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Abstract 
 
The use of pelletized poultry litter (PPL) as a substitute for inorganic fertilizers is increasingly being en-
couraged in states like Delaware which have a considerable surplus of poultry litter. However, we know very 
little about the impacts of PPL on runoff water quality and whether it is an environmentally-sound and sus-
tainable alternative to inorganic fertilizer. To address these questions we compared the exports of nutrients 
(NH4-N, NO3-N and PO4-P) and trace elements (As, Cu, and Zn) in surface runoff from agricultural plots 
receiving PPL, raw poultry litter (RPL), urea and no-fertilizer (control) treatments. The study was conducted 
on agricultural land located in Middletown, Delaware with corn as the cover crop. The experimental plots 
were 5 m wide and 12 m long with reduced tillage and no-tillage management practices. Sampling was con-
ducted for six natural rainfall events from April through August 2008. Nutrient (NH4-N, NO3-N and PO4-P) 
exports from plots receiving PPL were less than those with urea or raw litter applications. While exports of 
trace elements from the PPL treatment exceeded those from urea, they were much lower than the corre-
sponding exports from the RPL treatments. Mass exports of nutrients and trace elements were correlated 
with event size (rainfall amount) but were not correlated with timing of event (days since litter application). 
Results from this study suggest that the use of PPL in combination with no-tillage may provide an environ-
mentally safe alternative to synthetic fertilizers. 
 
Keywords: Poultry Litter, Surface Runoff, Water Quality, Tillage, Best Management Practices, Nutrients, 
Trace Elements 

1. Introduction 
 
Increasing costs of synthetic fertilizers has resulted in 
many farmers adopting animal manure and poultry lit-
ter/wastes as substitutes for synthetic fertilizers. This is 
especially true for states like Delaware that have a large 
surplus of poultry waste associated with a large poultry 
industry. The use of poultry litter as an alternative to 
commercial fertilizers is promising as it simultaneously 
addresses the issues of rising costs of inorganic fertil-
izer and disposal of waste from animal operations. To 
encourage the use of poultry litter as fertilizer, pelletiz-
ing plants that convert raw poultry litter (RPL) to a dry, 
pelletized form, are also being introduced. Pelletized 
poultry litter (PPL) is much more amenable to transport 
and land-application than its raw counterpart. However,  
currently we know very little about how the application  

of poultry litter in either form on agricultural land 
impacts runoff water quality. Non-point source pollu-
tion from agricultural land is an existing concern and 
we must ensure that large-scale adoption of animal 
wastes as fertilizer on croplands does not worsen the 
problem. In addition to nitrogen and phosphorus, poul-
try litter also contains trace elements like arsenic (As), 
copper (Cu), and zinc (Zn) which are often added to 
poultry feed to increase weight, improve feed efficiency 
and egg production, and prevent diseases [1,2]. Thus, to 
evaluate the use of raw and pelletized poultry litter as 
environmentally-safe alternatives to synthetic fertilizers 
it is critical to investigate the potential for exports of 
nutrients and trace elements in runoff from such appli-
cations. 

To date, most of the studies that have investigated-
poultry litter have focused on runoff water quality from  
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pasture lands [3-7]. Haggard et al. [4] evaluated nutri-
ent loss in surface runoff from fescue-Bermuda grass- 
clover plots in Fayetteville, Arkansas by applying six 
different forms of poultry manures including raw and 
pelletized litter. They found that the runoff concentra-
tions of ammonium-N (NH4-N), nitrate-N (NO3-N), 
and soluble reactive P (SRP) were higher for plots re-
ceiving raw poultry litter versus those receiving pellet-
ized litter. Ammonium-N, NO3-N, and SRP concentra-
tions in surface runoff corresponding to pelletized litter 
were 15.9, 0.4 and 12 mg/L, respectively while those 
for raw litter were 22, 7.3 and 15.1 mg/L, respectively. 
The mass exports of NH4-N were also greater from the 
plots receiving RPL (15 g/ha) versus those receiving 
PPL (7 g/ha). In another study conducted on fescue 
grass plots with simulated rainfall conditions, Edwards 
and Daniel [3] reported that the concentrations of 
NH4-N in runoff water were nearly doubled (66 to 
114.3 mg/L) when the application rate of poultry litter 
was doubled (218 to 435 kg N/ha). Similarly, concen-
trations of NO3-N and total P (TP) also increased when 
the application rate of poultry litter was doubled [3]. 
Concentrations of trace elements (Cu and Zn) in runoff 
water have also been found to increase following ap-
plications of poultry litter [7].  

