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Knowledge of the fate of manure N is important to effectively manage it and
minimize its environmental impact. The system model RZWQM2 was cali-
brated and evaluated using 3 yr of data to simulate the mineralization and
fate of fall- and spring-applied poultry litter N. Litter (18 Mg ha~") and, for
comparison, NH,;NO; (202 kg N ha~") were applied in fall and spring from
2006 to 2008 in a corn (Zea mays L.) field near Starkville, MS. The model
estimated that 57% (279 kg ha™") of the total litter N applied in the fall and
51% (249 kg ha™") of that applied in the spring had mineralized by the end
of the first year in November. The loss of mineralized litter N by the end of
the first year was 24 vs. 9% of the total applied for the fall vs. spring applica-
tions, respectively. At the end of the experiment in November 2008, 88% of
the total 1507 kg ha~! litter N applied in the previous three falls and 72%
of that applied in the previous three springs was mineralized. The loss of
mineralized litter N averaged across the 3 yr was 162 kg ha=! (37% of the
total mineralized) if applied in the fall and only 55 kg ha=" (15% of the total
mineralized) if applied in the spring. The primary avenue of litter N loss was
leaching if applied in the fall and denitrification if applied in the spring. These
results clearly demonstrate that spring is the best time to apply litter in the
southeastern United States.

carly half of the US broiler chicken production is located in the south-

eastern region. Georgia, Arkansas, Alabama, and Mississippi are the top

four states with the highest broiler chicken production and associated
manure generation. An estimated 25 million Mg of poultry litter, which accounted
for 48% of the total litter in the United States, was generated in these four states
(National Agricultural Statistics Service, 2009). More than 10% of the nation’s
poultry supply was from Mississippi, which generated approximately 5 million Mg
of broiler litter annually, containing about 28,480 Mg of total N and 6300 Mg of
total P (Oldham, 2011).

The large volume of poultry litter, as a nutrient-rich fertilizer and soil amend-
ment, is commonly land applied to pastures and row crops. Correct timing of ap-
plication can maximize the fertilizer value of the litter and also improve soil or-
ganic matter and quality. Inappropriate timing of application on agricultural lands
can result in potential contamination of the atmosphere, groundwater, and surface
water bodies. Development of sound manure management practices for land ap-
plication requires determining the right time and the right rate for a site-specific
amount of manure application to meet the nutrients needs of different crops at
cach growth stage.

In the humid Mid-South region, due to an average total precipitation of
437 mm between January and April, the land is soggy most of the time, with only a
short window for field operations in the spring. Therefore, farmers choose to apply
litter before this period in the fall. However, the loss of nutrients to the environ-
ment during the fall and winter months following fall litter application and before
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planting is a great concern. The mild fall and winter temperatures
in the southeastern region will probably cause mineralization of
fall-applied litter N, increasing the vulnerability of the N to loss.
Knowledge of the degree of mineralization and loss of the miner-
alized N through different pathways is critical to properly man-
age N if litter is applied in the fall. Such knowledge, however, is
scarce, partly because it is difficult or expensive to monitor N
mineralization and quantify the loss by leaching, volatilization,
and other pathways during such an extended period. Computer
simulation models can help understand the interactions among
various N processes in the soil-plant system and determine the
fate of applied N.

A well-calibrated modeling system using short-term, site-
specific experimental results can help determine the fate of
fall-applied litter N and extend the results to other soils and
weather conditions. The Root Zone Water Quality Model 2
(RZWQM?2) is such an agricultural system model developed
by the USDA-ARS (1992) for assessing agriculture sustainabil-
ity and many other agricultural applications, with emphasis on
water and nutrient management effects on both water and soil
quality and crop production (e.g., Blicher-Mathiesen et al., 2014;
Kladivko et al., 2014; Malone et al., 2014).

The RZWQM2 model has been applied to simulate crop
production and water quality as affected by manure management.
Maetal. (1998b) evaluated the soil NO; response to beef-manure
application on a corn field and tested the RZWQM (the older
version of RZWQM?2) for manure management in Colorado.
In Iowa, Kumar et al. (1997) applied RZWQM to a corn-soy-
bean [Glycine max (L.) Merr.] production system and Bakhsh et
al. (1999) applied it to a continuous-corn production system to
simulate the effect of swine manure application on NO;—N losses
with subsurface drainage water. Ma et al. (1998a) used RZWQM
to simulate water and NO;~N movement in a tall fescue (Festuca
arundinacea Schreb.) field after broiler litter applications in
Arkansas. Since then, many improvements have been made for
most components of the RZWQM, and many new features have
been added to the model (Ma et al., 2012). The model has not

Table 1. Description of treatments and moisture, N, and C concentrations of poultry

litter and soil (background sampled on 2 Dec. 2005).

been used to study the fate of broiler litter N in cropland in the
Mid-South, although field poultry litter application as fertilizer
on agricultural lands in the region has been used for decades. In
addition, poultry litter N transformation and the multiple path-
ways by which N may be lost following fall application of manure
need to be studied in terms of N leaching and the residual N for
the following crop. The objectives of this study were to: (i) cali-
brate and validate the RZWQM2 (Version 2.60.3) using 3 yr of
experimental data in a corn field after poultry litter applications;
(ii) apply the model to develop better timing of litter application;
and (iii) analyze and quantify simulated litter N mineralization

and loss from litter applied in the fall vs. spring.

