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Abstract
The widespread use of antimicrobials in animal husbandry has led to an increase in concentrations of antibiotics in animal faeces. Furthermore, the spreading of this waste as fertilizer on
agricultural land indirectly introduces antimicrobial residues into the environment. This study
examined samples of pig slurry and poultry manure for three tetracyclines—oxytetracycline
(OTC), chlortetracycline (CTC) and doxycycline (DOC) and conducted an environmental evaluation
of soils. The samples were taken from manure heaps on eight broiler chicken farms and from
slurry ponds on eight pig farms. The tetracycline analysis was conducted using high-performance
liquid chromatography combined with tandem mass spectrometry (HPLC/MS). The risk assessment was carried out on the basis of the estimated PECsoil value and the ecotoxicological information available for terrestrial organisms. TC concentrations were between >0.01 and 1.38 mg/kg.
OCT was detected in 37% of the poultry manure and in 20% of the pig slurry samples. DOC was
present in 50% of pig slurry samples with an average concentration of 1.2 mg/kg, while CTC was
only found in one slurry sample at a concentration of 0.56 mg/kg. Compared with published values for these two farm animals from other countries, the TC concentrations obtained in this study
were low. The environmental importance of the data generated was also discussed.
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1. Introduction
Over the past fifty years, a number of different antibiotics have been widely used in livestock farming. Tetracyc*
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lines (TCs), broad-spectrum antibiotics active against a wide range of Gram (+) and Gram (−) bacteria, are among
the oldest groups of veterinary chemotherapeutic substances in use and are the most successful class of antibiotics
employed in veterinary health. The estimated consumption of TCs in food-producing animal species in Europe in
2012 was 3138 tons [1]. Although some of the administered TCs are metabolized or adsorbed in the animal’s body,
others are released in excreta as an unaltered form of the drug. Moreover, given that TCs are poorly absorbed by
animal tissues, the excreted part is usually significant [2]. It has been reported that over 70% of administered
chlortetracycline (CTC) and doxycycline (DOC), and over 80% of oxytetracycline (OTC), are excreted in their
original forms [3]. Indeed, concentrations of up to 20 mg/L of tetracycline have been reported from animal manure
[4]. Much of the animal manure treated with antibiotics is spread on agricultural land and TCs are subsequently
released into the soil. The characteristics of TCs—above all, their persistence and adsorption coefficients—favour
their accumulation in soil and TC residues are detected in fertilized soils [5]-[7]. The presence of TCs in soil
ecosystems can have adverse effects on terrestrial organisms and lead to the selection of antibiotic-resistant bacteria [7] [8]. Despite these concerns, reports of the occurrence of these antimicrobials in animal manure and soils
are still very scarce.
Spain had a very well developed animal-husbandry sector and data from 2013, it had showed that it was the
world’s fourth most important porcine producer (second in the EU after Germany) and third most important
poultry (broiler chicken) producer (after France and the UK). It is calculated that annually these food-producing
animals produce 120 million tons of animal waste, which represent around 8.5% of the EU’s total manure output
[9]. Most of the manure produced by the animal industry is currently applied to agricultural land as a source of
nutrients and soil amendment. The consumption of TCs in Spain as veterinary medicines was high and, for example, it was estimated at around 350 tonnes in 2012 [1]. It is thus vital to study the antimicrobial content of these
animal manures. Data for cattle are previously published [10], and there is still a lack of relevant information for
pigs and poultry. The aim of this study is to investigate the occurrence of three tetracyclines—oxytetracycline
(OTC), chlortetracycline (CTC) and doxycycline (DOC)—in pig slurry and poultry manure. Given that these
sub-products are used as fertilizers, we also evaluated the environmental risk to terrestrial organisms provoked by
the application of manure to agricultural land.