In comparison to pasture, little information is avail-
able on the exports and concentrations of nutrients and 
trace elements from croplands receiving raw or pellet-
ized litter applications. We especially know little about 
how tillage practices impact the export potential of nu-
trients and trace elements from fields receiving litter 
application. Furthermore, most previous studies have 
been conducted under simulated rainfall conditions 
which typically use single rainfall intensity and only a 
few pouring events; very little data is available for 
natural rainfall events. Our interest in this study was to 
evaluate the exports of nutrients (NH4-N, NO3-N and 
PO4-P) and trace elements (As, Cu, and Zn) in surface 
runoff from agricultural plots receiving PPL, RPL, and 
urea. Sampling was performed for six natural rainfall 
events occurring over a four month period in April- 
August, 2008. In addition to nutrients and trace ele-
ments, mass exports of dissolved organic carbon (DOC) 
in surface runoff were also evaluated to investigate the 
influence of DOC on the transport and exports of trace 
elements. Specific questions that were addressed in-
cluded: How do nutrient and trace element exports in 
surface runoff from plots receiving PPL and RPL com-
pare against those receiving urea applications? How 
does the tillage practice (reduced versus no-tillage) 
influence the exports? What is the impact of individual 
storm events (amount and timing after litter application) 
on the exports of nutrients and trace elements? 

2. Materials and Methods 
 
2.1. Site Description and Experimental Design 
 
The study was conducted on experimental plots located 
on cropland adjacent to the campus of St. Andrew’s 
School in Middletown, New Castle County, Delaware 
(39.45° N, 75.69° W). The experimental plots were 
aligned North-South and were located on Matapeake 
silt-loam soil with a slope gradient of 2-5%. The soil is 
classified as fine-silty, mixed, mesic typic hapludults [8]. 
Average annual precipitation for the county is 1130 mm 
with highest monthly precipitation typically occurring in 
August [9]. Precipitation during the summer is associated 
with low-pressure systems from the south which produce 
high-intensity convective storm events. Average annual 
temperature is 12℃ (54℉) with maximum temperatures 
typically occurring during the latter part of July. Ten 
experimental plots (5 m wide × 12 m long) with five 
each in reduced and no-tillage treatments were estab-
lished. The experimental design was a 5 × 2 factorial 
arranged in a randomized block design. Fertilizer appli-
cations for each treatment block (reduced or no-tillage) 
included—PPL, RPL (high and moderate rate), urea, and 
no-fertilizer (control). The “reduced tillage” plots in our 
experiment were conventionally tilled until September 
2007; however in 2008 the farmer switched to no-tillage 
practice for these plots. Thus, since these plots were in a 
transition phase from conventional tillage to no-tillage 
we classified them as reduced tillage. In comparison, the 
no-tillage plots had not been tilled for a period of more 
than three years. PPL and urea were applied to provide 
252 kg/ha of plant available nitrogen which resulted in 
an application rate of 12.6 Mg/ha for PPL and 0.547 
Mg/ha for urea. Raw poultry litter was applied at moder-
ate (RPL1 = 23 Mg/ha) and high rates (RPL2 = 35 
Mg/ha). Urea and all litter applications occurred during 
the third week of April 2008. The crop on the plots was 
corn with planting occurring in the second week of April, 
2008. 
 
2.2. Sampling and Analysis 
 
The experimental plots were enclosed with plastic edges 
to constrain surface runoff within the plots. A sampling 
bucket (37.85 L) fitted with PVC pipes was established 
in a pit at the lower end of each plot to collect surface 
runoff from the plots. Samples were collected for six 
rainfall events over the April-August, 2008 study period 
(Table 1 and Figure 1). Rainfall and weather data were 
available from a climate station located in Middletown, 
Delaware [10]. The amount of surface runoff collected in 
the bucket was recorded following each event. Prior to 
sampling, the water in the bucket was thoroughly stirred 
o get a representative sample of runoff water. After col- t  
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Table 1. Amounts, dates, and days since litter application for the monitored six natural rainfall events. 

Event # 1 2 3 4 5 6 

Date of event April 27-29 May 8-10 May 11-13 June 3-6 July 4-6 July 23, 24 

Total Rainfall (mm) 27.9 71.1 69.1 42.2 15.5 41.4 

Days Since Litter  
Application 

11 22 25 49 80 97 
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Figure 1. Rainfall amounts for storm events in the year 
2008. Events sampled in this study during April-August 
2008 are indicated by filled circles. 
 
lection of samples, the sampling buckets were then emp-
tied and cleaned. Runoff samples were collected in 250 
mL HDPE bottles for each bucket. Runoff water were 
then filtered through 0.45 µm membrane filter paper 
(Millipore Corp., Billerica, MA), and stored at 4℃ until 
analyses. Prior to storage, water samples were also ana-
lyzed for pH and total dissolved solids (TDS) at 25℃
with an Accumet AP85 pH/Conductivity/TDS Meter 
(Fisher Scientific Inc. Hampton, NH). Water samples 
were analyzed for: ammonium nitrogen (NH4-N), nitrate 
nitrogen (NO3-N), phosphate phosphorous (PO4-P), ar-
senic (As), copper (Cu), zinc (Zn) and dissolved organic 
carbon (DOC). Concentrations of NH4-N and NO3-N 
were determined using BRAN + LUEBBE method no. 
US 696D-82X while PO4-P concentrations were deter-
mined by colorimetric method (BRAN + LUEBBE 
method no. US 696A-82W). The trace element concen-
trations were determined by ICP-AES (HP 4500, Agilent 
Technologies, Santa Clara, CA). Concentrations for DOC 
were determined using a Tekmar-Dohrmann Phoenix 
8000 total organic carbon analyzer. 

