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Abstract: Twelve applications of poultry litter were made to a 2.1-ha field located in the Shenandoah
Valley of Virginia, United States (USA), between March 1999 and August 2014. The field was planted
with bermudagrass (Cynodon dactylon) and used as a pasture on an active farm. Copper, iron,
manganese, zinc, and arsenic concentrations in the poultry litter were measured, and the application
rates of these metals were calculated. The median application rates were: Cu, 1.32 kg/ha,
Fe, 5.57 kg/ha, Mn, 1.80 kg/ha, Zn, 1.39 kg/ha, and As, 0.011 kg/ha. Twelve surface and subsurface
soil samples were taken from the treated field in February 2016. Twelve samples were also taken
from a comparison site. The comparison site was directly adjacent to the study site, consisted of the
same soil type, and had been maintained as an undisturbed forest. Extractable Cu, Fe, Mn, Zn, and
As concentrations in the soil samples were determined by atomic absorption spectroscopy, and the
results of the chemical analysis were analyzed by ANOVA. Fe and Mn were depleted from the soil in
the treated field, while Cu and Zn levels increased over the 12 years of treatment and grazing, and
arsenic levels were unchanged in both the surface and subsurface soils between the comparison and
the study site. The changes observed for Cu, Fe, Mn, and Zn are within the critical deficiency level
and critical toxicity level for these metals, and no arsenic remains in the soil from roxarsone feed
supplements, which were added to the poultry feed when the litter was applied to the study site.
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1. Introduction

The global production of chicken broiler meat in 2017 was 90,175,000 metric tons. The United
States is the largest producer of chicken broiler meat, producing 18,690,000 metric tons of chicken
broiler meat in 2017 [1]. Poultry production tends to be concentrated in small regional areas. In the
United States, three states (Georgia, Alabama, and Arkansas) raised over 3,400,000,000 broiler chickens
in 2016, which was 39% of the total production for the United States [2]. Virginia ranks 10th in the
United States in the production of broiler chickens and sixth in the production of turkeys. Most of the
poultry production in Virginia is located in the Shenandoah River Valley [2].

Roxarsone, the commercial name for 4-hydroxy-3-nitrobenzenearsonic acid (see Figure 1a), was
approved for use as an animal feed supplement 21 March 1944 [3]. Roxarsone was initially added to
poultry feed to prevent coccidiosis, which is a parasitic disease that attacked poultry [4]. It was later
approved as a feed supplement for increased weight gain and improved pigmentation in chickens [5].
Nitarsone, (4-nitrophenyl) arsonic acid (see Figure 1b), is a close analog of roxarsone and was approved
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for the prevention of blackhead disease (histomoniasis) in poultry. Nitarsone was primarily used in
turkey feed, where blackhead disease is a significant cause of mortality [5].
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Figure 1. Roxarsone, 4-hydroxy-3-nitrobenzenearsonic acid (a), and, nitarsone, (4-nitrophenyl) arsonic
acid (b). Roxarsone and nitarsone are the two arsenic-based substances that are added to poultry feed
that is used in the Shenandoah Valley.

A 2004 report by Lasky et al. [6] demonstrated that the As concentration in chicken livers was
higher than previously thought, and suggested that a portion of the As in feed is retained by chickens,
and may threaten individuals who consume chicken at elevated levels. Legislation was proposed in
2009 in the USA Congress to ban roxarsone, and in June 2011, the Pfizer chemical company announced
that they would no longer manufacture roxarsone in the United States. Nitarsone continued use as a
poultry supplement until 2015, when it was removed from the market [7]. Arsenic supplements to
poultry feed were never approved for use in the European Union, but they are extensively used today
in China, where the allowable dose limit for chicken feed is currently 50 mg/kg [8,9].

The As contained in poultry feed is excreted from the animal in its original form [10].
Composting poultry litter degrades roxarsone to arsenate (AsO4

−), which is a more toxic form of As
that can be transported in water [10,11]. Additional roxarsone degradation products that have been
observed in poultry litter include monomethylarsonic acid (CH3AsO(OH)2), dimethylarsinic acid
((CH3)2AsOH), and arsenite (AsO3

−) [8]. Roxarsone has been shown to undergo biotransformation to
inorganic arsenic in several studies [10,12–14]. Stolz et al. demonstrated the rapid biotransformation of
roxarsone under anaerobic conditions by Clostridium species in chicken litter [11]. In addition to being
water-soluble, and therefore transportable with groundwater, where it can enter the food chain, these
arsenic substances are more toxic than roxarsone [15]. Roxarsone has also been shown to undergo
photodegradation to form arsenate, nitrate, and additional breakdown products [16].

In 2011, typical roxarsone levels in commercial poultry feed were 30–50 mg/kg [17]. Elevated As levels
in runoff water and soil pore water from fields treated with poultry litter are well documented [18–26].
Roxarsone is more strongly absorbed in some soils than in others [25]. The rate of biodegradation is
greater in some soils than in others [27]. Adsorption onto mineral surfaces plays a role in the leaching
rate for roxarsone from poultry litter and the breakdown product, arsenate. Soils that contain Fe and
Mn release As more slowly because of the limited solubility of these complexes [28]. The ultimate fate
of poultry litter As is to enter the vadose zone and be transported in solution from the field where
the poultry litter was applied. The time required for As levels to return to pre-litter treatment values
depends on the poultry litter application rate, the soil types, the mineral composition of the soil, and
the available precipitation.

