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Abstract: Low-phosphorus (P) litter, a manure treatment byproduct, can be used as an organic soil
amendment and nitrogen (N) source but its effect on N mineralization is unknown. A laboratory
incubation study was conducted to compare the effect of adding untreated (fine or pelletized) broiler
litter (FUL or PUL) versus extracted, low-P treated (fine or pelletized) broiler litter (FLP or PLP) on N
dynamics in a sandy soil. All four litter materials were surface applied at 157 kg N ha−1. The soil
accumulation of ammonium (NH4

+) and nitrate (NO3
−) were used to estimate available mineralized

N. The evolution of carbon dioxide (CO2), ammonia (NH3), and nitrous oxide (N2O) was used to
evaluate gaseous losses during soil incubation. Untreated litter materials provided high levels of
mineralized N, 71% of the total N applied for FUL and 64% for PUL, while NH3 losses were 24%
to 35% and N2O losses were 3.3% to 7.4% of the total applied N, respectively. Soil application of
low-P treated litter provided lower levels of mineralized N, 42% for FLP and 29% for PLP of the total
applied N with NH3 losses of 5.7% for FLP for and 4.1% for PLP, and very low N2O losses (0.5%).
Differences in mineralized N between untreated and treated broiler litter materials were attributed to
contrasting C:N ratios and acidity of the low-P litter byproducts. Soil application of treated low-P
litter appears as an option for slow mineral N release and abatement of NH3 and N2O soil losses.

Keywords: organic nitrogen; mineralization; ammonia gas; nitrous oxide; nitrification; denitrification;
manure; quick wash; poultry litter

1. Introduction

Most of the spent broiler litter is applied to soils as a source of plant nutrients for crop and
forage production [1,2]. However, recurrent land application of broiler litter in regions with a high
concentration of poultry farms is a major environmental concern because of nutrient buildup in soils to
elevated levels. After soil application, a significant fraction of the organic N in broiler litter mineralizes
into NH4

+ and NO3
−. Both inorganic N forms become available for plant use during the growing

season but can be lost via leaching or surface runoff contaminating water resources [3]. In addition,
a significant portion of surplus N from broiler litter is lost into the atmosphere through emissions
of NH3 and N2O [4,5]. These environmental risks are leading to the development of technologies to
manage nutrient-rich broiler litter that allow the recycling of nutrients as organic soil amendments or
plant fertilizer materials.

Several management programs and technologies have been developed to solve the problem of
surplus N and P from spent broiler litter including: (1) Transfer of broiler litter to nutrient-deficient
agricultural lands as compost [6], as fine particles [7] or in pelletized form [8]; (2) improved manure
application methods, such as subsurface soil placement of broiler litter, to prevent ammonia emissions
or nutrient runoff [9,10]; (3) energy generation by thermal conversion such as incineration [11] or
biological anaerobic digestion [12]; and (4) acidification with addition of chemicals to retain N in
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the broiler litter [13,14]. As an alternative, the U.S. Department of Agriculture developed a patented
process, called “Quick Wash” (QW), to manage the surplus of N and P prior to soil application of
broiler litter or animal manure [15]. The process uses a novel combination of acid, base, and organic
polyelectrolyte to selectively extract a significant percentage of P from broiler litter while leaving most
of the N in the organic, washed litter material. The QW approach has three distinctive advantages
over other technologies or nutrient management strategies: (1) Compared with broiler litter transfer
programs, there is no need to transport large volumes of broiler litter since only about 15% of its initial
volume is shipped off the farm as a concentrated P product [16]; (2) compared to thermal conversion or
the anaerobic digestion processes, the organic C and N in the treated low-P litter is conserved for soil
health benefits; (3) compared to acidification processes such as alum addition, the treated low-P broiler
litter can be safely land applied on a N basis because its N:P ratio is better balanced to match specific
nutrient needs of crops.