Mass exports of nutrients and trace elements in surface 
runoff were computed by multiplying the concentrations 
of nutrients and trace elements by the runoff volumes for 

each of the six events. The t-test was used to determine 
whether mass exports were significantly different at α 
level of 10% (p ≤ 0.10). Flow-weighted concentrations 
of nutrients and trace elements for each treatment were 
computed by dividing the total of mass exports for the 
six events with the corresponding total of runoff water 
volumes. The influence of storm events on mass exports 
was determined by calculating the correlations between 
mass exports and rainfall amounts using the F-test. Cor-
relations were also computed between mass exports and 
time of occurrence of event (days since application of 
litter). Data on DOC was available for four of the six 
storm events. Correlations between mass exports of DOC 
and nutrients as well as trace elements were also com-
puted. All statistical analyses were performed using Ori-
gin Software (version 8E, OriginLab, Inc.). 

To establish baseline plot concentrations prior to litter 
and fertilizer applications, surface soil samples (0-5 cm) 
from the plots were analyzed for nutrients and trace ele-
ments. In addition, samples of PPL and RPL were also 
analyzed for nutrient and trace element contents. Soil 
samples were collected with sampling auger and air dried 
in the laboratory. Both soil and litter samples were di-
gested and the extracts were analyzed following the pro-
cedures used for water analysis (mentioned above). PPL 
and RPL had higher concentrations of trace elements 
compared to urea (Table 2). Concentrations of nutrients 
(NH4-N, NO3-N and PO4-P) and trace elements (As, Cu 
and Zn) did not differ significantly among the soil sam-
ples from the experimental plots (Table 3). 
 
3. Results 
 
3.1. Surface Runoff Volumes, pH and TDS 

across the Treatments 
 
Rainfall amounts for the six events are presented in Ta-
ble 1 with the corresponding runoff volumes, pH and 
TDS reported in Table 4. The surface runoff volumes 
were not significantly different (p ≥ 0.1, Table 4) among 
the treatments. We also did not find any significant dif-
ference (p ≥ 0.1) between the surface runoff volumes 
from reduced versus no-tillage plots. Runoff volumes 
were, however, significantly correlated (p ≤ 0.10, Table 
5) with rainfall amounts. The pH values for surface run-

ff also did not differ significantly (p ≥ 0.10, Table 4)  o       
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Table 2. Nutrient and trace element composition of pelletized and raw poultry litter (mg/kg) applied to the plots. 

Fertilizer Type NH3-N NO3-N PO4-P As Cu Zn 

PPL 5094 301 183.36 0.20 0.85 0.77 

RPL 3454 218 140.26 0.45 1.06 1.55 

Urea 4,50,000 60 6.64 ND* ND ND 

*ND = Non-detectable. 

 
Table 3. Concentrations (mg/kg) of nutrients and trace elements in surface soils (0-5 cm) of the experimental plots prior to 
fertilizer or litter application. 

Tillage type Applications NH3-N NO3-N PO4-P As Cu Zn 

PPL 5.4 3.5 129 0.02 2.2 25 

RPL1 3.3 3.9 99 0.37 1.0 24 

RPL2 3.7 4.2 109 0.35 1.1 26 

Urea 8.3 6.2 104 0.35 1.2 25 

Reduced 
Tillage 

Control 5.6 4.5 97 0.32 1.2 20 

PPL 5.3 4.3 114 0.34 1.7 17 

RPL1 4.4 7.6 92 0.30 1.1 14 

RPL2 1.8 5.9 104 0.24 1.0 24 

Urea 1.8 3.9 92 0.15 1.1 17 

No Tillage 

Control 4.7 6.4 112 0.21 1.3 31 

 
Table 4. Mean runoff volumes (L), pH, total dissolved solids (TDS) corresponding to various treatments for the six storm events. 

