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Poultry litter is a valuable nutrient source for crop production. Successful management to reduce
ammonia and its harmful side-effects on poultry and the environment can be aided by the use of litter
amendments. In this study, three acidiﬁers, two biological treatments, one chemical urease inhibitor and
two adsorber amendments were added to poultry litter. Chemical, physical and microbiological properties of the litters were assessed at the beginning and the end of the experiment. Application of litter
amendments consistently reduced organic N loss (0e15%) as compared to unamended litter (20%).
Acidiﬁers reduced nitrogen loss through both chemical and microbiological processes. Adsorbent
amendments (water treatment residuals and chitosan) reduced nitrogen loss and concentrations of
ammonia-producing bacteria and fungi. The use of efﬁcient, cost-effective litter amendments to
maximum agronomic, environmental and ﬁnancial beneﬁts is essential for the future of sustainable
poultry production.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Poultry litter (a mixture of manure and bedding materials) is
a valuable nutrient source for plant growth that contains high levels
of phosphorous (P), potassium (K), nitrogen (N) and other trace
minerals (Kelleher et al., 2002). Sustainable use of this commodity
has been impeded by the industrialization of livestock production
and the consequential replacement and/or supplementation of
manure application with chemical fertilizers. However, current
environmental (emissions regulations) and ﬁnancial (high price of
chemical fertilizers; low proﬁt margins) concerns make implementation of improved animal manure and litter management
methodologies a priority. A more holistic approach to poultry
production would emphasize litter management to improve animal
health, retain fertilizer value and to optimize recycling of minerals
back to the soil (returning around 70% of the feed minerals)
(Martinez et al., 2009; McCrory and Hobbs, 2001).
A major issue with poultry litter is the loss of N as ammonia
(NH3) due to microbial mineralization of urea and uric acid, which
represent up to 80% of the total N in litter (Kelleher et al., 2002; Ritz
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et al., 2004). Ammonia levels in poultry houses have increased due
to tighter house designs and infrequent litter removal. Elevated
NH3 can cause health issues with the birds (i.e., damage to the
respiratory tract, increased susceptibility to disease) and has been
shown to reduce bird weight and feed efﬁciency (Moore et al., 1999,
2000; Ritz et al., 2004). Additionally, NH3 volatilization releases the
malodorous and environmentally damaging gas into the atmosphere and reduces the value of poultry litter as a fertilizer due to
N loss (McCrory and Hobbs, 2001).
An array of poultry litter treatments has been used to reduce
NH3 emissions including physical, chemical and/or biological
methods. Physical treatments include bioﬁlters, scrubbers, moisture and ventilation control. The most common practice for
removing NH3 from broiler facilities is by ventilation that exhausts
to the atmosphere (Ritz et al., 2004). This practice has negative
consequences including increasing the contribution of poultry
facilities to atmospheric pollution and environmental deposition
which results in acidiﬁcation of soils and water sources (McCrory
and Hobbs, 2001; Shah et al., 2007). Current methods to treat the
air leaving the house are also expensive and do not address the
effects of gas build-up within the house.
Acidiﬁer amendments have been studied extensively for NH3
reduction and have provided the most promising and consistent
results. The most common litter amendments are dry acids
including AlþClearÒ (Al2(SO4)3$14H2O), Poultry Litter TreatmentÒ
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(93% NaHSO4) and Poultry GuardÒ (clay soaked in 36% H2SO4). These
compounds reduce NH3 volatilization by lowering the pH of the
litter and converting volatile NH3 into non-volatile ammonium
(NHþ
4 ). Acidiﬁers have also been shown to improve bird health and
productivity (McWard and Taylor, 2000; Moore et al., 2000; Terzich
et al., 1998), reduce pathogen persistence (Line and Bailey, 2006;
Pope and Cherry, 2000; Rothrock et al., 2008b) and reduce metals
and chemical run-off (Moore et al., 1998; Warren et al., 2006).
