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EFFECTS OF CHEMICAL AMENDMENTS TO  
SWINE MANURE ON RUNOFF QUALITY 

E. L. Bullock,  D. R. Edwards,  P. A. Moore, Jr.,  R. S. Gates 

ABSTRACT. Land-applied swine manure can be an environmental concern when runoff losses of manure constituents occur. 
The use of chemical amendments to mitigate these losses has been investigated for poultry litter, but materials such as swine 
manure have received less attention in this context, particularly at the plot scale or larger. The objective of this experiment 
was to evaluate the impacts of aluminum sulfate (alum; Al2(SO4)3), aluminum chloride (AlCl3), and ferric chloride (FeCl3) 
addition on runoff of selected constituents of land-applied swine manure. Manure was collected from feeder pigs fed a 
standard diet. Alum and FeCl3 were added at a stoichiometric ratio of 1.1:1 [Al:total P (TP)], and AlCl3 was added at a 
ratio of 1.3:1 [Al:TP]. The amended manure was incubated for six days prior to land application to fescue (Festuca arun-
dinacea Schreber) plots. Simulated rainfall (100 mm h-1 for 0.5 h of runoff) was applied to the plots on the day of application 
and followed by two additional simulated rainfall events at 7 d intervals. Runoff samples were collected and analyzed for 
dissolved reactive phosphorus (DP), TP, ammonia nitrogen (NH3-N), nitrate nitrogen (NO3-N), total Kjeldahl nitrogen 
(TKN), total suspended solids (TSS), fecal coliform (FC), and 17β-estradiol. Runoff concentrations of all constituents except 
NO3-N were highest for the first simulated rainfall event, approaching background levels thereafter. Relative to untreated 
manure, all chemical amendments were effective in reducing first-event DP, TP, and TKN concentrations. Both AlCl3 and 
FeCl3 reduced first-event NH3-N concentrations, and FeCl3 addition led to FC concentrations indistinguishable from the 
control (no manure) plots. The results indicate that these amendments have potential for promoting both environmental and 
agronomic benefits, implying that studies involving practicality and long-term considerations should be undertaken. 

Keywords. Chemical amendments, Runoff, Swine manure. 

arge-scale swine production facilities have be-
come increasingly common in the U.S. over the 
past four decades. While pork production in-
creased by just over 75% from 1977 to 2012, the 

number of hog operations decreased by 90% over the same 
period (National Pork Board, 2014). Beneficial impacts of 
land-applied swine manure have been well-documented; 
Choudhary et al. (1996) reviewed multiple studies reporting 
that swine manure performed as well as, or better than, inor-
ganic fertilizers in terms of pasture and crop yields. How-
ever, the increasing spatial concentration of swine, and thus 
manure, production often raises environmental concerns re-
garding land application of manure, including runoff 
transport of nutrients, bacteria, and hormones to downstream 
waters. 

Nutrient losses from land application sites are of interest 
primarily for their ability to promote increased productivity 
in downstream waters. Both phosphorus (P) and nitrogen (N) 
have the potential to increase growth of algae and aquatic 
vegetation and thus accelerate the natural process of eutroph-
ication in water bodies. It is generally accepted that eutroph-
ication rates for most inland waters are limited by P inputs 
(Schindler, 1977). Sharpley et al. (1992) and Sonzogni et al. 
(1982) discussed bioavailability of P and noted that dis-
solved P is the most directly bioavailable form of P, while 
particulate P is more of a reservoir for subsequent release to 
aquatic organisms. Runoff losses of N can accelerate eu-
trophication in water bodies that already have sufficiently 
high P (i.e., N-limited). If present in sufficiently high con-
centrations under conditions of elevated pH, ammonia N 
(NH3-N) can be directly harmful to fish (e.g., Diricx et al., 
2013). As discussed by Burton (2007), runoff-borne solids 
are associated with insoluble forms of N and P as well as 
with additional oxygen-demanding materials. Bacteria and 
other microorganisms in surface waters are a concern for dis-
ease transmission, mainly through activities such as fishing 
and swimming. 

While the environmental implications of nutrients, solids, 
and bacteria in land-applied animal manure are relatively 
well-known and have been studied for decades, more recent 
studies have seen increasing emphasis on the presence and 
effects of endocrine disruptors. The steroidal hormone 17β-
estradiol (17BE) has been detected in poultry litter (Shore et 
al., 1993; Nichols et al., 1997) and swine manure (Burnison 
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et al., 2003). Additionally, Schiffer et al. (2001) identified 
trenbolone acetate and melengestrol acetate in cattle manure. 
Concerns regarding endocrine disruptors in animal manures 
are related to their potential adverse effects on exposed ver-
tebrate and invertebrate species, as discussed by Sharpe and 
Shakkebaek (1993), Tijani et al. (2013), and others. 