Several studies have shown that the addition of broiler litter to soils can increase CO2, NH3,
and N2O gas emissions [17–19]. Broiler litter adds organic N along with organic C, stimulating
mineralization of organic N and C with production of NH4

+ and NO3
− through microbial

ammonification and nitrification, and N2O through denitrification [20]. Therefore, slowing down
nitrification and avoiding high NH4

+ concentrations in the soil are important measures to lower N
gaseous losses per unit of N input [5]. The objectives of the present study were to: (1) Compare if
applications of low-P broiler litter treated with the QW process (hereafter called treated low-P litter)
versus untreated broiler litter to a sandy soil would result in lower NH3 and N2O emissions; and (2)
evaluate soil mineralization of low-P litter sources. To meet these objectives, we performed a laboratory
soil incubation study in which both sources of N were surface applied to soil in un-pelletized and
pelletized forms. The study included the determination of cumulative CO2, NH3, and N2O emissions
along with the soil concentrations of NH4

+ and NO3
− during the course of a laboratory incubation to

evaluate the N mineralization of each N source. The study used a characteristic sandy soil common to
areas with intense broiler production within the eastern Coastal Plains region, USA.

2. Materials and Methods

2.1. Soil Collection

Soil samples were collected from the topsoil (Ap horizon) of a Norfolk loamy sand (Fine-loamy
kaolinitic thermic Typic Kandiudults) at the USDA-ARS Coastal Plains Soil, Water, and Plant Research
Center in Florence, SC, USA. The area of the field used for the soil collection in this study was under
conservation tillage with paratill subsoiling. To evaluate the distribution of nutrients and pH of the
topsoil, composite soil samples were taken at 7.5 and 15.0 cm depth for routine soil testing according to
Bauer et al. [21]. Thereafter, soil cores were collected from the topsoil using a soil core sampler (AMS,
Inc., American Falls, ID, USA) equipped with a replaceable acrylic plastic cylindrical sleeve (5-cm
diameter × 15-cm long).

2.2. Sources of Broiler Litter

The study included a total of four poultry litter materials (two untreated and two treated using
the QW process): Fine-particle untreated litter (FUL); pelletized untreated litter (PUL); fine-particle
low-P treated litter (FLP); and pelletized low-P treated litter (PLP). The PUL material was prepared by
pelleting the FUL. The FUL material was collected from a farm with six 25,000-bird broiler houses in
Lee Co., SC, USA. The broiler litter used for P extraction using the QW process was also collected from
the same farm in a separate sampling campaign. Details about the collection and processing of broiler
litter samples before and after QW treatment are further described by Szogi et al. [16]. Briefly, the QW
process consists of three consecutive steps: (1) Wet P extraction; (2) P recovery; and (3) P recovery
enhancement. The FLP is the solid product from Step 1 of the QW process in which P bound to poultry
litter solids was extracted in solution using citric acid with a target pH of 4.5 at ambient temperature
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and pressure. The FLP solids were subsequently separated from the acid extract, dewatered, and air
dried. Both PUL and PLP materials were obtained by pelleting FUL or FLP using a PP200 pellet mill
equipped with a 6-mm die and roller set (Pellet Pros Inc., Davenport, Iowa, USA).

2.3. Incubations

Two separate but simultaneous laboratory incubation experiments were performed using two
sets of 15 soil cores for each experiment. Each set of soil cores received the following treatments in
triplicate: Un-amended control, FUL, PUL, FLP, and PLP. All broiler litter materials were applied to
the soil on a total N basis of 89.6 mg N kg−1 soil which is equivalent to an application of 157 kg N ha−1

to non-irrigated, high yielding, corn application rates in South Carolina [22]. The equivalent oven
dry mass of broiler litter applied to the soil cores to match the 89.6 mg N kg−1 were 0.0 g for the
Control, 0.772 g for FUL, 0.776 g for PUL, 1.204 g for FLP, and 1.240 g for PLP. To optimize microbial
activity, distilled water was added dropwise with a syringe and a needle to adjust soil moisture to
60% water filled pore space (WFP) after surface application of the litter treatments [23]. Both sets of
cores were incubated for 10 weeks (68 days) at an average ambient temperature of 23 ◦C and 65%
relative humidity.

One set of soil cores was used for sampling the soil weekly during the incubation. The soil cores
were sampled to a depth of 12.7 cm using a 0.7-cm diameter rubber stopper borer as a sampling tool.
Samples were freeze-dried prior to analysis to minimize N conversion and N gas losses during sample
preparation for analysis [24]. The “soil sample” cores were covered with a black polyethylene sheet
that allowed gaseous exchange but retarded water evaporation loss. The weight of the cores was
inspected daily to make up for evaporation losses and maintain 60% WFP throughout the incubation.

