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Abstract: High water application rates beneath the outer spans of center pivot sprinkler sys-
tems can cause runoff, erosion, and nutrient losses, particularly from sloping fields. This field 
study determined runoff, sediment losses, and nutrient loads (dissolved organic carbon [C], 
nitrate-nitrogen [NO3-N], ammonium-nitrogen [NH4-N], total phosphorus [TP], ferric-ox-
ide strip phosphorus [FeO P], dissolved reactive phosphorus [DRP], potassium [K], calcium 
[Ca], magnesium [Mg], and sodium [Na]) in sprinkler runoff for two years after a single appli-
cation of either stockpiled or composted dairy manure. We studied five treatments, including 
a nonamended control, in each of six blocks, with each block situated under a different span 
of a low-pressure, moving-lateral sprinkler system. In October of 1999, we incorporated 29.1 
Mg ha–1 (13 tn ac–1) or 71.7 Mg ha–1 (32 tn ac–1) of dry manure or 22.4 Mg ha–1 (10 tn ac–1) 
or 47 Mg ha–1 (21 tn ac–1) of dry compost into a calcareous silt loam soil on slopes from 0.8% 
to 4.4%. In the spring of 2000 and 2001, we collected surface soil (0 to 30 mm [0 to 1.2 in]) 
from furrows to determine soil test phosphorus (STP). We applied 21 to 46 mm (0.8 to 1.8 in) 
of water at an average application intensity of 28 mm h–1 (1.1 in hr–1; peak intensity of 40 mm 
h–1 [1.6 in hr–1]) to 6.4 × 36.6 m (21 × 120 ft) plots six times in 2000 and two times in 2001. 
Additional nonmonitored irrigations were made as needed to produce corn (Zea mays L.) 
silage each year. At 15 to 30 minute intervals after runoff began, we measured runoff rates and 
collected runoff samples to determine sediment and constituent losses for each monitored 
irrigation. None of the amendment treatments significantly affected runoff, sediment losses, 
or loads of dissolved organic C, NO3-N, NH4-N, TP, FeO P, or Mg when averaged across irri-
gations. Without exception, runoff, sediment losses, and loads of every measured constituent 
varied among irrigations after accounting for differences in water applied. Treatments influ-
enced DRP, K, and Ca runoff loads. Loads of Ca decreased, but Na increased with increasing 
manure application rates. Relative to the control, manure DRP loads were five to six times 
greater, whereas compost DRP loads were similar. 

Key words: center pivot—erosion—infiltration—nutrient losses—runoff—sprinkler irrigation

Sprinkler irrigation predominantly with 
center pivots is a common and rapidly 
expanding practice in the irrigated West. 
In 2008, nearly three-fourths of the irrigated 
land in the Pacific Northwest was irrigated 
with sprinklers (NASS 2010). More than 97% 
of the potato (Solanum tuberosum L.) growers 
in Idaho use sprinklers to irrigate their crops 
(Pehrson et al. 2010). Irrigation with mov-
ing-lateral systems, including center pivots, is 
growing worldwide. Moving-lateral systems 
are commonly replacing surface irrigation 
systems in the irrigated western United 
States. In more humid areas of the United 

States and the world, moving-lateral systems 
are being installed and used to supplement 
rainfall at critical crop growth stages or dur-
ing times of drought (Frank 2001).

As sprinkler-irrigated land area increases, 
concern arises over the transport of nutrients 
in runoff—particularly from beneath pivot 
outer spans—to nearby water courses (Alva 
et al. 2005; Lentz and Lehrsch 2010; Wilcock 
et al. 2011). Nitrogen (N) and P are impor-
tant constituents of sediment and organic 
matter transported offsite in irrigation runoff 
(Heathwaite and Johnes 1996). As such, the 
N and P cause or accentuate eutrophication 

of surface waters (Correll 1998). One must 
recognize, however, that from undulating 
surfaces common under moving-lateral irri-
gation systems nutrient-containing runoff 
from some areas may directly enter surface 
water bodies while runoff from other areas 
may not (Kleinman et al. 2011).

The P fractions in surface water are of 
greatest concern, at present. The dissolved 
reactive phosphorus (DRP) form is the P 
fraction soluble in water while ferric-oxide 
strip phosphorus (FeO P) can indicate the 
P fraction that is available to algae and has 
been referred to as bioavailable P (Sharpley 
1993). Ultimately, both DRP and FeO P 
degrade surface water quality. Since total P 
loads and flow-weighted total phosphorus 
(TP) concentrations in runoff under both 
furrow and sprinkler irrigation are highly 
correlated with sediment in runoff (Aase et 
al. 2001; Westermann et al. 2001; Turner et 
al. 2004), erosion control is essential to min-
imize P loss (Kleinman et al. 2011). While 
sediment loss was the primary determinant 
of TP loss, runoff volume affected the loss 
of DRP and bioavailable P in the studies of 
Eghball and Gilley (2001) and Eghball et al. 
(2002). Tillage to incorporate P fertilizer 
deeper into soil profiles can decrease DRP 
losses but increase TP losses in the sediment 
transported offsite in runoff (Bundy et al. 
2001; Kimmell et al. 2001).

Constituent concentrations, particularly 
P, differ markedly in the runoff from sprin-
klers compared to furrows. Studying the 
same soil as the current investigation, Turner 
et al. (2004) measured greater DRP concen-
trations in sprinkler runoff than Westermann 
et al. (2001) did in furrow runoff. Turner 
et al. (2004) attributed the differences to the 
limited interaction between surface soil and 
the water applied via furrows compared to 
the extensive mixing of surface soil with the 
higher kinetic energy water applied by sprin-
klers or simulated rainfall that likely lead, in 
turn, to increased DRP concentrations in 
sprinkler rather than furrow runoff.

For many producers, composting is an 
attractive option for handling livestock 
manure. Composting of dairy manure kills 
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weed seeds, reduces weight and volume, 
increases product uniformity, and facilitates 
field application (Sweeten 2000; Richard 
2005). Composting of dairy manure decreases 
the manure’s carbon (C) to N (C:N) ratio 
and concentrations of ammonium-nitrogen 
(NH4-N) and total C while increasing the 
electrical conductivity (EC) and concentra-
tions of nitrate-nitrogen (NO3-N), FeO P 
(bio-available P), and TP, in general (Eghball 
et al. 1997; Larney et al. 2006). Composted 
dairy manure is often available for application 
to land used to produce high-value crops in 
irrigated areas (Sweeten 2000; Lehrsch and 
Kincaid 2007).

A greater understanding of manure and 
compost effects on the quality of sprinkler 
irrigation runoff from treated areas is increas-
ingly important because of the expanding 
moving-lateral-irrigated land area. Only 
a few studies have compared the runoff 
quality from soils treated with manure and 
composted manure (hereafter simply termed 
compost) (Eghball and Gilley 1999; Qu et al. 
1999; Miller et al. 2006). Eghball and Gilley 
(1999) found no or little effects of compost 
or manure on concentrations of DRP or 
FeO P in runoff. Concentrations of TP and 
NO3-N in runoff tended to be higher, but 
NH4-N in runoff tended to be lower under 
compost than manure. Qu et al. (1999), who 
found in a soil-less study that soluble C and 
total N were greater in snowmelt runoff from 
manure than compost, concluded that of the 
two, compost posed a lesser threat to sur-
face water quality. Protecting surface water 
quality is difficult where manure is applied 
to runoff-prone soils, even after the manure 
is tilled into the soil (Kleinman et al. 2009). 
The greatest nutrient losses in rainfall run-
off from manure-amended fields commonly 
occur with the first runoff event (Pote et 
al. 2003). Miller et al. (2006) reported TP, 
DRP, and NH4-N losses in runoff from sim-
ulated rainfall applied in the spring to plots 
that received either fresh manure or com-
posted beef manure the preceding fall. They 
found greater TP, DRP, and NH4-N con-
centrations and greater DRP loads in runoff 
from manure rather than compost plots after 
amendments were applied for two consec-
utive years. By delaying irrigation until the 
spring, one can greatly reduce sediment and 
nutrient losses in surface irrigation runoff 
from fields that received manure the preced-
ing fall (Lentz and Westermann 2010).

Potassium (K) in runoff is of little envi-
ronmental concern except when the K is 
associated with certain anions that increase 
the salt loading to receiving water bodies. 
From a grower’s viewpoint, regardless of its 
source, K transported in runoff from culti-
vated soil decreases K use efficiency and is 
an economic loss (Lentz and Lehrsch 2010). 
In some irrigated regions, though, increased 
K loads in runoff may benefit other growers 
who use upstream runoff as furrow irriga-
tion inflow (Moore et al. 2011). Potassium 
supplied with irrigation water may help 
replace the estimated 50% of the native K 
lost from agricultural soils in the inland 
Pacific Northwest during the last half cen-
tury (Westermann and Tindall 1997).