A considerable body of literature has established that, un-
der unfavorable conditions (e.g., high rainfall occurring 
shortly after application), land application of swine manure 
can promote elevated runoff concentrations of manure con-
stituents. Burns et al. (1985) applied swine lagoon effluent 
to Coastal bermudagrass [Cynodon dactylon (Linnaeus) Per-
soon] on Wagram loamy sand and Norfolk loamy sand plots 
at three rates (335, 670, and 1340 kg N ha-1 year-1) from 1973 
to 1979. At the medium and high application rates, large pro-
portions of N (43% for the medium and 66% for the high) 
were unrecovered in the forage and therefore potentially 
available for surface and/or subsurface transport. In the same 
study, King et al. (1985) found that the majority of the P was 
recovered in the soil, with a minimum of 65% recovery. 

Burns et al. (1987) applied four treatments (commercial 
fertilizer as control, swine manure applied as slurry, and two 
swine manure lagoon effluents based on different N applica-
tion rates of 600 and 1200 kg N ha-1) to a temperate forage 
mixture on a Cecil sandy clay loam and collected data from 
1975 to 1978. Their data showed that the swine lagoon ef-
fluent treatments led to the largest quantities of N (64% and 
36% for the low and high application rates, respectively) and 
P (39% and 23%, respectively) unrecovered in the forage 
and available to enter runoff and groundwater. In a similar 
study, Westerman et al. (1987) concluded that swine lagoon 
effluent applied at 1200 kg N ha-1 led to 47% unrecovered 
N, which could contribute to surface and groundwater pollu-
tion. 

Edwards and Daniel (1993) studied the impacts of swine 
manure applied to fescue (Festuca arundinacea Schreber) 
plots. A 3 × 2 factorial design with three replications was 
used for the experiment, with the variables being manure ap-
plication rate and rainfall intensity. The manure was applied 
at rates of 0, 217, and 435 kg N ha-1 to 1.5 m × 6.0 m plots 
on a Captina silt loam. Simulated rainfall was then applied 
at high (100 mm h-1) and low (50 mm h-1) intensities. The 
results showed that runoff concentrations of analyzed pa-
rameters (total Kjeldahl N (TKN), NH3-N, nitrate N (NO3-
N), total P (TP), dissolved reactive P (DP), chemical oxygen 
demand (COD), and total suspended solids (TSS)) were 
highest when simulated rainfall occurred soon after applica-
tion. Dissolved reactive P accounted for at least 80% of the 
TP in all treatments, and 60% of the TKN consisted of NH3-
N. Subsequent simulated rainfall after the first event pro-
duced runoff having substantially lower concentrations of all 
analyzed parameters. 

Several methods have been used to reduce runoff concen-
trations of swine manure constituents. Chaubey et al. (1994) 
used vegetative filter strips (VFS) to reduce sediment and 
nutrient losses from plots treated with liquid swine manure. 
The plots were established in fescue on a Captina silt loam 
soil with dimensions of 1.5 m × 24 m and a uniform slope of 
3%. Swine manure was applied to the upper 3 m of each of 

three plots. Simulated rainfall was applied five days after 
manure application at an intensity of 50 mm h-1, and VFS 
effectiveness was assessed at lengths of 0, 3, 6, 9, 15, and 
21 m. Vegetative filter strips as short as 3 m removed signif-
icant quantities of TKN (65%), NH3-N (71%), DP (65%), 
and TP (67%) but did not significantly reduce mass transport 
of NO3-N or FC from the incoming runoff. 

The use of chemical amendments such as Al2(SO4)3 
(alum) and FeCl3 represents another possible technique for 
reducing runoff losses of nutrients in land-applied swine ma-
nure. Chemical amendments have long been used in water 
treatment applications due to their ability to inactivate P 
(Malecki-Brown et al., 2009). However, reports of their use 
in manure treatment are relatively recent. Moore and Miller 
(1994) mixed Al, Ca, and Fe amendments with poultry litter, 
added deionized water to achieve 20% water content by vol-
ume, and incubated the mixture in the dark at 25°C for one 
week. These authors found that all three amendments were 
successful in reducing soluble P levels in poultry litter. In a 
follow-up study, Shreve et al. (1995) amended poultry litter 
with alum and ferrous sulfate and applied the amended litter 
to fescue plots. Relative to non-amended poultry litter, the 
chemical amendments reduced runoff P concentrations dur-
ing the first simulated rainfall event by up to 87% for alum 
and up to 77% for ferrous sulfate. In a similar study, Busheé 
et al. (1998) amended horse stall bedding (straw, manure, 
and urine) and treated municipal sludge with alum, after 
which the mixtures were applied to fescue plots. Alum addi-
tion reduced runoff DP concentrations to background (no 
bedding or sludge) levels for the horse stall bedding. For the 
plots receiving sludge, alum addition reduced runoff DP by 
78% relative to non-amended sludge. 