Broiler feed contains supplements of Cu, Fe, Mn, Se, and Zn, which are added to ensure weight
gain and minimize the health disorders in the poultry [29–31]. Unused trace metal supplements end
up in the chicken manure, and different feed formulations result in changes to the metal levels in
poultry litter [32]. Applications of poultry litter to agricultural fields then increase the concentrations
of these metals in the soil. Long-term applications of poultry litter could potentially result in toxic
levels of some metals [32,33].
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Elevated levels of Cu and Zn in soils that have been treated with poultry litter have been reported
by many investigators [29,34–38]. Cu and Zn are retained in the top 10 cm of soil that has been treated
with poultry litter. Gupta and Charles reported a single study where soil Cu levels increased from
poultry litter treatment, but the Zn levels were unchanged. Mn is another element that has been shown
to build up in soil following poultry litter treatment, but not in all studies. Arsenic levels increase in
soils that were treated with poultry litter containing roxarsone. Over time, As migrates down the soil
column instead of remaining in the top 10 cm of the soil. Arsenic originating from poultry litter has
been reported at a depth of 30 cm in two separate studies [37,39]. Differences in the trace metal content
of soils that have been treated with poultry litter for extended periods of time are attributed to the rate
at which poultry litter is applied to the soil and different formulations of the poultry feed [40,41].

A majority of the poultry farms in the Shenandoah Valley operate under contract to one of the
large USA poultry producers. The farmers provide facilities and labor to raise either chickens or turkeys
that are delivered to the farmers when the pullets are two days old. The poultry producer provides
feedstock, and the formulations are proprietary. Farmers typically raise six flocks of small broiler
chickens (1.8 kg/head) per year and apply the litter on fields, providing a nitrogen and phosphate
source for crops. Nutrients that were added to the feedstock to enhance poultry growth (Cu, Mn, Zn,
and As) end up in manure, and are then distributed on the fields used to grow corn, soybeans, and
hay. The purpose of this study was to determine if the practice of applying poultry litter generated
from chickens fed commercially formulated feedstock had a long-term effect on Cu, Fe, Mn, and Zn
soil levels. A second objective was to determine if any arsenic remained in the soil five years after
roxarsone was removed from the chicken feed.

2. Materials and Methods

2.1. Research Design

The farm that was chosen for this study is located in the Shenandoah River Valley of Rockingham
County Virginia (38.5343, −78.7217). The Shenandoah Valley lies at the base of the Appalachian
Mountains in the eastern United States. The study site consists of a fenced 2.1 ha pasture of
bermudagrass (Cynodon dactylon), and the comparison site is an undisturbed woodland that has
not been used for agricultural purposes. The study and comparison sites are located directly adjacent
to each other, and the Rockingham County Soil Survey shows that the soil at both sites consists of
Frederick and Lodi silt loams. The study and comparison sites are located in section 33C2 of the soil
survey map [42]. The surface layer of Lodi soils consists of a dark grayish brown silt loam about 18 cm
thick, and 1.3 m of subsoil that is brown and yellowish red silty clay loam and clay. The surface layer
of Frederick soils is a 23-cm thick brown silt loam, with 1.5 m of subsoil that is a brown clay loam.
Frederick and Lodi soils are mapped together, because they have no major differences [42].

The study site has been used as a pasture to graze cattle for the past 55 years. The comparison
site, on the other hand, is an undisturbed woodland that has not been used for agricultural purposes.
The study site was chemically killed in 1999 to eliminate invasive grasses and weeds, and sprigged with
bermudagrass (Cynodon dactylon) using a no-till planter to prevent disturbing the surface. Bermuda and
cool season grasses are the only crops that have been grown on the study site since 1999. The purchase
of a calibrated manure spreader in 2000 made it possible to maintain accurate poultry litter application
records. Poultry has been raised on this farm since 1979, starting with two flocks of range turkeys
(20,000 head per flock). In 1980, broiler houses were built to house 36,000 broilers per flock. Six flocks
were raised per year under contract with three major poultry integrators over 35 years in the poultry
business. Chicken litter was applied to the study site annually and tested for macronutrients and Cu,
Mn, and Zn. The dates of litter application and the Cu, Mn, and Zn concentrations of the chicken litter
are listed in Table 1.
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Table 1. Poultry litter applications to the study site, showing Cu, Mn, and Zn concentrations in the
litter. Concentrations expressed as mg/kg.

Date Cu Mn Zn Analyst

1 March 1999 704 293 409 Maryland Cooperative Extension Service
10 February 2000 789 491 418 Maryland Cooperative Extension Service
4 March 2004 721 552 465 Clemson University Extension Service
18 February 2005 674 615 457 Clemson University Extension Service
28 February 2007 391 579 469 Clemson University Extension Service
16 May 2007 391 614 489 Clemson University Extension Service
22 May 2008 316 511 404 Clemson University Extension Service
28 August 2009 373 560 363 Clemson University Extension Service
22 April 2010 306 517 355 Clemson University Extension Service
1 September 2010 222 482 349 Clemson University Extension Service
22 August 2012 287 375 331 Clemson University Extension Service
6 August 2014 450 831 674 Clemson University Extension Service
Median Values 391 535 414
Std. Deviation 188 189 113

2.2. Field Sampling

Twelve soil samples were taken with a stainless steel soil auger [43] from both the study site
and the comparison site on 6 February 2016, using a systematic, square grid sampling model [44].
Each square sampled represents approximately 0.18 ha. Each sample was split into a surface (top 10 cm)
and a subsurface sample. The soil samples were put into ZipLock© bags and placed on ice for transport
to the laboratory. The soil samples were stored at 4 ◦C before analysis. Litter samples were taken from
the floor of poultry houses that had been used to house the 2012 and 2014 flocks. These were the last
chicken flocks produced at this farm, and the poultry houses had remained vacant and undisturbed
from the time the chickens were harvested. Litter samples were put in ZipLock© bags, placed on ice
for transport, and stored at 4 ◦C.

2.3. Chemical Analysis

Extractable concentrations of Cu, Fe, Mn, Zn, and As in the soil samples were determined by
atomic absorption spectroscopy. A soil sample of 3 g was added to 25 mL of Mehlich 3 Extraction
Solution [45,46] and shaken at 200 rpm (revolutions per minute) at room temperature for six minutes.
Each sample was then vacuum filtered to remove sediment and stored in polypropylene centrifuge
tubes. Cu, Mn, Fe, and Zn concentrations were determined by flame atomic absorption spectroscopy
(FAAS) with a Perkin-Elmer model 5100 FAA (Perkin-Elmer Corp., Norwalk, CT, USA) spectrometer
and hollow cathode lamps [47]. Arsenic concentrations were measured with the same instrument,
which was configured for graphite furnace atomic absorption spectroscopy [48]. An electrodeless
discharge lamp (Perkin-Elmer Corp., Norwalk, CT, USA) was used for the arsenic analysis.