Despite the studies conducted thus far, 
research needs still exist. Published studies of 
runoff and sediment losses from large plots 
under moving-lateral irrigation systems are 
scarce in the literature (Undersander et al. 
1985). Studies of nutrient losses (loads) in 
runoff from such systems, let alone from 
fields amended with compost or manure, 
have seldom been reported. Studies that 
document amendment effects on multiple, 
rather than lone, constituents in runoff are 
also needed (Maguire et al. 2011). Much 
research has focused upon manure appli-
cation rate and method effects on N or P 
transport in simulated rainfall runoff (usually 
from ≤2 m2 [≤43 ft2] plots) that occur within 
a few days or weeks after application. Little 
research, in contrast, has studied changes in 
nutrient losses through longer time peri-
ods. Measuring runoff volumes and nutrient 
losses repeatedly through one or more 
growing seasons is needed (1) to adequately 
characterize constituent losses from manure 
or compost applications to agricultural areas 
across multiple time scales (Eghball et al. 
2002; Miller et al. 2006; Macrae et al. 2010); 
and (2) to document the effects of progres-
sive seal and crust development in tilled soil 
(Neave and Rayburg 2007).

Corn (Zea mays L.) silage yields and N 
uptake from the current study have been 
reported earlier (Lehrsch and Kincaid 2007). 
Yields in 2000 were similar among all rates 
of both amendments and the control. In 
2001, yields increased with compost appli-
cations and increased then decreased with 
increasing manure applications. Corn took 
up 15% more N on average from amended 
plots than the control.

In view of the identified research needs, 
our hypothesis was that organic amendments 
would affect nutrient loads in runoff under 
moving-lateral irrigation. Our objective, then, 
was to determine runoff, sediment losses, and 
nutrient loads in runoff from a lateral-move 
irrigation system for two years as affected by 
one-time applications of compost or manure. 
We studied relatively large applications that 
might supply nutrients for multiple years. 
This study was designed to answer a number 
of questions: do one-time fall applications of 
compost or manure affect runoff, sediment 
losses, or the loads of chemical constituents 
in sprinkler irrigation runoff when measured 
repeatedly throughout two growing sea-
sons? Do loads vary from one irrigation to 
another, after accounting for differences in 
water applied? Are constituent losses related 
to compost or manure application rates?

Materials and Methods
Site and Amendments. The experiment 
was conducted for two years on a poorly 
structured Portneuf silt loam, a coarse 
silty, mixed, superactive, mesic Durinodic 
Xeric Haplocalcid, located at 42°30′58″ N, 
114°22′40″ W at an elevation of 1,186 m 
(3,891 ft), about 2.1 km (1.3 mi) southwest 
of Kimberly, Idaho. The Portneuf devel-
oped in loess, contained mostly illite in its 
clay fraction, and like many western soils, 
was unstable (Lehrsch and Kincaid 2001). 
The soil’s Ap horizon (0 to 0.3 m [0 to 1 
ft]) contained 580 g silt kg–1 (58% silt), 230 g 
clay kg–1 (23% clay), and 9.4 g organic C kg–1 
(0.94% organic C). Its pH (saturated paste) 
was 7.9, EC was 1.4 dS m–1, and calcium car-
bonate (CaCO3) equivalent 80 g kg–1.

Dairy feedlots were the source of both our 
stockpiled and composted manure (table 1). 
The TP, K, calcium (Ca), magnesium (Mg), 
and sodium (Na) concentrations were deter-
mined by ashing the amendments followed 
by an acid digest (Wolf et al. 2003). Briefly, 
amendments were ashed at 500°C (932°F) 
for 4 hours, and the ash was dissolved in 
10 mL of 1 Normal HNO3 (0.34 oz of 1 
Normal HNO3), heated to 100°C (212°F) 
for 600 seconds, then diluted with deion-
ized water to 50 mL (1.7 oz). The digest 
was filtered through a Whatman #50 filter 
before being analyzed via inductively cou-
pled plasma optical emission spectroscopy 
(ICP-OES) using an Optima Model 4300 
DV spectrometer (Perkin Elmer Instruments, 
Waltham, Massachusetts).
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Table 1
Compost and manure properties and total element concentrations after Lehrsch and Kincaid 
(2007). All measurements are on a dry-weight basis.

Amendment property	 Compost	 Manure

Dry matter content (kg kg–1)	 0.71	 0.53
pH	 9.3	 8.6
Carbon (C, g kg–1)	 111	 289
Nitrogen (N, g kg–1)	 11.7	 21.2
Nitrate-nitrogen (NO3-N, mg kg–1)	 940	 120
Ammonium-nitrogen (NH4-N, mg kg–1)	 85	 326
Phosphorous (P, g kg–1)	 6.1	 7.7
Potassium (K, g kg–1)	 18.8	 24.1
Calcium (Ca, g kg–1)	 21.3	 22.0
Magnesium (Mg, g kg–1)	 7.4	 9.4
Sodium (Na, g kg–1)	 5.8	 6.7
Electrical conductivity (EC, dS m–1)	 10.3	 11.5
C:N ratio	 9.5	 13.6
C:P ratio	 18.2	 37.6
N:P ratio	 1.9	 2.8

Experimental Design and Treatments. 
The experimental design was a randomized 
complete block with five treatments repli-
cated in six blocks. Each of four amendment 
treatments and two controls was randomly 
assigned to one of six, 6.4 m (21 ft) wide 
by 36.6 m (120 ft) long plots in each block. 
Results from the two controls in each block 
were arithmetically averaged prior to statisti-
cal analyses. Plots in each block were arranged 
under one of six spans of a traveling lateral 
sprinkler system. Blocks were laid out in the 
field to account for known variation in slope. 
The long axis of each experimental plot was 
oriented perpendicular to the irrigation lat-
eral and sloped to the south. In general, plot 
slopes gradually increased from 0.8% in span 
1 of the irrigation lateral to 4.4% in span 5, 
then decreased to 2.7% in span 6.

Compost and manure were applied at 
low and high rates (table 2) representative of 
regional production practices (Brady and Weil 
2002; Miller et al. 2006). A consequence of 
the rates chosen was that neither the low rates 
nor the high rates of compost and manure 
applied similar amounts of total P, total N, or 
available N (table 2). Thus, when treatment 
effects were significant, we compared each 
treatment at each rate to the control.

Field Operations. The compost and 
manure applications and subsequent crop 
production aspects of the overall investiga-
tion were described in Lehrsch and Kincaid 
(2007). In brief, we used a truck equipped as 
a manure spreader to apply air-dried compost 
and stockpiled manure once at the study’s 
initiation. On October 14, 1999, compost 
was applied at a moisture-free rate of 22.4 or 
47 Mg ha–1 (10 or 21 tn ac–1) and manure was 

applied at a moisture-free rate of 29.1 or 71.7 
Mg ha–1 (13 or 32 tn ac–1). The next day, we 
used our sprinkler system to apply 23 mm 
(0.9 in) of water to all plots. A few days later, 
the amendments were incorporated by disk-
ing the entire area three times to a depth of 
0.15 m (6 in). From the day the amendments 
were applied in fall of 1999 until the day that 
runoff was first collected the following sea-
son, all plots at the site received a total of 225 
mm (8.85 in) of water, 27% of which was 
irrigation and the remainder precipitation.

In the spring of each year, soil samples 
were collected to a depth of 0.3 m (1 ft) from 
control plots, then the site was tilled twice 
with an offset disk to a depth of 0.15 m (6 
in). Based upon soil tests on the collected 
samples and a yield goal of 50 Mg corn silage 
ha–1 (22.3 tn corn silage ac–1) (Brown et al. 
2010), on May 4, 2000, and April 25, 2001, 
all needed fertilizer was broadcast equally to 
all plots, then incorporated by roller-harrow-
ing to 0.06 m (2.4 in). We applied 202 kg 
N ha–1 (180 lb N ac–1; as urea [CH4N2O], 
0.46 kg N kg–1 [46% N]), 39 kg P ha–1 (35 lb 
P ac–1; as triple superphosphate), and 139 kg 
K ha–1 (124 lb K ac–1; as potassium chloride 
[KCl]) in 2000, and 224 kg N ha–1 (200 lb N 
ac–1; as urea [CH4N2O]) and 98 kg P ha–1 (88 
lb P ac–1; as triple superphosphate) in 2001. 
Pioneer 3751 corn was planted to a nom-
inal plant population of 68,900 plants ha–1 
(27,880 plants ac–1) on May 12, 2000, and 
May 9, 2001, into 0.76 m (30 in) rows ori-
ented down the field slope and perpendicular 
to the irrigation system lateral. At planting, 
we formed 75 mm (2.9 in) deep, triangu-
lar-shaped furrows between all corn rows, 
leaving low, flat-topped beds on each plot. 
This furrowing operation and subsequent 
cultivation produced eight furrows, one 
every 0.76 m across each 6.4 m (21 ft) wide 
plot that directed runoff downslope. Corn 
was harvested for silage in late September. In 
both 2000 and 2001, we employed standard 
fertilization and cultural practices to produce 
silage and control insects and weeds (Brown 
et al. 2010).