Reduced Tillage No Tillage 
 

PPL RPL1 RPL2 Urea Control PPL RPL1 RPL2 Urea Control 

Mean 
Runoff 

(L) 

12.7 
(8.9) 

29.9 
(27.8) 

32.1 
(25.8) 

20.2 
(18.1) 

16.0 
(15.1) 

15.0 
(11.2) 

11.1 
(7.3) 

11.0 
(7.2) 

25.4 
(22.9) 

24.3 
(23.3) 

Runoff 
% 

0.20 0.37 0.40 0.26 0.21 0.20 0.15 0.15 0.32 0.31 

Mean pH 
6.45 

(0.72) 
6.16 

(0.27) 
6.24 

(0.26) 
6.39 

(0.22) 
6.29 

(0.54) 
6.31 

(0.42) 
6.67 

(0.62) 
6.67 

(0.72) 
6.69 

(0.33) 
6.44 

(0.20) 
Mean 
TDS 

(ppm) 
24ab (15) 60ace (33) 79bdf (51) 32cd (20) 20ef (10) 37g (18) 59g (62) 60 (59) 30 (20) 25 (7) 

Mean values having the same letters were significantly different at p ≤ 0.10 for their corresponding plots; e.g. TDS from PPL plot is significanly 
different from RPL1 and RPL2 plots under CT management practice. Standard deviations are mentioned within parentheses. 

 
among the treatments. TDS values were significantly 
different (p ≤ 0.10, Table 4) among the treatments (Ta-
ble 4). The pH values varied from 6.16 to 6.69 and the 
TDS ranged from 20 to 79 ppm. 
 
3.2. Impact of Plot Treatments on Mass Exports 

of Nutrients and Trace Elements 
 
Average mass exports and flow-weighted concentrations 
of nutrients and trace elements for the treatments are 

reported in Table 6. Mass exports for the individual 
events are presented in Figures 2-7. While NH4-N ex-
ports did not differ significantly (p ≥ 0.10) across the 
treatments (tillage × treatment), there were differences 
across the events among the treatments. The large events 
of May 10 and 13 produced the largest amounts of ex-
ports for all treatments. Ammonium-N exports were also 
slightly different between reduced and no-tillage prac-
tices. Under reduced tillage, exports were highest for the 
RPL2 (RPL2 = 35 Mg/ha) treatment for three (May 13,  
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Table 5. Correlations (Pearson’s) between mass exports of nutrients and trace elements and the rainfall amounts for the six events. 

Reduced Tillage No Tillage 
Constituents 
monitored PPL RPL1 RPL2 Urea Control PPL RPL1 RPL2 Urea Control

Runoff 
0.90* 
(0.01) 

0.98* 
(0.00) 

0.97* 
(0.00) 

0.95* 
(0.00) 

0.77* 
(0.05) 

0.81* 
(0.01) 

0.97* 
(0.00) 

0.94* 
(0.00) 

0.91* 
(0.00) 

0.59* 
(0.05) 

NH3-N 
0.45 

(0.21) 
0.84* 
(0.02) 

0.81* 
(0.03) 

0.62* 
(0.10) 

0.36 
(0.26) 

0.49 
(0.18) 

0.52 
(0.17) 

0.45 
(0.20) 

0.47 
(0.20) 

0.48 
(0.19) 

NO3-N 
0.45 

(0.20) 
–0.49 
(0.97) 

–0.47 
(0.78) 

0.82* 
(0.03) 

0.77* 
(0.04) 

–0.49 
(0.85) 

0.45 
(0.21) 

0.44 
(0.21) 

0.45 
(0.20) 

0.95* 
(0.00) 

PO4-P 
0.95* 
(0.00) 

0.94* 
(0.00) 

0.66* 
(0.09) 

0.54 
(0.15) 

0.11 
(0.39) 

0.50 
(0.17) 

0.75* 
(0.05) 

0.81* 
(0.03) 

0.21 
(0.43) 

0.59 
(0.11) 

Arsenic 
0.21 

(0.43) 
0.87* 
(0.01) 

0.80* 
(0.03) 

–0.46 
(0.77) 

–0.49 
(0.84) 

0.36 
(0.55) 

0.37 
(0.24) 

0.73* 
(0.06) 

–0.48 
(0.86) 

0.63* 
(0.10) 

Copper 
0.71* 
(0.07) 

0.98* 
(0.00) 

0.85* 
(0.02) 

0.89* 
(0.01) 

0.40 
(0.23) 

0.70* 
(0.07) 

0.78* 
(0.04) 

0.93* 
(0.04) 

0.58 
(0.13) 

0.92* 
(0.01) 

Zinc 
–0.49 
(0.99) 

0.91* 
(0.01) 

0.64* 
(0.10) 

0.64* 
(0.10) 

–0.49 
(0.87) 

0.64* 
(0.10) 

0.65* 
(0.10) 

0.57 
(0.14) 

–0.48 
(0.87) 

0.66* 
(0.09) 

The p-values are mentioned within parentheses and numbers indicated by * are significant at p ≤ 0.10. 
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Figure 2. Average mass exports of NH4-N for the six storm 
events from the various treatments. 
 