MATERIALS AND METHODS
Field Experiment

The experimental site was located at the R.R. Foil Plant
Science Research Center of Mississippi State University near
Starkville in Oktibbeha County, Mississippi, on a Leeper silty
clay loam (a fine, smectitic, nonacid, thermic Vertic Epiaquept)
soil with total N of only 0.6 g kg™! and a C/N ratio of 12.0
before the experiment (Table 1). The 0.4-ha field was almost
level (slope and aspect = 0, elevation = 104 m asl, 33°38' N,
88°46’ W). Daily weather data including maximum and mini-
mum air temperature, solar radiation, wind run, relative hu-
midity, and precipitation were recorded on site with a stan-
dard NRCS Agricultural Meteorological Network weather
station (site no. 2064; http://www.wce.nres.usda.gov/nwec/
site?sitenum=20648&temp_unit=9). The simulation period
comprised both wet years (1402 mm in 2006 and 1303 mm in
2008) and a dry year (860 mm in 2007).

Broiler chicken litter (18 Mg ha™!) and NH,NO; (202 kg
N ha~!) were applied to the same plots in the fall and spring of
the 2006, 2007, and 2008 corn growing seasons in a 2 X 2 fac-
torial combination. As shown in Table 1, there were five treat-
ments including an unfertilized control in a randomized com-
plete block design with four replications. Each plot consisted of
six, 17-m-long rows.
The litter was obtained from a local

operation in November of each season

Applied Applied Application date Application and applied immediately by hand for the
Treatment poultry litter  NH,;NO; 2005 2006 2007 2008 method fall treatment. Litter from the same batch
Mg ha™" kg N ha™! was placed in large, double-layered plastic
Control 0 0 - - - - - bags and stored in large plastic tubs with
L18F 18 0 10 Nov. 13 Nov. 8 Now. broadcast lids under shade during the winter until
L18S 18 0 12 Apr. 30 Mar. 15 Apr.  broadcast application for the spring treatment. The
F202F 0 202 10 Nov. 13 Nov. 8 Now. knifed litter was incorporated into the soil on

F202S 0 135 9May 25May 5]une knifed . . . .
the same day with an incorporation in-

Soil Litter . . .
o tensity of 1.0, which means the litter was
Molsture - 35 Zg & 405 195 'Tlssumﬁd to.lb; li:orll?pletcly incolrpoilatfed
Total N 0.6 273 3.7 397 into the soil. The litter was analyzed for
NH N 0.0 50 59 31 total C and total N by the dry combus-
4 ) ) . .
NO,-N 0.0 0.0 0.0 0.2 tion method after treating with HCI,
Total C 7.2 241 224 307 drying at 65°C, and grinding to pass a
C/N ratio 12.0 8.8 9.5 9.4 1-mm screen (Table 1).
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The fall NH/NO; was applied at the same time as the fall lit-
ter. This treatment, which supplied N in 100% mineral form, was
included to estimate the magnitude of loss of litter N applied in
the fall. A third of the spring-applied NH,NO; was applied on the
same day as the spring-applied litter, and the remaining two-thirds
was applied later around the six-leaf stage. The NH 4NOj; treat-
ments received K as KCl and P as triple superphosphate as needed
based on soil analysis. Pioneer 33M53 RR corn was planted every
year at 69,000 seeds ha™! to a depth of 5 cm. Supplemental irri-
gation was applied in 2006 and 2007 as needed but not in 2008.
The crop was managed following locally established management
practices for weed control during each growing season.

Grain yield was measured by harvesting all four middle rows
with a small-plot combine on 11 Sept. 2006, 6 Sept. 2007, and
10 Sept. 2008. Corn was harvested at ~~0.95 harvest efficiency
(5% grain was lost during harvest). The height of stubble left in
the field after harvest was about 30.5 cm. Grain water content,
used to adjust the grain yield to 15.5% moisture content, was
determined by drying 100 g of grain from cach plot at 103°C
for 72 h in an oven. The aboveground biomass was measured
by harvesting plants from 1-m row sections of the middle four
rows at physiological maturity on 20 July 2006, 8 Aug. 2007, and
7 Aug. 2008. These samples were dried in a forced-air oven at
80°C to constant weight and weighed. Leaf arca index (LAI) was
measured on a pair of the middle four rows using an AccuPAR
Model PAR-80 (Decagon Devices), which calculates LAI based
on measurements of canopy light interception. Additional man-
agement practices, such as planting, harvest, tillage, and irriga-
tion, are listed in Table 2.

Soil moisture in the upper 20-cm profile was measured by
an ECH,0-20 probe (S-SMA-M003, Decagon Devices). Soil
temperature in the upper 10-cm profile was measured by a 12-
bit HOBO onset temperature sensor (S-TMB-M006). Both
data sets were recorded hourly on site by a HOBO datalogger.

Additional details on experimental management and operation
were provided by Tewolde et al. (2013).

RZWQM2 Model Initialization and Calibration

Soil properties for the study site were obtained from the
NRCS soil database (Table 3; (http://www.wce.nres.usda.gov/
nwcc/pedon). A 1.8-m-deep soil profile was considered for mod-
el simulations. This soil profile was divided into seven horizons.
Soil hydraulic properties for each soil horizon were estimated
by the RZWQM2 based on bulk density, soil water content at
field capacity (33 kPa), and soil texture (Ahuja et. al., 2000). The
albedo values of wet and dry soil of 0.11 and 0.21 as measured
by Post et al. (2000) were used in this study. Nitrate-nitrogen
and NH,-N in the precipitation were estimated to be 0.7 and
0.2 mg L™1, which are the approximate average annual con-
centrations for Mississippi (National Atmospheric Deposition
Program; http://nadp.sws.uiuc.edu/).