All plots were irrigated using a 247 m (810 
ft), six-span moving lateral sprinkler system 
equipped with low-pressure spray heads that 
had rotating, six-groove deflector plates and 
138 kPa pressure regulators. The sprinklers 
were mounted 2.4 m (8 ft) above the soil sur-
face and 3.05 m (10 ft) apart. Spray pattern 
width was about 16 m (52.5 ft) resulting in 
an average application rate of about 28 mm 

Table 2
Treatment descriptions and amendment application rates along with the total phosphorus (P), 
total nitrogen (N), and available N added by each in the first year.

		  Application rate
Treatment		  (dry material)	 Nutrients added (kg ha–1)
identification	 Amendment	 (Mg ha–1)	 Total P	 Total N	 Available N

Control	 None	 0	 0	 0	 0

Compost 1	 Compost	 22.4	 137	 262	 –11

Compost 2	 Compost	 47.0	 287	 550	 –24

Manure 1	 Manure	 29.1	 224	 617	 107

Manure 2	 Manure	 71.7	 552	 1,520	 264
Notes: The available N was an estimate calculated assuming first-year mineralization of –43 g 
N (kg total N)–1 from compost (i.e., inorganic N was immobilized) and 174 g N (kg total N)–1 from 
manure (Lentz et al. 2011).
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h–1 (1.1 in hr–1) (Kincaid 2005). The system’s 
peak rate, defined as the average rate where 
sprinkler patterns overlapped along the lat-
eral, was 40 mm h–1 (1.57 in hr–1). Automatic 
valves controlled the flow to each span. The 
lateral’s discharge rate was 7.45 L (min m)–1 

(0.6 gal [min ft]–1), which was representative 
of middle spans of a typical center pivot lat-
eral in southern Idaho. Corn was irrigated 
to replace calculated evapotranspiration on 
average, two to three times per week, with all 
spans receiving the same gross water appli-
cation, except on test days when runoff was 
measured. In total, we applied about 480 
mm (18.9 in) of water in 2000 and 530 mm 
(20.8 in) in 2001. The irrigation water, with-
drawn from the Snake River, commonly has 
a pH of 7.6, an EC of 0.5 dS m–1, and an Na 
adsorption ratio of 0.65. For most irrigations 
each year, the lateral traveled uphill applying 
less gross water, in general, than on test days; 
we did not measure runoff.

Field and Laboratory Measurements. We 
measured STP within six days of the first 
monitored irrigation each year. On June 
21, 2000, and July 25, 2001, we collected 
composite surface soil samples to a depth of 
30 mm (1.1 in) from furrows in each plot. 
Samples were air-dried and then ground. 
Soil test P was measured using the procedure 
of Olsen et al. (1954).

Runoff was measured from six monitored 
irrigations in 2000 and two in 2001 (table 
3). We measured runoff from all 36 plots for 
the first and last irrigation each year. For all 
other monitored irrigations, we did not mea-
sure runoff from plots under spans 1 and 2, 
which had the least slopes. On most test days, 
only two or three spans were irrigated simul-
taneously. Prior to each run, the target gross 
application (as a function of lateral travel 
speed) was chosen sufficient to produce run-
off from most plots. Since the plots under 
spans 5 and 6 tended to produce the most 

Table 3
Water applied (in gross) to each span at each monitored irrigation. Irrigation dates are followed by day of year in parentheses.

	 Water applied (mm)

	 June 22,	 June 29,	 July 12,	 July 18,	 August 22,	 August 30	 July 19	 August 22,
	 2000	 2000	 2000	 2000	 2000	 to 31, 2000	 to 20, 2001	 2001
Span	 (174)	 (181)	 (194)	 (200)	 (235)	 (243 to 244)	 (200 to 201)	 (234)

1	 30	 —	 —	 —	 —	 32	 32	 32

2	 31	 —	 —	 —	 —	 32	 32	 32

3	 31	 40	 45	 41	 31	 29	 29	 32

4	 29	 41	 46	 42	 32	 29	 29	 29

5	 30	 39	 40	 35	 30	 21	 21	 30

6	 30	 40	 39	 35	 30	 21	 21	 30

runoff, we often applied less water to those 
plots on test days (table 3). In general, no 
constituents other than sediment were mea-
sured in runoff from July 12 or August 30 to 
31, 2000, irrigations. Soil water contents to 
0.15 m (6 in) were measured one to three 
days before each monitored irrigation using 
neutron thermalization in 2000 (Hignett 
and Evett 2002) and gravimetric sampling in 
2001. In 2000, water contents sensed at the 
150 mm (6 in) depth were assumed to be 
representative of the soil water content in the 
0 to 150 mm depth increment.

Runoff from each plot’s center four fur-
rows (two wheel track and two nonwheel 
track) was routed through a single, small 
trapezoidal flume (Trout 1992). Flow rate 
was manually recorded beginning 5 minutes 
after each plot’s runoff began, and at about 
15 to 30-minute intervals thereafter. We col-
lected three runoff samples: two 55 mL (1.9 
oz) samples for chemical analyses and one 
1,000 mL (0.3 gal) sample for determining 
the runoff ’s sediment concentration in the 
field using the Imhoff cone technique (Sojka 
et al. 1992) from each flume’s outflow when-
ever flow rates were recorded. All runoff 
samples contained both suspended and bed-
load sediment being transported in overland 
flow. One 55 mL sample was unfiltered. The 
remaining 55 mL sample was filtered through 
a 0.45 µm cellulose-nitrate (C6H9[NO2]
O5) membrane (Millipore Corp., Billerica, 
Massachusetts) in the field within 15 minutes 
of collection, then stabilized with 0.5 mL 
(0.02 oz) of a saturated boric acid (H3BO3) 
solution, and stored at 4°C (39.2°F) until 
analyzed. Filtration in the field shortly after 
collection was necessary because DRP (i.e., 
orthophosphate-P) desorbs quickly and con-
tinually from any suspended sediment in the 
sample (Jarvie et al. 2002).

In the laboratory in each unfiltered 55 
mL (1.9 oz) sample, we determined TP 

in a persulfate digest (Method 4500-P B) 
(Greenberg et al. 1992) and FeO P using a 
FeO-impregnated filter paper strip (Sharpley 
1993) to provide a measure of biologically 
available P. In the filtered sample, we measured 
DRP. All P concentrations were determined 
using the ascorbic acid method described by 
Watanabe and Olsen (1965). Also in the fil-
tered sample, we measured dissolved organic 
C (DOC) using a Shimadzu TOC-5050A 
total organic C analyzer (Shimadzu Scientific 
Instruments, Columbia, Maryland) and colo-
rimetrically with an automated flow injection 
analyzer, NO3-N after cadmium reduction 
of a KCl extract (Method 12-107-04-1-B, 
Lachat Instruments, Loveland, Colorado), 
and NH4-N using a salicylate-hypochlorite 
method (Method 12-107-06-2-A). Soluble 
K, Ca, Mg, and Na in the filtered sample 
were quantified with ICP-OES.

Calculations and Statistical Analysis. The 
flume outflow data were integrated with time 
to calculate runoff volume for each irrigation, 
subsequently expressed as percent of gross 
water applied. Sediment and nutrient concen-
trations in runoff were adjusted for constituent 
concentrations in the irrigation water inflow. 
Thus, runoff constituent concentrations reflect 
only changes resulting from the treatments 
themselves. All runoff constituent concen-
trations and corresponding flume flow rates 
were integrated with time using the computer 
program WASHOUT (Lentz and Sojka 1995; 
Lentz and Westermann 2010) to report loads 
as constituent mass per unit area per unit gross 
water applied, thus normalizing the measured 
nutrient loads by the irrigation water applied.

We first examined each response variable’s 
error variance by treatment using the rela-
tionship between the variable’s treatment 
means and corresponding treatment stan-
dard deviations (Box et al. 1978; Lehrsch 
and Sojka 2011). Where necessary we used 
an appropriate transformation, often log-
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arithmic though at times reciprocal square 
root, to stabilize the variable’s error variance 
prior to performing an analysis of variance 
(ANOVA). We used the PROC Mixed pro-
cedure in SAS (SAS Institute Inc. 2009) to 
perform a repeated-measures ANOVA using 
mixed-model procedures and a significance 
probability (p) of 5%, unless otherwise noted. 
The repeated measures factor was irrigation, 
modeled using an autoregressive approach 
with lag of one. The repeated measures factor 
properly accounted for a response variable’s 
time dependency (if any) from one irri-
gation to another. In the ANOVA model, 
random factors were block and treatment by 
block. As needed, ANOVA grouping options 
were used to account for heterogeneous 
variances among treatments in the response 
variables. For fixed effects found significant, 
least-squares means were separated from the 
control using Dunnett’s test at p = 0.05. As 
needed, means were back-transformed into 
original units for presentation. In addition, 
contrast statements were used in each nutri-
ent’s ANOVA to test for compost or manure 
rate effects on loads. When significant, we used 
regression to quantify the linear or quadratic 
responses averaged across irrigations. We also 
determined the correlation between selected 
constituent loads in runoff by calculating 
Kendall’s correlation coefficient, rK, where –1 
≤ rK ≤ +1 (SAS Institute Inc. 2009). To do so, 
the raw (untransformed) data were used since 
rK is a nonparametric measure of association.