Recent research has shown that in addition to chemical inhibition of NH3 by lowering pH, acidiﬁcation also reduces populations
of bacteria with genes like urease and uricase (Cook et al., 2008;
Rothrock et al., 2010). Given the importance of microbial enzymes
to NH3 production, microbial inhibition by acidiﬁers likely
contributes signiﬁcantly to the success of these amendments.
A result of acidiﬁcation, however, is a 3e4 order of magnitude
increase in the concentration of fungal urease and uricase
producers (Cook et al., 2008; Rothrock et al., 2010). Rothrock et al.
(2010) demonstrated that this shift from bacterial to fungal urease
producers correlated with organic nitrogen mineralization. Therefore, fungi may be responsible for the delayed but predictable
nitrogen mineralization that occurs in poultry houses several
weeks after application of acidiﬁer amendments. Delaying or
reducing the onset of fungal growth may extend the effective
duration of acidiﬁers thereby further reducing organic nitrogen
mineralization and increasing litter nitrogen content.
Biological treatments include blends of enzymes, enzyme
inhibitors, nutrients (i.e., fructooligosaccharides) and/or microorganisms. Augmenting water, feed or litter with biologicals
enhances or alters the native microbial population with the goal of
increasing NH3 degradation rates, preventing the formation of toxic
compounds, improving feed efﬁciency and/or competitively
excluding undesirable microorganisms (Cole et al., 2006; Patterson
and Burkholder, 2003; Shah et al., 2007). Researchers have had
success when using biological treatment to inhibit pathogens (Cole
et al., 2006) and reduce the effects of fungal toxins (Awad et al.,
2006). Those that have evaluated biologicals for reduction of
ammonia volatilization from poultry litter have met with mixed
success (DeLaune et al., 2004; Shah et al., 2007).
Adsorbents including water treatment residuals (WTR) and
chitosan may serve as cost-effective litter treatments. WTR are Fe,
Al, or Ca salts added to raw water to remove colloids, sediment and
contaminants (Makris et al., 2010). This material is generated in
large quantities by most municipalities and can be readily obtained
at a minimal cost (Hovsepyan and Bonzongo, 2009). WTR have
been studied extensively in recent years and have been shown to
have the capacity to bind heavy metals (including As, Pb, Hg, Cd,
and Zn) (Brown et al., 2005; Hovsepyan and Bonzongo, 2009; Nagar
et al., 2009). Aluminum hydroxide containing WTR were previously
shown to effectively bind phosphorous in poultry litter and were
suggested as a low cost alternative to alum amendment (Makris
et al., 2005).
Chitosan is a derivative of chitin one of the most abundant
sources of carbon on earth. Chitosan is produced by alkaline Ndeacetylation of chitin and garners its ability as an adsorbent due its
poly-cationic nature (Babel and Kurniawan, 2003; Vold et al., 2003).
The properties of chitosan can be manipulated by chemical modiﬁcation to increase acid stability, mechanical strength and adsorption capacity (Chatterjee et al., 2009). It has also been shown to have
anti-microbial properties, supposedly due to adsorptive properties
and enzyme inhibition (Badaway and Rabea, 2009; Lin et al., 2009).
Chitosan is also of interest to industry due to its ability to scavenge
heavy metals, including Hg2þ, Cu2þ, Ni2þ, and Zn2þ.
The goal of this study was evaluate poultry litter amendments
for their ability to reduce total and organic N loss through chemical
and microbiological processes.
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Better understanding litter amendments that are currently used
and evaluation of novel cost-effective, environmentally conscience
amendments will provide new information important to sustainable, value-added poultry production.
2. Materials and methods
2.1. Litter collection, litter amendments and sampling
Poultry litter (sawdust bedding) was collected from random
locations inside a commercial broiler (Gallus gallus domesticus)
house in KY prior to placement of the ﬁfth ﬂock. The physiochemical
characteristics of the litter are shown in Table 1. After collection, the
litter was thoroughly mixed prior to adding 350 g into triplicate
plastic incubation containers (21.8  16.3  13.2 cm) for each
treatment.