Because the region normally has a wet spring, initial soil wa-
ter contents were set at field capacity in the beginning of the sim-
ulations but calibrated later to ensure that the model-simulated
soil moisture matched the observed data in the field. Soil organic
pools were initialized according to Ma et al. (1998b) by conduct-
ing a “warm-up” run of 15 yr based on measured soil C for each
soil layer. Inter-pool transfer coefficients were the same as those
calibrated by Ma et al. (1998a, 1998b) for manure. Initial soil
NO;-N and NH,~N were measured at the beginning of the ex-
periment on 2 Dec. 2005 (Table 4).

Soybean residue of 1.9 Mg ha™! was estimated as the ini-
tial surface residue cover. Initialized soil organic matter pools are
shown in Table 4. For the top 30 cm of soil, there was 2% for the
fast pool, 11% for the intermediate pool, and 87% for the slow
pool, with a total soil organic matter content of 1.7%.

The parameter estimation software PEST was used to cali-
brate the Decision Support System for Agrotechnology Transfer

Table 2. Details on tillage and management practices of an experiment that tested the effectiveness of fall- and spring-applied
poultry litter on corn production near Starkville, MS, in 2005 to 2008.

Year Date Tillage and field operation
2005 10 Nov. fall litter and NH,NOj, treatments broadcast and incorporated using a bedder ridge
2006 12 Apr. spring litter and NH,NO; fertilizer treatment applied as broadcast, incorporated using field cultivator; corn planted
2006 14 June furrow irrigated, 45 mm
2006 12 July furrow irrigated, 50 mm
2006 20 July harvested corn
2006 13 Nov. fall litter and NH,NOj treatments broadcast and incorporated using a bedder ridge
2007 30 Mar. spring litter and NH,NOj treatments broadcast and incorporated using a bedder ridge
2007 17 Apr. corn planted
2007 1 May drip irrigated, 38 mm
2007 19 May drip irrigated, 38 mm
2007 25 May broadcast incorporated
2007 15 June furrow irrigated, 51 mm
2007 8 Aug. corn harvested
2007 12 Oct. bedder ridge
2007 8 Nov. fall litter and NH,NOj treatments broadcast applied and incorporated
2008 15 Apr. spring litter and NH,NOj; treatments broadcast applied and incorporated using a bedder ridge
2008 17 Apr. harrow with a spike-tooth harrow, corn planted
2008 7 Aug. corn harvested
1806 Soil Science Society of America Journal
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Table 3. Properties of a Leeper silty clay loam soil used as model input parameters for modeling the effectiveness of fall- and
spring-applied poultry litter on corn production near Starkville, MS, in 2005 to 2008 (data from the NRCS, http://www.wcc.nrcs.

usda.gov/nwcc/pedon).

Bulk Particle Size Soil volumetric water content Bubbling
Horizon Depth density Porosity Sand Silt Clay Texturet Saturated 33 kPa 1500 kPa Residualt K_§  pressuret
cm Mgm3 m3im3 % % cm h! cm

1 15 1.35 0.491 39 33 28 CL 49 33 20 7.5 0.823 -26.8
2 30 1.36 0.487 39 31 30 CL 49 35 20 7.5 0.281 -38.2
3 60 1.37 0.483 43 29 28 CL 48 29 18 7.5 0.334 -10.9
4 90 1.38 0.479 49 25 27 SCL 48 26 14 6.8 0.643 -15.8
5 120 1.39 0.475 40 32 29 CL 48 40 23 7.5 0.589 -113.5
6 150 1.40 0.471 40 32 28 CL 47 40 23 7.5 0.529 -122.3
7 180 1.40 0.471 40 32 28 CL 47 33 20 7.5 0.639 -34.5

t CL, clay loam; SCL, sandy clay loam.

 Residual water content and bubbling pressure are parameters of the water retention—-matric potential relationship required in the Brooks and
Corey (1966) equation that is used in RZWQM2. Residual water content is the water content at the residual state , where the water phase is
discontinuous and isolated, with thin films of water surrounding the soil and air. Brooks and Corey (1966) defined residual water content as the

water content at which suction reaches infinity.
§ Saturated hydraulic conductivity.

(DSSAT) CERES-Maize model in RZWQM2 (Maetal., 2012).
The model was initially calibrated for the spring litter (L18S)
treatment from 2006 to 2008 in terms of phenology, LAI, bio-
mass, crop yield, plant N uptake, soil NO;-N, and soil water and
then evaluated for the other treatments (the control, fall litter
[L18F], fall fertilizer [F202F], and spring fertilizer [F202S]).
The final calibrated plant parameters are listed in Table 5.

The coefficient of determination (R?), index of agreement
(d), modeling efficiency (EF), and root mean square error (RMSE)

are widely used statistical parameters for model evaluation:

n 2
d=1.0— nZH(fi_Oi) —\2
2...(|2-0l+0.-0])

where P is the predicted value, O is the observed or measured
value, 7 is the number of comparisons, and & varies from 0 to 1.0;

2. (0-0) -3 (2-0)
2. (0-0)

where O is the mean observed value; the EF can be negative and

EF=

have a maximum value of 1.0—a negative EF value indicates that
the averaged measured values give a better estimate than the sim-
ulated values, while higher EF values indicate better agreement
between simulated and measured values;

1/2
P-0Y
RMSE = 2..(R-0)
n

n

Table 4. Initialized soil organic C pools classified as slow, intermediate, and fast, inorganic N, and microbial type and population
in the soil profile as required by RZWQM2.