Results and Discussion
The compost and manure we studied (table 
1) generally represented that common in the 
area (Lehrsch and Kincaid 2007). Relative 
to total N, plant-available N (or mineral N 
= NO3-N + NH4-N) was 8.8% in the com-
post and 2.1% in the manure. As is typical, the 
compost contained more NO3-N and less 
NH4-N than the manure. Relative to com-
post, manure contained nearly twice as much 
organic N per unit weight. Manure also con-
tained more total N, P, K, and organic C than 
compost on a dry-weight basis. The manure’s 
dry matter content (0.53 kg kg–1 [53% w w–1]) 
was indicative of that of stockpiled, rather 
than freshly scraped manure.

Compared to the control, soil test P con-
centrations for each of two consecutive 
years were greater where amendments were 
applied, as expected (table 4). Unexpected, 
however, was the finding that STP concen-
trations were similar in magnitude among 

all amendment-supplied total P rates rang-
ing from 137 to 287 kg P ha–1 (33 to 256 
lb P ac–1) (table 2). Every treatment’s STP 
concentration decreased from 2000 to 
2001, indicating (1) likely precipitation of 
P as some relatively insoluble, low molec-
ular-weight calcium phosphate compound 
(Turner et al. 2004), and (2) uptake by the 
corn silage grown in 2000 and in 2001. The 
STP concentrations, even of the controls, 
were relatively high (ISDA 2012), suggesting 
that P in runoff might impact surface water 
quality if no precautions were taken.

Treatments influenced neither sprinkler 
runoff nor its associated sediment loads (table 
5). The ANOVA did reveal, however, treat-
ment effects on runoff loads of DRP, K, and 
Ca; irrigation effects on each of the runoff 
constituents; and a treatment by irrigation 
interaction effect on runoff K loads. Analysis 
also revealed significant trends (linear, qua-
dratic, or both) in the responses of DRP, K, 
Ca, and Na to increasing rates of manure or, 
less frequently, compost.

Antecedent water contents (not shown) 
were statistically similar among treatments 
for each irrigation and for all irrigations. 
While the water contents varied statistically 
among irrigations, the variation practi-
cally was slight. Averaged across treatments, 
the mean water content for all irrigations 
was 0.2 m3 m–3 (20% v v–1) with a standard 
deviation of 0.02 m3 m–3 (2% v v–1). This 
variation likely accounted for a portion of 
the significant irrigation effects detected for 
all constituents (table 5).

The irrigation-to-irrigation variation in 
constituent loads is an important charac-
teristic of these systems. Variation among 
irrigations in sediment losses, for example, 
underscores the need for multiple measure-
ments throughout an irrigation season to 
adequately characterize season-long erosion 
responses to irrigation (Garcia et al. 2008; 
Verbree et al. 2010). At a larger scale, Macrae et 
al. (2010) also found that the export of DRP 
and NO3-N from an agricultural watershed 
varied greatly throughout a two-year study.

Some of our findings in table 5 are similar 
to those reported by others who studied sim-
ulated rainfall and, in one case, much smaller 
experimental plots—those with areas ≤2 m2 
(≤43 ft2). Gilley and Eghball (1998) reported 
that neither compost nor manure affected 
runoff or sediment losses when measured 
immediately after incorporating amend-
ments by hand. Little et al. (2005) found that 

runoff measured within seven days of manure 
application and incorporation did not differ 
between manured and control plots. Thayer 
et al. (2012) reported that manure rates 
affected DRP loads.

Runoff and Sediment Loss. Runoff did 
not vary among treatments (table 6). King 
and Bjorneberg (2011) also studied runoff 
from the Portneuf silt loam, though at a 5% 
slope. In their study runoff averaged across 
irrigations ranged from ca. 8% to 24% of that 
applied for application depths from 15 to 25 
mm (0.6 to 1 in) and from 3% to 8% for 
depths of 12.5 mm (0.5 in). The runoff we 
measured (3.6% to 6.2%) (table 6) for greater 
application depths (table 3) was less, likely 
because our field slopes were less (never 
exceeding 4.4%) and our plot lengths were 
greater. In addition, the peak application 
rates (where adjacent sprinkler’s wetted areas 
overlapped) studied by King and Bjorneberg 
(2011) ranged from 57 to 207 mm h–1 (2.24 to 
8.15 in hr–1), while our peak rate was only 40 
mm h–1 (1.57 in hr–1). King and Bjorneberg 
(2011) also found—like we did—(table 5), 
much variability in runoff among irrigations. 
They found that runoff from the Portneuf 
silt loam often increased with successive irri-
gations, likely due to decreasing infiltration 
as a consequence of a continually develop-
ing surface seal on this poorly structured soil 
(Lehrsch and Kincaid 2001, 2006). That run-
off did not vary with manure rates was also 
reported by Volf et al. (2007).

The equivalence in runoff among treat-
ments was at least partially responsible for 
the observed lack of treatment effect on sed-
iment loads (table 6). Treatments also had no 
influence on the stability of surface soil struc-
ture in 2000 or 2001 (data not shown). Thus, 
the compost or manure we applied only 
once in the fall did not help the Portneuf 
soil resist erosion caused by sprinkler drop-

Table 4
Treatment effects on soil test phosphorus 
(STP) measured for the first irrigation in 
2000 and in 2001.

Treatment	 STP (mg kg–1)	

identification	 2000	 2001

Control	 36b	 29b
Compost 1	 97a	 65a
Compost 2	 105a	 77a
Manure 1	 109a	 82a
Manure 2	 200a	 164a
Note: Within a column, a mean followed by 
the same letter as the control does not  
differ from the control at p < 0.05.
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Table 5
Treatment, irrigation, and contrast effects on runoff, sediment losses, and constituent loads in sprinkler irrigation runoff.

	 ANOVA P > F		   
			   Constituent loads in runoff

			   Dissolved					     Dissolved
Source of		  Sediment	 organic	 Nitrate-	 Ammonium-	 Total	 Ferric oxide	 reactive
variation	 Runoff	 loss	 carbon	 nitrogen	 nitrogen	 phosphorous	 phosphorous	 phosphorous	 Potassium	 Calcium	 Magnesium	 Sodium

Treatment	 0.64	 0.32	 0.49	 0.06	 0.47	 0.54	 0.20	 ***	 **	 ***	 0.26	 0.14
Irrigation	 ***	 ***	 ***	 ***	 ***	 **	 **	 **	 ***	 ***	 ***	 ***
Treatment × irrigation	 0.99	 0.97	 0.84	 0.66	 0.86	 0.61	 0.62	 0.35	 **	 0.46	 0.42	 0.65
Contrasts
	 Compost linear	 0.78	 0.79	 0.34	 0.12	 0.16	 0.31	 0.71	 0.23	 *	 ***	 0.16	 0.92
	 Compost quad	 0.51	 0.78	 0.68	 0.53	 0.81	 0.91	 0.61	 0.09	 *	 0.86	 0.18	 0.47
	 Manure linear	 0.24	 0.20	 0.11	 0.17	 0.46	 0.80	 0.12	 ***	 ***	 ***	 0.18	 *
	 Manure quad	 0.37	 0.08	 0.99	 0.87	 0.47	 0.27	 0.19	 *		 0.05	 0.95	 0.54	 0.32
Notes: Contrasts tested rate effects averaged across irrigations. Linear = linear trend in rates. Quad = quadratic trend in rates. 
*p = 0.05  **p = 0.01  ***p = 0.001

Table 6
Treatment effects on runoff, sediment losses, and constituent loads in sprinkler irrigation runoff. All runoff and sediment loss means were averaged 
across eight irrigations and all remaining constituents were averaged across six irrigations. Interactions between treatments and irrigations were 
not significant at p > 0.35.

