small, confined spaces. The generation of manures in quantities exceed-

ing the local assimilation capacity means it was necessary to find safe, efficient, and

sustainable ways of using the manures away from the point of generation to prevent

local environmental pollution. Recent manure research is predicated on this reality.

Much of the poultry litter (a combination of manure and one of several bedding

materials) generated in the US is concentrated in six southern and southeastern states.

According to the United States Department of Agriculture, National Agricultural

Statistics Service, six states in the southern and southeastern region (Georgia, Ala-

bama, Arkansas, North Carolina, Mississippi, and Texas) produce approximately

65 % of the broiler chickens in the US (USDA-NASS 2012). Assuming each of the

5.6 � 109 birds generated 1.46 kg litter (Sharpe et al. 2004) with 30 g N kg�1 and

12.5 g P kg�1 litter (van der Watt et al. 1994), these six states in 2011 generated

8.2 � 109 kg litter from broiler chickens alone containing 2.46 � 108 kg N,

1.02 � 108 kg P, and other agriculturally important mineral nutrients.

Until about 10 years ago, much of this litter was land-applied on pastures within a

few miles of the poultry houses (usually belonging to the same poultry producers),

primarily because disposing of the litter as close to the point of generation as possible

is more convenient and less expensive. Litter that exceeded the local soil assimilative

capacity had to be given away free of charge to those who could pay for its transpor-

tation away from the local area. Research has been conducted in the region, more

intensively in the last 10–20 years, to encourage the integration of poultry litter as a

row crop fertilizer into the region’s cropping systems and alleviate environmental

burden on pastures and hay fields around the poultry houses which have been the

traditional litter application sites. Today, as a result of this research and the rising cost

of synthetic fertilizers, poultry litter is no longer freely available. It is usually sold to

row crop farmers who use it extensively as a fertilizer in place of synthetic fertilizers.

Often these are farmers who cultivate much of the nation’s cotton and substantial

amount of corn and soybean. This chapter reviews results of current research of

poultry litter use for cotton production systems in the southern and southeastern US.

17.2 Poultry Litter as Fertilizer for Cotton

Much of the cotton land area in the US is located in the same region that also

produces the majority of poultry. Although land under cotton production has

declined by more than 50 % in the last 5 years, the cotton production system can
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still assimilate a substantial amount of the litter generated in the region benefitting

not only the poultry industry but also the profitability of cotton production as

research has shown litter to be a valuable fertilizer in many soils.

17.2.1 Litter Is As Good As or Better than Conventional
Inorganic Fertilizers for Cotton

A cursory literature search revealed that about 55 referred journal articles have been

published since 1990 reporting results from the research of poultry litter on cotton

in the region. The results from this research show that poultry litter is an excellent

fertilizer for cotton production either in combination with commercial fertilizers or

as a stand-alone fertilizer (Sistani et al. 2004; Tewolde et al. 2007). In some soil

types, it is even a better fertilizer than the synthetic fertilizers (Table 17.1). For

example, Tewolde et al. (2008) compared the growth and lint yield of cotton

fertilized with broiler litter or inorganic fertilizers under no-till or conventional

tillage system in an Atwood silt loam soil in northern Mississippi. Their results

showed that cotton fertilized with litter produced 10 % more lint under conven-

tional tillage and 14 % more lint under no-till than cotton fertilized with inorganic

fertilizers following local fertilization practices. The results also showed that plants

grew larger when fertilized with poultry litter than with inorganic fertilizers, further

confirming that litter is a superior fertilizer for cotton in this soil compared to

conventional inorganic fertilizers. In a Cecil sandy loam soil in Georgia, Endale

et al. (2002) reported yield increases of up to 50 % when cotton was fertilized with

poultry litter under no-till compared with conventional-till system fertilized with

conventional inorganic fertilizers. The cotton fertilized with poultry litter was also

taller and had greater leaf area than cotton fertilized with conventional inorganic

fertilizers. In another Mississippi soil considered marginally productive, Tewolde

et al. (2010) fertilized cotton with six litter rates ranging between 2.2 and 13.4 Mg

ha�1 and with six NH4NO3–N rates ranging between 34 and 168 kg ha�1 so that

peak lint yield would fall within these ranges. Lint yield calculated based on fitted

models peaked at 1,156 kg ha�1 when fertilized with 8.7 Mg ha�1 litter and at only

1,033 kg ha�1 when fertilized with 94 kg ha�1 NH4NO3–N. The 123 kg ha�1

difference in the two peak lint yields showed that poultry litter is a superior cotton

fertilizer in this soil, resulting in 12 % more lint yield than that possible with any

rate of the inorganic NH4NO3.