The other set of soil cores was used to determine CO2, N2O and NH3 gas emissions. Each soil core
was enclosed in a 2.0-L PET (polyethylene terephthalate) plastic chamber with a threaded polyethylene
lid. The lid had a port for periodic gas sampling and a 0.91-mm diameter vent to prevent pressure
build-up above ambient atmospheric pressure inside the chamber. Five separate 5-mL gas samples
were taken equally spaced across one hour (0, 15, 30, 45, and 60 minutes) to determine CO2 and N2O
gas fluxes. The NH3 gas was trapped as ammonium (NH4

+) by passive diffusion [25] from the source
(soil surface) into an 8-mL glass vial holding 5.0 mL of 0.2 M sulfuric acid. The acid trap was attached
with a rubber band to the outside wall of the soil core with its open end at the same level as of the
soil surface.

The time between two flux samplings varied throughout the experiment. Specific flux sampling
times for CO2 and N2O were 1, 3, 5, 7, 9, 13, 16, 20, 27, 34, 41, 48, 55, 62, and 68 days from the initiation
of the incubation. At each sampling time, the incubation chambers were uncapped and remained open
for 2 h to allow headspace gas exchange with the ambient atmosphere, change-out of the NH3 acid trap,
and adjust the soil moisture to 60% WFP before recapping the chamber for another flux sampling. Gas
sampling was done more frequently during the first three weeks (20 days) of incubation because the
highest gas production was expected for all three measured gases (CO2, N2O, and NH3). Thereafter,
gas sampling was measured every seven days because the flux of N2O and CO2 was observed to slow
down for all treatments.

2.4. Chemical Analysis

2.4.1. Soil and Broiler Litter Material Properties

With the exception of NH4-N and NO3-N, which were carried out in our laboratory, the soil
chemical characterization was done at the Clemson University, Agricultural Service Laboratory,
Clemson, SC, USA (Table 1). Total soil C and N were determined via thermal combustion, soil P
and K were determined in Mehlich 1 extracts by inductively coupled plasma analysis, soil cation
exchange capacity (CEC) was determined by the neutral ammonium acetate method, and soil pH was
determined in 1:1 ratio soil/deionized water using a glass pH electrode [26].
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Table 1. Chemical properties of the Norfolk loamy sand soil.

Depth
cm

Cg
kg−1

Nmg
kg−1

NH4-N
mg kg−1

NO3-N
mg kg−1

P
mg kg−1

K
mg kg−1

CEC
cmol kg−1 pH

0–7.5 10.9 891 10.4 0.54 33 71 4.2 5.3
7.5–15 - - - - 17 46 3.2 5.3

Soil and broiler litter samples were extracted with 2M KCl and analyzed for ammonium (NH4-N)
and nitrite plus nitrate (NO2 + NO3-N), hereafter called NO3-N. Analysis of both NH4-N and NO3-N
was carried out using an EL×800 microplate reader (Bio-Tek Instruments, Inc. Winooski, VT) set to
650 nm [27]. The total inorganic N (Nt) is defined as the sum of NH4-N + NO3-N.

All broiler litter materials were analyzed for both total Kjeldahl N (TKN) and total P (TP) after
acid digestion using a Technicon auto-analyzer (Technicon Instruments Corp., Tarrytown, NJ, USA).
Total C was quantified by combustion with an Elementar VarioMax CN analyzer (Elementar Americas
Inc., Ronkonkoma, NY, USA). Broiler litter pH was measured in wet samples (1:1 solid to deionized
water mixture) with a pH combination electrode.

2.4.2. Gas Analysis

Gas samples were injected into 10-mL headspace vials and analyzed for CO2 and N2O concentration
on a Bruker Model 450-GC (Bruker Daltonics, Billerica, MA) gas chromatograph (GC) outfitted for
greenhouse gas (GHG) analysis [28]. The GC was equipped with a model 1041 injector operated at
50 ◦C and 263 kPa which was connected to a 10-port gas sampling valve and pressure-actuated solenoid
valve. Five mL of vial headspace was injected using a Combi-Pal auto-sampler equipped with a 5-mL
headspace syringe. A portion of the sample was transferred onto a 1.8-m long by 1.6-cm outer diameter
column packed with 80/100 mesh Hay Sep Q with a helium flow rate of 55 mL min−1. The column was
connected to a thermal conductivity detector (TCD) operated at 150 ◦C and with a filament temperature
of 200 ◦C for CO2 analysis. Another portion of the sample was split by means of the gas switching valve
to another 10-port gas sampling solenoid valve and a portion of this sample was transferred to a 1.8-m
long by 1.6-cm outer diameter silico-steel column also packed with 80/100 mesh Hay Sep Q with a N2