Acidiﬁers, biological treatments, chemical inhibitors and
adsorber amendments were added on day 0 prior to incubation
(Table 2). The three acidiﬁer treatments were added to litter at 10%
w/w (35 g). Acidiﬁers included: AlþClearÒ (AC; General Chemical,
Parsippany NJ), Poultry Litter TreatmentÒ (PLT; Jones-Hamilton Co.,
Walbridge, OH), and Poultry GuardÒ (PG; Wynco Distributors, LLC,
Fruitland, MD). To control the fungal bloom in acidiﬁed litter, liquid
ClinafarmÒEC (CL, Janssen Animal Health, Union, NJ) was added
into triplicate incubation containers in addition to 10% AC; CL
treatment was re-applied on day 15 and on day 30, according to
manufacturers speciﬁcations. The biological treatment (BT; Vytol
BioSystems, Inc., West Point, NE) containing a proprietary blend of
bacteria, enzymes and nutrients (10 mg dry powder) was mixed
into the litter matrix. The commercial urease inhibitor, Agrotain
PlusÒ (AP; Corydon, KY) was added to the litter as directed by the
manufacturer (3.5 mL of a 1:20 solution) and was re-applied on day
15 and day 30. Two novel treatments, wastewater treatment
residual (WTR; Bowling Green, KY) and Chitosan (CH; SigmaAldrich, St. Louis, MO) were added 10% w/w to the litter matrix.
In all treatments, the moisture content was raised to 538.5 g H2O
kg1 of dry mass (35% w/w) using deionized water (initial litter
moisture content was 271.5 g H2O kg1 of dry mass (23% w/w))
(Cook et al., 2008). All containers were then vigorously shaken to
ensure a homogenous mixture of poultry litter and amendments.
A 25 g sub-sample was removed from each container on day 0 and
the containers were stored in the dark at room temperature.
Whenever liquid amendments were re-applied, an equal volume of
deionized water was added to the remaining treatments. At the end
of the study (56 d), containers were vigorously shaken and 10 subsamples were pooled to obtain a homogenous, representative 25 g
sample from each container. A 23 g sub-sample was stored at 4  C
pending physiochemical analysis, while the remaining 2 g subsamples was frozen (20  C) pending molecular microbial analysis.
2.2. Physiochemical analysis of the poultry litter
Moisture was determined by drying the litter at 65  C overnight
and comparing the weight before and after drying. Litter pH was
determined using a combination electrode (Fisher Scientiﬁc,
Hampton, NH) at a 5:1 deionized water to litter ratio. Total N and C
were determined by combustion (Watson and Wolfe, 2003) of the
litter using a Vario Max CN analyzer (Elementar Americas, Inc.
Mt. Laurel, NJ). The NHþ
4 eN content of litter was determined after
a 1:60 litter to KCl (2 M) extraction (Peters and Wolfe, 2003) followed by ﬂow injection analysis (FIA) using the Quickchem FIAþ,
method # 12-107-06-2-A (Lachat Instruments, Milwaukee, WI).
The NO3eN content was also assessed after KCl extraction using
Quickchem FIAþ, method # 12-107-04-1-B (Lachat Instruments,
Milwaukee, WI). Organic N was estimated by subtracting the
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Table 2
Amendments evaluated for physical and biological inﬂuence on poultry litter.

2.3. Molecular analysis of the poultry litter

Total Mass
Amendment
Loss (%)a
Amendment

Table 1
Physiochemical properties of amended poultry litters.