Other research results from the region confirm that cotton production in many

marginally productive soils could benefit from use of poultry litter. In Alabama,

Reddy et al. (2007) reported that cotton produced more lint yield when fertilized

with fresh poultry litter (1,492 kg ha�1) than when fertilized with urea (1,391 kg

ha�1) in a 5-year study on a Decatur silt loam soil. In a heavier texture soil in

Mississippi, Tewolde et al. (2009b) found that cotton fertilized with poultry litter

produced as much as 26 % more lint than cotton fertilized with inorganic fertilizers

but it required an application of as much as 13.5 Mg ha�1 litter. Unlike soils in other
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locations where �9.0 Mg ha�1 litter was adequate to produce yield equal to

standard inorganic fertilization, cotton lint yield in this clayey soil increased in

direct proportion to the litter rate up to 13.5 Mg ha�1, which suggests yield in

heavier soils may be optimized with greater litter fertilization rate than in lighter

soils. Such yield increases may not be possible with synthetic N fertilizers regard-

less of the N rate (Tewolde et al. 2010).

Poultry litter has also been shown to be an effective fertilizer in more productive

soils in the region. In the rich and highly productive soils of the Mississippi Delta,

Tewolde et al. (2007) fertilized cotton with several litter rates with or without

supplemental inorganic N and reported 4.5 Mg ha�1 litter supplemented with 67 kg

ha�1 inorganic N resulted in lint yield equivalent to the farm standard fertilization

with inorganic fertilizers. As much as 6.7 Mg ha�1 litter without supplemental N

was inadequate for optimum lint yield in this soil. Unlike in many less productive

soils in the region, there was no clear advantage of poultry litter over inorganic

fertilization in the rich Mississippi Delta soil. However, the results showed that

litter supplemented with inorganic N sources can substitute for all inorganic

fertilizers even in such fertile soils. Overall, current research from the region has

shown that fertilizing cotton with poultry litter results in lint yield equal to or

greater than fertilizing with inorganic fertilizers.

17.2.2 Cotton Appearance Not Indicator
of Performance of Poultry Litter

Cotton plants fertilizedwith poultry litter in almost all situations appear less green and

contain less tissue N concentration than cotton plants fertilized with inorganic N

fertilizers. For example, Tewolde et al. (2009b) found that cotton fertilized with

13.5 Mg ha�1 litter in a clayey soil in northern Mississippi had less green foliage

andmuch less bulk leaf N concentration but produced asmuch as 26%more lint yield

than cotton that received the locally recommended inorganic fertilization. Cotton

fertilized with 123 kg N ha�1 as urea-ammonium-nitrate solution (UAN) in this soil

consistently looked much greener but produced only 5.6 % more lint yield (not

statistically significant) than cotton fertilized with only 4.5 Mg ha�1 poultry litter

(Fig. 17.1). In a lighter Atwood silt loam soil also in northern Mississippi, cotton that

received twice the amount of total litter N had consistently less N concentration in

leaves, stems, and reproductive parts than cotton that received standard inorganic

fertilizers (Tewolde et al. 2009a). Both visually and based on chlorophyll index

measurements, cotton that was fertilized with poultry litter appeared under-fertilized

much similar to cotton that received no fertilization. However, lint yield and leaf area

index results showed cotton that received the litter-only fertilization was as productive

as or more productive than the cotton fertilized with standard inorganic fertilizers