Residue pool Humus pool Microbial population N conc.
Aerobic Anaerobic
Horizon Depth OrganicC Slow Fast Fast Intermediate Slow heterotrophs Autotrophs heterotrophs Urea NO; NH,
cm  mgkg™! soil —— mg C kg~ 'soil ——— no. of organisms g~ soil —mg N kg~! soil -

1 15 7180 24.2 5.7 140.0 363.9 7261 367,671 6003 136,106 0 8.842 4.908
2 30 6140 0.4 0.0 65.6 452.9 6117 82,000 3465 30,000 0 2.704 3.836
3 60 5840 0.5 0.0 54.8 407.5 5825 82,000 3440 27,000 0 1.079 2475
4 90 4790 0.9 0.1 54.5 346.9 4775 58,214 2958 29,000 0 1.012 2.537
5 120 0.9 1.5 85.7 302.3 3972 37,000 2011 98,000 0 1.012 2.537
6 150 0.1 0.0 25.4 123.8 2506 8849 1916 42,000 0 1.012 2.537
7 180 0.1 0.1 1.2 0.0 1530 4002 1695 16,000 0 1.012 2.537
Table 5. Calibrated physiological parameters of corn growth and development for DSSAT.

Species or cultivar input Description Value
P1 thermal time from seedling emergence to the end of the juvenile phase (above 8°C base temperature), °C d 114
P2 Delay in development for each hour that daylength is >12.5 h, d h~! 0.6

P5 thermal time from silking to physiological maturity (above 8°C base temperature), °C d 615
G2 maximum possible kernels per plant, no. plant™! 690
G3 grain-filling rate during the linear grain-filling stage and under optimum conditions, mg d~" 9.6
PHINT phyllochron interval, the interval in thermal time between successive leaf tip appearances, °C d 38.9
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where RMSE = 0 indicates a perfect fit.

RESULTS AND DISCUSSION
RZWQM2 Calibration

The calibrated crop phenology, in general, matched the
observed emergence, anthesis, and physiological maturity dates.
The calibrated vs. observed values averaged across the 3 yr, re-
spectively, were 7 vs. 5 DAP (days after planting) for emergence,
65 vs. 69 DAP for anthesis, and 108 vs. 103 DAP for maturity.
The differences between calibrated and measured grain yield,
biomass, soil NO3 concentration, and plant N uptake for the
L18S treatment from 2006 to 2008 were within the standard er-
ror of the observed values (Fig. 1-4). The maximum mean rela-
tive errors [defined as 100(measured — simulated)/measured] of
simulated grain yield, biomass, and plant N uptake from 2006 to
2008 were 4, 11, and 4%, respectively.

Model Evaluation for Simulations of Litter
and Fertilizer Effects

Overall, the differences between simulated and measured
values were within the standard error of their respective observed
values in 3 yr (Fig. 1-4). The maximum averaged relative errors
of simulated grain yield, biomass, and plant N uptake across all
treatments across the 3 yr were 12, 10, and 31%, with the best
simulation results obtained in 2008 and the poorest simulation
results in 2006. Corn grain yield of the control treatment aver-
aged across the 3 yr was among the least accurately simulated

20

10/30/2006
E Measured
15 1 [ Simulated
10 o
5 4
0

Control  L18F L18S  F202F F202S

SIS | Iﬂiﬂ

Control  L18F L18S  F202F F202S

Nitrate concentration (kg ha'1]

7/1/2008

Nitrate concentration (kg ha'1)

Fig. 1. Simulated and measured soil NO;-N concentration in the top
30-cm soil profile from a corn field fertilized with poultry litter at 18
Mg ha=1 (L18) or NH,NO; at 202 kg N ha~" (F202) applied in the fall
(F) or spring (S) near Starkville, MS.

(underpredicted by 502 kg ha™1). The litter from the L18S treat-
ment in the first year in 2006 did not provide sufficient plant-
available N and therefore resulted in 24% lower measured grain
yield than the F202S treatment (Fig. 2; Tewolde et al., 2013),
an observation correctly simulated by the RZWQM?2. The grain
yield reduction of the L18S relative to the F202S treatment as
predicted by the RZWQM2 model was 18% (Fig. 2). The model
overpredicted the grain yield of the L18F treatment in the first
year. Repeating both the L18F and L18S treatments in the same
plots in the subsequent 2 yr produced higher measured and
simulated grain yield than the F202F and F202S treatments,

12000

W Measured 2006
10000 4 T Simulated

o
o
(=]
o
1

6000 4

4000 -

2000 - iﬂ |
0

Control  L18F L18S

Grain yield (kg ha™)

F202F F202S

12000

2007
10000 -+ )

8000 4 . (]
6000 -
4000 -
2000 IH
0

Control L18F  L18S F202F F202S

Grain yield (kg ha™)

12000

2008
10000 -

8000 -
6000 -

4000 +

Grain yield (kg ha™)