2. Materials and Methods
2.1. Collection of Manure Samples
Sixteen manure samples were collected from eight pig and eight poultry farms in the Autonomous Community of
Castilla-Leon (Spain). The sizes of the farms ranged from 15,000 - 20,000 animals for broiler chicken farms and
2000 - 3500 animals for pig farms. Sampling was carried out in April 2011-May 2012. Each manure sample was
prepared by mixing an equal amount of 5 - 10 discrete sub-samples to obtain a single sample of approximately
2000 g (or 3 litres) of manure mixture from each farm. Poultry manure consists of the mixture of urine, faeces and
litter generated on poultry farms, which is stored in large heaps outside broiler chicken sheds. Pig slurry samples
were taken directly from tanker lorries before being applied to fields. These tankers are loaded with pig slurry
from storage ponds that have previously been mechanically stirred. Pig slurry is a mixture of urine, faeces and the
water used to wash out the pigs, and is stored in pools for at least three months before being spread on fields. All
samples were stored in plastic containers and immediately taken to the laboratory, where they were refrigerated at
−20˚C. The manure samples were physico-chemically characterized following Standard Method procedures; the
parameters determined were total, Kjeldahl nitrogen, organic matter and dried weight.

2.2. Chemical Analysis of the TCs
The chemical analysis of the TCs, described below, was conducted following Carballo et al., 2013 [10] (Figure 1)
with slight modifications, mainly in the way in which samples were treated.
2.2.1. Sample Extraction and Clean-Up
Before analysis, poultry samples were dried for 24 hrs at 60˚C and then ground and passed through a 2-mm sieve.
Pig slurry samples were first shaken and then placed in 400-mL containers, where they were left at 60˚C until
completely dry (about 24 hours). Sediments from the bottom of the containers were scraped out and combined into
a single sample that was ground and sieved. A total of 0.5 g of dust obtained from the samples were added to 30 ml
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Figure 1. Chemical analysis of tetracyclines.

methanol and 3 ml EDTA (3 × 10−3 M). The tetracyclines were extracted under acidic conditions. The pH of the
solution was adjusted to below 3 using hydrochloric acid (2.5 M). The mixture was agitated automatically at 300
rpm for 2 hrs and then placed in an ultrasonic bath (18˚C) for 30 min and centrifuged at 4˚C approximately at
2500 rpm for 30 mins. The resultant supernatant was decanted into a glass bottle, filtered through a 0.45-μm
membrane filter (PVDF Acrodis® LC, Pall, USA) and diluted with water (30 ml methanol:200 ml water). The
methanol/water solution was passed through a Water Oasis HLB cartridge (Waters, Milford MA, USA), previously prepared with 20 ml methanol: 10 ml Milli-Q water, at a flow rate of 10 mL/min to concentrate and purify
the diluted manure extract. In the final step, the cartridges were washed (water and methanol 5%), dried under
nitrogen flows, eluted from the cartridge with 6 ml methanol, and finally concentrated to 2 ml under nitrogen
flows. This residue in the methanol was used for the HPLC/MS analysis.
2.2.2. Analytical Quantification
The concentrations of the three selected antibiotics–Oxytetracycline (OTC) (Aldrich 05875-10 g), Doxycyline
(DOC) (Sigma D9892) and Clortetracycline (CTC) (Fluka 46133); all of >99% purity—were determined using
high-performance liquid chromatography combined with tandem mass spectrometry (HPLC/MS). Stock solutions
of the standards were prepared monthly by dissolving each compound in methanol at concentration 1 mg/mL and
storing at −20˚C. The equipment used consisted of a HPLC Water 2690 Alliance with automatic autosampler. A
Gemini-NX-C18 column (4.6 × 150 mm, 5-μm pore size, Phenomenex) thermostated at 25˚C - 30˚C was used to
separate the antibiotics. Gradient elution was carried out with acetonitrile and methanol with 5mM of oxalic acid
(1:1) (mobile phase A) and oxalic acid (5 mM) in 99.9% Milli-Q water (v/v) (mobile-phased B). The injection
volume was 5 μl and the flow rate was 0.2 mL/min. The separation of the antibiotics was conducted using a gradient program as follows: A:B was 10:90 and maintained at 0 min for 18 min, 40:60 for 2 min, 90:10 for 6 min, and
maintained 8 mins at 10:90 for column equilibration. All three antibiotics were eluted within 28 min. A Waters
3100 Mass Detector using a positive electrospray ionisation (ESI+) source and operated in the positive ion mode
was used. The ESI source values were as follows: capillary voltage 4.5 kV, cone voltage 30 V, source temperature
120˚C, desolvation temperature 400˚C, and desolvation and cone gas pressures 24 and 50 psi, respectively. The
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precursor parent ion [M+H]+ (oxitetracycline: 461.2 m/z, doxycycline: 445.1 m/z, chlortetracycline: 479.0 m/z)
was used for quantification in the selected ion recording (SIR) mode for each antibiotic, while the daughter ion
product (oxytetracycline: 426.2 m/z, doxycycline: 428.2 m/z, chlortetracycline: 444.0 m/z) was used for confirmation purposes. The chromatogram of OTC in pig slurry is show in Figure 2.
2.2.3. Method Validation
Analytical procedures were checked for linearity, accuracy and precision, limit of detection (LOD) and limit of
quantification (LOQ). Concentrations in the samples were calculated by external standard methods based on the
peak area of the monitored daughter product. The repeatability of the HPLC/MS method was evaluated by the
injection of standard solutions (1, 3, 5 μg/l) into the system. The standard solutions were prepared from the corresponding stock solutions (2 mg/ml MeOH) by subsequent dilutions. Results indicate that good linearity was
achieved (r2 > 0.8) for the calibration curves of all selected antibiotics in the studied concentration range. The
analyses of the three TCs were checked for linearity r2 = 0.97 - 0.99. The linearity of the response was determined
by preparing solutions containing 0.5, 1.0, 3.0 mg/l of OTC, DOC and CTC, respectively, and each were injected
into duplicates on the HPLC system. The intercept and correlation coefficient R were calculated from the results
slope. By applying the proposed method, linearity was obeyed in the concentration range 0.5 - 3 mg/l and the
correlation coefficient of 0.99 for the compound indicated good linearity between the concentration and peak area.
The slope value 3 × 106 is good evidence of the sensitivity of the HPLC method. Recoveries for the entire procedure were determined using samples taken from the farms. To determine the influence of different matrices on
the HPLC/MS analyses, manure samples were fortified with OTC, DOC and CTC at three concentration levels
(approximately 3 mg/kg). Since these fortified samples contained the target compounds, blank samples were extracted and analysed using the complete procedure. For each matrix and concentration, recoveries were determined using triplicate samples to compare the obtained concentrations with the initial fortified levels.