carrier flow rate of 20-mL min−1 for N2O analysis. This column was connected to an electron capture
detector (ECD) operated at 300 ◦C. The GC oven was operated at 40 ◦C. Quantification of both CO2

and N2O was performed relative to an external standard curve for each gas. The NH3-N captured in
the acid trap samples were analyzed as NH4-N by chemically suppressed cation chromatography [29].

2.5. Data Analysis

The gas flux from the soil cores was calculated by fitting the time series headspace gas concentrations
with the quadratic regression model [30]. The magnitude of the flux was further corrected by determining
the theoretical flux underestimation [31]. Cumulative CO2 and N2O emissions were estimated from the
gas fluxes determined at the specific sampling time points throughout the incubation [32]. At the end of
the 10-week study, the cumulative production of CO2, N2O-N, and NH3-N were statistically analyzed
using the ANOVA procedure of SAS version 9.4 (SAS Institute, Cary, NC, USA). Pairwise comparisons
of treatment means were performed using the least square difference (LSD) option and were considered
different when the probability values were p < 0.05.

A repeated measures analysis was conducted using the PROC MIXED procedure of SAS to evaluate
how quickly the soil mineralization (NH4-N and NO3-N) responded to various broiler litter treatments
during the incubation experiment [33]. A first-order autoregressive covariance structure in SAS was
used to test the effects of Treatment (Trt), Time (Week), and Trt ×Week interaction. The differences in
response patterns were considered different among treatments when the probability of F-values was
p < 0.05 for the interaction Trt ×Week.
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The nitrification rates for each poultry litter material were estimated using a model that describes
the kinetics of transformation of NH4-N into NO3-N [34]. To quantify the accumulation of NO3-N
with time (t), the integrated form of the Verhulst equation was used:

NO3-N = a/1 + (a/[NO3-N]0 − 1) exp(-ak [t − t0]) (1)

where a is the asymptotic value of accumulated NO3-N, k is a constant, [NO3-N]0 is the initial value of
NO3-N at time zero (t0). The nonlinear procedure of Prism 7, GraphPad Software, Inc. (San Diego,
CA, USA) was used to fit equation 1 to experimental soil NO3-N data versus t. The maximal rate of
nitrification was calculated as Kmax = k × a2/4.

The kinetics of N mineralization from application of poultry litter materials applied to soil were
described by a first-order rate model [35]. The amount of N mineralized during the incubation study
was evaluated using the equation:

Nt = NO(1 − exp [−kt]) + Ni (2)

where Nt is the total inorganic N (NO3-N + NH4-N) concentration minus control concentrations, NO is
the potentially available organic N, k is a rate constant, t the is time of incubation, and Ni is initial N at
t = 0. The nonlinear procedure of Prism 7, GraphPad Software, Inc. (San Diego, CA, USA) was used to
fit Equation (2) to experimental soil Nt, t, and NO.

In addition, the available mineralized N as percent of total N added with each broiler litter
treatment was estimated according to the following equation [36].

Available mineral N (%) = [(Nt in treated soil − Nt in control soil)/total N added] × 100 (3)

3. Results

3.1. Broiler Litter Materials Used in the Soil Incubation

The concentration and proportions of C, N, P and other constituents were different among the
four broiler litter materials used in the study (Table 2). All chemical parameters of the untreated broiler
litter, FUL or PUL, had values within the range of those reported by service laboratory analysis [37].
All four broiler litter materials had C contents (434–499 g kg−1) within the expected range for poultry
litter materials [38]. Total N concentrations were 55 to 66% higher in FUL or PUL versus FLP or PLP
and also had higher NH4-N and NO3-N contents. The C:N ratio of FUL or PUL was almost half of FLP
and PLP. Both FUL or PUL had a less balanced N:P ratio of <4.0 and basic pH. In contrast, the FLP and
PLP had N:P ratios > 4.0 along with acidic pH, both resulting from the QW treatment [15].