(Tewolde et al. 2008). In another marginally productive upland soil in Mississippi,

cotton fertilized with poultry litter had much less green foliage and less leaf N

concentration but greater lint yield than cotton fertilized with NH4NO3–N
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(Tewolde et al. 2010). These results suggest that greener foliage or greater leaf N

concentration may not necessarily translate into greater growth and lint production

(Fig. 17.1). It may also be an indication that nutrients other than N, P, and K were

limiting to yield of the cotton fertilized with the regionally recommended synthetic

inorganic fertilizers. Applying the litter at planting may also be an advantage to early-

season growth relative to conventional inorganic N fertilizers which are usually

applied later at the first square stage. These results show that appearance of the cotton

is not a good indicator of the yield potential and should not be used as a criterion of the

performance of cotton fertilized with poultry litter.

17.2.3 Why Poultry Litter Is a Better Cotton
Fertilizer than Synthetic Fertilizers

Possible reasons for cotton fertilized with poultry litter to grow better and produce

more lint while appearing less green and contain lower tissue N concentration than

cotton fertilized with equivalent rates of synthetic fertilizers is explored below:

Fig. 17.1 Cotton fertilized with 123 kg N ha�1 in the form of the synthetic inorganic N fertilizer

urea-ammonium-nitrate solution (UAN) consistently looked much greener but produced only

5.6 % more (statistically not significant) lint yield than cotton fertilized with only 4.5 Mg ha�1

poultry litter. This shows cotton lint yield cannot be accurately predicted by how green the cotton

appears during the growing season
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17.2.3.1 Poultry Litter Is a Slow Release Fertilizer

Poultry litter is like a slow-release fertilizer supplying nutrients, N in particular, in

smaller amounts but on a continuous basis throughout the growing season. As much

as 90 % of the total litter N is in organic forms and therefore is not readily available

for plant uptake immediately after application. Once the litter is applied to the soil,

the organic N fraction is converted to mineral forms by soil microbial action. The

process is gradual, however, and may take years for the entire organic N in litter to

be fully mineralized. Much of the mineralization research has been conducted

under incubation conditions for periods shorter than 1 year. In the field, residual

effects of litter and other animal manures are often reported years after application

which suggests some fraction of the organic N persists in the soil for long periods.

Unlike litter N, 100 % of the N from inorganic N fertilizers is already in

available forms at the time of application. Typically, commercial N fertilizers are

applied to cotton either 100 % within a few days of planting or may be split-applied,

1/3–1/2 at planting and the remainder later around the first square stage. This

practice exposes cotton fertilized with inorganic N fertilizers to large doses of

available N early and may lead to initial luxury-consumption and deep greening

of the crop. The greater mid-season tissue N concentration and greener foliage of

cotton fertilized with inorganic N than cotton fertilized with poultry litter indicate

that the cotton received larger doses of N from inorganic N fertilizers than from

poultry litter (Tewolde et al. 2008, 2009a, b).

Several incubation studies have shown that N from poultry litter mineralizes

gradually (Bitzer and Sims 1988; Hartz et al. 2000; Sistani et al. 2008). In a study

in the field, Schomberg et al. (2011) applied either poultry litter or inorganic N

fertilizers to a Cecil sandy loam soil which was planted with corn. They measured

the inorganic N content of the soil in the top 10 cm for up to 15 weeks and found

that the inorganic N content of the soil that received commercial synthetic N had

greater inorganic N early in the season than the soil that received litter.

The inorganic N content of the soil that received litter exceeded that of the soil

fertilized with synthetic N later in the season, which shows that the readily

available inorganic N of the synthetic fertilizer was depleted at a faster rate

while litter released mineralized N gradually throughout the growing season.