2.3. Statistical Analysis
The variations in the average of each tetracycline concentration among the different types of manure were conducted by T-Student, significant level were at p > 0.05. Statistical analyses were conducted using SPSS v.15.0
software.

2.4. Risk Assessment
The risk assessment for the soil was calculated as a hazard quotient (HQ), as recommended by the EMEA [11].
HQ is the quotient of the predicted environmental concentration (PEC) and the predicted no-effect concentration
(PNEC). The predicted environmental concentration in soil (PECsoil) was estimated using the antibiotic concentrations in the manure samples and the nitrogen richness of the manure (Table 1) following the indications in the

Figure 2. A chromatogram of OTC in pig slurry.
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Table 1. Composition of the manure samples analyses.
Poultry
Manure

Dried
Weight (%)

Organic
Matter (%)

N-Kjeldalh
(µg/g)

Pig Slurry

Dried
Weight (%)

Organic
Matter (%)

N-Kjeldalh
(µg/g)

A1

78.4

73.0

38.700

P1

8.31

7.89

72.400

A2

82.0

76.3

34.600

P2

1.23

0.86

61.300

A3

75.9

70.1

37.600

P3

2.46

1.69

50.000

A4

72.6

67.5

35.300

P4

7.97

6.29

28.900

A5

69.2

64.4

39.078

P5

2.30

1.63

62.700

A6

76.4

72.6

32.900

P6

2.98

2.06

64.000

A7

45.9

40.2

40.300

P7

7.83

4.68

35.200

A8

56.5

53.1

44.804

P8

4.98

3.46

43.400

EMEA’s guidelines regarding the amount of manure that can be applied to the soil as fertilizer (nitrogen spreading
limit: 170 NT/Ha, 1500 kg/m3 soil density and soil depth of 0.05 m). The PNEC was calculated using ecotoxicological information on terrestrial organisms (microorganisms, plants and earthworms) taken from the published
literature. A short-term (CL50) or long-term (NOEC) value and a safety factor were applied depending on the
toxicity data. The lower toxic value was selected and compared with the PECsoil value. If the ratio PEC/PNEC was
higher than 1, environmental risk was judged to be present. In addition, the minimum inhibitory concentration
(MIC) values for microorganisms from the EUCAST database [12] and scientific journals were searched for and
compared with the PECsoil.