2000 -

Control L18F  L18S F202F F202S
Fig. 2. Simulated and measured grain yield of corn fertilized with
poultry litter at 18 Mg ha~! (L18) or NH,NO; at 202 kg N ha™!
(F202) applied in the fall (F) or spring (S) near Starkville, MS.
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Fig. 3. Simulated and measured total aboveground dry biomass of
corn fertilized with poultry litter at 18 Mg ha=' (L18) or NH,NO,
at 202 N kg ha=' (F202) applied in the fall (F) or spring (S) near
Starkville, MS.

respectively, which is consistent with the higher soil mineral N
and plant N uptake (Table 6). The model underpredicted bio-
mass for all treatments in all 3 yr by 459 to 2250 kg ha=! (Fig.
3). Overall, however, the calibrated model responded very well
to the application of both litter and NH,NOj at either timing.
Because the top 30 cm of soil is the critical zone where poul-
try litter increases soil nutrient and corn N uptake in the humid
Mid-South (Watts et al., 2010), measured and simulated soil
NO;-N in the top 30-cm layer in the first and last year of the
experiment were compared (Fig. 1). The model underpredicted
soil NO3-N to some degree for all treatments on the two sam-

350

R \easured 2008

300 4 3 Simulated
& 250
2
° 200 -
o
2 150
e
= 100 A
8

0 : :
Control  L18F L18S F202F F202S

350

300 - 2007
& 250
2
° 200 - ]
o
2 150 |
=2
= 100 4
©
A |

0 ‘ : :

Control  L18F L18S  F202F F2025
350

2008
300 4 e

250 1

200 - ]
150
100
50 iﬂ
0 .

Control L18F  L18S  F202F F202S

Plant N uptake (kg ha™")

Fig. 4. Simulated and measured total N uptake by aboveground
biomass of corn fertilized with poultry litter at 18 Mg ha=" (L18) or
NH,NO; at 202 kg N ha-" (F202) applied in the fall (F) or spring (S)
near Starkville, MS.

pling dates. On average, the difference between measured and
simulated soil NO;~N concentrations was 7%. The maximum
difference was 0.95 kg ha~1, which is acceptable considering
that the mean NO;-N concentration across all treatments dur-
ing the 3 yr was 2.6 kg ha™1. The average measured soil NO,;~N
(= standard error) across all treatments in 2006 and 2008 were
114+£22and 6.7 & 1.7 kg ha™1, respectively (Fig. 1).
Averaged across the 3 yr and all treatments, the RMSE of the
simulated yield, biomass, plant N uptake, and soil NO;~N were
1333, 2516, 41, and 47 kg ha~1, respectively (Table 7). Moriasi
et al. (2007) rated model performance as acceptable for R? >
0.5, EF > 0.5, and 4 > 0.65. Table 7 shows that the R? and EF

values of all simulated results were >0.5 and 4 values were>0.65

dl.sciencesocieties.org/publications/sssaj

1809



Table 6. Simulated dynamics of soil mineral N in the 0- to 1.8-m depth in a soil that received poultry litter or NH,NO; in the fall
or spring of 2005 to 2008. The starting and ending dates of each period in each year were given in Table 8.

Preplant period Growing season Postharvest
Starting Total N Total N Ending Total N Corn Total N  Ending Total N
mineral applied Mineralized loss in total applied Mineralized plant N loss in total Mineralized loss in
Treatmentt N atstart Ninperiod period mineral N atstart N inperiod uptake period mineral N N in period period
kg N ha™!
2005-2006
Control 112 0 48 59 101 0 44 84 10 51 49 7
L18F 112 491 201 115 198 0 110 106 64 138 109 16
F202F 111 202 46 95 264 0 44 140 26 142 82 15
L18S 111 0 98 57 152 491 169 151 18 152 173 45
F202S 111 0 48 59 100 202 43 175 45 125 90 16
2006-2007
Control 93 0 26 29 90 0 50 62 7 71 40 9
L18F 231 427 241 74 398 0 192 171 60 359 127 38
F202F 209 202 47 94 364 0 61 191 36 198 136 51
L18S 280 0 109 36 353 427 257 230 30 350 115 34
F202S 199 0 38 52 185 202 61 207 42 199 113 39
2007-2008
Control 102 0 29 23 108 0 53 71 10 80 39 4
L18F 448 589 310 167 591 0 238 190 91 548 170 20
F202F 283 202 38 108 415 0 59 220 41 213 95 6
L18S 431 0 101 42 490 589 354 281 31 532 144 28
F202S 273 0 44 77 240 202 67 240 61 208 99 7

+ L18, poultry litter applied at 18 Mg ha~'; F202, NH,NO, fertilizer applied at 202 kg N ha~'; final F, fall application; final S, spring application.

except for soil water content, which might be because only one
soil moisture probe was used. Although RMSE values across all
six treatments in all 3 yr appear high, they were comparable to

the experimental errors of the measured data.

Simulated Mineralization of Litter Nitrogen

The litter used in this study contained only 5.0, 5.9, and 3.3
gkg~!inorganic N in 2006, 2007, and 2008, respectively (Table
1). We calibrated the litter mineralization rate and pool transfer
rates from the fast pool to the intermediate pool and from the
intermediate pool to the slow pool in the model assuming 100%
organic N in the litter to minimize model uncertainty associated
with volatilization loss of NH; during application. This cali-
bration method allowed the model to release inorganic N from
the litter more quickly after application to compensate for the
assumption. Good agreement between observed and simulated
soil inorganic N and plant N uptake indicate that the purpose
was achieved (Table 7; Fig. 1 and 4).