Schomberg et al. (2011) reported that aboveground biomass of corn that was

fertilized with litter was greater than that of corn fertilized with commercial

inorganic N, suggesting that the gradual availability of inorganic N from litter

may have benefited corn growth. Typically, the mineralization of litter N shortly

after application is high but stabilizes after the initial flush of inorganic N

(Preusch et al. 2002; Sanchez and Mylavarapu 2011). As shown by Schomberg

et al. (2011), the amount from this initial surge of inorganic N from litter is not

great enough to equal that from the application of commercial synthetic

N. Therefore, it may be much more ideal for crop growth and yield if fertilized

with litter than with one-time application of synthetic N fertilizers whose N is

100 % available at the time of application.
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17.2.3.2 Poultry Litter Supplies All Essential Plant Nutrients

When analyzed in the laboratory, poultry litter is known to contain all elements

essential for plant growth (Collins et al. 1999) although not always in the most ideal

proportions. Jackson et al. (2003) analyzed 40 litter samples collected from three

southeastern states (Georgia, Alabama, and South Carolina) and reported the

concentration and water solubility of several essential plant nutrients. The samples

contained not only the macro- and micro-nutrients needed for plant growth but also

heavy metals that may be of concern when the litter is land-applied. The phyto-

availability of the elements usually found in poultry litter was demonstrated by

Tewolde et al. (2005b) with cotton. Tewolde et al. (2005b) grew cotton in an inert

growth media consisting of washed sand and vermiculite and fertilized with litter,

Hoagland’s nutrient solution, or no fertilizers. While cotton fertilized with nutrient

solution grew normally to form bolls (Tewolde et al. 2005b), cotton that received no

fertilization never grew beyond the first true leaf, confirming that the media was

near inert with little or no essential plant nutrients (Fig. 17.2a). Cotton fertilized

Fig. 17.2 Cotton grown in a 2:1 sand:vermiculite inert media with (a) no fertilization showing the

media is near inert, (b) full Hoagland’s nutrient solution (Hoagland and Arnon 1950), and (c)

poultry litter. The large difference in plant growth between (a) and (c) is the addition of 90 g of

litter to (c). The similarity in plant growth between (b) and (c) shows that poultry litter supplied

nutrients equivalent to the formulated Hoagland’s solution
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with poultry litter in the same media grew normally to about the same plant size as

cotton fertilized with the full nutrient solution (Fig. 17.2b, c), showing that the

poultry litter supplied all essential nutrients for normal cotton growth and develop-

ment. This was confirmed with measurements of nutrient concentration in the

different plant parts (Tewolde et al. 2005a, b). The ability of poultry litter to supply

all essential plant nutrients means that fertilizing crops in the field with litter would

correct nutrient deficiency that may not be easily identified by regular soil nutrient

analysis. Typically, soil analysis and corrective action are focused on the major

nutrients N, P, and K and occasionally on S and Mg. It is very easy to overlook

minor deficiencies of the micronutrients including Zn, B, and Cu. Applying poultry

litter intended to supply N, P, and K can also easily meet unidentified deficiencies of

these and other essential elements.

17.2.3.3 Poultry Litter Reduces or Maintains Soil Acidity

Many soils in the southern and southeastern US are acidic and are often limed to

raise the soil pH to levels ideal for crop production. Applying the most commonly

used fertilizers such as NH4NO3 and UAN are known to further acidify the soil.

Poultry litter, unlike synthetic fertilizers, has the opposite effect – it increases soil

pH or maintains the initial pH level (Adeli et al. 2010; Kingery et al. 1994;

Materechera and Mkhabela 2002; Moore and Edwards 2005; Van der Watt

et al. 1994). Adeli et al. (2010) reported that applying NH4NO3 to an already

acidic silt loam upland soil with pH of 4.92 in northern Mississippi further

reduced the pH to as low as 4.76. Applying poultry litter to the same soil raised

the pH to as high as 5.41. Similarly, Moore and Edwards (2005) found that, after

7 years, NH4NO3 application reduced soil pH and poultry litter increased the pH

in direct proportion to the rate of application. Tewolde et al. (2011) attributed

better yield performance of cotton fertilized with poultry litter than with

NH4NO3–N in a low pH soil, in part, to a more ideal soil pH and favorable tissue

Mn concentration. It is very clear that correction of the acidic southern and

southeastern soils by liming is necessary if fertilizing cotton and other crops

with inorganic N fertilizers such as NH4NO3 in the region. Much of the body of

research to date shows that poultry litter may serve as a liming material

(Table 17.2) in addition to its use as a source of all plant nutrients. Thus,

fertilizing with poultry litter eliminates the need to add liming materials, reduces