June 6 and July 24) of the six events (Figures 2-7). Ex-
ports from urea and RPL plots were higher than PPL 
treatments for most events except May 10 and July 7. For 
the large event of May 10, NH4-N export from the PPL 
plot was comparable to the exports from the RPL1 and  

RPL2 treatments. In contrast to reduced tillage, NH4-N 
exports from the no-tillage plots were highest from plots 
receiving urea for four (May 10, May 13, June 6 and July 
7) of the six events. However, similar to reduced tillage, 
NH4-N exports in the no-tillage plot with PPL treatment 
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Figure 3. Average mass exports of NO3-N for the six storm 
events from the various treatments. 



                                     S. K. DUTTA  ET  AL. 
 

Copyright © 2010 SciRes.                                                                               JWARP 

418 

0

5

10

15

20

0

5

10

15

20

0
10
20
30
40
50
60

P
O

4
-P

 (
g

/h
a

)

0
5

10
15
20
25
30
35

0

5

10

15

20

0

5

10

15

20

PPL

Con
tro

l

Ure
a

RPL1

RPL2
PPL

Con
tro

l

Ure
a

RPL1

RPL2

Reduced Tillage No Tillage

April 29

May 10

May 13

June 6

July 7

July 24

 

Figure 4. Average mass exports of PO4-P for the six storm 
events from the various treatments. 
 
were again lower than the corresponding values from 
raw litter and urea treatments for five of the six events.  

Similar to NH4-N, exports of NO3-N did not show any 
significant difference (p ≥ 0.1) among the treatment plots; 
but variations existed during events. Under reduced till-
age, the highest exports of NO3-N were recorded for 
RPL2 and urea treatments for all events except the large 
event of May 10. Surprisingly, the large event of May 10 
produced a large amount of NO3-N export from the plot 
receiving PPL application. In comparison, for the no- 
tillage practice, NO3-N exports decreased in order as 
Urea > RPL2 > RPL1 for four of the largest events (May 
10, May 13, June 6 and July 24). Nitrate exports from the 
PPL treatment exceeded those from the RPL1, RPL2 and 
urea treatments for only the smallest event of July 7 for 
which the export amounts were very low. Except for the 
RPL2 treatment under no-tillage, the flow-weighted 
concentrations of NO3-N were less than 10 mg/L, which 
is within the safe limit of NO3-N concentration for 
drinking water [11]. 

For PO4-P, there were significant differences (p ≤ 0.1) 
in mass exports among some of the treatment plots 
(Table 6). Within reduced tillage, exports of PO4-P from 
PPL treatments were less than the raw litter treatments  
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Figure 5. Average mass exports of As for the six storm 
events from the various treatments. 
 
(RPL1 and RPL2) for the largest five out of the six 
events (Figures 2-7). While the raw litter treatments pro-
duced the largest exports of PO4-P it was surprising to 
note that the treatment with the lower application rate 
(RPL1) yielded greater PO4-P exports. Not surprisingly, 
the PO4-P exports from the urea treated plots were low or 
negligible since urea treatments did not contain any P. 
For the no-tillage practice, PO4-P exports from PPL were 
again lower than comparable exports from raw litter 
treatments with the exception of the large event of May 
10. The large event of May 10 that occurred within a few 
days of litter application (21 days) resulted in a signifi-
cant washout of PO4 with surface runoff for the 
no-tillage plots. The mean flow weighted concentrations 
of PO4-P (Table 6) in surface runoff from raw and pel-
letized litter treatments were fairly high and much 
greater than the threshold of 0.1 mg/L associated with 
eutrophication in water bodies [12].  

In general, mass exports of trace elements (As, Cu, Zn) 
from the poultry treatments (PPL, RPL1, and RPL2) 
were higher from the reduced-tilled versus the no-tillage 
plots. The exports were significantly different (p ≤ 0.10) 
among some of the treatments (Table 6). With the ex-
ception of the two July events, exports of as from the 
PPL treatment under reduced tillage were less than the  
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Figure 6. Average mass exports of Cu for the six storm 
events from the various treatments. 

 
corresponding values for the raw litter treatment (Figures 
2-7). For no-tillage, the exports of As were low and did 
not reveal any consistent trend. Trace element exports 
from PPL and RPL were expected to be greater than urea 
treatments since urea application did not contain trace 
elements. Similar to the trend with As, exports of both Cu 
and Zn were higher from the raw litter plots versus the 
PPL plots under reduced tillage. Overall, mass exports of 
trace elements decreased in the order of RPL > PPL > urea 
under both tillage practices. The mean flow-weighted 
concentrations for As (Table 6) from the litter treatments 
exceeded the drinking water threshold of 0.01 mg/L [13]. 
In contrast, the corresponding values for Cu and Zn were 
less of a concern with most being much below the drink-
ing water standards of 1 and 5 mg/L for Cu and Zn, re-
spectively [14]. The average mass exports and flow- 
weighted concentrations of DOC were much higher from 
the RPL treatments versus the PPL and urea treatments. 
The correlations between exports of DOC and nutrients 
and trace elements were also significant (Table 8).  
 