The change in soil N level was simulated in three distinct
periods (Table 8). The first is the preplant period beginning in
November when the litter was applied and ending 1 d before
planting corn in April each year. The second period is the grow-
ing season, which began on the planting date in April and ended
on the day corn was harvested in July or August. The last is the
postharvest period, which began a day after corn was harvested
and ended just 1 d before litter was applied in November.

Litter N underwent substantial mineralization in all three
periods. Each year, N mineralization was simulated to be the larg-
est in the period that followed litter application (Table 6). For ex-
ample, mineralization from the fall-applied litter was the largest
in the preplant period, although the average soil and air tempera-
tures during this period overall are the lowest of all three periods.
Nitrogen mineralization from the spring-applied litter was also the
largest during the growing season. This suggests that the remaining
components were less easily mineralized once the easily mineraliz-
able N transformed into mineral forms shortly after application.

Table 7. Comparison using the coefficient of determination (R?), modeling efficiency (EF), index of agreement (d), root mean
squared error (RMSE), and the standard deviation (SD) of measured and simulated grain yield, biomass, soil NO;-N, and soil
moisture for corn that received poultry litter or NH,NO, fertilization in the fall or spring of 2006 to 2008. The mean values are
averages of all treatments across the 3 yr except the spring litter treatment, which was used for validation.

Observed Simulated

Parameter n R2 EF d RMSE Mean SD Mean SD
Yield, kg ha™! 16 0.80 0.88 0.87 1333 6940 2299 6619 2551
Biomass, kg ha™! 91 0.85 0.96 0.95 2516 7623 6050 8609 5314
Grain N, kg ha™! 16 0.59 0.90 0.87 31 98 49 102 40
Plant N, kg ha~! 70 0.72 0.61 0.89 41 74 66 95 61
Soil NO;-N, kg N ha-! 100 0.57 0.80 0.76 47 48 54 36 50
Leaf area index 160 0.60 0.82 0.85 0.71 2.35 0.84 2.51 1.09
Soil water content at 25-cm depth, m3 m=3 1042 0.56 0.62 0.57 0.16 0.29 0.07 0.34 0.06
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Table 8. Duration of the three distinct periods in a study of poultry litter use in corn production in Mississippi.

Preplant Growing season Postharvest
Year Start End Duration Start End Duration Start End Duration
d d d
2006 10 Nov. 2005 11 Apr. 152 12 Apr. 20 July 99 21 July 12 Nov. 114
2007 13 Nov. 2006 16 Apr. 154 17 Apr. 8 Aug. 113 9 Aug. 7 Nov. 90
2008 8 Nov. 2007 16 Apr. 160 17 Apr. 8 Aug. 113 9 Aug. 7 Nov. 90

Preplant Nitrogen Mineralization

The percentage of N derived from fall-applied litter between
November after litter application and April before planting corn
was 31% in the first year, 2006 (Table 6). The L18F treatment
during this period had a total of 201 kg ha™! of mineralized N,
which includes N derived from the soil reserve and fall-applied
litter. Assuming that the 48 kg ha™! N mineralization of the con-
trol treatment estimates N derived from the soil reserve, litter N
that mineralized during the 5-mo preplant period for the L18F
treatment was 153 kg ha™!, which is 31.1% of the total applied
in November 2006. This simulated N mineralization was simi-
lar to that reported by Thomsen (2004), who studied the fate of
I5N-labeled poultry manure applied in winter and found that only
15% of the >N in the poultry manure was taken up by the crop.
The preplant mineralization of fall-applied litter N increased to
215 kgha=! in 2007 and 281 kg ha™! in 2008 for the L18F treat-
ment. This increase was attributed to the carryover of litter N that
did not mineralize in the previous years. As a result, the amount of
soil mineral N in April that can be attributed to fall-applied litter
increased from 198 kg ha=! in 2006 to 398 kg ha=1in 2007 and
to 591 kg ha~!in 2008. Regardless of the source, mineralization
of this magnitude is high considering that much of the time this
took place was in the winter. However, the location of the research
is characterized by wet and mild winters and early spring tempera-

tures, which are ideal for organic N mineralization.

Growing-Season Nitrogen Mineralization

The L18F treatment had a total of 110 kg ha~! of mineralized
N during the growing season (April-July) in the first year (2006),
out of which 66 kg ha™! is considered to be litter derived. Adding
the153 kg ha™! mineralized during the preplanting period, a total
of 219 kg ha™! (44.6%) of the total 491 kg ha™! litter N applied
in November 2005 was mineralized by the end of the 2006 corn
growing scason (Table 6). Litter N that mineralized from the L18S
treatment during the growing season in 2006 was almost twice
(125 kg ha™1) that of the L18F treatment (66 kg ha™!). However,
the sum of N mineralized from the L18F treatment during the pre-
planting period (153 kgha™!) and the growing season (66 kgha=!)
was much higher than that of the L18S treatment (125 kg ha™1).
This difference between L18F and L18S continued for the grow-
ing seasons in 2007 and 2008. Further, the amount of litter N min-
eralized from both treatments during this period increased yearly,
primarily because of carryover of litter N from year to year. The
simulated average daily N mineralization rate during the growing
season for the L18S treatment was 1.3, 1.8,and 2.7 kg ha~ldlin
2006, 2007, and 2008, respectively. The peak values during the 3

yr ranged from 3 to 4 kg N ha=! d~1, which was in agreement with
the measured 3.5 kg N ha=! d~! mineralization rate reported by
Sistani et al. (2008).