More recent studies reported by European scientists have 
expanded the available information on the potential benefits 
of chemical amendment addition to animal manures. 
O’Flynn et al. (2012) added alum, FeCl3, and poly-alumi-
num chloride (PAC) at rates of 0.88:1 [Al:TP], 0.89:1 
[Al:Fe], and 0.72:1 [Al:TP] to pig manure slurry prior to ap-
plication to grassed sod in runoff boxes. While all amend-
ments reduced runoff (three events from simulated rainfall) 
concentrations of P and suspended solids (SS) relative to un-
treated slurry, the researchers reported that the performance 
of PAC was superior to that of alum and FeCl3, achieving 
concentration reductions in excess of 70%. In a related 
study, O’Flynn et al. (2013) evaluated the effects of the pre-
viously mentioned amendments in combination with varying 
time intervals (12, 24, and 48 h) between pig manure slurry 
application and simulated rainfall. Each amendment again 
reduced runoff concentrations of P and SS relative to un-
treated slurry, but there was no significant difference among 
amendments’ performance. The authors concluded that, for 
runoff P and SS, chemical amendments might be more ben-
eficial than attempting to time manure application to achieve 
a specifically legislated application-to-rainfall interval, but 
that economic and other considerations argued for a rela-
tively targeted approach in practical application. In a later 
study using the same basic experimental apparatus, Murnane 
et al. (2015) added PAC with and without zeolite to dairy 
and pig manure slurry. Results from three simulated rainfall 
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events corroborated earlier findings of the amendments’ ef-
fects on P and SS concentrations in runoff and further 
demonstrated a beneficial effect on runoff N, with additional 
runoff quality benefits upon addition of zeolite. Brennan et 
al. (2012) reported results from a small (0.9 m × 0.4 m) field 
plot study that were consistent with the previously cited la-
boratory-scale studies. When added to dairy manure slurry, 
PAC and alum reduced TP and DP concentrations by 82% 
to 98% for runoff from the first of three simulated rainfall 
events. Amendment performance with regard to N was vari-
able, with alum increasing (by 81%) and PAC decreasing (by 
82%) runoff NH3-N concentrations in runoff from the first 
simulated rainfall event. 

The studies discussed above on chemical amendments to 
animal manures indicate that there is consistent evidence of 
a potential environmental benefit in using chemical amend-
ments to mitigate runoff losses of land-applied animal ma-
nure constituents. The objective of this study was to conduct 
a field plot-scale assessment of the potential runoff quality 
benefits of treating swine manure with chemical amend-
ments prior to land application. 

MATERIALS AND METHODS 
The manure for the experiment was collected at the Cold 

Stream Research Facility of the University of Kentucky Ag-
ricultural Experiment Station from approximately 60 ten-
week-old feeder pigs that were confined to feeding crates. 
Collection trays were placed under the crates to capture all 
wastes, and water was diverted from the automated watering 
devices during collection. Collection occurred over a two-
day period, after which the manure was added to a large con-
tainer for mixing and distribution. 

The mixed manure was equally (45 L) distributed among 
12 cylindrical plastic containers to simulate pit storage and 
transported to the University of Kentucky campus. Nine of 
the 12 containers were treated with alum, AlCl3, or FeCl3 
(three replications of each chemical amendment), while the 
remaining three containers received no amendment. The 
alum was added in the form of a 10% alum solution at 10% 
by volume (i.e., 4.5 L of 10% alum solution per alum-treated 
container), resulting in a stoichiometric rate of 1.1:1 [Al:TP]. 
The alum application rate was somewhat higher than that re-
ported by O’Flynn et al. (2012) but was selected to be com-
patible with that used by earlier researchers (e.g., Shreve et 
al., 1995; Moore et al., 1998) who reported that alum appli-
cation at similar rates decreased runoff transport of P and 
metals in surface-applied poultry litter. The rates of FeCl3 
and AlCl3 were comparable at 1.1:1 [Al:TP] and 1.3:1 
[Al:TP], respectively. It was anticipated that, due to the age 
of the feeder pigs, the amounts of 17BE in the manure would 
be insignificant and therefore undetectable when using the 
selected method of analysis for diluted runoff. Edwards and 
Daniel (1993) reported greater than 100-fold dilutions in 
runoff concentrations of some land-applied swine manure 
constituents relative concentrations in the manure itself. 
Therefore, 17BE was added to each container after the chem-
ical amendments to achieve a target concentration of 
0.04 mg 17BE L-1 (amounting to 0.545 mL of 17BE added 

to each container), the minimum manure concentration esti-
mated as sufficient to produce detectable runoff 17BE con-
centrations when using typical analysis methods. The con-
tainers were manually stirred after all chemicals were added. 

The containers were maintained in a temperature-con-
trolled environment at an average temperature of 21°C. A 
continuous airflow of 14.4 m3 h-1 was circulated through 
each container to simulate commercial farm pit ventilation 
as part of a related study involving gas emissions (NH3, CO2, 
CH4, and H2S). Samples of the manure were collected from 
the containers at the conclusion of a six-day incubation pe-
riod (the duration of which was selected to enable gas con-
centrations to stabilize) and analyzed for pH, DP, TP, NH3-
N, NO3-N, TKN, and 17BE using methods described later 
for runoff. 