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0.26  0.01
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0.044
0.27
0.23
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DNA was extracted from poultry litter samples (0.3 g) using the QBiogene FastDNAÒ Spin Kit for soil (Q-Biogene, Irvine, CA) according
to manufacturer’s speciﬁcations. Quantitative, real-time PCR (qPCR)
was used to determine the concentration of targeted groups in DNA
from the poultry litter extracts including: total bacteria (16S rRNA
gene analysis), total fungi (18S rRNA gene analysis), bacterial urease
producers common to poultry litter (bacterial urease), Aspergilluslike urease producers (fungal urease), Bacillus-like uricase producers
(bacterial uricase), and Aspergillus-like uricase producers (fungal
uricase) using primers, probes (if necessary), and assay conditions as
previously described (Rothrock et al., 2010). All qPCR assays were run
on the DNA Engine Opticon 2 (MJ Research, Inc., Waltham, MA) in
a total volume of 25 ml. PCR assays with probe were carried out using
1X Qiagen HotStarTaqÒ Master Mix (Qiagen, Valencia, CA), 3.0 mM
MgCl2, 600 nM each primer, 200 nM of probe and sample DNA or
standard (from 102 to 108 copies). QuantiTectÔ SYBRÒ Green PCR kit
was used for SYBR Green assays with 300 nM each primer, sample
DNA or standard (101e108 copies).
2.4. Statistical analyses
Data were statistically analyzed by means and standard errors
(proc MEANS), linear regression (proc REG), and analysis of variance
(proc ANOVA), and least signiﬁcant difference at a 0.05 probability
level (LSD0.05) for multiple comparisons among means with SAS
Version 9.2 (SAS Institute, Inc. 2008. SAS. Release 9.2., Cary, NC).
3. Results and discussion
3.1. Properties of amended and control litters
The goal of this study was to evaluate poultry litter treatments
for their effect on N mineralization and bacterial populations. Eight
poultry litter amendments (chemical, biological or physical
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treatments) were evaluated for their ability to reduce total and
organic N loss (Table 2). Total C, total N, total bacteria and fungi, and
microbiological groups speciﬁcally associated with ammonia
production (urease and uricase producers) were measured at the
beginning and the end of the experiment. Organic N represented
approximately 80% of the total N present in the litter. The initial
litter physiochemical properties, 35e42% total C and 3.5e4.3% total
N, were in the expected range (Table 1). Initial nutrient concentrations varied signiﬁcantly among treatments (Table 1), therefore,
to evaluate the effect of litter amendments, data were analyzed
based on percent change between initial and ﬁnal concentrations of
total and organic nitrogen (Fig. 1), bacterial (Fig. 2) or fungal (Fig. 3)
populations. All litter amendments signiﬁcantly reduced the loss of
total and organic N as compared to the unamended litter (Fig. 1A, B).
3.2. Acidiﬁer amendments
Acidiﬁer amendments inhibit NH3 volatilization by lowering the
pH of the litter, thereby converting volatile NH3 into non-volatile
NHþ
4 . The pH of all acidiﬁed litter treatments started between 3 and
4 and increased to 5 or 6 by the end of the study (Table 1). In this
study, acidiﬁers were found to be among the most effective
amendments for reducing N loss (Fig. 1A, B). Poultry Guard (acidiﬁed
clay) was the least effective of the acidiﬁers, although still signiﬁcantly better than unamended litter. In a previous study, Rothrock
et al. (2010) found that results for PG were similar to those for AC.
Therefore, the differences seen in this study may be due to the more
limited sampling (beginning and end points) and the shorter
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duration of the study. In agreement with previous studies, there
were signiﬁcant (P < 0.05) decreases in the concentration of total
bacteria and bacterial urease and uricase producers (except bacterial uricase in PLT) in all acidiﬁed litters (Fig. 2A, B and C) and
concomitant increases (up to 5 orders of magnitude) in the
concentration of total fungi, and fungal urease and uricase
producing populations (Fig. 3A, B and C). Interestingly, the mass loss
from the AC and CL treatments was signiﬁcantly higher than in all
other treatments; this trend was also observed in a previous study
(Cook et al., 2008). The combination of greater mass loss and
nitrogen retention increases the economic beneﬁts of this amendment (i.e., lower transportation costs and greater nutrient value).