Cu, Fe, Mn, Zn, and As concentrations were determined in the poultry litter samples that
were collected in February 2016, after digesting litter samples in a CEM Corporation MARS
5 microwave-assisted reaction system [49]. Litter samples were passed through a 3-mm soil sieve
to remove large particles, and then dried overnight in a desiccator at room temperature. The dried
litter samples were then homogenized by grinding approximately 5 g samples in a mortar and pestle.
The homogenized litter sample was then passed through a 90-µm soil sieve before combining 100 mg
of sample with trace metal grade HNO3, 5.0 mL, trace metal grade H2O2, 3.0 mL, and trace metal
grade HF, 500 µL. The sealed reaction vessels were ramped from room temperature to 180 ◦C over a
period of 5.5 min, and then held at 180 ◦C for an additional 9.5 min. Samples were filtered through a
0.2-µ polypropylene filter before use to remove fine particulates.
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2.4. Statistical Analysis

Analysis of variance (ANOVA, α = 0.05) was performed with NCSS 9 Statistical Analysis and
Graphical Software (Version 9.0.10, NCSS, LLC, Kaysville, UT, USA, 2013) [50]. The differences between
groups were determined with Tukey’s multiple-difference test [51].

3. Results

3.1. Cu, Fe, Mn, Zn and As Application Rates

The poultry litter concentrations for Cu, Mn, and Zn in Table 1 represent snapshots of the trace
metal content that was applied to the study site on that date, with data generated by established
agricultural laboratories using standard analytical procedures. The values are in good agreement
with previously reported literature values for trace metal content of poultry litter [52,53]. The median
application rates average out the variances observed between the annual values, and give a good
representation of the application rates of these metals over the course of 12 years. The Cu, Mn, and Zn
concentrations in Table 1 were then used to calculate the application rates of these metals, as shown
in Table 2.

Table 2. Application rates of Cu, Mn, and Zn to the study site. Application rates are expressed as kg/ha.

Date Cu Mn Zn

1 March 1999 2.37 0.99 1.38
10 Febuary 2000 2.66 1.65 1.41
4 March 2004 2.43 1.86 1.57
18 Febuary 2005 2.27 2.07 1.54
28 Febuary 2007 1.32 1.95 1.58
16 May 2007 1.32 2.07 1.65
22 May 2008 1.06 1.72 1.36
28 August 2009 1.26 1.89 1.22
22 April 2010 1.03 1.74 1.20
1 September 2010 0.75 1.62 1.18
22 August 2012 0.97 1.26 1.12
6 August 2014 1.52 2.80 2.27
Median Values 1.32 1.80 1.39
Std. Deviation 0.61 0.61 0.37

Poultry litter consists of wood shavings, unconsumed pieces of feed, and dried poultry manure.
The samples are very heterogeneous, leading to large standard deviations for the five metals tested, in
spite of our efforts to homogenize the material and take representative samples. Litter samples taken
from the broiler houses in 2016 were dried, homogenized with a mortar and pestle, and sieved through
a 90-µm screen, and still gave answers with an average ±9.2% relative deviation. Sample homogeneity
is one of the factors in the standard deviation of repeated analysis of the same sample. We repeated
the analysis of the broiler house litter samples four times for each year, and obtained the results that
are shown in Table 3.

Table 3. Cu, Fe, Mn, and Zn concentrations in poultry litter samples taken in February 2016. The results
are reported for four separate analyses of each litter sample. The large standard deviations reflect the
sample homogeneity problems associated with analyzing poultry litter.

Sample Cu Fe Mn Zn

Litter from 2012 281 ± 13.4 1106 ± 296 1032 ± 71 687 ± 22
Litter from 2014 441 ± 38 2200 ± 104 788 ± 65 570 ± 60

The data from the litter samples collected in February was used to calculate application rates
for Fe and As, because the previous chemical analysis of litter samples did not include data for these
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elements. The Fe and As concentrations from the 2012 and 2014 poultry litter samples are shown in
Table 4 along with application rates for Fe and As for 2012 and 2014.

Table 4. Iron and arsenic concentrations with standard deviations from poultry litter samples.
Concentrations are an average of four analyses from each litter sample, and are expressed as mg/kg.
The application rates are expressed as kg/ha.

Sample
Litter Concentrations Application Rates

Analyst
Fe As Fe As

Litter from 2012 2200 ± 252 2.5 ± 3.0 7.41 0.009 This study
Litter from 2014 1106 ± 89 5.2 ± 0.4 3.73 0.013 This study

3.2. Metal Concentrations from Soils

Twelve soil samples from both the study site and the comparison site were divided into surface
and subsurface samples and treated with Mehlich extraction solution to measure the concentrations of
Cu, Fe, Mn, Zn, and As that are available to plants. The extraction solutions were tested by atomic
absorption spectroscopy to determine the extractable soil metal levels. The mean concentrations for Fe,
Mn, Cu, Zn, and As are shown in Table 5.

Table 5. Mean concentrations of extractable Fe, Mn, Cu, Zn, and As in soils. Concentrations are
expressed as mg/kg.