Fescue plots (mature stand, 100% cover) at the Maine 
Chance Farm of the University of Kentucky Agriculture Ex-
periment Station were used to assess runoff quality effects 
of the chemical amendments. The plots measure 2.44 m × 
6.10 m and have a 3% slope along the major axis. The soil 
at the site is Maury silt loam (fine, mixed, mesic Typic 
Paleudalf) and has been characterized by Perfect and Blevins 
(1997) and Barton and Karathanasis (2002). The plots are a 
maximum distance of 15 m from one another and, since their 
establishment in 1996, have received only minimal foot and 
equipment traffic for maintenance. Differences in runoff be-
havior should thus be attributable only to relatively small-
scale variations in macropore and similar soil hydraulic char-
acteristics. The runoff from each plot flows into a sloping 
aluminum gutter at the lowest edge of the plot, where it then 
flows through a short length of PVC pipe before falling 
freely into a sump and ultimately draining off-site. Runoff 
can be readily sampled with a 1 L container manually in-
serted into the free-flowing stream between the PVC pipe 
and sump bottom. 

A total of 15 randomly selected plots (from a total of 30 
available at the site) were used to assess the effects of the 
chemical amendments on runoff quality. Three days prior to 
soil sampling and manure application, each plot had been 
heavily irrigated to minimize soil moisture variability and 
subsequent effects on runoff variability. Soil samples (0 to 
5 cm depth) were collected from each plot (two per plot at 
approximately one-third and two-thirds distance from the 
uppermost edge and along the longitudinal centerline) prior 
to manure application, and each of the 30 samples was indi-
vidually analyzed for P (Mehlich, 1984) and pH (1:1 soil:wa-
ter) by the University of Kentucky Division of Regulatory 
Services. Analyses indicated no systematic trends in either 
soil P (87.6 ±10.5 mg kg-1) or pH (5.8 ±0.2). Twelve of the 
plots received the entire contents (applied to plot surfaces as 
uniformly as possible using modified, hand-held, commer-
cial plant watering cans) of one randomly selected manure 
container, with a resulting volumetric application rate of 
30.3 m3 ha-1. The three remaining plots received no manure 
application and were used as controls. 

Simulated rainfall was applied within 1 h of manure ap-
plication at 102 mm h-1 until runoff had occurred from each 
plot for 0.5 h. Given that an average duration of 0.28 h of 
rainfall was necessary to produce runoff, an average of 
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80 mm was applied to each plot over an average of 0.78 h. 
This is an extremely intense and infrequent storm for central 
Kentucky, having a return period in excess of 200 years 
(Bonnin et al., 2006). The rationale for using this intensity 
was to ensure that runoff consistently occurred in a practical 
timeframe (thus enabling sample collection and fulfillment 
of the study objectives) rather than to simulate more com-
monplace rainfall events. Other experiences at the site 
(Busheé et al., 1998; Moss et al., 1999; Williams and Ed-
wards, 2016) indicated that lower rainfall intensities could 
necessitate hours of simulated rainfall application prior to 
occurrence of runoff. The very short interval between ma-
nure application and simulated rainfall also drove experi-
mental conditions in the direction of “worst-case scenario.” 
Although surface application of manure is not recommended 
in the U.S. when runoff-producing rainfall is imminent 
(NRCS, 2012), there is great variation among the states in 
the legal nature and enforcement of such manure application 
practices (Patton and Seidl, 1999). A short interval between 
manure application and heavy rainfall is thus perhaps im-
provident and unfortunate, but not uniformly precluded by 
law or weather. 

The simulated rainfall was applied using simulators (a to-
tal of five, each capable of simulating rainfall for a single 
plot) constructed by the University of Kentucky’s Depart-
ment of Biosystems and Agricultural Engineering. The sim-
ulators are based on the design and operation described by 
Humphry et al. (2002), who characterized its performance, 
but adapted as multi-nozzle versions to accommodate larger 
plot areas. The water source for the simulators was munici-
pal water, samples of which were analyzed according to 
methods described later for the runoff samples. 

Runoff was sampled from each plot at 2, 4, 8, 14, 22, and 
30 min after the onset of continuous runoff. The times re-
quired to collect the samples (measured with a stopwatch) 
and sample volumes (collected over 60 s or to a maximum 
of 1 L) were recorded for each of the six samples to deter-
mine plot runoff rates at the various sampling times (i.e., plot 
hydrographs). Knowledge of total plot runoff volumes (from 
numerical integration of the hydrographs) and sample vol-
umes enabled the development of a single flow-weighted 
composite sample per plot, consisting of appropriate vol-
umes drawn from the six individual samples, to represent 
runoff composition over the entirety of runoff. The compo-
site samples (with a 50 mL portion filtered through 0.45 μm 
pore diameter paper for NO3-N and DP analysis) were then 
stored at 4°C pending analysis. 