			   Constituent loads in runoff (g [ha mm]–1)					   

		  Sediment	 Dissolved					     Dissolved
Treatment	 Runoff	 loss (kg	 organic	 Nitrate-	 Ammonium-	 Total	 Ferric oxide	 reactive	  		
identification	 (%)	 [ha mm]–1)	 carbon	 nitrogen	 nitrogen	 phosphorus	 phosphorus	 phosphorus	 Calcium	 Magnesium	 Sodium

Control	 5.7	 1.08	 16.77	 0.055	 0.011	 0.875	 0.171	 0.015b	 0.110a	 0.074	 0.097
Compost 1	 4.3	 0.92	 14.74	 0.041	 0.006	 0.679	 0.190	 0.036b	 0.013a	 0.016	 0.144
Compost 2	 5.2	 0.96	 9.92	 0.015	 0.005	 0.476	 0.142	 0.025b	 0.002b	 0.023	 0.103
Manure 1	 6.2	 1.59	 12.63	 0.099	 0.012	 1.327	 0.388	 0.077a	 0.011a	 0.066	 0.319
Manure 2	 3.6	 0.61	 9.76	 0.147	 0.007	 0.775	 0.333	 0.100a	 0.001b	 0.024	 0.387
Notes: Within a column, a mean followed by the same letter as the control does not differ from the control at p < 0.05. Letters are not shown if the treatment 
effect in the analysis of variance test (ANOVA) was not significant.

let impact. Moreover, the lack of treatment 
effects on sediment loads may be related to 
two other factors. First, we applied relatively 
small amounts of amendments to our soil. 
At most, we applied then incorporated 71.7 
Mg ha–1 (32 tn ac–1) of material (table 2) into 
1,800 Mg ha–1 (803 tn ac–1) of soil in the 
profile’s uppermost 0.15 m (6 in), assuming 
a bulk density of 1.2 Mg m–3 (1.2 g cm–3). 
Second, the nonsignificant treatment effects 
may be related to the timing of the manure 
and compost applications, which occurred 
eight months prior to the first irrigation. In 
a furrow irrigation study, Lentz and Lehrsch 
(2010) showed that a spring-applied manure 
application reduced runoff soil loss in that 
season’s irrigations, whereas manure applied 
in the previous fall, did not. Others have 
reported that more immediate manure appli-
cations (e.g., spring applications) decreased 
both runoff (Gilley and Risse 2000) and 
dispersion (Borda et al. 2011) and increased 

aggregate stability, particularly of the >2 mm 
(0.08 in) diameter aggregates (Wortmann 
and Shapiro 2008).

Sediment losses mirrored runoff for the 
five treatments we studied (table 6), with the 
correlation coefficient, rK, between SL and 
RO being +0.71 (significant at p < 0.001). 
Sediment loss is frequently highly correlated 
with runoff because the latter’s carrying 
capacity largely determines the quantity of 
detached soil that is transported across soil 
surfaces (King and Bjorneberg 2011). The 
sediment losses in sprinkler runoff reported 
in table 6 lay within the ranges of losses in 
furrow runoff reported by King et al. (2009). 

King and Bjorneberg (2011) reported sed-
iment loss per unit water applied from the 
Portneuf silt loam that was often one, and in 
one case, more than two orders of magnitude 
greater than that we measured (table 6). In 
addition to the factors discussed earlier that 
may have accounted for runoff differences 

between the studies, sediment transport and 
deposition may also have played a role. From 
the steep (5%) and short (2 m [6.5 ft]) plots 
studied by King and Bjorneberg (2011), 
the runoff ’s transport capacity was great 
and there was likely little sediment deposi-
tion occurring within the plots. Also, their 
entire plot surfaces received simulated irri-
gation for much of the one to two minutes 
required for the irrigation lateral to cross 
over the plots. King and Bjorneberg (2011), 
who found increased runoff and sediment 
loss from sprinklers that evenly distributed 
droplets across a wetted area, attributed the 
finding to increased turbulence from droplets 
impacting overland flow that kept sediment 
in suspension for longer periods. On the less 
sloping and 18 times longer plots we studied, 
detached soil could easily have been rede-
posited on plot surfaces before exiting the plot 
boundary through our flumes, especially when 
the lateral moved uphill, as was often the case. 
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Moreover as the lateral moved across the plots, 
only a portion of the plot’s area at a given time 
was irrigated subjecting only that portion to 
droplet kinetic energy and the overland flow 
thereon to increased turbulence.

Nitrogen Loads. There were no differ-
ences in NO3-N or NH4-N loads between 
the control and any of the amendment treat-
ments (table 6). This finding suggests that 
under the conditions we studied, compost 
and manure applied as we did would result 
in no more NO3-N loss or NH4-N loss 
in sprinkler runoff than from unamended 
fields. In contrast to our findings, Eghball 
and Gilley (1999) reported generally greater 
NO3-N loads in runoff from plots treated 
with compost rather than manure, and Little 
et al. (2005) reported greater NO3-N and 
NH4-N loads from manured plots than con-
trols. In both those contrasting studies, loads 
in simulated rainfall runoff were measured 
within 7 days of amendment incorporation 
but in our study 252 days after incorporation. 
Delays between amendment incorpora-
tion and runoff measurement likely affected 
nutrient loads (Lentz and Lehrsch 2010). In 
the current study, NH4-N loads in sprinkler 
runoff did not differ among treatments, as 
was also found by Eghball and Gilley (1999) 
and Miller et al. (2006).

Phosphorus Loads. As expected, TP loads 
in runoff (table 6) were highly correlated with 
sediment losses (rK = +0.86; p < 0.001) since 
the bulk of the P lost in runoff was particu-
late P on the sediment. Phosphorus associated 
with runoff sediment accounted for 87% to 
95% of the total P lost from the amended 
treatments and 98% of the total P lost from the 
control (table 6). Total P loads in runoff from 
each year’s first irrigation were not correlated 
(rK = +0.04; p < 0.646) with STP concen-
trations measured in soil collected from the 
furrows (table 4). Total P loads exceeding 5 
g (ha mm)–1 (0.113 lb [ac in]–1) were seldom 
measured from plots where STP concentra-
tions exceeded 100 mg kg–1 (100 ppm) (data 
not shown). Indeed, on an individual plot 
basis total P loads in sprinkler runoff were 
commonly less than 5 g (ha mm)–1 (0.113 
lb [ac in]–1) for STP concentrations ranging 
from 14 to 317 mg kg–1 (14 to 317 ppm).

In contrast to TP loads, DRP loads in 
each year’s first irrigation were strongly cor-
related (rK = +0.43, p < 0.001) with STP 
measured before the irrigation (table 4). This 
positive correlation was to be expected since 
STP was a measure of the plant-available P 

fraction, which included the P in slightly 
soluble compounds that could dissociate to 
supply orthophosphate ions to the runoff. 
The DRP load, though critically important 
for receiving water bodies, was nonetheless 
only a small proportion of the TP load. The 
loads of DRP, as a proportion of TP, from the 
amended treatments ranged from 5.3% for 
compost 1 to 12.9% for manure 2. The DRP 
proportion of TP for the control, however, 
was only 1.7% (table 6).

Applications of manure, but not compost, 
increased DRP loads relative to the control 
(table 6). This was due to the manure treat-
ments applying on average, 1.83-fold more 
total P than the compost treatments (table 2). 
On average, DRP loads were nearly 3-fold 
greater from plots that received manure than 
compost (table 6). Manure treatments, which 
added the most total P per unit mass (table 
1) lost the most inorganic P in runoff (table 
6). Miller et al. (2006) also found that DRP 
loads were greater from plots that received 
manure rather than compost. In the latter 
study, organic amendments were applied 
annually before rainfall simulation. In our 
study, however, amendments were applied 
only once—in the fall before beginning our 
runoff sampling the following year. Volf et 
al. (2007) also reported P losses in runoff to 
be proportional to P additions from manure. 

The DRP loads averaged across irrigations 
responded curvilinearly to increasing manure 
application rates (table 5 and figure 1). The 
relationship in figure 1 indicates that producers 
should apply less than 57 Mg dry manure ha–1 
(25.4 tn dry manure ac–1) as a one-time, fall 
application to minimize DRP loads in subse-
quent seasons’ sprinkler irrigation runoff.

Manure applications are thought to 
increase the potential for nutrient losses 
in surface irrigation runoff (Lentz and 
Westermann 2010). Our findings, however, 
revealed that the losses of NO3-N, NH4-N, 
TP, and FeO P in sprinkler irrigation run-
off did not differ for two years between 
unamended soils and soils into which manure 
had been applied, then incorporated (table 6). 
We also found that losses of DRP but not TP 
were greater in our manure treatments rela-
tive to the control (table 6). In contrast, Little 
et al. (2005) reported losses of total P that 
were greater in manured than control plots, 
though in simulated rainfall runoff shortly 
after manure application. In their study, DRP 
loads were similar among manured and con-
trol plots when averaged across the three-year 

study. In the study of Little et al. (2005), yearly 
averages of both TP and DRP differed, but no 
trend was evident.