In previous studies, Aspergillus spp. were found to be the
dominant fungi in acidiﬁed litter and the dominant fungal urease
and uricase producing population (Rothrock et al., 2010, 2008a,b).
Reduction of this population may extend the utility of acidiﬁers.
Therefore, one of the AC treatments was also treated with ClinafarmÒEC, an enilconazole micro-emulsion that prevents formation
of ergosterol in fungal cell walls. The product was designed for use
in hatcheries for prevention of aspergillosis. In this study, fungal
concentrations were signiﬁcantly reduced as compared to the AC
treatment with no CL (Fig. 3A). However, N losses from this treatment were similar to the AC treatment with no CL (Fig. 1A, B). This is
likely due to the reduced (2 orders of magnitude decrease) but still
high (2.5  0.35  107 cells g1) concentrations of fungi in that
treatment. Therefore, the bloom was curtailed, but not eliminated
with CL treatment. CL effectiveness might be improved or extended
by re-applying more often, however, this approach may make the

Fig. 1. Percent of total (A) or organic (B) nitrogen lost per gram of litter based on N mass balance with the following amendments: N, unamended; AC, AlþClearÒ; PLT, Poultry Litter
TreatmentÒ; PG, Poultry GuardÒ; CL, AlþClearÒ plus ClinafarmÒEC; AP, Agrotain PlusÒ; BT, biological treatment; CH, Chitosan; or WRT, Water treatment residuals. Values are the
average of triplicate samples. Treatments with the same letters are not signiﬁcantly different (P ¼ 0.05).
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Fig. 2. Log change in total (A), urease positive (B) or uricase positive (C) bacterial cells
in poultry litter with the following amendments: N, unamended; AC, AlþClearÒ; PLT,
Poultry Litter TreatmentÒ; PG, Poultry GuardÒ; CL, AlþClearÒ plus ClinafarmÒEC; AP,
Agrotain PlusÒ; BT, biological treatment; CH, Chitosan; or WRT, Water treatment
residuals. Values are the average of triplicate samples.

use of this treatment cost-prohibitive. In this study, CL was reapplied bi-monthly. In preliminary studies, CL was re-applied to the
litter on a weekly basis, however no signiﬁcant improvement in
N retention or fungal reduction was observed as compared to the
bi-monthly application (data not shown).
3.3. Biological treatments
The biological treatment (BT) used in this study, a powder
containing a blend of bacteria, enzymes and nutrients, was
speciﬁcally designed to control NH3 production from poultry litter.
In this study, BT signiﬁcantly decreased total and organic N loss as
compared to the unamended litter (Fig. 1A, B), although the
microbial cell concentrations were very similar to controls (Figs. 2
and 3). Given the results of this study, more research on this
material is warranted to evaluate the effect of environmental
differences in moisture, temperature and pH on its effectiveness
and reproducibility. More detailed information about mode of
action of these amendments would also aid in the design of studies
to critically evaluate their effectiveness (McCrory and Hobbs, 2001).
Inhibition of NH3 production by the native microbial ﬂora
through the use of urease inhibitors has been applied to poultry,
swine, and beef wastes (Kim and Patterson, 2003; Singh et al.,

Fig. 3. Log change in total (A), urease positive (B) or uricase positive (C) fungal cells in
poultry litter with the following amendments: N, unamended; AC, AlþClearÒ; PLT,
Poultry Litter TreatmentÒ; PG, Poultry GuardÒ; CL, AlþClearÒ plus ClinafarmÒEC; AP,
Agrotain PlusÒ; BT, biological treatment; CH, Chitosan; or WRT, Water treatment
residuals. Values are the average of triplicate samples.