Runoff samples were analyzed for DP, TP, NH3-N, NO3-
N, TKN, FC, TSS, and 17BE. All analyses were conducted 
at the Department of Biosystems and Agricultural Engineer-
ing of the University of Kentucky, and standard methods of 
analysis (APHA, 2012) were used for each parameter except 
17BE. Dissolved reactive P and NO3-N were analyzed by ion 
chromatography following filtration through 0.45 μm pore 
diameter filter paper. Total P was analyzed by the ascorbic 
acid colorimetric method following sulfuric acid-nitrogen 
acid digestion. Ammonia N was determined from an ammo-
nia-specific electrode. The macro-Kjeldahl method was used 
to analyze TKN. Total suspended solids were determined by 

filtration followed by drying at 103°C to 105°C. Fecal coli-
form concentrations were measured using the membrane-fil-
ter technique. An enzyme-linked immunosorbent assay kit 
(ADI-900-008, Enzo Life Sciences, Farmingdale, N.Y.) was 
used according to vendor protocols to determine 17BE con-
tent. 

Subsequent simulated rainfall applications occurred at 
seven and 14 days following the first application, with all 
experimental methods (simulated rainfall intensity, sample 
collection, sample analysis, etc.) identical to those previ-
ously described. The plots were not shielded from natural 
rainfall between the first and third simulated rainfall events, 
and a total of six natural rainfall events totaling 24 mm of 
rainfall occurred in this interval (but not on a simulated rain-
fall date). 

Statistical analysis software (SigmaPlot, Systat Software, 
San Jose, Cal.) was used to perform two-way analysis of var-
iance (ANOVA) with factors of manure treatment (con-
trol/no manure, unamended manure, alum-amended manure, 
AlCl3-amended manure, and FeCl3-amended manure), rain-
fall event (first, second, and third), and interaction. Tukey’s 
test was used for means separation, and the significance level 
used in all statistical testing was p = 0.05. 

RESULTS AND DISCUSSION 
MANURE COMPOSITION 

As indicated in table 1, manure concentrations of DP 
(which was especially variable), TP, NH3-N, and 17BE were 
not significantly affected by addition of the chemical amend-
ments. Significantly increased acidity was observed for each 
amendment, as expected, with the aluminum-based amend-
ments producing the most acidic conditions. Only in the case 
of FeCl3 amendment were manure NO3-N concentrations 
significantly different from (higher than) unamended ma-
nure concentrations; however, manure NO3-N concentra-
tions for FeCl3 amendment were not significantly different 
from the aluminum-based amendments. Similar to NO3-N, 
significant differences in average TKN concentrations ex-
isted only between the highest (unamended) and lowest 
(alum amendment) values. Concentrations of FC just prior 
to manure application to the plots are unavailable. Average 

Table 1. Manure composition.[a] 

Constituent 
Manure Treatment 

Alum AlCl3 FeCl3 Untreated 
pH 4.95 

±0.05 c 
4.89 

±0.15 c 
5.35 

±0.05 b 
5.75 

±0.12 a 
DP (mg L-1) 28.3 

±39.5 b 
26.6 

±30.5 b 
22.7 

±30.9 a 
4.77 

±2.13 b 
TP (mg L-1) 884 

±26.5 a 
893 

±80.4 a 
849 

±25.5 a 
882 

±97.0 a 
NH3-N (mg L-1) 1681 

±201 a 
1756 

±87.8 a 
1719 

±120 a 
1956 

±176 a 
NO3-N (mg L-1) 0.26 

±0.04 ab 
0.24 

±0.02 ab 
0.35 

±0.03 a 
0.20 

±0.01 b 
TKN (mg L-1) 3347 

±33.5 b 
3743 

±487 ab 
3484 

±105 ab 
4153 

±208 a 
17BE (μg L-1) 3.49 

±1.15 a 
3.23 

±0.03 a 
1.93 

±0.58 a 
2.56 

±0.56 a 
[a] Values are means ±standard deviations of three replications. Within-

row means followed by the same letter are not significantly different at 
p = 0.05. 
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application rates resulting from the manure composition data 
in table 1 and the earlier-mentioned volumetric manure ap-
plication rate are given in table 2. 

Table 3 provides statistics for the hydrologic variables 
measured and calculated for the experiment. These data are 
averaged across all three simulated rainfall events, since 
ANOVA indicated no significant differences among the 
first, second, or third events. However, differences in hydro-
logic variables due to manure treatments were identified. 
Although not different from the control or plots receiving 
unamended manure, the plots receiving FeCl3-amended ma-
nure required significantly more rainfall to produce runoff 
than the plots receiving manure with the aluminum-based 
amendments. Similarly, the plots receiving FeCl3-amended 
manure had significantly less runoff and a significantly 
lower runoff-to-rainfall ratio than the plots receiving alum-
amended manure. The plots receiving FeCl3-amended ma-
nure thus demonstrated an overall reduced runoff potential 
relative to those receiving alum-amended manure. No tenta-
tive hypothesis is presently proposed to explain the rainfall-
runoff findings as related to chemical amendment; additional 
focused work would be necessary to further clarify this re-
sult. 

RUNOFF CONCENTRATIONS 
The composition of the water used as simulated rainfall 

is given in table 4. Concentrations of all parameters were rel-
atively low and therefore did not mask the effects of manure 
additions. Generally speaking, runoff concentrations of ma-
nure constituents were significantly affected by manure 
treatment, but only for the first runoff event. The exceptions 
were runoff FC concentrations (which did not vary signifi-
cantly among rainfall events) and runoff NO3-N and 17BE 
concentrations, which were not significantly affected by ma-
nure treatment (i.e., all plots having manure applied were in-
distinguishable from plots receiving no manure of any kind) 
but varied significantly with simulated rainfall event. 