the cost of production, and increases farm profit (Tewolde et al. 2011) and should

be the preferred fertilizer material for the southern and southeastern US cropping

systems where low soil pH is a concern. After conducting long-term research,

Moore and Edwards (2005) also reached at the same conclusion that poultry litter

may be a more sustainable fertilizer than NH4NO3.
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17.2.3.4 Poultry Litter Increases Soil Organic Matter

and Improves Soil Physical Properties

Poultry litter and other manures are applied to the soil not only as sources of

nutrients but also to help build soil organic matter and improve soil physical

properties. Poultry litter like many manure types is known to increase soil organic

matter at least on a short-term basis (Adeli et al. 2009; Kingery et al. 1994; Watts

et al. 2010). Usually, the organic matter increase is proportional to the rate of

application. For example, Adeli et al. (2009) found that the organic C content of a

clayey soil in the top 0–15 cm in Mississippi increased from 16.0 g C kg�1 soil

when no litter was applied, to 23.1 g C kg�1 soil when 9.0 Mg ha�1 litter was

applied, and to 25.6 g C kg�1 soil when 13.4 Mg ha�1 litter was applied.

Other soil benefits associated with soil organic matter improvement due to litter

and other manure applications include lower bulk density, greater water holding

capacity, better water-stable soil aggregation, and improved porosity (Adeli

et al. 2009; Mbagwu 1992; Tejada et al. 2006; Weil and Kroontje 1979). Tejada

et al. (2006) applied poultry manure yearly for 5 years to a saline soil in Spain and

found that the bulk density of the soil decreased progressively throughout the 5-year

period. At the end of the fifth year, bulk density decreased by 22 % relative to the

unamended soil. Weil and Kroontje (1979) applied high rates of poultry manure to a

clay soil in Virginia and reported the bulk density of the soil decreased from 1.1 to

0.8 g cm�3, water-stable aggregates increased from 73 to 94 %, and water holding

capacity increased from 32 to 42 %. In a clayey soil in northern Mississippi,

Table 17.2 Poultry litter increases or maintains soil pH while inorganic N fertilizers reduce it

Soil type Tillage

Years of

application

Fertilization

Source

Initial None

Synthetic N

fertilizers

Poultry

litter

Soil pH

Loring silt

loam

CTa 3 4.92 4.96 4.76 5.41 Adeli

et al. (2010)

Captina silt

loam

Pasture 7 5.20 – 3.90 5.80 Moore and

Edwards

(2005)

Rhodic

haplustox

Incubation 16 weeks – 4.11 – 4.28 Materechera and

Mkhabela

(2002)

Dubbs silt

loam

CT 6 6.60 5.50 5.52 6.30 Adeli

et al. (2011)

Ariel silt

loam

NTa 6 5.70 5.58 5.35 6.72 Adeli

et al. (2011)

Catalpa silty

clay loam

CT 3 5.23 5.11 5.02 5.49 Adeli

et al. (2009)
aCT conventional till, NT no-till
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Adeli et al. (2009) found that agronomic rates of broiler litter increased microbial

biomass C, total porosity, and aggregate stability. In Nigeria, Mbagwu (1989, 1992)

reported that the addition of high rates of poultry manure (50 Mg ha�1 in the field

and 5 or 10 % of soil weight in an incubation study) increased total porosity and

macroporosity, saturated hydraulic conductivity, water retention at different poten-

tials and decreased soil bulk density of a degraded Ultisol soil.

Although the positive impact of poultry litter on soil physical properties is widely

recognized, its impact on crop productivity associated with the improvement in soil

physical properties is not easily measurable. Typically, the value of litter is mea-

sured by the amount of its N content, and sometimes by its P and K content, which is

determined analytically in the laboratory. All other benefits are ignored because of

the difficulty in quantifying them. But, usually, the value of poultry litter as a

fertilizer to farmers is greater than the value determined based on its N, P, and K

content alone (Tewolde et al. 2010). Tewolde et al. (2010) determined the fertilizer

replacement value of litter as cotton fertilizer in northern Mississippi to be 27 %

more than the value calculated based on its N, P, and K content.