Loads of Potassium, Calcium, and 
Sodium. Treatments affected runoff K loads 
(data not shown in tabular form) only for 
irrigation 1 (day 174 in 2000; table 3) and 
irrigation 7 (days  200-201 in 2001). For irri-
gation 1, the load, all in units of g (ha mm)–1, 
for the control (0.07) did not differ from that 
of compost 1 (0.82) but was less than that 
of compost 2 (1.58), manure 1 (1.49), and 
manure 2 (2.99). For irrigation 7, the load for 
the control (2.46) was less than that of com-
post 1 (6.82), compost 2 (9.14), manure 1 
(7.01), and manure 2 (16.23). For all remain-
ing monitored irrigations, treatment K 
loads ranged from 0.42 to 7.36 g (ha mm)–1 
(0.0095 to 0.167 lb [ac in]–1). For irriga-
tion 1, the first monitored after amendment 
application, K loads for amended treatments 
were 12- to 45-fold greater than the con-
trol, likely reflecting the recently added salts 
present in the amendments (table 1). Overall 
for both years, K loads in runoff increased 
with increasing sediment loads suggesting 
that K was introduced into the runoff via a 
simple soluble extraction as irrigation water 
interacted with eroded soil. Hence, organic 
amendments increased runoff K loads 
because the amendments increased the soil’s 
K content.

Amendment applications at higher, but 
not lower, rates decreased Ca loads relative 
to the control (table 6). Indeed, the Ca loads 
at the higher amendment rates were in gen-
eral two orders of magnitude less than those 
of the control. Moreover, the ANOVA 
revealed highly significant linear trends 
in the Ca load response to increasing rates 
of compost and manure (table 5). The Ca 
loads averaged across irrigations decreased 
as the organic amendment application rates 
increased (figure 2). These decreases are 
notable since greater application rates applied 
more, not less, Ca.

There may well be an inverse relationship 
between loads of Ca and DRP in sprinkler 
runoff, at least for manure (table 6). This 
association between Ca loads and DRP loads 
could well have been due to soluble Ca being 
removed from solution, as it was precipitated 
in some form with orthophosphate. With less 
Ca in the runoff, less DRP was precipitated 
and more DRP could have been transported 
offsite in runoff to nearby surface water 
(Tisdale and Nelson 1975). Calcium in run-
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Figure 1
Dissolved reactive phosphorus (DRP) loads in sprinkler irrigation runoff affected by manure 
application rates. Dissolved reactive phosphorus loads have been averaged across irrigations 
(interaction not significant at p > 0.35).
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off, soil, or both can lead to the formation of 
relatively insoluble calcium phosphate spe-
cies that would minimize the loss of reactive 
P ions in surface runoff, though only where 
sufficient Ca is present (Tisdale and Nelson 
1975; Olson et al. 2010). The decreasing 
Ca loads with increasing application rates 
of compost and manure (figures 2a and 2b, 
respectively) suggest that Ca was not present 
in excess in our runoff.

The Ca concentrations in the amend-
ments we applied (table 1) and even in our 
unamended calcareous Portneuf soil (164 
mg kg–1; as reported by Lehrsch [2013], for 
the nearly identical Rad soil) likely lim-
ited, though only to a slight degree, the P 
concentrations in our sprinkler irrigation 
runoff (Turner et al. 2004) and, thereby, the 
DRP loads measured in our study (table 6). 
Moreover, our runoff ’s Ca—an effective 
flocculating agent—may have decreased the 
runoff ’s suspended sediment concentrations. 
In calcareous soils of the western United 
States, the Ca concentration (or activity) and 
the quantity and particle size of free CaCO3 
largely control soil solution P (Tisdale and 
Nelson 1975; Turner et al. 2004).

Runoff loads of Na, unlike those of Ca, 
increased with increasing manure applica-

tion rates (figure 3). Moreover, Na loads 
were highly correlated with DRP loads (rK = 
+0.52; p < 0.001). Sodium in the runoff may 
have increased the dispersion of entrained 
aggregates or aggregate fragments leading to 
the dissolution of newly exposed compounds 
and the release of additional orthophosphate 
to the runoff. Sodium loads in runoff from 
the compost and manure treatments were 
similar to the control (table 6).

Flow-Weighted Constituent Concentrations. 
Flow-weighted mean concentrations varied 
from one constituent to another (table 7). In 
addition to that of sediment, mean concen-
trations of DOC, TP, and K were the greatest 
among all measured constituents. Not one of 
the remaining seven constituents exhibited 
a mean flow-weighted concentration that 
exceeded 1 mg L–1 (1 ppm). The standard 
deviation exceeded the arithmetic mean for 
all constituents except DOC, TP, and FeO P 
(table 7), suggesting that the flow-weighted 
concentrations of most measured parameters 
in our study were not normally distributed.

The flow-weighted mean concentrations 
for sediment, TP, and DRP in our study 
(table 7) lay well within the respective ranges 
for the same soil given by Turner et al. (2004). 
In contrast, the average runoff we measured 

ranged from 3.6% to 6.2% (table 6), 93% 
to 87% less than the average 48% runoff 
reported by Turner et al. (2004). Much of the 
discrepancy can be attributed to the 2.5-fold 
greater water application rate used by Turner 
et al. (2004).

Our flow-weighted mean concentrations 
of TP, DRP, NO3-N, and NH4-N were 3.28, 
0.16, 0.36, and 0.14 mg L–1 (3.28, 0.16, 0.36, 
and 0.14 ppm), respectively, while long-term 
averages reported by Gilley et al. (2007) in 
sprinkler runoff from similarly tilled and 
manured plots were 2.2, 1.3, 1.6, and 0.6 mg 
L–1 (2.2, 1.3, 1.6, and 0.6 ppm), respectively. 
The DRP, NO3-N, and NH4-N concentra-
tions of Gilley et al. (2007) were 4- to 8-fold 
greater than the respective mean concen-
trations we measured (table 7). The greater 
concentrations were likely due to five fac-
tors: (1) the concentrations of Gilley et al. 
(2007) were measured soon after manure 
was applied, with five of their six tests occur-
ring within four months of application; (2) 
their plots were short (2 m [6.5 ft] long), 
allowing for little if any sediment deposition 
within the plots; (3) their plots were prewet-
ted, greatly increasing runoff; (4) compared 
to the plots in the current study, their plots 
were more than twice as steep, again increas-
ing both runoff rates and volumes; and (5) 
the sediment losses reported by Gilley et al. 
(2007) were an order of magnitude greater 
than those we measured.

Many of the flow-weighted mean con-
centrations in sprinkler runoff given in 
table 7 are similar to those measured in the 
region’s furrow irrigation runoff. Our TP 
was 3.28 mg L–1 (3.28 ppm), similar to the 
1.08 mg L–1 (1.08 ppm) reported for our 
soil by Westermann et al. (2001), and within 
the range of 0.3 to 17 mg L–1 (0.3 to 17 
ppm) reported by Fitzsimmons et al. (1972). 
Similarly, the DRP we measured, (0.16 mg 
L–1 [0.16 ppm]) lies within the commonly 
observed range of 0.04 to 0.18 mg L–1 (0.04 
to 0.18 ppm) (Fitzsimmons et al. 1972; 
Bjorneberg et al. 2006; Lentz and Lehrsch 
2010). In contrast, our NO3-N and NH4-N 
concentrations in sprinkler runoff (table 7) 
were only 30% and 7%, respectively, of the 
mean concentrations in the region’s furrow 
runoff reported by Fitzsimmons et al. (1972). 

Never did the flow-weighted concentra-
tions of NO3-N measured in the current 
study (table 7) exceed the Environmental 
Protection Agency’s (USEPA) drinking 
water standard of 10 mg NO3-N L–1 (10 
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Figure 2
Calcium (Ca) loads in sprinkler irrigation runoff affected by application rates of (a) compost and (b) manure. Calcium loads have been averaged 
across irrigations (interaction not significant at p > 0.46).
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Figure 3
Sodium (Na) loads in sprinkler irrigation runoff affected by manure application rates. Sodium 
loads have been averaged across irrigations (interaction not significant at p > 0.65).
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ppm) (USEPA 2009). In our study (table 7) 
all flow-weighted NH4-N concentrations 
were below 2.5 mg L–1 (2.5 ppm), a con-
centration not to be exceeded in order to 
protect aquatic organisms (USEPA 1986). 
In contrast, our flow-weighted mean, total 
P concentration exceeded by nearly 33-fold 
the limit of 0.1 mg P L–1 (0.1 ppm P) sug-
gested by the USEPA to limit eutrophication 
in streams and rivers (USEPA 1986).

As we conducted our experiment, ana-
lyzed our findings, and compared our results 
to those in the literature, a number of points 
became clear. The finding that runoff, sed-
iment loss, and constituent loads varied 
from irrigation to irrigation for two years 
calls into question estimates of season-long, 
chemical constituent losses based upon data 
from only one or two rainfall simulations 
or monitored irrigations within a grow-
ing season. The study of large, moderately 
sloped plots irrigated with moving laterals 
is best for adequately characterizing run-
off and nutrient losses because it allows for 
concentration of runoff (overland flow) as it 
moves downslope and integrates the effects 
of temporally and spatially varying infiltra-
tion, detachment, and deposition. Similarly, 
using stationary plot sprinklers to generate 
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Table 7
Flow-weighted sediment and constituent concentrations. Values are shown without regard to treatments or irrigations.