Table 2. Chemical properties of the four broiler litter materials: Fine untreated litter (FUL), pelletized
untreated litter (PUL), fine low-P treated litter (FLP), and pelletized low-P treated litter (PLP). Data are
average of two samples on a dry weight basis.

Broiler Litter
Material

C
g kg−1

N
g kg−1

P
g kg−1

NH4-N
mg kg−1

NO3-N
mg kg−1

C:N
Ratio

N:P
Ratio pH

FUL 434 41.2 11.1 4891 1281 10.5 3.7 7.95
PUL 434 40.9 15.1 3618 1335 10.6 2.7 7.95
FLP 479 26.4 6.2 159 BD 1 18.1 4.3 6.31
PLP 499 24.8 4.2 333 20 20.10 5.9 5.36

1 Below detection.

3.2. Emissions of CO2, NH3, and N2O during Soil Incubation

Analysis of variance indicated significant differences in cumulative CO2, NH3, and N2O production
among treatment combinations. Despite their contrasting chemical properties (Table 2) and particle size
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(pelletized versus unpelletized), the soil cumulative CO2 production corrected by the CO2 emissions of
the control soil (g C kg−1 soil) was not significantly different (p < 0.05) for any of the four broiler litter
treatments (Table 3). However, the higher percent of cumulative CO2 emitted per unit of C added to
soil with the FUL (61%) or PUL (56%) versus FLP (38%) or PLP (36%) can be attributed to all broiler
litter materials being added to soil at a fixed N rate equivalent to 157 kg N ha−1. Thus, on average,
the C addition to soil with FLP or PLP was 58% of those applied using FUL or PUL.

Table 3. Cumulative CO2, N2O, and NH3 emissions corrected by subtracting the emissions of the control
during 10 weeks of incubation of the soil cores that received surface application of fine-particle untreated
litter (FUL); pelletized untreated litter (PUL); fine-particle low-P treated litter (FLP); and pelletized
low-P treated litter (PLP).

N Source CO2 NH3 N2O

g C kg−1 % 1 mg N kg−1 % 1 mg N kg−1 % 1

FUL 1.2a 2 61a 21.5ab 24ab 3.0b 3.3b
PUL 1.1a 56a 31.0a 35a 6.8a 7.5a
FLP 1.5a 38a 5.1b 5.7b 1.7b 1.9b
PLP 2.1a 36a 3.7b 4.1b 0.4b 0.5b

LSD0.05 1.2 34 25 28 3.1 3.5
1 Percentage of emissions with respect to the total C or N applied per kilogram of soil. 2 Means followed by the
same letter are not significantly different according to least square difference (LSD0.05).

3.3. Nitrogen Mineralization

The evolution of NH4-N and NO3-N content during the 10-week “soil sample” incubation with
surface applications of four broiler litter treatments and an unamended control are presented in
Figure 1A,B. The rise in NH4-N content started immediately after application of the broiler materials
to soil (Figure 1A). On average, the highest soil NH4-N contents occurred in the first week for FUL
(53.4 mg kg−1) and PUL (48.1 mg kg−1) followed by FLP (37.0 mg kg−1) while PLP (22.7 mg kg−1)
remained almost as low as the control (20.9 mg kg−1). Thereafter, in Week 4 soil NH4-N concentrations
declined to levels similar to the control until the end of the 10-week incubation study. Simultaneously,
NO3-N concentrations started to rise in the third week of incubation for all treatments suggesting
microbial nitrification of NH4-N (Figure 1B).
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Figure 1. Evolution of the soil NH4-N (A) and NO3-N (B) content in the unamended control and
surface applications to soil of fine-particle untreated litter (FUL); pelletized untreated litter (PUL);
fine-particle low-P treated litter (FLP); and pelletized low-P treated litter (PLP). Each data point is the
average of three replicates.