17.2.3.5 Poultry Litter May Suppress Harmful

Plant Parasitic Nematodes

The ability of poultry litter to suppress plant parasitic nematodes may be another

reason for the better lint yield performance of cotton fertilized with litter than

cotton fertilized with inorganic fertilizers. Damage to cotton yield by parasitic

nematodes is a major concern to the extent that nematicides are often a key

component of best management practices in the southern and southeastern

US. Some research indicates poultry litter may be effective in suppressing certain

plant parasitic nematodes on cotton and other crops (Koenning and Barker 2004;

Morant et al. 1997; Riegel and Noe 2000; Sumner et al. 2002) and may prevent

yield loss due to nematode damage. The effectiveness of litter in suppressing

harmful nematodes may be associated with its stimulating effect on beneficial

soil microorganisms (Riegel and Noe 2000). Applying litter to soil has been

shown to stimulate soil microorganisms (Riegel and Noe 2000; Pratt and Tewolde

2009; Tewolde et al. 2009b) and it has also been shown to reduce harmful

nematodes (Riegel and Noe 2000). Litter may also suppress nematodes if it releases

nematicidal levels of NH3 to the soil environment (Oka et al. 2007). Oka (2010)

reviewed research on use of organic soil amendments including poultry litter for

controlling nematodes and proposed the following possible modes of action: gen-

eration of nematicidal compounds such as ammonia and fatty acids, enhancement

and/or introduction of microorganisms antagonistic to nematodes, improvement of

plant tolerance to nematodes, and creating soil environments unsuitable for nema-

tode activity. Poultry litter may not always suppress nematodes with one or two

applications, but its consistent and repeated use may create a healthier soil envi-

ronment that may lead to a gradual decline of harmful nematodes and improve

cotton productivity.
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17.3 Environmental Concerns of Land-Applying

Poultry Litter

Land application of poultry litter to pasture and row crops is the outlet most favored

by the poultry industry for the massive amount of litter generated in small localized

areas. If done properly, land-application as a fertilizer is probably the most effective

way of handling litter. However, concern exists regarding its proper handling much

of which arises from viewing litter as a waste instead of as a resource. One

important concern is the potential of litter-derived pathogens to contaminate food

and drinking water supplies. While this is an ever-existing threat, the greatest

concern of land-applying poultry litter is environmental–the potential to degrade

soil, air, and water quality.

Poultry litter is a rich source of nearly all nutrients essential for normal plant

growth and development. The nutrients, however, do not exist in a balance propor-

tional to plant needs. The environmental threat of land-applying litter arises from

this nutrient imbalance which leads to undesirable accumulation of certain nutrients

in the soil. In cotton and other row crops, the imbalance of N and P is a key issue

that has received some level of research attention. If litter is applied to meet crop N

needs, it has been shown to result in elevated soil P levels after only a few years of

application (Adeli et al. 2011; Kingery et al. 1994; Mitchell and Tu 2006;

Schomberg et al. 2009). The soil P elevation occurs because crop plants including

cotton and corn need much less P than N. At harvest, cotton accumulates as much as

6–8 kg N for every 1 kg P while many soils in the region supply adequate P. Poultry

litter supplies only approximately 2 kg N for every 1 kg P. Therefore, applying litter

to meet the N need always leads to excess P application and to elevated soil P levels

(Table 17.3), particularly if the application is repeated for consecutive seasons. In

addition to causing soil nutrient imbalance, elevated soil P levels can pollute

surface water by way of runoff and leaching. This has been the greatest concern

of fertilizing row crops repeatedly with poultry litter in certain regions such as the

eastern US. A toxic outbreak of microbes in 1997 in the Chesapeake Bay was

associated with P pollution as one factor and the poultry industry became a focus of

attention as a source of the P (Parker 2000). The ecosystems in the southern and

southeastern US have not become as sensitive to nonpoint source pollution as other

ecosystems such as that of the Chesapeake Bay, but nutrient pollution of the Gulf of

Mexico and other coastal areas in the region will be of concern as the use of poultry

litter expands and soil levels of P and other nutrients continue to elevate in the

Mississippi River watershed.