3. Results and Discussion
3.1. TCs Residues in Animal Manure
Table 2 shows the recovery percentages for each TC and for each type of manure analysed, as well as the limits of
detection (LOD) and quantification (LOQ). Table 3 contains the frequency of appearance of each compound in
terms of the type of manure, and the detected concentrations of all three TCs; also given are the maximum and
mean values of the concentrations (the lowest values were always below the limit of quantification). The concentration of TCs are no significantly (p < 0.05) different in the two types of manure. TCs were detected in the
range <0.01 - 1.38 mg/kg. OTC was found in 25% of the pig slurry samples, with a maximum value of 0.72 mg/kg;
DOC was present in 50% of the samples, with average values of 0.63 mg/kg; finally, CTC was only found in one
of the pig slurry samples (0.56 mg/kg). Only two TCs were detected in the poultry manure: OTC in 37% of
samples, with a maximum concentration of 0.88 mg/kg, and DOC in just one sample. With the exception of CTC
in poultry manure, the highest concentration values were all over 100 µg/kg. Table 4 gives the values for the TC
levels found in pig slurry and poultry manure [13]-[25] from a number of other countries; in general, studies of
TCs in animal waste are scarce. CTC is the commonest tetracycline found in pig slurry and is present at the highest
concentrations (0.046 - 404 mg/kg), followed by OTC (0.007 - 173 mg/kg). In poultry manure, the compound
found at greatest concentrations is OTC (0.06 - 183 mg/kg), followed by CTC (0.06173 mg/kg) and DOC (0.3 78.5 mg/kg). The highest recorded concentrations are from the USA, Korea and China, countries that all consume
large amounts of tetracyclines not only in the treatment and prevention of animal diseases but also as food supplements to promote growth. The concentrations found in this study—<0.01 - 1.38 mg/kg—are low in comparison.
It is important to note that the studied samples were collected just before they were applied to fields. The liquid pig
waste is stored in ponds for at least three months, during which time tetracyclines may undergo certain modifications. In the slurry ponds important changes in temperature and in oxygen levels occur, which could create
conditions that affect tetracyclines. Thus, [26] detected that CTC concentrations decrease in pig slurry when
exposed to high temperatures (22˚C - 50˚C) and that the degradation of CTC is dependent on temperature, with
higher temperatures increasing degradation. Anaerobic conditions also affect CTCs [26] and under these circumstances most CTCs degrade to iso-chlortetracycline [21], a chemical form that is biologically inactive. Solid
animal waste such as poultry manure is stored in large heaps in which a series of transformations such as com-
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Table 2. Analytical characteristics.
Poultry Manure

Pig Slurry

Recovery (%)

LOD (mg/kg)

LOQ (mg/kg)

Recovery (%)

LOD (mg/kg)

LOQ (mg/kg)

OTC

80

0.09

0.14

83

0.3

0.40

DOC

73

0.01

0.34

75

0.1

0.32

CTC

75

0.03

0.18

80

0.07

0.21

LOD: Limit of detection; LOQ: Limit of quantification. OTC: Oxytetracycline, DOC: Doxycyline, CTC: Clortetracycline.

Table 3. Frequency and detected concentration (mean levels* and maximum values) of three tetracycline’s in manures.
Poultry Manure

Pig Slurry

Frequency (%)

Mean (SD) (mg/kg)

Maximum (mg/kg)

Frequency (%)

Mean (SD) (mg/kg)

Maximum (mg/kg)

OTC

37

0.27 (0.38)

0.88

62

0.28 (0.29)

0.72

DOC

12

0.06 (0.18)

0.53

75

0.63 (0.63)

1.38

CTC

0

-

-

37

0.08 (0.19)

0.56

OTC: Oxytetracycline, DOC: Doxycyline, CTC: Clortetracycline, SD: standard deviation. (*) To calculate mean, value of LOD (limit of detection)
was taken when values are <LOQ (limit of quantification) and values below LOD were considered.