3.3. Impact of Storm Events on the Mass Exports 

of Nutrients and Trace Elements 
 
The large exports associated with the large event of May 
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Figure 7. Average mass exports of Zn for the six storm 
events from the various treatments. 
 
10 (event 2, Table 1 and Figures 2-7) clearly suggest that 
the size of the event was an important factor. Significant 
differences (p ≤ 0.10) were also obtained for mass exports 
of nutrients across the treatment plots at different events. 
Correlation analysis between rainfall amounts and mass 
exports of nutrients and trace elements (Table 5) indi-
cated that 17 of the 30 values for reduced tillage and 12 of 
the 30 values for no-tillage were significantly correlated 
(p ≤ 0.10). Based on these correlations, it appears that 
rainfall had a slightly greater impact on mass exports 
from reduced-tilled plots. Among the correlations, the 
relationship between rainfall amount and mass export was 
weakest for NO3-N. In comparison to rainfall amounts, 
the correlation between mass exports and the timing of 
the event (number of days since litter application) was 
weak (Table 7). The exports decreased with time in most 
of the cases, but the decrease was not statistically signifi-
cant (p ≥ 0.10). Even after 97 days of fertilizer/manure 
application (event of July 24), mass exports of nutrients 
and trace elements (As and Zn) were observed in the run-
off water. 
 
4. Discussion 
 
In this section we systematically discuss each of the three 
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Table 6. Average mass exports (g/ha) and flow-weighted concentrations (mg/L; within parentheses) for the various 
treatments (tillage × fertilization). 

Reduced Tillage No Tillage 
Constituents 
monitored 

PPL RPL1 RPL2 Urea Control PPL RPL1 RPL2 Urea Control

NH4-N 
29.9 

(13.2) 
15.7 
(2.9) 

41.5 
(7.2) 

31.8 
(8.8) 

4.4  
(1.5) 

6.3 
 (2.3) 

17.1 
(8.6) 

26.4 
(13.4) 

49.6 
(10.9) 

4.6  
(1.0) 

NO3-N 
8.3 

(3.7) 
1.8 

(0.3) 
5.6 

(1.0) 
5.3 

(1.5) 
1.9 

(0.7) 
1.8 

(0.7) 
10.8 
(5.4) 

22.5 
(11.4) 

26.1 
(5.7) 

2.5 
(0.6) 

PO4-P 
2.5ab 
(1.1) 

18.6acd 
(3.5) 

11.8 
(2.0) 

1.4c 
(0.4) 

0.4bd 
(0.1) 

5.9 
(2.2) 

4.9 
(2.5) 

2.6  
(1.3) 

0.5  
(0.1) 

1.6  
(0.4) 

Arsenic 
0.04 

(0.02) 
0.06 

(0.01) 
0.09 

(0.02) 
0.01a 
(0.00) 

0.01 
(0.00) 

0.03 
(0.01) 

0.02 
(0.01)

0.03 
(0.02) 

0.03ab 
(0.00) 

0.01b 
(0.00) 

Copper 
0.06 

(0.03) 
0.21a 
(0.04) 

0.28 
(0.05) 

0.08 
(0.02) 

0.03a 
(0.01) 

0.12 
(0.05) 

0.08 
(0.04) 

0.05 
(0.02) 

0.04 
(0.01) 

0.03 
(0.01) 

Zinc 
0.02 

(0.01) 
0.06ab 
(0.01) 

0.08 
(0.01) 

0.03a 
(0.00) 

0.04 
(0.00) 

0.01 
(0.00) 

0.01b 

(0.00) 
0.01 

(0.01) 
0.00 

(0.00) 
0.00 

(0.00) 

DOC 
16 

(6.29) 
116 

(16.70) 
159 

(21.11) 
33  

(7.62) 
9  

(2.57) 
39 

(12.12) 
21 

(8.74)
28 

(11.98) 
35 

(5.97) 
46 

(7.84) 

Mass exports having same letters are statistically significantly different at p ≤ 0.10. Flow-weighted concentrations were mentioned within parentheses. 

 
Table 7. Correlation (Pearson’s) between mass exports of nutrients and trace elements and the time of occurrence of the 
event (days after litter application) for the six events. 