Average (over all manure treatments) runoff NO3-N con-
centrations for the first (0.42 ±0.10 mg L-1) and second (0.52 
±0.15 mg L-1) simulated rainfall events did not significantly 
differ from one another, but both were significantly different 
from those corresponding to the third (0.27 ±0.09 mg L-1) 
simulated rainfall event. Runoff concentrations of 17BE be-
haved similarly and was significantly greater for the first 
simulated rainfall event (0.05 ±0.08 μg L-1 averaged over all 
manure treatments) than for the second (0.01 ±0.004 μg L-1) 
and third (0.01 ±0.005 μg L-1) events. These findings are 
consistent with mineralization followed by plant uptake (for 
NO3-N) and, similar to results of Lee and Liu (2002), degra-
dation in the case of 17BE. 

The remaining analysis parameters (DP, TP, NH3-N, 
TKN, TSS, and FC) exhibited significant dependence on 
both manure treatment and simulated rainfall event. How-
ever, runoff concentration differences among manure treat-
ments were significant only during the first simulated rain-
fall event. For the second and third simulated rainfall events, 
no significant differences attributable to manure treatment 
were present; in other words, concentrations of parameters 
in runoff from the plots receiving manure (regardless of the 
amendment, if any) were not significantly different from the 
control plots, which received no manure. This phenomenon 
of higher runoff concentrations of nutrients and solids during 
the first rainfall event than during subsequent events is con-
sistent with findings reported by several scientists (e.g., 
McLeod and Hegg, 1984; Edwards and Daniel, 1994a; Nich-
ols et al., 1997; Vadas et al., 2007; O’Flynn et al., 2012). 

Each of the three chemical amendments investigated was 
highly effective in reducing runoff DP concentrations during 
the first simulated rainfall event. As shown in figure 1, run-
off DP concentrations from the plots receiving chemically 
amended (whether alum, AlCl3, or FeCl3) manure were on 
average less than one-fifth of the DP concentrations meas-
ured from plots receiving unamended manure (significant at 
p = 0.05) and were statistically indistinguishable from back-
ground levels (i.e., not significantly different from the con-
trol plots, which received no manure) with no significant dif-
ferences among chemical amendments. This result is in 
agreement with findings of O’Flynn et al. (2012, 2013) and 
is attributed to the amendments’ precipitation of soluble DP 
to produce insoluble mineral forms, as reported, for exam-
ple, by Moore et al. (1999). While first-event TP concentra-
tions from all plots receiving manure were significantly 
greater than from the control plots, each of the chemical 
amendments was effective in significantly reducing runoff 

Table 2. Application rates of manure constituents.[a] 

Constituent 
Manure Treatment 

Alum AlCl3 FeCl3 Untreated 
DP (kg ha-1) 0.87 0.82 0.70 0.15 
TP (kg ha-1) 27.4 27.7 26.3 27.3 

NH3-N (kg ha-1) 52.1 54.5 53.3 60.6 
NO3-N (kg ha-1) 0.01 0.01 0.01 0.01 
TKN (kg ha-1) 103.8 116.1 108.0 128.8 

17BE (mg ha-1) 0.11 0.10 0.06 0.08 
[a] Values are means of three samples. 
 

Table 3. Hydrologic variables. 

Variable[a] 
Manure Treatment[b] 

Alum AlCl3 FeCl3 Untreated Control 
RQ (mm) 23.0 

±10.6 b 
23.2 

±5.4 b 
36.5 

±11.7 a 
29.8 

±10.4 ab 
27.1 

±9.5 ab 
Q (mm) 28.6 

±5.7 a 
22.0 

±4.4 ab 
16.3 

±7.5 b 
19.0 

±7.8 ab 
21.0 

±6.1 ab 
Q:R (%) 39.8 

±10.8 a 
30.0 

±7.5 ab 
19.6 

±11.0 b 
24.8 

±12.9 ab 
27.6 

±9.7 ab 
[a] RQ is rainfall depth applied prior to the onset of runoff, Q is runoff 

depth, and Q:R is the ratio of runoff to total rainfall depth. 
[b] Values are means ±standard deviations of nine replications (three plots 

× three simulated rainfall events). Within-row means followed by the 
same letter are not significantly different at p = 0.05. 