Soil Sample Fe Mn Cu Zn As

Treated—Surface 104 ± 44 29 ± 19 10.3 ± 3.5 12.3 ± 4.6 10.5 ± 6.6
Treated—Subsurface 56 ± 13 24 ± 15 2.9 ± 1.9 3.6 ± 1.8 13.6 ± 6.6

Comparison—Surface 149 ± 50 138 ± 87 1.0 ± 0.6 6.3 ± 3.9 10.4 ± 5.1
Comparison—Subsurface 83 ± 31 63 ± 27 0.35 ± 0.2 2.3 ± 0.5 10.3 ± 6.6

A one-way ANOVA analysis was used to determine the differences between surface and
subsurface samples, and between the study site and the comparison site. Box–whisker plots of the
ANOVA results are shown in Figures 2–4. The box–whisker plots for the soil metal results clearly show
the differences that were observed for these five metals between the study site and the comparison site,
and between the surface samples and the subsurface samples.
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set at ±3.0 times the interquartile range.
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Figure 4. Box–whisker plots of the mean concentrations of extractable As in soil samples collected from
the treated field (SA and SB) and the comparison site (CA and CB). Samples labeled A are from the top
10 cm of soil, and samples labeled B are from 10 cm to 20 cm below the surface. Whisker boundaries
are set at the box edge ±1.5 times the interquartile range. Outlier boundaries are set at ±3.0 times the
interquartile range.

4. Discussion

4.1. Arsenic

Extractable As concentrations were unchanged between the surface and subsurface samples, and
they were also unchanged between the study site and the comparison site. This result is not surprising,
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because the soil samples in this study were taken approximately two years after the last treatment
with poultry litter containing roxarsone. Previous studies have shown that roxarsone is transformed to
arsenate in the soil and removed from the treated fields through leaching with soil water [25]. The As
leaching rates do not follow a straightforward kinetic process, and the biotransformation of roxarsone
is thought to contribute to the loss of arsenic in fields treated with poultry litter [23]. These results
show that soil arsenic levels, five years after the last application of poultry litter containing arsenic, are
at background arsenic levels for these soils.

4.2. Micronutrients

Cu, Fe, Mn, and Zn are essential micronutrients that are frequently added to fertilizers to
supplement natural soil levels and increase crop yield [26,29,54]. At elevated levels, these trace metals
become toxic [55], inhibiting plant growth. Toxic metals may (1) cause oxidative stress in the plant’s
metabolism system, (2) alter the anatomy of leaves roots and stems, resulting in a decreased uptake
and translocation of essential nutrients, or (3) inhibit karyokinesis and cytokinesis [56]. Phytotoxicity
varies between plant species [57], and is affected by soil composition, other trace metals that may be
present in the soil [58], and soil pH [54,59]. Table 6 lists the critical deficiency level and critical toxicity
level for Cu, Fe, Mn, Zn, and As.

Table 6. Critical deficiency levels and critical toxicity levels for As, Cu, Fe, Mn, and Zn in soils.

Element. Critical Deficiency Level (mg/kg) Critical Toxicity Level (mg/kg) Reference

Cu 1–5 20–30 [60]
Fe 3–5 680–850 [61–63]
Mn 10–20 200–3500 [60]
Zn 0.58, 1.23, 1.35 100–300 [60,64,65]
As Not Required <2–80 [60]

4.3. Iron and Manganese

Fe and Mn exhibited similar behavior in this study. Extractable Fe and Mn concentrations were
higher in surface samples than in subsurface samples. Also, extractable Fe and Mn concentrations
were higher in the comparison site. Over the course of this experiment, both Fe and Mn were depleted
from the soil at the study site. Bermudagrass (Cynodon dactylon) has been shown in several studies to
lower soil Fe and Mn concentrations [66,67]. Provin et al. showed that the dynamics of Mn, Fe, Cu,
and Zn removal from soil by bermudagrass was seasonal and related to dissolved organic carbon and
precipitation [68].

4.4. Copper and Zinc

Cu and Zn exhibited similar behavior in this study. However, the trends over time for extractable
Cu and Zn were opposite to the trends observed for Fe and Mn. Cu and Zn levels were higher in both
the surface and subsurface samples for the study site at the end of the experiment. Also, extractable Cu
and Zn concentrations were significantly higher in the treated field, for both surface and subsurface
samples, over the levels observed for the comparison site. These findings agree with the majority of
previous studies of Cu and Zn soil levels following treatment with poultry litter. In a typical study of
manure-amended fields, Brock et al. analyzed soil and leachate water samples taken from 109 fields
in southern New York, USA, for Cu and Zn. The fields had been treated with liquid dairy manure
and solid poultry litter for 40 years. The authors of this study concluded that although Cu and Zn
soil levels increased as a result of the dairy manure and poultry litter treatments, the soil Cu and Zn
concentrations had not reached toxic levels. They also concluded the greatest environmental threat
from treating the soil with manure and poultry litter was phosphate runoff, rather than toxic metal
buildup. Novak et al. reported Cu and Zn accumulation in soil following long-term applications of
swine manure to a field planted with bermudagrass (Cynodon dactylon) [69].
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5. Conclusions

Continuing to manage the pasture with an annual application of poultry litter will result in
changes to the four essential micronutrients studied in this project. Fe and Mn are depleted from
the soil, while Cu and Zn levels are increasing, and although roxarsone was present in the poultry
litter applied from 1999 to 2012, current As concentrations are at background levels. It is unlikely
that continuing to apply poultry litter at the rates reported in this study will increase soil metal
concentrations to the critical toxic level for the four metals studied in this project (Cu, Fe, Mn, and Zn).

Author Contributions: R.D.F.J. and M.P. contributed equally to the research design: M.P. applied the poultry
litter; R.D.F.J. and K.H. collected the soil samples; K.H. performed the soil extractions and chemical analysis of the
soils; D.Y. digested the litter samples, performed the chemical analysis of the litter samples, and calculated metal
application rates. R.D.F.J. performed the statistical analyses and wrote the paper.