Table 4. Tetracycline antibiotics concentrations in pig slurries and poultry manure. Mean value (minimum-maximum)
(mg/kg).
Pig Slurry

References

Poultry Manure

References

OCT

11.8 (0.73 - 57)
0.03 (0.007 - 0.06)
63 (0.21 - 126)
0.05 (0.03 - 0.078)
26.8
14.6 (0.21 - 29)
91.3 (9.7 - 173)
1.11 (0.02 - 43.4)

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

0.062
183
1.55
6.45 (0.96 - 13)
0.71 (0.02 - 416)

[23]
[17]
[24]
[13]
[20]

CTC

1-7
404
1.0 (0.02 - 215)
(0.8 - 1.5)
(0.1 - 46)
5.9
(0.6 - 42)

[14]
[21]
[20]
[16]
[18]
[22]
[19]

DOC

0.64 (0.01 - 30)

[20]

1.29 (0.57 - 3.1)
0.07 (0.057- 0.1)
0.3 - 173
1.7
1.1
0.02 (0.014 - 0.13)

3.39
22 (0.3 - 78.5)
0.1 (0.02 - 8.3)

[13]
[23]
[19]
[18]
[24]
[20]
[24]
[25]
[20]

OTC: Oxytetracycline, DOC: Doxycyline, CTC: Clortetracycline.

posting take place. This controlled aerobic process implies the presence of different groups of micro-organisms
that aid the decomposition of organic matter and gives rise to more stable organic and inorganic products. During
this process and as a result of the intense biological activity, temperatures may rise above 40˚C and humidity may
reach 40% - 60%. It has been reported that composting can degrade the CTC present in animal manure [27], although its disappearance is slow given that the particles of matter will offer it a certain degree of protection. Thus,
the storing of animal waste may stimulate processes that are effective in reducing concentrations of TCs in animal
waste.
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3.2. Potential Risk Assessment of TCs in Animal Manure

A risk evaluation of the three TCs detected in this study was conducted. The predicted environmental concentration in the soil (PECsoil) was estimated following the recommendations contained in the guidelines for the risk
evaluation of veterinary medicines [1] [28]. The calculations were carried out using the highest TC concentrations
detected in this study and the nitrogen content of the samples (Table 1). The estimation of the PECsoil in soil
spread with poultry manure gave values of 5.2 µg/kg for OTC and 3.2 µg/kg for DOC, while in soils treated with
pig slurry OTC concentrations were estimated at 3 µg/kg, CTC concentrations at 2 µg/kg and DOC concentrations
at 6 µg/kg. The estimated PECsoil in all cases was below 100 ug/kg, the threshold value of Directive 81/852/EEC
[28] for environmental impact assessment. Thus, no risk to soil organisms is expected to exist.
A number of different studies haveshown that TCs are the most frequently detected antibiotics in agricultural
soils fertilized with animal manure. CTC has been detected at 4.6 - 93 µg/kg [7] [16] [17] [29] and OTC at 3.9 305 µg/kg [5] [15]. In the countries with the largest livestock populations and the greatest consumption of TCs, the
quantity of TCs found in soils is significantly higher [30]. In general, the environmental concentrations of TCs in
soils in European countries are largely below 100 µg/kg, although a few “hotspots” may exist where concentrations are higher. Although the extensive use of these compounds and the recurrent spreading of animal manure on
fields favour their appearance in soils, another factor to take into account is the nature of these molecules (Table
5). Tetracycline antibiotics are highly hydrophilic character, with low volatility and a great adsorption capacity,
characteristics that allow them to bond with the organic matter in the soil and form highly stable complexes [17]
[30]-[33]. The degradation of TCs is thus slow (DT50 = 18 - 76 days). This moderate-high persistence, together
with the continuous introduction of TCs into soils, ensures that residual concentrations are maintained in the soil
(pseudo-persistence), which explains why these compounds are frequently detected in certain soils. Studies of the
degradation of TCs in the field indicate that the combined effects of the action of soil micro-organisms and environmental conditions may help accelerate this degradation [6] although more studies are still necessary to broad
our knowledge of this question.
The Environmental Risk Assessment Guide [11] requires a mandatory evaluation of the effects of TCs when a
threshold is reached, and recommends methodologies for determining whether TCs (and antimicrobials in general)
pose a threat to soil organisms. This has encouraged the obtaining of ecotoxicity data for, above all, the species
recommended in this guideline that belong to three different taxonomic groups: micro-organisms, plants and invertebrates (e.g. earthworms). The endpoints that are most often evaluated are changes in weight, survival and
breeding parameters. Ecotoxic data show that DOC may inhibit the microbial nitrogen transformation to nitrate in
soils when concentrations rise above 0.2 mg/kg [34] [35] and that acute toxicity in plants (EC50) is reached at 66 150 mg/kg. CTC can inhibit the nitrification of the soils at concentrations >100 mg/kg [36]. Among plants, maize
seems to be one of the most sensitive species to CTC and root elongation, the most sensitive endpoint, has an EC50
= 2.28 mg/kg for this parameter [37] [38]. The effects of TCs on wheat only appear at higher concentrations [39].
Table 5. Selected properties of tetracyclines.
CTC