Table 4. Characteristics of water used in simulated rainfall.[a] 
Constituent Mean 

pH 7.7 ±0.08 
DP (mg L-1) 0.27 ±0.03 
TP (mg L-1) 0.35 ±0.04 

NH3-N (mg L-1) 0.49 ±0.03 
NO3-N (mg L-1) 0.31 ±0.15 
TKN (mg L-1) 0.70 ±0.04 
TSS (mg L-1) 0.47 ±0.57 
Fe (mg L-1) 0.20 ±0.09  
Al (mg L-1) 0.39 ±0.12 
FC (mg L-1) 0.00 ±0.00 

[a] Values are means ±standard deviations of six samples. 
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TP concentrations (fig. 1) relative to unamended manure, 
and FeCl3 amendment resulted in runoff TP concentrations 
that were significantly less than from AlCl3 amendment. 
However, this result is seen to have occurred largely by vir-
tue of the amendments’ effects on DP rather than on other P 
forms (particulate and dissolved unreactive P). As shown in 
figure 2, first-event TSS concentrations from all plots receiv-
ing manure were significantly greater than from the control 
plots. Furthermore, none of the chemical amendments sig-
nificantly reduced TSS concentrations relative to una-
mended manure, consistent with the earlier-discussed find-
ings with respect to TP. This finding is consistent with re-
sults reported by O’Flynn et al. (2012), who found that, rel-
ative to untreated pig manure slurry, addition of alum or 
FeCl3 did not significantly reduce runoff concentrations of 
suspended sediment. 

The effects of manure treatment on runoff NH3-N and 
TKN concentrations are shown in figure 3. First-event con-
centrations of NH3-N from all plots receiving manure were 

significantly greater than from the control plots. Addition of 
AlCl3 and FeCl3 significantly reduced NH3-N concentrations 
relative to unamended manure, but there were no significant 
differences among the alum, AlCl3, and FeCl3 amendments. 
While manure addition led to significantly higher first-event 
TKN concentrations than from the control plots (fig. 3), each 
of the chemical amendments significantly reduced TKN 
concentrations relative to unamended manure. Differences 
among the amendments’ performance were not statistically 
significant. The reductions in first-event TKN concentra-
tions due to AlCl3 and FeCl3 amendment follow from their 
effects on NH3-N concentrations; the effect of alum on run-
off TKN concentrations appears to have occurred due to the 
relatively low organic N concentration in first-event runoff 
found for the plots receiving alum-amended manure (fig. 3). 

As anticipated, addition of manure generally increased 
runoff FC concentrations relative to the control plots (fig. 4). 
Concentrations for the unamended manure, alum, and AlCl3 

Figure 1. Flow-weighted mean (of three replications) runoff total P and
dissolved reactive P (DP) concentrations for the first (E1), second (E2),
and third (E3) simulated rainfall events. Error bars indicate one stand-
ard deviation. 

Figure 2. Flow-weighted mean (of three replications) runoff total sus-
pended solids concentrations for the first (E1), second (E2), and third 
(E3) simulated rainfall events. Error bars indicate one standard devia-
tion. 

Figure 3. Flow-weighted mean (of three replications) runoff total 
Kjeldahl N (TKN) and ammonia N (NH3-N) concentrations for the first 
(E1), second (E2), and third (E3) simulated rainfall events. Error bars 
indicate one standard deviation. 

Figure 4. Flow-weighted mean (of three replications) runoff fecal coli-
form concentrations for the first (E1), second (E2), and third (E3) sim-
ulated rainfall events. Error bars indicate one standard deviation. 
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amendments were each significantly greater than from the 
control plots and did not significantly differ from one an-
other. However, FC concentrations for FeCl3 amendment 
were significantly less than from unamended manure and did 
not significantly differ from the control plots or those receiv-
ing alum-amended and AlCl3-amended manure. The condi-
tions of this study did not permit a direct evaluation of the 
mechanisms responsible for the effect of FeCl3 on runoff FC 
concentrations, and a higher degree of experimental control 
(especially with regard to plot runoff characteristics) would 
likely be required to more fully investigate the issue. 

MASS LOSS RATES 
Mass loss rates (per-unit-area constituent masses lost in 

runoff; products of flow-weighted mean concentrations and 
plot runoff volumes divided by plot area, with appropriate 
unit conversions) are shown in figures 5 through 8 for all 
manure treatments and all simulated rainfall events. Except 
in the case of NO3-N, no treatment effects persisted beyond 
the first simulated rainfall event. For each of the three simu-
lated rainfall events, mass loss rates of DP for all the chem-
ically amended (alum, AlCl3, and FeCl3) manure treatments 
were statistically indistinguishable from background levels 
and significantly less than from the plots receiving una-
mended manure (fig. 5). First-event mass loss rates of TP 
resulting from alum and AlCl3 amendment (which did not 
significantly differ from one another) were significantly less 
than for unamended manure, although significantly greater 
than for the control plots (fig. 5). However, first-event mass 
loss rates for FeCl3 amendment were significantly less than 
from the unamended, alum-amended, or AlCl3-amended ma-
nures and not significantly different from the control plots 
(fig. 5). Neither alum nor AlCl3 amendment reduced first-
event NH3-N mass loss rates relative to unamended manure; 
however, FeCl3 amendment was associated with mass loss 
rates that were significantly less than unamended, alum-
amended, and AlCl3-amended manure and not significantly 
different than from the control plots (fig. 6). With regard to 
TKN, unamended and alum-amended manure led to mass 

loss rates that were significantly greater than from the con-
trol plots; no other differences among manure treatments 
were significant (fig. 6). Alum amendment led to NO3-N 
mass loss rates that were significantly greater than from 
FeCl3 amendment or unamended manure for the first simu-
lated rainfall event and significantly greater than from FeCl3 
amendment and the control plots for the second simulated 
rainfall event (fig. 7). No other significant differences among 
manure treatments or simulated rainfall events were found. 
Regardless of whether unamended or chemically amended, 
manure application led to TSS mass loss rates that were sig-
nificantly greater than from the control plots (fig. 8). Alum 
amendment led to TSS mass loss rates that were significantly 
greater than for FeCl3 amendment, but no other significant 
manure treatment differences were present. 