Acknowledgments: This work was financially supported by the National Science Foundation Research
Experiences for Undergraduates Program, Grant No. CHE-1461175, and the James Madison University
Department of Chemistry and Biochemistry. We thank Ron Phillips and the JMU Department of Geology
and Environmental Science for loaning us a soil auger and 100-meter tapes. Special thanks go to Daniel Downey,
JMU Department of Chemistry and Biochemistry, and to Bill Paterson, Natural Resources Conservation Service,
Virginia, for helpful comments through all phases of this project. We thank Glenda Foust for assistance preparing
the manuscript. We also thank two anonymous reviewers whose suggestions substantially improved this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Office of Global Analysis. Livestock and Poultry: World Markets and Trade; Foreign Agricultural Service/USDA:
Washington, DC, USA, 2017; p. 26.

2. National Agricultural Statistics Service. U.S. Department of Agriculture: Washington, DC, USA, 2018.
Available online: https://www.nass.usda.gov/Data_and_Statistics/ (accessed on 8 February 2018).

3. U.S. Food and Drug Administration. Questions and Answers on Arsenic-Based Animal Drugs. Available online:
https://www.fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/ucm440660.htm#
approval (accessed on 14 February 2018).

4. Anderson, B.K.; Chamblee, T.N. The effect of dietary 3-nitro-4-hydroxyphenylarsonic acid (roxarsone) on
the total arsenic level in broiler excreta and broiler litter123. J. Appl. Poult. Res. 2001, 10, 323–328. [CrossRef]

5. U.S. Food and Drug Administration. Arsenic-Based Animal Drugs and Poultry. Available online:
http://www.fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/ucm257540.htm
(accessed on 17 September 2017).

6. Lasky, T.; Sun, W.; Kadry, A.; Hoffman, M.K. Mean total arsenic concentrations in chicken 1989–2000 and
estimated exposures for consumers of chicken. Environ. Health Perspect. 2004, 112, 18–21. [CrossRef]
[PubMed]

7. Lasky, T. Arsenic in chicken: A tale of data and policy. J. Epidemiol. Commun. Health 2017, 71, 1. [CrossRef]
[PubMed]

8. Yao, L.; Huang, L.; He, Z.; Zhou, C.; Lu, W.; Bai, C. Delivery of roxarsone via chicken diet→chicken→chicken
manure→soil→rice plant. Sci. Total Environ. 2016, 566, 1152–1158. [CrossRef] [PubMed]

9. Hu, Y.; Zhang, W.; Cheng, H.; Tao, S. Public health risk of arsenic species in chicken tissues from live poultry
markets of Guangdong province, China. Environ. Sci. Technol. 2017, 51, 3508–3517. [CrossRef] [PubMed]

10. Garbarino, J.R.; Bednar, A.J.; Rutherford, D.W.; Beyer, R.S.; Wershaw, R.L. Environmental fate of roxarsone
in poultry litter. I. Degradation of roxarsone during composting. Environ. Sci. Technol. 2003, 37, 1509–1514.
[CrossRef] [PubMed]

11. Stolz, J.F.; Perera, E.; Kilonzo, B.; Kail, B.; Crable, B.; Fisher, E.; Ranganathan, M.; Wormer, L.; Basu, P.
Biotransformation of 3-nitro-4-hydroxybenzene arsonic acid (roxarsone) and release of inorganic arsenic by
Clostridium species. Environ. Sci. Technol. 2007, 41, 818–823. [CrossRef] [PubMed]

12. Fu, Q.L.; Blaney, L.; Zhou, D.M. Natural degradation of roxarsone in contrasting soils: Degradation kinetics
and transformation products. Sci. Total Environ. 2017, 607, 132–140. [CrossRef] [PubMed]

https://www.nass.usda.gov/Data_and_Statistics/
https://www.fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/ucm440660.htm#approval
https://www.fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/ucm440660.htm#approval
http://dx.doi.org/10.1093/japr/10.4.323
http://www.fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/ucm257540.htm
http://dx.doi.org/10.1289/ehp.6407
http://www.ncbi.nlm.nih.gov/pubmed/14698925
http://dx.doi.org/10.1136/jech-2016-208059
http://www.ncbi.nlm.nih.gov/pubmed/27754859
http://dx.doi.org/10.1016/j.scitotenv.2016.05.157
http://www.ncbi.nlm.nih.gov/pubmed/27265740
http://dx.doi.org/10.1021/acs.est.6b06258
http://www.ncbi.nlm.nih.gov/pubmed/28219238
http://dx.doi.org/10.1021/es026219q
http://www.ncbi.nlm.nih.gov/pubmed/12731831
http://dx.doi.org/10.1021/es061802i
http://www.ncbi.nlm.nih.gov/pubmed/17328188
http://dx.doi.org/10.1016/j.scitotenv.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28688255


Toxics 2018, 6, 28 10 of 12

13. Cortinas, I.; Field, J.A.; Kopplin, M.; Garbarino, J.R.; Gandolfi, A.J.; Sierra-Alvarez, R. Anaerobic
biotransformation of roxarsone and related n-substituted phenylarsonic acids. Environ. Sci. Technol. 2006, 40,
2951–2957. [CrossRef] [PubMed]

14. Liang, T.; Ke, Z.; Chen, Q.; Liu, L.; Chen, G. Degradation of roxarsone in a silt loam soil and its toxicity
assessment. Chemosphere 2014, 112, 128–133. [CrossRef] [PubMed]

15. Hughes, M.F.; Beck, B.D.; Chen, Y.; Lewis, A.S.; Thomas, D.J. Arsenic exposure and toxicology: A historical
perspective. Toxicol. Sci. 2011, 123, 305–352. [CrossRef] [PubMed]

16. Bednar, A.J.; Garbarino, J.R.; Ferrer, I.; Rutherford, D.W.; Wershaw, R.L.; Ranville, J.F.; Wildeman, T.R.
Photodegradation of roxarsone in poultry litter leachates. Sci. Total Environ. 2003, 302, 237–245. [CrossRef]

17. Kawalek, J.C.; Carson, M.; Conklin, S.; Lancaster, V.; Howard, K.; Ward, J.; Farrell, D.; Meyers, M.; Swain, H.;
Jeanettes, P.; et al. Provide Data on Various Arsenic Species Present in Broilers Treated with Roxarsone: Comparison
with Untreated Birds; Center for Veterinary Medicine, U.S. Food and Drug Administration: Laurel, MD, USA,
2011; p. 39.