An ANOVA analysis indicated that there were significant differences among poultry treatments
(Trt), time (Weeks), and the interaction Trt ×Weeks for both soil NO3-N and NH4-N concentrations
during the incubation study (Table 4). The analysis of Trt ×Weeks effect confirmed that differences in
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NH4-N concentrations shown in Figure 1A among poultry litter treatment combinations during the
first three weeks of incubation were statistically significant but differences were not significant with
respect to the control on week 4 nor on any subsequent week until the end of the incubation study
(combined Trt effect per week, Table 4). The combined Trt ×Weeks effect analysis also confirms that
NO3-N concentrations in all treatments shown in Figure 1B were not significantly different to the soil
control in the first two weeks of incubation (Table 4). Subsequently, NO3-N concentrations started to
rise in the third week of incubation showing significant differences among treatments until the end of
the incubation study.

Table 4. Summary results of mineralization from repeated measures analysis: Analysis of variance and
differences between the combined treatment (Trt) effect per week of soil incubation. Soil NH4-N and
NO3-N, are presented with their corresponding average standard error of the mean (SEM) for the four
treatment and control combination applied to Norfolk sandy loam soil and p-values.

Source NH4-N NO3-N

df F-value p-value 1 F-value p-value
Trt 4 8.7 0.0028 * 19.4 <0.0001 *

Week 10 83.4 <0.0001 * 22.1 <0.0001 *
Trt*Week 40 8.2 <0.0001 * 1.7 0.0309 *

Combined Trt effect per week

Time (Week) df SEM p-value SEM p-value
0 4 14.4 0.0008 * 1.80 0.9995
1 4 36.5 <0.0001 * 9.1 0.9739
2 4 17.5 <0.0001 * 17.3 0.6836
3 4 16.9 0.0001 * 31.9 0.0056 *
4 4 10.3 0.7326 33.4 0.0052 *
5 4 12.1 0.0393 39.8 0.0011 *
6 4 7.8 0.7217 48.9 0.0005 *
7 4 9.0 0.4754 57.3 <0.0001 *
8 4 11.2 0.6946 63.5 <0.0001 *
9 4 11.5 0.1612 71.9 <0.0001 *

10 4 9.5 0.6677 65.2 <0.0001 *
1 * Significant at the 0.05 probability level.

Soil NO3-N accumulation as a result of biological nitrification was most rapid for the FUL and PUL
treatments with maximal rates (Kmax) of 15.2 mg N kg−1 wk−1 and 14.3 mg N kg−1 wk−1, respectively
(Table 5). The faster soil NO3-N accumulation for the FUL treatment could be attributed to its finer
particle size and larger surface area than the pelletized litter material. Nitrification rates were much
lower for FLP or PLP treatments with Kmax of 5.8 to 8.2 mg N kg−1 wk−1. These lower Kmax suggested
that properties of these materials besides particle size, such as low NH4-N contents or C:N ratio,
possibly had an effect on slower nitrification rates.

The addition to the soil of the four poultry litter materials initially increased the soil pH (Figure 2).
At the onset of the incubation, the average soil pH was 5.03 but it rapidly increased in the first week
to a value of 6.31 for the FUL, and in the second week to 6.78 for the PUL, possibly caused by the
alkalinity of the materials (pH = 7.95, Table 2). In contrast, the soil pH increased only to values of
5.95 for the FLP and 5.88 for the PLP in the first week of incubation. These lower pH values were
expected because of the acidic nature and low NH4-N content of these materials (Table 2). After four
weeks of incubation, soil pH declined to values below pH 5.0 in all treatments along with diminishing
soil NH4-N because of increasing microbial nitrification, an acid forming process. However, these
lower pH values did not inhibit nitrification in the FUL and PUL treatments or fully explain the slow
nitrification rates of the FLP and PLP treatments since the nitrification rates in acidic soils can equal or
exceed those of neutral soils [39].
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Table 5. Regression model parameters for the evolution of NO3-N during the course of 10-week
incubation of Norfolk soil amended with four broiler litter materials.