It should be borne in mind that the degree to which the 
mass loss rates results diverge from the concentration results 
is a reflection of the degree to which runoff was influenced 
by manure treatment and/or uncontrolled soil hydraulic char-

Figure 5. Mean (of three replications) runoff mass loss rates of total P
and dissolved reactive P (DP) for the first (E1), second (E2), and third
(E3) simulated rainfall events. Error bars indicate one standard devia-
tion. 

Figure 6. Mean (of three replications) runoff mass loss rates of total 
Kjeldahl N (TKN) and ammonia N (NH3-N) for the first (E1), second 
(E2), and third (E3) simulated rainfall events. Error bars indicate one 
standard deviation. 

Figure 7. Mean (of three replications) runoff mass loss rates of nitrate 
N (NO3-N) for the first (E1), second (E2), and third (E3) simulated rain-
fall events. Error bars indicate one standard deviation. 
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acteristics. The findings reported in the preceding paragraph 
are therefore related not only to the amendments’ interac-
tions with the manure but also to the influence of the amend-
ments and/or other factors on runoff. As a result of how mass 
loss rates are calculated, the influences are multiplicative. 

It follows from figures 5 and 6 that the total mass loss 
rates of N and P over the three simulated rainfall events were 
small in comparison to the amounts applied (table 2). For 
example, total TP losses from the plots receiving alum-
amended manure were only 5.8% of applied, and the three-
event sum of TKN losses from the plots receiving una-
mended manure was only 3.4% of the amount applied. As 
has been reported in similar studies involving animal manure 
application (e.g., Edwards and Daniel, 1994a, 1994b), mass 
loss rates of these magnitudes are often agronomically insig-
nificant, even under the very high simulated rainfall intensity 
used in this study. 

SUMMARY AND CONCLUSIONS 
Addition of chemical amendments (alum, AlCl3, and 

FeCl3) at stoichiometric rates of 1.1:1 to 1.3:1 [Al:TP] af-
fected, although not consistently, both the hydrologic param-
eters and quality of runoff from fescue plots treated with 
swine manure. Plots that received swine manure amended 
with FeCl3 showed a lower runoff potential; these plots re-
quired more rainfall to produce runoff and yielded lower 
runoff. Each of the chemical amendments significantly re-
duced runoff DP concentrations relative to unamended ma-
nure, producing runoff DP concentrations that were not sig-
nificantly different from background (no manure applica-
tion) concentrations. All chemical amendments significantly 
reduced runoff TP concentrations relative to untreated ma-
nure, largely due to the amendments’ effects on runoff DP 
concentrations rather than on other forms of P (e.g., particu-
late P). None of the chemical amendments significantly re-
duced runoff TSS concentrations relative to unamended ma-
nure. All chemical amendments significantly reduced runoff 
TKN concentrations relative to unamended manure, and 

both AlCl3 and FeCl3 amendment led to significant reduc-
tions in runoff NH3-N concentrations. Runoff FC concentra-
tions were unaffected by the aluminum-based amendments, 
but FeCl3 amendment produced concentrations that were not 
significantly different from the plots receiving no manure. 
Mass loss rates generally, although not uniformly, mirrored 
the concentration results, with differences largely attributa-
ble to variation in the plots’ soil hydraulic characteristics. 
Summed over the three simulated rainfall events, mass loss 
rates of N and P were small proportions of the amounts ap-
plied. 

One of the major challenges to the practical application 
of this research includes assessing the economic implica-
tions of using the amendments for runoff quality improve-
ments and identifying appropriate scenarios for their use 
(O’Flynn et al., 2013; Murnane et al., 2015). Moore et al. 
(1999) reported a benefit:cost ratio of 1.96 for alum addition 
to poultry litter based solely on poultry productivity consid-
erations and increased litter N content. Similar work will be 
required to provide a parallel perspective on the implications 
of using the amendments of this study in association with 
swine production. Closely related is the challenge of opti-
mizing amendment application rates and mixing techniques; 
given that amendments applied at comparable stoichiometric 
rates sometimes differed in terms of performance, other var-
iables appear to be operative. Additional challenges to prac-
tical implementation of this work include identifying any 
amendment effects on swine production and/or manure stor-
age facilities. Finally, future research ultimately needs to be 
validated for a full-scale swine production facility, and any 
long-term effects of adding treated manure to the soil should 
be investigated to avoid adverse impacts. 
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