18. Brye, K.R.; Slaton, N.A.; Norman, R.J.; Savin, M.C. Short-term effects of poultry litter form and rate on soil
bulk density and water content. Commun. Soil Sci. Plant Anal. 2004, 35, 2311–2325. [CrossRef]

19. Harmel, R.; Torbert, H.; Haggard, B.; Haney, R.; Dozier, M. Water quality impacts of converting to a poultry
litter fertilization strategy. J. Environ. Qual. 2004, 33, 2229–2242. [CrossRef] [PubMed]

20. Kibet, L.C.; Allen, A.L.; Church, C.; Kleinman, P.J.A.; Feyereisen, G.W.; Saporito, L.S.; Hashem, F.; May, E.B.;
Way, T.R. Transport of dissolved trace elements in surface runoff and leachate from a coastal plain soil after
poultry litter application. J. Soil Water Conserv. 2013, 68, 212–220. [CrossRef]

21. McMullen, R.L.; Brye, K.R.; Daigh, A.L.; Miller, D.M.; Gbur, E.E.; Pirani, A.L.; Evans-White, M.A.; Mason, R.E.
Long-term leachate water quality trends from a broiler-litter-amended udult in a karst region. Vadose Zone J.
2014, 13, 1–14. [CrossRef]

22. Menjoulet, B.C.; Brye, K.R.; Pirani, A.L.; Haggard, B.E.; Gbur, E.E. Runoff water quality from broiler
litter-amended tall fescue in response to natural precipitation in the Ozark Highlands. J. Environ. Qual. 2009,
38, 1005–1017. [CrossRef] [PubMed]

23. Oyewumi, O.; Schreiber, M.E. Release of arsenic and other trace elements from poultry litter: Insights from a
field experiment on the Delmarva Peninsula, Delaware. Appl. Geochem. 2012, 27, 1979–1990. [CrossRef]

24. Shah, S.B.; Hutchison, K.J.; Hesterberg, D.L.; Grabow, G.L.; Huffman, R.L.; Hardy, D.H.; Parsons, J.T.
Leaching of nutrients and trace elements from stockpiled turkey litter into soil. J. Environ. Qual. 2009, 38,
1053–1065. [CrossRef] [PubMed]

25. Brown, B.L.; Slaughter, A.D.; Schreiber, M.E. Controls on roxarsone transport in agricultural watersheds.
Appl. Geochem. 2005, 20, 123–133. [CrossRef]

26. Rutherford, D.W.; Bednar, A.J.; Garbarino, J.R.; Needham, R.; Staver, K.W.; Wershaw, R.L. Environmental
fate of roxarsone in poultry litter. Part ii. Mobility of arsenic in soils amended with poultry litter.
Environ. Sci. Technol. 2003, 37, 1515–1520. [CrossRef] [PubMed]

27. Fu, Q.L.; He, J.Z.; Blaney, L.; Zhou, D.M. Sorption of roxarsone onto soils with different physicochemical
properties. Chemosphere 2016, 159, 103–112. [CrossRef] [PubMed]

28. Walrod, J.H.; Burriss, D.; Blue, L.Y.; Beck, G.E.; Atwood, D.A. Arsenic mobility in Karnak soils after multi-year
application of poultry litter containing roxarsone. Main Group Chem. 2016, 15, 365–373. [CrossRef]

29. Han, F.; Kingery, W.; Selim, H.; Gerard, P. Accumulation of heavy metals in a long-term poultry
waste-amended soil. Soil Sci. 2000, 165, 260–268. [CrossRef]

30. Jackson, B.P.; Bertsch, P.M.; Cabrera, M.L.; Camberato, J.J.; Seaman, J.C.; Wood, C.W. Trace element speciation
in poultry litter. J. Environ. Qual. 2003, 32, 535–540. [CrossRef] [PubMed]

31. Tazisong, I.A.; Senwo, Z.N.; Taylor, R.W. Trends in trace elements in an ultisol impacted by long-term applied
broiler litter. Bull. Environ. Contam. Toxicol. 2005, 75, 975–981. [CrossRef] [PubMed]

32. Van der Watt, H.V.H.; Sumner, M.E.; Cabrera, M.L. Bioavailability of copper, manganese, and zinc in poultry
litter. J. Environ. Qual. 1994, 23, 43–49. [CrossRef]

33. Toor, G.S.; Haggard, B.E.; Donoghue, A.M. Water extractable trace elements in poultry litters and granulated
products. J. Appl. Poult. Res. 2007, 16, 351–360. [CrossRef]

34. Kingery, W.; Wood, C.; Delaney, D.; Williams, J.; Mullins, G. Impact of long-term land application of broiler
litter on environmentally related soil properties. J. Environ. Qual. 1994, 23, 139–147. [CrossRef]