Other nutrients that accumulate in the soil and may become an environmental

concern when poultry litter is used as a fertilizer include Cu and Zn. The trace

elements Cu and Zn are present in poultry litter at elevated levels from the addition

of copper sulfate and zinc sulfate to chicken feed to enhance health and perfor-

mance of the chickens (Skrivan et al. 2005). Therefore, applying poultry litter

elevates the levels of these nutrients in the soil beyond what the crop can absorb

and utilize. The accumulation of Cu and Zn in the soil has been well documented
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(Adeli et al. 2009, 2008; Mitchell and Tu 2006; Schomberg et al. 2009), but the

environmental consequence of such accumulation has not been well researched.

Extremely high soluble soil Cu levels (�3,000 mg/kg) is known to cause deficiency

of other plant nutrients such as Fe (McBride and Martinez 2000) but only when the

levels are extreme such as in contaminated soils. Metal element accumulations that

have the potential to reach toxic levels can also occur when poultry litter is applied

for an extended period (Van der Watt et al. 1994).

Nitrogen, if mismanaged, can be an environmental hazard. However, the appli-

cation of litter can be controlled so that the target crop can utilize the N before

leaving the field. Other concerns of land-applying poultry litter are degradation of

air quality due to emissions of greenhouse gases including CO2 and NH3. However,

these concerns are beyond the scope of this chapter and will not be discussed here.

17.4 Suggested Management Strategies

and Future Research

Poultry litter may be land-applied as a fertilizer safely, effectively, and sustainably

with the proper use of management strategies. To date, the most widely studied and

recommended strategy for continuous use of litter without the buildup of excess

nutrients is applying the litter to meet crop P needs, often described as P-based

fertilization (Eghball and Power 1999; Maguire et al. 2008). However, limiting

litter application rate to meet just the P need leads to under-supplying N, which

necessitates supplemental inorganic N application and increases the cost of fertil-

ization. Management strategies that are economical and do not cause unsustainable

Table 17.3 The concentration of Extractable P in cropped soils is accelerated by as few as three

yearly applications of poultry litter

Soil type Tillage

Years of

application

Fertilization

Source

Initial None

Inorganic

fertilizers

Poultry

litter

Extractable soil P, mg/kg

Dubbs silt loam CTa 6 56 55 111 145 Adeli

et al. (2011)

Ariel silt loam NT 6 31 22 61 97 Adeli

et al. (2011)

Compass fine

sandy loam

CT/CON 10 25 – – 125 Mitchell and Tu

(2006)

Atwood silt loam NT 3 12.7 15.2 16.4 33 Adeli

et al. (2008)

Catalpa silty clay

loam

CT 3 24.6 20.3 21 36.3 Adeli

et al. (2009)
aCT conventional till, CON conservation till, NT no-till
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soil nutrient buildup when adequate litter is applied to fertilize cotton should be

developed as alternatives to P-based litter management. Such strategies may

include crop and fertilizer rotation schemes that enhance the uptake and removal

of excess nutrients, P in particular.

17.5 Conclusion

Poultry litter has proven to be an excellent fertilizer for cotton and other row crops

in the southern and southeastern US. It supplies all essential plant nutrients,

maintains or increases the pH of acidic soils, builds soil organic matter, and may

control or suppress harmful plant parasitic nematodes. The lint yield improvement

reported across the region if cotton is fertilized with poultry litter relative to that

fertilized with synthetic fertilizers may be associated with all these benefits of litter.

If effectively integrated into the cropping systems of the region, litter should benefit

not only cotton and other row crop farmers but also the poultry producers in the

region. The entire region should also benefit environmentally by recycling the

enormous amount of waste generated in the poultry industry if effective and

sustainable strategies of managing excess soil nutrients can be developed.
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