
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

2 Residual Veterinary Pharmaceuticals in Animal Manures. . . 29
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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)

40 W. Song and M. Guo



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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