OTC

DOC

Molecular weight (g/mol)

515.3

496.9

444.4

Water solubility (mg/L)

500

Vapour Pressure (mPa)

300

2.09 × 10

−23

1.29 × 10

630
−19

1.89 × 10−18

Dissociation constants in water
Pka1
Pka2
Pka3

3.3
7.5
9.3

3.2
7.4
8.9

3.4
7.7
9.3

Octanol-water partition coefficient (log Kow)

−0.62

−1.22

−0.02

Organic carbon partition coefficient (Koc l/kg,)

76,423

52,875
(27,792 - 93,317)

36,448
(15,161 - 11,4815)***

Desorption potential (Kd, l/kg)

501 - 3715
(1280 - 2386)*

950 - 7200
(420 - 1030)**

779
(338 - 1819)

Half-lifein soil (DT50 soil, days)

18 - 42

18 - 56

59 - 76

*

**

OTC: Oxytetracycline, DOC: Doxycyline, CTC: Clortetracycline. [31], [32], [17],
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OTC affects the enzymatic activity of soil micro-organisms at concentrations of >15 mg/kg and at 200 mg/kg its
effect on the growth of soil micro-organisms becomes patent [40]. The effects of this antibiotic on wheat were
investigated by An et al. [41]. These authors found that OTC can inhibit shoot and root elongation, and report EC50
= 65.5 mg/L and 34.7 mg/L (respectively) for these parameters. Studies of the effects of CTC, OTC and DOC on
the earthworm (Eisenia fetida) indicate that this invertebrate is highly insensitive to the acute effects of TCs.
Mortality rates in adult earthworms have been reported as LC50 > 1000 mg/kg [42] [43], although effective concentrations in juveniles and cocoon counts are lower (96.1 and 120.3 mg/kg, respectively). Low concentrations of
CTC (30 mg/kg) can induce physiological changes and genotoxic effects in earthworms [44]. Nevertheless, data
for the toxicity of TCs in terrestrial organism are still scarce and various authors have highlighted the need to
improve our knowledge of this issue as a means of evaluating more precisely the effects of TCs given that these
organisms may be subject to prolonged exposure.
Another relevant environmental concern is the presence of antibiotic-resistant bacteria, selected due to repeated
exposure to sub-lethal doses of antibiotics [5], in agricultural fields fertilized with animal manure containing residues of TCs (and other antimicrobials). It has been suggested that the selection of resistant bacteria could occur
at antibiotic concentrations that are greater than the minimal inhibitory concentration (MIC) of susceptible bacteria. MIC values for DOC in different bacteria are in the range 1 - 2 mg/L (ppm) (EUCAST database) and for
CTC is over 4 ppm [45]. However, the estimated concentrations for the studied soils differ greatly from these
levels. Nevertheless, recent studies indicate that concentrations lower than the MIC, that is, sub-MIC levels, could
enrich selectively the resistant bacteria present in the environment. Thus, several authors [46] [47] suggest that the
minimal selective concentration (MSC) could in fact be up to 100 times lower than the MIC and still favour this
enrichment process. This would mean that the concentrations of antibiotics found in agricultural soils could be
high enough to enrich these environments with resistant bacteria [47]. Existing information needs to be improved
in order to fully appreciate the relationship between the presence of residual concentrations of antibiotics such as
tetracyclines and antibiotic-resistant micro-organisms.

4. Conclusion
In this study of antimicrobials in animal manure in Spain, tetracycline residues were detected in 56% of the manure samples, TCs were detected in the range <0.01 - 1.38 mg/kg. The estimated concentrations of OTC, CTC and
DOC in soils (PECsoil) were relatively low and were under 100 µg/kg. Nevertheless, the inherent characteristics of
these compounds and the cyclical application of manure containing residual concentrations of antimicrobials on
agricultural fields ensured that terrestrial organisms suffered prolonged exposure to these compounds. Thus, we
believed that studies of agricultural soils must be broadened to determine the true extent of the risk posed by this
use of animal waste products. Likewise, we felt that it was important to encourage the use of properly treated
agricultural residues if antibiotic concentrations in agricultural soils were to be reduced.
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