http://dx.doi.org/10.1021/es051981o
http://www.ncbi.nlm.nih.gov/pubmed/16719096
http://dx.doi.org/10.1016/j.chemosphere.2014.03.103
http://www.ncbi.nlm.nih.gov/pubmed/25048898
http://dx.doi.org/10.1093/toxsci/kfr184
http://www.ncbi.nlm.nih.gov/pubmed/21750349
http://dx.doi.org/10.1016/S0048-9697(02)00322-4
http://dx.doi.org/10.1081/LCSS-200030655
http://dx.doi.org/10.2134/jeq2004.2229
http://www.ncbi.nlm.nih.gov/pubmed/15537946
http://dx.doi.org/10.2489/jswc.68.3.212
http://dx.doi.org/10.2136/vzj2014.06.0064
http://dx.doi.org/10.2134/jeq2008.0140
http://www.ncbi.nlm.nih.gov/pubmed/19329689
http://dx.doi.org/10.1016/j.apgeochem.2012.06.010
http://dx.doi.org/10.2134/jeq2007.0639
http://www.ncbi.nlm.nih.gov/pubmed/19329693
http://dx.doi.org/10.1016/j.apgeochem.2004.06.001
http://dx.doi.org/10.1021/es026222+
http://www.ncbi.nlm.nih.gov/pubmed/12731832
http://dx.doi.org/10.1016/j.chemosphere.2016.05.081
http://www.ncbi.nlm.nih.gov/pubmed/27281543
http://dx.doi.org/10.3233/MGC-160221
http://dx.doi.org/10.1097/00010694-200003000-00008
http://dx.doi.org/10.2134/jeq2003.5350
http://www.ncbi.nlm.nih.gov/pubmed/12708677
http://dx.doi.org/10.1007/s00128-005-0845-2
http://www.ncbi.nlm.nih.gov/pubmed/16400587
http://dx.doi.org/10.2134/jeq1994.00472425002300010008x
http://dx.doi.org/10.1093/japr/16.3.351
http://dx.doi.org/10.2134/jeq1994.00472425002300010022x


Toxics 2018, 6, 28 11 of 12

35. Jaja, N.; Mbila, M.; Codling, E.E.; Reddy, S.S.; Reddy, C.K. Trace metal enrichment and distribution in a
poultry litter-amended soil under different tillage practices. Open Agric. J. 2013, 7, 88–95. [CrossRef]

36. Netthisinghe, A.; Woosley, P.; Gilfillen, R.; Willian, T.; Sistani, K.; Rowland, N. Corn grain yield and soil
properties after 10 years of broiler litter amendment. Agron. J. 2016, 108, 1816–1823. [CrossRef]

37. Adeli, A.; Sistani, K.R.; Tewolde, H.; Rowe, D.E. Broiler litter application effects on selected trace elements
under conventional and no-till systems. Soil Sci. 2007, 172, 349–365. [CrossRef]

38. Uprety, D.; Hejcman, M.; Száková, J.; Kunzová, E.; Tlustoš, P. Concentration of trace elements in arable soil
after long-term application of organic and inorganic fertilizers. Nutr. Cycl. Agroecosyst. 2009, 85, 241–252.
[CrossRef]

39. Gupta, G.; Charles, S. Trace elements in soils fertilized with poultry litter. Poult. Sci. 1999, 78, 1695–1698.
[CrossRef] [PubMed]

40. DeLaune, P.B.; Moore, P.A., Jr. Factors affecting arsenic and copper runoff from fields fertilized with poultry
litter. J. Environ. Qual. 2014, 43, 1417–1423. [CrossRef] [PubMed]

41. Cadet, E.L.; Kpomblekou-a, K.; Mortley, D.G.; Eggett, D.L. Inferring mobility of trace elements resulting
from long-term poultry litter additions to benchmark alabama soils. Soil Sci. 2012, 177, 580–590. [CrossRef]

42. Wilder, M.S. Soil Survey of Rockingham County, Virginia. Available online: https://www.nrcs.usda.
gov/Internet/FSE_MANUSCRIPTS/virginia/rockinghamVA1982/rockinghamVA1982.pdf (accessed on
7 April 2018).

43. Eash, N.S.; Green, C.J.; Razvi, A.; Bennett, W.F. Soil Science Simplified, 5th ed.; Blackwell Publishing:
Oxford, UK, 2008.

44. Gilbert, R.O. Statistical Methods for Environmental Pollution Monitoring; Van Nostrand Reinhold: New York,
NY, USA, 1987; p. 320.

45. Mehlich, A. Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant. Commun. Soil Sci.
Plant Anal. 1984, 15, 1409–1416. [CrossRef]

46. Mylavarapu, R.S.; Sanchez, J.F.; Nguyen, J.H.; Bartos, J.M. Evaluation of Mehlich-1 and Mehlich-3 extraction
procedures for plant nutrients in acid mineral soils of Florida*. Commun. Soil Sci. Plant Anal. 2002, 33,
807–820. [CrossRef]

47. Method 7000B, Flame Atomic Absorption Spectrophotometry, Revision 2. In Final Update III to the Third
Edition of the Test Methods for Evaluations Solid Waste; Physical/Chemical Methods; EPA Publication SW-846:
Washington, DC, USA, 2007.

48. Method 7010, Graphite Furnace Atomic Absorption Spectrophotometry, Revision 0. In Final Update III to the
Third Edition of the Test Methods for Evaluations Solid Waste; Physical/Chemical Methods; EPA Publication
SW-846: Washington, DC, USA, 2007.

49. Method 3050B, Acid Digestion of Sediments, Sludges, and Soils, Revision 2. In Final Update III to the Third
Edition of the Test Methods for Evaluating Solid Waste; Physical/Chemical Methods; EPA Publication SW-846:
Wasshington, DC, USA, 1996.

50. Hintze, J. NCSS 9, 9.0.10; NCSS, LLC: Kaysville, UT, USA, 2013.
51. Zar, J.H. Biostatistical Analysis; Prentice-Hall: Englewood Cliffs, NJ, USA, 1984; p. 718.
52. Kpomblekou-A, K.; Ankumah, R.O.; Ajwa, H.A. Trace and nontrace element contents of broiler litter.