N Source a 1 K [NO3]0 Kmax R 2

mg kg−1 mg kg−1 wk−1

FUL 119 0.0043 11.3 15.2 0.93 3

PUL 73 0.0107 6.4 14.3 0.93 *
FLP 87 0.0043 7.2 8.2 0.95 *
PLP – 2 – – 5.8 0.88 *

Control – – – 3.5 0.64 *
1 NO3-N = a/{1 + (a/[NO3-N]0 − 1) exp(−ak [t − t0])} where a is the asymptotic value of accumulated NO3-N, k is a
constant, [NO3-N]0 is the initial value of NO3-N at time (t) zero, and Kmax is the maximal nitrification rate. 2 Data
fitted a linear model: NO3-N = 5.84t − 4.39 for PLP; and NO3-N = 3.50t + 10.4 for Control where t is time in weeks.3

Probability (p = 0.05) that the correlation of determination (R2) is different from 0.
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The evolution of Nt during the 10-week incubation study and model equations for each broiler
litter material applied to the Norfolk soil are presented in Figure 3. Except for PLP that had a linear
response, the other three treatments had a typical non-linear response according to a first-order reaction
model (Equation (2)). Both FUL and PUL had the greatest Nt production rates along with higher
initial NH4-N contents at time zero (Table 2) and rapid nitrification rates (Kmax) (Table 5). Instead,
the Nt production rates were much lower for FLP or PLP most likely due to the very low levels of
NH4-N at time zero, slow mineralization and very slow nitrification rates (Figure 3). The available
Nt during each week was used to estimate the inorganic N available as a percent of total N added
with each broiler litter treatment (Table 6). The weekly inorganic N available estimates revealed the
significant differences in available mineralized N between treatments in each of the first seven weeks
of incubation. Thereafter, in the last three weeks of incubation, all four treatments had comparable
percent of inorganic available N. For values above 100% available inorganic N, such as 124% for FUL
in week 9, indicated a release of native soil N occurred during incubation [40]. On average, FUL (71%)
and PUL (69%) had much higher mean percent available inorganic N than FLP (42%) and PLP (29%)
suggesting FLP and PLP performed as a slow-release source of Nt.
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Figure 3. Total inorganic N (Nt = NO3-N + NH4-N) for four broiler litter materials applied to Norfolk
soil: FUL = fine untreated litter; PUL = pelletized untreated litter; FLP = fine low-P treated litter; PLP
= pelletized low-P treated litter. Except for PLP the lines are based on first order reaction (Equation).
Data are the mean of three samples and error bars are one standard deviation of the mean.

Table 6. Weekly soil inorganic N available in percentage of total N added with four poultry litter
materials applied on the surface of a Norfolk sandy loam soil. Data are the mean of three samples.

Time (Week) FUL 1 PUL FLP PLP

0 15a 2 12a 1c 2d
1 55a 61a 38b 21c
2 32b 53a 18bc 9c
3 68a 60a 35b 19b
4 56a 58a 29b 12c
5 72a 58ab 46ab 27b
6 78a 70a 40b 21c
7 87a 84a 47b 38b
8 87a 86a 60a 49a
9 127a 87ab 80ab 57b
10 99a 78a 72a 63a

Mean 71 64 42 29
Standard deviation 31 21 23 20

1 FUL = fine untreated litter; PUL = pelletized untreated litter; FLP = fine low-P treated litter; PLP = pelletized
low-P treated litter. 2 For each week, the means with different letters are significantly different at the 0.05 probability
level of the least square differences test (LSD).

4. Discussion

The Norfolk soil used for this study had the typical physio-chemical characteristics of a sandy soil
under conservation tillage in the southeastern Coastal Plain region [21]. As a result of its conservation
tillage management, the topsoil showed higher nutrient concentrations (total C, N, P, and K) in soil
samples from 0 to 7.5 cm than from 7.5 to 15 cm depth (Table 1). Because of the low contents of
NH4-N and NO3-N and uniform CEC and pH at both soil depths, we assumed that the 15-cm soil
cores were adequate for evaluating the soil inorganic N dynamics of surface applications of raw or
low-P broiler litter.
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In general, at a soil moisture equivalent to 60% WFP, cumulative CO2 emissions from microbial
respiration increase to a maximum but denitrification and N2O emissions should remain very low [23].
In our study, the cumulative CO2 emissions had similar trends for all four litter treatments with no
significant differences between pairwise mean treatment comparisons. As expected, the FUL, FLP,
PLP treatment had the lowest cumulative N2O emissions. However, the cumulative N2O emission
of the PUL treatment was significantly different and the highest for all treatments (3.0 mg N kg−1).
Since moisture of all soil cores was adjusted back to 60% WFP after each air headspace exchange,
we observed that the fine-litter in the FUL and FLP were not wetter than the pellets in the PUL
and PLP treatment since they crumbled in the first week of incubation as it would be the case of
litter pellets applied to a crop field. Therefore, the significant differences in N2O emissions could
not be attributed either to differences in soil water content of the litter treatments, or particle size of
the materials. Similar results to the FUL and PUL treatments were obtained by Cabrera et al. [41]
on gaseous emissions from surface-applied fine-particle or pelletized broiler litter to sandy soils.
At 58% WFP, their fine-particle broiler litter treatment showed maximum rates of CO2 production but
N2O emissions rates were very low. In contrast, their pelletized broiler litter amendment produced
similar CO2 emissions as fine-poultry litter, but emitted significantly more N2O than fine-particle litter.
Likewise, Hayakawa et al. [42] reported that soil moisture at 50% WFP enhanced CO2 emissions of
soils amended with fine-particulate or pelletized poultry litter but promoted high N2O production
in the pelletized poultry litter treatment. They suggested that anaerobic conditions inside the pellets
promoted denitrification during mineralization of the poultry litter pellets. Although FLP and PLP
soil treatments had comparable cumulative CO2 emissions to the FUL or PUL treatments, both had
significant lower NH3 and N2O emissions likely because of key chemical properties such as C:N ratio
and acidity.