2009; Varel, 1997). In studies of beef and swine slurries, Varel
(1997) found that urease inhibitors improved N retention by up
to 92%. In this study, the N stabilizer AgrotainÒ Plus was applied to
unamended litter. It contains the urease inhibitor N-(n-Butyl) thiophosphorictiramide (NBPT) and an N stabilizer. In the ﬁeld, it is
designed to minimize volatilization, denitriﬁcation, and leaching of
N. In this study, its performance was similar to that of the BT,
retaining signiﬁcantly more total and organic N than the
unamended control litter (Fig. 1A and B, respectively). A previous
litter study using NBPT found that the inhibitor did not effect
equilibrium NH3 concentrations (Singh et al., 2009). Better performance in this study may be due to the signiﬁcantly higher application rate (about 5 times greater) than in their study or to the fact
that AG was re-applied on day 30. In that study and others, it has
been found that re-application of NBPT is necessary to maintain
function (Singh et al., 2009; Varel, 1997), however this may be costprohibitive for poultry production.
3.4. Adsorbents
Aluminum-based WTR were included in this study to evaluate N
loss and the effect on the microbial population. Total N loss from
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the WTR treatments was similar to that of the acidiﬁers (Fig. 1A);
however, organic N loss was slightly higher (Fig. 1B). In this study,
there was also no pH effect using WTR and no increase in fungal
concentrations (Table 1; Fig. 3). Concentrations of urease and uricase producing bacteria in this treatment were very low (Fig. 2B
and C) possibly due to binding of trace nutrients required for their
growth. Inhibition may also be due to the presence of inhibitory
residual compounds from the water puriﬁcation process. Recent
studies have allayed many of the concerns about the WTR
composition, binding capacity and metal concentrations (Hyde and
Morris, 2000; Lombi et al., 2010; Makris et al., 2010). Further
studies are warranted given the low cost, availability and proven
ability of the material to adsorb P and reduce N loss from poultry
litter.
Microbial urease is a nickel containing enzyme which requires
six Ni2þ atoms to be functional (Manunze et al., 1999). It has been
shown that the addition of nickel increases urease activity in some
soils, suggesting that nickel availability inﬂuences urease production (Dalton et al., 1985). In this study, chitosan was included as
a low cost, non-speciﬁc adsorbent to evaluate its effect on urea
hydrolysis. Chitosan was the most effective non-acidiﬁer amendment. Both total and organic N losses in the CH treatments were
similar to those in the most effective acidiﬁer amendments (Fig. 1A
and B). Additionally, both bacterial and fungal urease and uricase
cell concentrations remained low (Figs. 2 and 3). In fact, chitosan
was extremely inhibitory to bacterial urease and uricase producing
bacteria (Fig. 2B and C). This suggests that chitosan is binding
compounds that are important to the proliferation of these populations. It is possible that chitosan adsorbed nickel, reducing
urease production. However, chitosan is a non-speciﬁc adsorbent
so it is also possible that it affected the availability of other
important trace minerals. The inhibition of fungi by chitosan, may
make this a useful additive to acidiﬁer amendments as a means to
inhibit unwanted microbial growth. Further studies would be
required to determine how these adsorbents compare to acidiﬁers
in terms of pathogen inhibition and run-off prevention. Given the
high performance, low cost, availability and ability to modify the
compound, future research should focus on application rates and
mechanisms of action of this compound within the litter.
4. Conclusions
Poultry use less than 30% of the N included in their feed; the
remainder is excreted in manure and urine. Failure to re-capture
this N lowers the efﬁciency of the livestock/crop production process
and reduces the value of litter as a commodity. In this study, litter
amendments consistently reduced N loss as compared to no
amendment. While acidiﬁers consistently out-perform other litter
amendments, the adsorbent compounds, chitosan and WTR,
should be further evaluated. They are both readily available and
cost-effective, chitosan chemistry can be modiﬁed to improve
performance, and the environmental beneﬁts of re-using WTR are
signiﬁcant.
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