Commun. Soil Sci. Plant Anal. 2002, 33, 1799–1811. [CrossRef]
53. Tewolde, H.; Sistani, K.R.; McLaughlin, M.R. Residual effect of poultry litter applications on no-till cotton

lint yield. Agron. J. 2016, 108, 1405–1414. [CrossRef]
54. Krauskopf, K.B. Geochemistry of micronutrients. In Micronutrients in Agriculture; Mortvedt, J.J.,

Giordano, P.M., Lindsay, W.L., Eds.; Soil Science Society of America, Inc.: Madison, WI, USA, 1972; pp. 7–40.
55. Bowen, H.J.M. Trace Elements in Biochemistry; Academic Press: New York, NY, USA, 1966; p. 241.
56. Anjum, N.A.; Singh, H.P.; Khan, M.I.R.; Masood, A.; Per, T.S.; Negi, A.; Batish, D.R.; Khan, N.A.; Duarte, A.C.;

Pereira, E.; et al. Too much is bad-an appraisal of phytotoxicity of elevated plant-beneficial heavy metal ions.
Environ. Sci. Pollut. Res. 2015, 22, 3361–3382. [CrossRef] [PubMed]

57. Kogelmann, W.J.; Sharpe, W.E. Soil acidity and manganese in declining and nondeclining sugar maple
stands in Pennsylvania. J. Environ. Qual. 2006, 35, 433–441. [CrossRef] [PubMed]

58. Wallace, A.; Wallace, G.A.; Cha, J.W. Some modifications in trace metal toxicities and deficiencies in plants
resulting from interactions with other elements and chelating agents-the special case of iron. J. Plant Nutr.
1992, 15, 1589–1598. [CrossRef]

http://dx.doi.org/10.2174/1874331501307010088
http://dx.doi.org/10.2134/agronj2016.02.0113
http://dx.doi.org/10.1097/ss.0b013e318032ab7d
http://dx.doi.org/10.1007/s10705-009-9263-x
http://dx.doi.org/10.1093/ps/78.12.1695
http://www.ncbi.nlm.nih.gov/pubmed/10626643
http://dx.doi.org/10.2134/jeq2013.12.0495
http://www.ncbi.nlm.nih.gov/pubmed/25603088
http://dx.doi.org/10.1097/SS.0b013e3182746d2b
https://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/virginia/rockinghamVA1982/rockinghamVA1982.pdf
https://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/virginia/rockinghamVA1982/rockinghamVA1982.pdf
http://dx.doi.org/10.1080/00103628409367568
http://dx.doi.org/10.1081/CSS-120003067
http://dx.doi.org/10.1081/CSS-120004823
http://dx.doi.org/10.2134/agronj2016.01.0059
http://dx.doi.org/10.1007/s11356-014-3849-9
http://www.ncbi.nlm.nih.gov/pubmed/25408077
http://dx.doi.org/10.2134/jeq2004.0347
http://www.ncbi.nlm.nih.gov/pubmed/16455843
http://dx.doi.org/10.1080/01904169209364424


Toxics 2018, 6, 28 12 of 12

59. Lindsay, W.L.; Schwab, A.P. The chemistry of iron in soils and its availability to plants. J. Plant Nutr. 1982, 5,
821–840. [CrossRef]

60. Krämer, U. Metal hyperaccumulation in plants. Ann. Rev. Plant Biol. 2010, 61, 517–534. [CrossRef] [PubMed]
61. Trehan, S.P.; Grewal, J.S. Response to zinc, copper and iron and their critical levels for potato. J. Indian Soc.

Soil Sci. 1995, 43, 89–91.
62. Elgala, A.M.; Ismail, A.S.; Ossman, M.A. Critical levels of iron, manganese, and zinc in Egyptian soils as

measured by DTPA extract and maize plants. Egypt. J. Soil Sci. 1986, 26, 125–137.
63. Fageria, N.K.; Barbosa Filho, M.P.; Porto de Carvalho, J.R. Effect of iron on growth and absorption of

phosphorus, potassium, calcium and magnesium by rice plant in nutrient solution. Pesqui. Agropecu. Bras.
1981, 16, 483–488.

64. Singh, K. The critical level of zinc in soil and plant for predicting response of cluster bean to zinc fertilization.
Plant Soil 1986, 94, 285–288. [CrossRef]

65. Khoshgoftarmansh, A.H.; Abadi, H.K.; Khanmohammadi, Z.; Sararoudi, F.A.; Barzin, M.; Shahri, A.R.P.
Critical deficiency level of zinc for corn on calcareous salt-affected soils in central Iran. J. Plant Nutr. 2012, 35,
1806–1818. [CrossRef]

66. Brink, G.E.; Sistani, K.R.; Rowe, D.E. Nutrient uptake of hybrid and common Bermudagrass fertilized with
broiler litter. Agron. J. 2004, 96, 1509–1515. [CrossRef]

67. Shukla, S.K.; Singh, K.; Singh, B.; Gautam, N.N. Biomass productivity and nutrient availability of Cynodon
dactylon (L.) pers. Growing on soils of different sodicity stress. Biomass Bioenergy 2011, 35, 3440–3447.
[CrossRef]

68. Provin, T.L.; Wright, A.L.; Hons, F.M.; Zuberer, D.A.; White, R.H. Seasonal dynamics of soil micronutrients
in compost-amended bermudagrass turf. Bioresour. Technol. 2008, 99, 2672–2679. [CrossRef] [PubMed]

69. Novak, J.M.; Watts, D.W.; Stone, K.C. Copper and zinc accumulation, profile distribution, and crop removal
in coastal plain soils receiving long-term, intensive applications of swine manure. Trans. Am. Soc. Agric. Eng.
2004, 47, 1513–1522. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/01904168209363012
http://dx.doi.org/10.1146/annurev-arplant-042809-112156
http://www.ncbi.nlm.nih.gov/pubmed/20192749
http://dx.doi.org/10.1007/BF02374352
http://dx.doi.org/10.1080/01904167.2012.706677
http://dx.doi.org/10.2134/agronj2004.1509
http://dx.doi.org/10.1016/j.biombioe.2011.04.027
http://dx.doi.org/10.1016/j.biortech.2007.03.066
http://www.ncbi.nlm.nih.gov/pubmed/17570655
http://dx.doi.org/10.13031/2013.17631
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Research Design 
	Field Sampling 
	Chemical Analysis 
	Statistical Analysis 

	Results 
	Cu, Fe, Mn, Zn and As Application Rates 
	Metal Concentrations from Soils 

	Discussion 
	Arsenic 
	Micronutrients 
	Iron and Manganese 
	Copper and Zinc 

	Conclusions 
	References