		  Minimum	 Maximum	 Arithmetic	 Standard
Constituent	 n	 value	 value	 mean	 deviation

Sediment (g L–1)	 240	 0	 34.81	 2.95	 4.18
Dissolved organic carbon (mg L–1)	 103	 0	 43.10	 28.98	 7.20
Nitrate-nitrogen (mg L–1)	 180	 0	 7.04	 0.36	 0.72
Ammonium-nitrogen (mg L–1)	 180	 0	 1.54	 0.14	 0.19
Total phosphorus (mg L–1)	 180	 0	 16.19	 3.28	 2.50
Ferric oxide phosphorus (mg L–1)	 180	 0	 3.34	 0.82	 0.60
Dissolved reactive phosphorus (mg L–1)	 180	 0	 1.86	 0.16	 0.22
Potassium (mg L–1)	 180	 0	 61.04	 7.56	 7.57
Calcium (mg L–1)	 180	 0	 8.40	 0.96	 1.68
Magnesium (mg L–1)	 180	 0	 4.08	 0.57	 0.72
Sodium (mg L–1)	 180	 0	 10.99	 0.96	 1.35

data applicable to moving lateral irrigation 
systems would be invalid since the former do 
not adequately capture the changing hydro-
logic regime of lateral-move systems. The 
timing of manure and compost applications 
affects subsequently measured runoff, sedi-
ment losses, and nutrient loads. By delaying 
the irrigation of fields treated with organic 
amendments, such as manure, compost, or 
both, runoff nutrient losses will be reduced, 
leading to producer cost savings and, poten-
tially, increased nutrient use efficiencies. As 
a societal benefit, water quality in receiving 
waters will also be improved. Sprinkler irri-
gation with moving laterals, due to relatively 
short irrigation durations, greater water 
application intensities, higher kinetic energy 
input, and more turbulent overland flow, 
affects nutrient loads differently than does 
furrow irrigation.

Summary and Conclusions
In a two-year field study, runoff, sediment 
losses, and nutrient loads in sprinkler irriga-
tion runoff were measured eight times after a 
one-time, fall application of either stockpiled 
or composted dairy manure. The following 
conclusions were drawn from this study:
1. A one-time, fall application of compost, 

manure, or both, at two rates affected 
the loads of DRP, as well as K and Ca, in 
sprinkler irrigation runoff for two years, 
when averaged across irrigations.

2. Manure, but not compost, applications 
increased DRP loads relative to the con-
trol. Runoff loads of DRP were five to 
six times greater from manure treatments 
than the control. 

3. Treatments did not differ in their effects 
upon runoff, sediment losses, or loads of 
DOC, NO3-N, NH4-N, TP, FeO P, or Mg.

4. Loads of Ca decreased but Na increased 
with increasing manure application rates.

5. Runoff, sediment loss, and loads of 
every constituent varied from irrigation 
to irrigation through two consecutive 
growing seasons.

6. To lessen DRP loads in subsequent sea-
sons’ sprinkler irrigation runoff, one-time 
applications of dry manure in fall should 
not exceed 57 Mg ha–1 (25.4 tn ac–1).

Acknowledgements
The authors thank R.A. Dinges, a hydraulic technician 

(retired), J. Foerster and S.A. Ver Wey, biological science 

technicians, S.B. Hansen and P.M. Jolley, biological science 

technicians (retired), M.A. Kay, a biological science technician 

(deceased), R.D. McNurlin and M. Roice, former biological 

science aids, and C. Ruh Clemo, a former biological science 

technician; all with the USDA Agricultural Research Service 

at the Northwest Irrigation and Soils Research Laboratory in 

Kimberly, Idaho, for field operations, data collection, labora-

tory analyses, and preliminary data handling.

Disclaimer
Manufacturer or trade names are included for the read-

ers’ benefit. By including names, the USDA Agricultural 

Research Service implies no endorsement, recommendation, 

or exclusion.

References 
Aase, J.K., D.L. Bjorneberg, and D.T. Westermann. 2001. 

Phosphorus runoff from two water sources on a 

calcareous soil. Journal of Environmental Quality 

30:1315-1323.

Alva, A.K., S. Paramasivam, A. Fares, J.A. Delgado, D. Mattos, 

Jr., and K. Sajwan. 2005. Nitrogen and irrigation 

management practices to improve nitrogen uptake 

efficiency and minimize leaching losses. Journal of Crop 

Improvement 15:369-420.

Bjorneberg, D.L., D.T. Westermann, J.K. Aase, A.J. Clemmens, 

and T.S. Strelkoff. 2006. Sediment and phosphorus 

transport in irrigation furrows. Journal of Environmental 

Quality 35:786-794.

Borda, T., L. Celi, L. Zavattaro, D. Sacco, and E. Barberis. 

2011. Effect of agronomic management on risk of 

suspended solids and phosphorus losses from soil to 

waters. Journal of Soils and Sediments 11:440-451.

Box, G.E.P., W.G. Hunter, and J.S. Hunter. 1978. Statistics 

for experimenters: An introduction to design, data 

analysis, and model building. New York, NY: John 

Wiley & Sons, Inc.

Brady, N.C., and R.R. Weil. 2002. The nature and properties 

of soils. 13th ed. Upper Saddle River, NJ: Prentice Hall.

Brown, B., J. Hart, D. Horneck, and A. Moore. 2010. 

Nutrient management for field corn silage and grain in 

the Inland Pacific Northwest. Moscow, ID: University 

of Idaho Agricultural Experience Station. Pacific 

Northwest Extension Publication 615.

Bundy, L.G., T.W. Andraski, and J.M. Powell. 2001. 

Management practice effects on phosphorus losses 

in runoff in corn production systems. Journal of 

Environmental Quality 30:1822-1828.

Correll, D.L. 1998. The role of phosphorus in the 

eutrophication of receiving waters: A review. Journal of 

Environmental Quality 27:261-266.

Eghball, B., and J.E. Gilley. 1999. Phosphorus and 

nitrogen in runoff following beef cattle manure or 

compost application. Journal of Environmental Quality 

28:1201-1210.

Eghball, B., and J.E. Gilley. 2001. Phosphorus risk assessment 

index evaluation using runoff measurements. Journal of 

Soil and Water Conservation 56:202-206.

Eghball, B., J.E. Gilley, D.D. Baltensperger, and J.M. 

Blumenthal. 2002. Long-term manure and fertilizer 

application effects on phosphorus and nitrogen in runoff. 

Transactions of the American Society of Agricultural 

Engineers 45:687-694.

Eghball, B., J.F. Power, J.E. Gilley, and J.W. Doran. 1997. 

Nutrient, carbon, and mass loss during composting of 

beef cattle feedlot manure. Journal of Environmental 

Quality 26:189-193.

C
opyright ©

 2014 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 69(5):456-467 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


466 JOURNAL OF SOIL AND WATER CONSERVATIONSEPT/OCT 2014—VOL. 69, NO. 5

Fitzsimmons, D.W., G.C. Lewis, D.V. Naylor, and J.R. 

Busch. 1972. Nitrogen, phosphorous and other 

inorganic materials in waters in a gravity-irrigated area. 

Transactions of the American Society of Agricultural 

Engineers 15:292-295.

Frank, L. 2001. 2000 annual irrigation survey continues 

steady growth. Irrigation Journal 51:12-30.

Garcia, A.M., T.L. Veith, P.J.A. Kleinman, C.A. Rotz, and 

L.S. Saporito. 2008. Assessing manure management 

strategies through small-plot research and whole-farm 

modeling. Journal of Soil and Water Conservation 

63:204-211 doi:10.2489/jswc.63.4.204.

Gilley, J.E., and B. Eghball. 1998. Runoff and erosion 

following field application of beef cattle manure and 

compost. Transactions of the American Society of 

Agricultural Engineers 41:1289-1294.

Gilley, J.E., B. Eghball, and D.B. Marx. 2007. Nutrient 

concentrations of runoff during the year following 

manure application. Transactions of the American 

Society of Agricultural and Biological Engineers 

50:1987-1999.

Gilley, J.E., and L.M. Risse. 2000. Runoff and soil loss as 

affected by the application of manure. Transactions 

of the American Society of Agricultural Engineers 

43:1583-1588.

Greenberg, A.E., L.S. Clesceri, and A.D. Eaton. 1992. 

Standard methods for the examination of water and 

wastewater, 18th ed. Washington, DC: American Public 

Health Association.

Heathwaite, A.L., and P.J. Johnes. 1996. Contribution of 

nitrogen species and phosphorus fractions to stream 

water quality in agricultural catchments. Hydrological 

Processes 10:971-983.

Hignett, C., and S.R. Evett. 2002. Neutron thermalization. 

p. 501-521. In Methods of Soil Analysis, Part 4, eds. J. H. 

Dane and G. C. Topp. Madison, WI: Soil Science Society 

of America. Soil Science Society of America Book Ser. 5.