Reduced Tillage No Tillage 
Constituents 
Monitored 

PPL RPL1 RPL2 Urea Control PPL RPL1 RPL2 Urea Control

NH3-N 
–0.29 
(0.48) 

0.22 
(0.32) 

0.28 
(0.29) 

–0.15 
(0.39) 

0.81* 
(0.03) 

–0.29 
(0.48) 

–0.26 
(0.45) 

–0.29 
(0.42) 

–0.28 
(0.47) 

–0.28 
(0.47) 

NO3-N 
–0.28 
(0.47) 

0.55 
(0.15) 

0.55 
(0.15) 

0.14 
(0.35) 

–0.49 
(0.84) 

–0.44 
(0.70) 

–0.30 
(0.49) 

–0.30 
(0.49) 

0.00 
(0.48) 

–0.29 
(0.54) 

PO4-P 
–0.35 
(0.54) 

–0.17 
(0.41) 

–0.22 
(0.33) 

–0.40 
(0.59) 

–0.36 
(0.55) 

–0.39 
(0.48) 

–0.10 
(0.38) 

–0.26 
(0.30) 

–0.39 
(0.60) 

–0.28 
(0.47) 

Arsenic 
–0.46 
(0.73) 

0.42 
(0.22) 

0.45 
(0.20) 

0.60 
(0.12) 

0.17 
(0.35) 

–0.20 
(0.42) 

–0.21 
(0.42) 

–0.29 
(0.48) 

0.54 
(0.16) 

–0.10 
(0.38) 

Copper 
–0.50 
(0.91) 

–0.30 
(0.48) 

0.35 
(0.26) 

–0.31 
(0.50) 

–0.47 
(0.79) 

–0.27 
(0.46) 

–0.36 
(0.55) 

–0.40 
(0.61) 

–0.48 
(0.80) 

–0.11 
(0.39) 

Zinc 
0.56 

(0.14) 
0.10 

(0.37) 
0.16 

(0.35) 
–0.46 
(0.75) 

0.51 
(0.17) 

0.10 
(0.38) 

–0.44 
(0.69) 

–0.48 
(0.83) 

0.58 
(0.34) 

–0.43 
(0.67) 

The p-values are mentioned within parentheses and numbers indicated by * are significant at p ≤ 0.10. 

 
Table 8. Correlation (Pearson’s) between mass exports of nutrients and trace elements and the mass exports of DOC in 
surface runoff. 

Elements NH3-N NO3-N PO4-P As Cu Zn 

R value 0.51* (0.00) –0.10 (0.40) 0.83* (0.00) 0.88* (0.00) 0.94* (0.00) 0.87* (0.00) 

The p-values are mentioned within parenthesis and numbers indicated by * are significant at p ≤ 0.10. 

 
questions we raised earlier in the Introduction section of 
this paper. 
 
4.1. Impact of Litter Versus Urea on Water 

Quality 
 
Overall, urea and RPL treatments yielded higher NH4-N 
exports than PPL for both reduced and no-tillage prac-
tices. While comparing inorganic fertilizer versus raw 
litter, Nichols et al. [5] found that NH4-N exports in sur-

face runoff from plots receiving inorganic fertilizer 
(N-P-K mixture + ammonium nitrate) were greater than 
plots receiving poultry litter. The NH4-N exports were 
3.7 and 2.1 kg/ha for surface-applied and incorporated 
(rotary tilled) conditions, respectively whereas corre-
sponding values for poultry litter applications were 1.2 
and 0.8 kg/ha. The larger exports of NH4-N from urea 
versus litter applications maybe associated with the 
greater solubility [15] and mineralization potential [16] 
of NH4-N derived from inorganic fertilizer as opposed to 
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raw litter. Pelletized litter has been observed to take even 
longer time to mineralize compared to raw manure [17]. 
Similarly, NO3-N exports for RPL and urea treated plots 
were greater than values for PPL under both reduced and 
no-tillage. Nichols et al. [5] also reported higher NO3-N 
exports and concentrations from plots receiving inor-
ganic fertilizer versus raw poultry litter. Smith et al. [18] 
also observed higher NO3-N concentration in runoff wa-
ter from plots treated with urea as opposed to plots with 
raw poultry litter. The higher PO4-P exports from RPL 
and PPL treatments observed in our study were expected 
since urea treatments were not expected to contain any P. 

Mass exports of trace elements were highest from 
plots treated with raw litter followed by PPL and urea 
treatments under both reduced and no-tillage manage-
ment practices. This trend was not unexpected since our 
analyses (Table 2) indicated that raw litter had the high-
est concentrations of trace elements. A previous study by 
Sauer et al. [7] reported high trace-element exports of 97 
and 26 g/ha for Cu and Zn, respectively from fescue 
grass plots receiving poultry litter application at the rate 
of 6.7 Mg/ha. In comparison to the values of Sauer et al. 
[7], the magnitude of our exports of trace elements is 
considerably lower. This may be due to the fact that 
Sauer et al. [7] recorded the mass exports one day after 
application whereas our first event occurred after a pe-
riod of 11 days after litter application and the remaining 
events occurred over a four-month period. Adsorption to 
the soil particles or complexation with organic matter [19] 
may reduce the exports of Cu and Zn with surface runoff. 
Our observations also suggested that the exports of trace 
elements were strongly correlated with DOC. The ele-
vated exports of DOC from the raw litter plots (espe-
cially under reduced tillage, Table 6) would also explain 
the elevated exports of trace elements from these treat-
ments. 
 