Postharvest Nitrogen Mineralization

Nearly the same amount of N was mineralized during the
postharvest period as in the growing season whether the litter
was applied in the fall or spring in 2006 (Table 6). The L18F
treatment in 2006 had 60 kg ha~! mineralized N during the post-
harvest period compared with 66 kg ha™! during the growing
season. The corresponding values for the L18S treatment were
124 vs. 125 kg ha~1. The amount of mineralized N was much
greater during the growing season than during the postharvest
period in the other 2 yr (2007 and 2008). This may be related
to weather conditions and the age of litter in the soil, but these
results show that litter N continues to mineralize throughout the
year even after harvest of a full-season corn crop.

In total, more than half (57% for L18F and 61% for L18S)
of the litter N applied in the first season (2006) mineralized be-
tween application and the end of the postharvest period, which
marks 12 mo for the L18F treatment and 8 mo for the L18S
treatment since the litter was applied. This mineralization rate is
within the range of 42 to 64% reported by Preusch et al. (2002)
and 39 to 69% reported by Sanchez and Mylavarapu (2011).

Simulated Losses of Litter Nitrogen
Nitrogen Loss during the Preplant Period

Of the 153 kg N ha™! that mineralized during the preplant
period in 2006 from the L18F treatment, 56.6 kg N ha~! was lost
from the root zone (Table 9). This loss was 37% of the total min-
eralized litter N or nearly 12% of the total litter N applied in the
fall. This N loss probably was responsible for the 13% grain yield
reduction relative to spring application in 2006 (Tewolde et al,,
2013). The simulated N loss from the fall-applied NH,NO;-N
treatment (F202F) during this period was nearly 37 kg N ha™! or
18% of the total N applied in the fall as NH,NO;-N. The corre-
sponding grain yield loss was 26% relative to the spring application
(F202S). With repeated applications, the losses of litter N from
the L18F treatment were 11% of the total N in 2007 and nearly
24% in 2008. The corresponding losses from the F202F treatment
were 32% of the total applied in 2007 and 42% in 2008. This
simulation work showed that applying poultry litter in the fall re-
sulted in loss of a considerable amount of the litter N and should
not be a preferred practice in the region.

Much of the N loss from the litter applied in the fall was by
leaching during the wet winter and early spring when 67% of the
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annual rainfall fell. Depending on the year,
N leaching losses during this wet period ac-
counted for 39 to 62% of the total loss for
the L18F treatment (Table 9). Leaching loss
from the F202F treatment ranged between
49 and 67%. This simulation study con-
firmed other modeling and field results that
increasing carly-season rainfall results in less
plant-available N due to leaching (Kay et al.,
2006; Malone et al., 2010). Sogbedji et al.
(2001) reported that less N leaching was as-
sociated with low early-season precipitation.

Denitrification was the second major
path of inorganic N loss from the fall-ap-
plied litter during the preplanting period
(Table 9). It accounted for approximately
10 to 40% of the total litter N loss from the
L18F treatment during this period. The loss
in other gaseous forms from the L18F treat-
ment accounted for 16 to 26% of the total
loss. Loss of mineral N by runoff was negli-
gible, primarily because the field was nearly
level with minimal runoff.

Nitrogen Loss during the

Growing Season

The loss of litter N was not restricted
to the preplant period because a consider-
able amount of N was also lost during the
growing season. A total of 64 kg ha! licter
N was lost from the L18F treatment during
the growing season in 2006. The L18S treat-
ment lost only about 18 kg ha™1, a 72% low-
er loss relative to the fall-applied L18F treat-
ment. The difference between the L18F and
L18S treatments in N loss during the grow-
ing season may be due to their difference in
the amount of mineralized N present at any
time during the period. The mineralization
rate of litter N applied just before planting
in the spring (L18S treatment) was prob-
ably gradual and matched the crop N uptake
rate, which probably reduced the degree of
exposure of mineral N to risks of loss. The
fall-applied litter N, on the other hand, un-
derwent mineralization during the preplant
period, and a considerable amount of it car-
ried over to the spring. The fraction of this
mineral N that exceeded the uptake capacity
of the young corn crop became vulnerable
to loss by different pathways. Interestingly,
cach year the F202S treatment lost consider-
ably more N during the growing season than
the L18S treatment, although both treat-

Total
7.2
15.5
14.7
45.0
16.1
17.3
8.8
38.2

Other N
gases
4.2
8.6
8.6
9.0
8.8
7.5
3.8
11.1

2.4
0.9
1.0
1.9

Runoff
0.9
4.6
0.1
0.3

Postharvest

0.4
2.5
2.4
28.9
1.7
5.5
0.3
12.6

1.7
2.0
2.8
2.5
4.6
2.5
4.6

Leaching Denitrification
14.2

Total
10.3
63.5
26.2
17.9
44.7
32.0
7.0
59.9

Other N
gases
4.0
20.8
4.1
5.3
18.6
11.0
3.9
15.0

Runoff
0.0
0.0
0.0
0.0
0.1
0.0
0.1
0.3

Growing season

kg N ha™!