Ammonia content at time zero and subsequent N mineralization of both FUL and PUL treatments
released significant amounts of NH4-N to soil but the alkaline pH in raw broiler litter raised the soil
pH above 6.0 and induced significant N losses via NH3 volatilization that ranged from 24 to 35%
total N applied to soil (Table 3). Instead, the acidic pH of low-P broiler litter had a positive effect
on abating soil NH3 emissions from surface applied poultry litter by maintaining soil pH below 6.0
and decreasing NH3 losses to less than 6% of the total N applied to soil. Acidifying amendments
have been extensively studied for their effectiveness to decrease NH3 emissions from broiler litter
and their effect on microbial N mineralization [43]. Mineralization of organic N to NH4-N requires
enzymes produced by uric-acid degrading and urea-degrading soil microorganisms [44]. According
to Burt et al. [45] acidification of broiler litter using flue-gas desulfurization gypsum impacted N
mineralization resulting in lower pH, less NH3 volatilization, and very low NO3-N concentrations
along with up to 57% decline in urea-degrading bacteria as compared to untreated broiler litter control.
In our study, the acidic nature of FLP and PLP most likely slowed down the growth of urea-degrading
bacteria or activities of urea-degrading enzymes which in turn slowed the mineralization of organic N
to NH4-N, and thereby, significantly abating NH3 emissions with respect to FUL and PUL treatments.

Under the controlled conditions of soil moisture and temperature of our incubation study,
the evolution of inorganic N content after addition of broiler litter materials to soil were also affected by
the C:N ratio of each broiler litter product. In general, when organic materials with C:N ratios of less
than 15:1 are added to soil, there is usually a rapid release of mineral NH4

+ early in the mineralization
process [46]. In our study, the rapid release of NH4

+ and subsequent NO3-N accumulation as a result
of biological nitrification was most rapid for the FUL and PUL treatments with C:N ratio of 10.5:1.
In contrast, C:N ratios higher than 25:1 promote N immobilization by soil microorganisms through
the conversion of soil NH4-N and NO3-N into organic N lowering the inorganic N available for plant
growth [20,46]. For C:N ratios in between 15 and 25, N mineralization is slow and immobilization may
occur [47]. In our study the QW treated broiler litter materials, FLP and PLP, had C:N ratios > 15 that
resulted in slow release of soil NH4-N and NO3-N with low NH3 and N2O emission losses.
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The low-P treated broiler litter appears as a source capable of releasing N over an extended period
and ideally could conserve soil N until it is needed by the crop while resolving the intractable problem
of N and P imbalance in spent broiler litter. Being a slow available N source, low-P broiler litter may
not effectively provide starter N during spring applications. However, it could be combined with other
N sources such as untreated litter or synthetic fertilizers as starters to control N availability during
the crop season, improving N use efficiency, and lessening the concerns of excessive N movement
into water resources or the atmosphere. Longer incubation and field tests of using low-P broiler litter
products as N sources appears warranted, especially field tests to evaluate the N use efficiencies during
crop production.
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