4.2. Influence of Tillage (Reduced Versus 

No-Tillage) on Water Quality 
 
When tillage practices are compared, they appear to have 
the great impact on the exports of NH4-N, NO3-N, PO4-P 
and the trace elements. We found higher NH4-N exports 
from the reduced-tilled plots for four of the six events. 
We believe this may be associated with the history of 
conventional tillage for our reduced tillage plots. Prior to 
2008, these plots were tilled twice a year and may have 
likely developed an impermeable layer below the tillage 
depth which may consequently have enhanced the runoff 
potential for these plots [20]. Elevated exports from 
conventionally-tilled plots have previously been reported 
by Seta et al. [21] who reported 57% less NH4-N loss 
from no-tillage plots versus plots with conventional till-
age. They attributed this difference in NH4-N exports to 

the higher amount of runoff and sediment loss from the 
conventionally-tilled plots. Similarly, Nichols et al. [5] 
also reported higher PO4-P exports from rotary tilled 
plots versus plots with surface application for both inor-
ganic fertilizer and manure treatments. Phosphate exports 
from inorganic fertilizer application were 2.6 and 1.8 
kg/ha for tilled and no-tilled conditions, respectively, 
whereas the corresponding values for manure were 0.9 
and 0.8 kg/ha.  

Interestingly, in our study, the mass exports of trace 
elements were higher from the reduced-tillage versus the 
no-tillage plots. This trend was applicable across of the 
events and treatments. Previous studies have reported an 
increase in concentrations of As in soil [22-24] as well as 
runoff waters [25,26] as a result of application of raw 
poultry litter. However, not much work has been con-
ducted to investigate the impact of tillage practices on 
trace element exports from plots receiving poultry litter. 
 
4.3. Impact of Storm Events on Water Quality 
 
Our results clearly suggest that rainfall amounts influ-
enced the mass exports. Correlations between rainfall 
amounts and mass exports were strongest for PO4-P and 
trace elements, followed by NH4-N and weakest for 
NO3-N (Table 5). Similar observations have been re-
ported in previous studies. Edwards and Daniel [3] found 
that the exports of NH4-N increased from 16.2 to 42.1 
kg/ha when the simulated rainfall intensity was increased 
from 5 cm/h to 10 cm/h. They also reported a similar 
increase in PO4-P exports for the same level of increase 
in rainfall intensity. But, in contrast, rainfall intensity did 
not have any effect on the exports of NO3-N due to infil-
tration. 

We did not find any correlation between the mass ex-
ports of nutrients and metals and the timing of the events 
(days since application of litter). This suggests that con-
centrations of nutrients or trace elements in runoff did 
not necessarily decrease or change with time. This result 
is in contrast with other studies that have found a de-
crease in NH4-N concentrations with time since applica-
tion [6,7,27]. The decrease in NH4-N exports was attrib-
uted to the loss of NH4-N to volatilization, uptake by 
plants and microorganisms, and oxidation to nitrate. 
However, as opposed to our study, the studies of Sauer 
et al. [7] and Sharpley [27] were conducted over a short 
period of time (1-15 days), received the same amount of 
simulated rainfall which resulted in almost the same 
amount of runoff per event. Pierson et al. [6] reported 
that dissolved reactive P concentrations decreased line-
arly with a natural logarithm of time for a study that ex-
tended over a period of two years. Sauer et al. [7] also 
observed a decrease in SRP exports at 14 versus 1 day 
from plots receiving applications of poultry litter. How-
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ever, we observed increase in NH4-N exports from re-
duced tilled RPL plots in late events like June 6. 

Previous studies investigating the influence of time on 
exports of trace elements have yielded mixed results. 
Moore et al. [26] evaluated pasture subjected to poultry 
litter applications and found that the export of Cu in sur-
face runoff on the seventh day was less than that re-
corded after the first day of litter application. However, 
the same pattern did not extend to Zn, where the export 
on the 7th day was greater than that recorded for the first 
day after application. 
 
5. Conclusions 
 
Overall, this study suggests that the potential for exports 
of nutrients (NH4-N, NO3-N, PO4-P) from plots receiving 
pelletized litter is less than that from raw litter and urea. 
These results suggest that PPL may be a more environ-
mentally-sound and viable alternative to urea. While the 
exports of trace elements from PPL were greater than 
urea, they were still very low and less than the values 
recorded for raw poultry litter. Thus, among the litter 
forms, PPL appears to be a better choice to reduce the 
level of trace elements in surface runoff. Our results also 
suggest no-tillage management practice can further im-
prove runoff water quality. 
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