2005-2006
0.6

2006-2007

Denitrification
15.7
5.6
6.9
15.4
9.1
0.1
13.9

Leaching
5.7
27.0
16.5
5.7
10.6
11.9
2.9
30.7

Total
58.6
115.2
95.4
56.8
59.4
75.0
28.7
74.1

Other N
gases
4.3
18.1
11.7
2.4
5.1
8.1
2.2
19.3

Table 7.
1.2

Runoff
0.3
1.1
0.5
0.3
0.3
0.5
0.1

iven in

Preplant

Denitrification
7.9
45.6
36.6
7.9
7.9
19.4
0.2
7.5

46.1
0.4
46.6
46.2
46.1
47.1
26.2
46.

Leaching
5

Control
L18F
F202F
L18S
F202S
Avg.
Control
L18F

Table 9. Simulated total N loss from poultry litter vs. NH,;NO4 applied in the fall vs. spring (Table 8) showing the breakdown into component loss pathways. The starting and ending
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ments received their respective N around planting in the spring.
The difference between these treatments is that the N source of
the F202S treatment was NH,/NOj, which is 100% mineral N,
and that of the L18S is litter and was considered to be 100% or-
ganic N. Thus these results support the notion that the level of
N loss during the growing season is dependent on the amount of
mineral N (NO;-N, in particular) present in the soil during the
period and on the N uptake rate of the crop. These simulation
results also support the argument that litter should be applied
at planting or soon after planting so that the probability of crop
uptake of the mineralized N is increased and the vulnerability to
loss is reduced.

Similar to the preplant period, much of the N loss during
the growing season cach year was by way of leaching and denitri-
fication (Table 9). In the first season in 2006, 40% (21 kg ha™1)
of the total litter N loss (53 kg ha™!) from the L18F treatment
was simulated as leaching and 28% as denitrification. In contrast,
of the small amount of litter N (7.6 kg ha™!) loss from the L18S
treatment during the growing season, 83% (6.3 kg ha™1) was due
to denitrification and none (0%) due to leaching. This pattern
of N loss (where much of the loss from the L18F was by leach-
ing and that from the L18S was by denitrification) held true in
the other 2 yr. The difference in the pathways of litter N loss be-
tween the L18F and L18S treatments can be attributed to the
difference in application timing and the availability of mineral
N during the growing season. A considerable amount of the total
loss was also due to other gas losses. The loss due to runoff from

both treatments was negligible during all three growing seasons.

Nitrogen Loss during the Postharvest Period

The loss of N during the postharvest period was much less
than during the other two periods (Table 9). This was particu-
larly true in 2006 and 2008 compared with 2007. This was not
surprising because much of the mineral N in the soil was expect-
ed to have been taken up by the crop during the growing season,
and only a minimal amount is carried over to the postharvest pe-
riod. Further, the postharvest period was shorter and drier than
the other two periods and therefore the breakdown of organic
matter and therefore organic N mineralization was slower during
this period than the other two periods.

Much of the N loss during the postharvest period in all years,
particularly in 2006 and 2008, for both the L18F and L18S treat-
ments occurred via denitrification and other N gas forms (‘Table
9). Denitrification accounted for approximately 77% of the N
losses for the L18S treatment in all 3 yr. There was substantial
leaching loss from the L18F treatment in 2007 only, probably
because of relatively higher rainfall during this period. Losses due
to leaching were minimal in 2006 and 2008.

SUMMARY AND CONCLUSIONS

Conventional methods to track mineralized N from soil-
applied manures and quantify the amount lost due to various
causes during the year are difficult to implement, inaccurate, and
expensive. The RZWQM?2 simulation model provided an alter-

native to estimate these values. The model was calibrated and
evaluated for simulating the fate of N derived from 18 Mg ha™!
poultry litter vs. the conventional fertilizer NH,NO; applied
in the fall vs. the spring on a field under continuous corn pro-
duction in Mississippi. The model prediction was sensitive and
accurate enough to quantify the mineralization and loss of N
derived from poultry litter applied in the fall and spring. The
model estimated that approximately 30 to 50% of fall-applied lit-
ter N (assumed to be 100% in the organic form at application)
was transformed to mineral forms by the spring when corn was
planted. Such a high mineralization rate in the absence of an ac-
tively growing crop is not desirable because of the vulnerability
of the mineral N to loss. In fact, the model estimated that 10 to
25% of the total N applied was lost between the time the litter
was applied in the fall and the corn was planted in the spring.
When the litter was applied in the spring, the model simu-
lated mineralization to be about the same as for the fall-applied
litter. Approximately 25 to 51% of the total litter N applied in
the spring mineralized by the end of the growing season. This
was comparable with the corresponding mineralization of 30
to 50% of the total fall-applied litter N. However, the loss was
much less if the litter was applied in the spring than in the fall.
The loss of litter N between application and harvest was an aver-
age of 144 kg ha=! across the 3 yr if applied in the fall vs. only
26 kg ha=1 if applied in the spring. These results clearly show
that poultry litter should not be applied in the fall in the south-
castern United States to fertilize spring-planted crops such as
corn. We believe the best time to apply litter to fertilize spring-
planted crops in regions with mild winters is around planting,
from both productivity and environmental quality perspectives.
If spring application is not an option for some growers, the quan-
titative information on N availability and loss by each pathway is
provided to help with better management if the litter is applied
in the fall. Future long-term simulations using historical weather
data may provide more insightful information on the fate and
balance of N derived from poultry litter under various manage-
ment practices. Such simulations could help determine the opti-
mum poultry licter application time and rate under various cul-
tivation scenarios and help frame the guidelines for profitable,
sustainable, and environmentally safe application of poultry lit-

ter in the southeastern United States and similar environments.
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