ISDA (Idaho State Department of Agriculture). 2012. 

Idaho OnePlan. Boise, ID: Idaho State Department of 

Agriculture. http://www.oneplan.org/NMPlan.asp.

Jarvie, H.P., J.A. Withers, and C. Neal. 2002. Review of robust 

measurement of phosphorus in river water: Sampling, 

storage, fractionation and sensitivity. Hydrology and 

Earth System Sciences 6:113-132.

Kimmell, R.J., G.M. Pierzynski, K.A. Janssen, and P.L. Barnes. 

2001. Effects of tillage and phosphorus placement 

on phosphorus runoff losses in a grain sorghum-

soybean rotation. Journal of Environmental Quality 

30:1324-1330.

Kincaid, D.C. 2005. Application rates from center pivot 

irrigation with current sprinkler types. Applied 

Engineering in Agriculture 21:605-610.

King, A.P., K.J. Evatt, J. Six, R.M. Poch, D.E. Rolston, 

and J.W. Hopmans. 2009. Annual carbon and nitrogen 

loadings for a furrow-irrigated field. Agricultural Water 

Management 96:925-930.

King, B.A., and D.L. Bjorneberg. 2011. Evaluation of 

potential runoff and erosion of four center pivot 

irrigation sprinklers. Applied Engineering in Agriculture 

27:75-85.

Kleinman, P.J.A., A.N. Sharpley, R.W. McDowell, D.N. 

Flaten, A.R. Buda, L. Tao, L. Bergstrom, and Q. Zhu. 

2011. Managing agricultural phosphorus for water 

quality protection: Principles for progress. Plant and 

Soil 349:169-182.

Kleinman, P.J.A., A.N. Sharpley, L.S. Saporito, A.R. 

Buda, and R.B. Bryant. 2009. Application of manure 

to no-till soils: Phosphorus losses by sub-surface and 

surface pathways. Nutrient Cycling in Agroecosystems 

84:215-227.

Larney, F.J., D.M. Sullivan, K.E. Buckley, and B. Eghball. 

2006. The role of composting in recycling manure 

nutrients. Canadian Journal of Soil Science 86:597-611. 

Lehrsch, G.A. 2013. Surfactant effects on the water-stable 

aggregation of wettable soils from the continental USA. 

Hydrological Processes 27:1739-1750.

Lehrsch, G.A., and D.C. Kincaid. 2001. Sprinkler droplet 

energy effects on infiltration and near-surface, 

unsaturated hydraulic conductivity. In Preferential 

Flow: Water Movement and Chemical Transport in the 

Environment, eds. D.D. Bosch and K.W. King, 283-

286. Proceedings of the 2nd International Symposium, 

Honolulu, HI. St. Joseph, MI: American Society of 

Agricultural Biological Engineers.

Lehrsch, G.A., and D.C. Kincaid. 2006. Sprinkler droplet 

energy effects on soil penetration resistance and 

aggregate stability and size distribution. Soil Science 

171(6):435-447.

Lehrsch, G.A., and D.C. Kincaid. 2007. Compost and manure 

effects on fertilized corn silage yield and nitrogen uptake 

under irrigation. Communications in Soil Science and 

Plant Analysis 38:2131-2147.

Lehrsch, G.A., and R.E. Sojka. 2011. Water quality and 

surfactant effects on the water repellency of a sandy soil. 

Journal of Hydrology 403:58-65.

Lentz, R.D., and G.A. Lehrsch. 2010. Nutrients in runoff 

from a furrow-irrigated field after incorporating 

inorganic fertilizer or manure. Journal of Environmental 

Quality 39:1402-1415.

Lentz, R.D., G.A. Lehrsch, B. Brown, J. Johnson-

Maynard, and A.B. Leytem. 2011. Dairy manure 

nitrogen availability in eroded and noneroded soil for 

sugarbeet followed by small grains. Agronomy Journal 

103:628-643.

Lentz, R.D., and R.E. Sojka. 1995. Monitoring software 

for pollutant components in furrow irrigation runoff. 

In Proceedings of the Workshop on Computer 

Applications in Water Management, eds. L. Ahuja, 

J. Leppert, K. Rojas, and E. Seely, 123-127. Water 

Resources Research Institute Information Series 79. 

23-25, May 1995, Fort Collins, CO. Fort Collins, CO: 

Colorado State University.

Lentz, R.D., and D.T. Westermann. 2010. Managing 

runoff water quality from recently manured, furrow-

irrigated fields. Soil Science Society of America Journal 

74:1310-1319.

Little, J.L., D.R. Bennett, and J.J. Miller. 2005. Nutrient 

and sediment losses under simulated rainfall following 

manure incorporation by different methods. Journal of 

Environmental Quality 34:1883-1895.

Macrae, M.L., M.C. English, S.L. Schiff, and M. Stone. 

2010. Influence of antecedent hydrologic conditions 

on patterns of hydrochemical export from a first-order 

agricultural watershed in southern Ontario, Canada. 

Journal of Hydrology 389:101-110.

Maguire, R.O., P.J.A. Kleinman, C.J. Dell, D.B. Beegle, R.C. 

Brandt, J.M. McGrath, and Q.M. Ketterings. 2011. 

Manure application technology in reduced tillage and 

forage systems: A review. Journal of Environmental 

Quality 40:292-301.

Miller, J.J., E.C.S. Olson, D.S. Chanasyk, B.W. Beasley, 

F.J. Larney, and B.M. Olson. 2006. Phosphorus and 

nitrogen in rainfall simulation runoff after fresh and 

composted beef cattle manure application. Journal of 

Environmental Quality 35:1279-1290.

Moore, A.D., N.L. Olsen, A.M. Carey, and A.B. Leytem. 2011. 

Residual effects of fresh and composted dairy manure 

applications on potato production. American Journal of 

Potato Research 88:324-332.

NASS (National Agricultural Statistics Service). 2010. 2008 

Farm and Ranch Irrigation Survey. Washington, DC: 

USDA National Agricultural Statistics Service. http://

www.agcensus.usda.gov/Publications/2007/Online_

Highlights/Farm_and_Ranch_Irr igation_Survey/

fris08.pdf.

Neave, M., and S. Rayburg. 2007. A field investigation into 

the effects of progressive rainfall-induced soil seal and 

crust development on runoff and erosion rates: The 

impact of surface cover. Geomorphology 87:378-390.

Olsen, S.R., C.V. Cole, F.S. Watanabe, and L.A. Dean. 

1954. Estimation of available phosphorus in soils by 

extraction with sodium bicarbonate. USDA Circ. 939. 

Washington, DC: US Government Printing Office.

Olson, B.M., E. Bremer, R.H. McKenzie, and R. Bennett. 

2010. Phosphorus accumulation and leaching in two 

irrigated soils with incremental rates of cattle manure. 

Canadian Journal of Soil Science 90:355-362. 

Pehrson, L., R.L. Mahler, E.J. Bechinski, and C. Williams. 

2010. Water management practices used in potato 

production in Idaho. American Journal of Potato 

Research 87:253-260. 

Pote, D.H., W.L. Kingery, G.E. Aiken, F.X. Han, P.A. 

Moore, and K. Buddington. 2003. Water-quality effects 

of incorporating poultry litter into perennial grassland 

soils. Journal of Environmental Quality 32:2392-2398. 

Qu, G., J.J. Leonard, and J.J.R. Feddes. 1999. Quality of 

runoff water from fresh and composted manure spread 

on snow. Canadian Agricultural Engineering 41:99-104. 

C
opyright ©

 2014 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 69(5):456-467 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


467SEPT/OCT 2014—VOL. 69, NO. 5JOURNAL OF SOIL AND WATER CONSERVATION

Richard, T.L. 2005. Compost. In Encyclopedia of soils in the 

environment, ed. D. Hillel, Vol. 1, 294-301. Oxford, UK: 

Elsevier Ltd.

SAS Institute Inc. 2009. SAS online documentation, version 

9.2. Cary, NC: SAS Institute, Inc.

Sharpley, A.N. 1993. An innovative approach to estimate 

bioavailable phosphorus in agricultural runoff using iron 

oxide-impregnated paper. Journal of Environmental 

Quality 22:597-601.

Sojka, R.E., D.L. Carter, and M.J. Brown. 1992. Imhoff 

cone determination of sediment in irrigation runoff. Soil 

Science Society of America Journal 56:884-890.

Sweeten, J.M. 2000. Manure and wastewater management 

for cattle feedlots. Reviews of Environmental 

Contamination and Toxicology 167:121-153.

Thayer, C.A., J.E. Gilley, L.M. Durso, and D.B. Marx. 

2012. Runoff nutrient loads as affected by residue cover, 

manure application rate, and flow rate. Transactions of 

the American Society of Agricultural and Biological 

Engineers 55:249-258.

Tisdale, S.L., and W.L. Nelson. 1975. Soil fertility and 

fertilizers. 3rd edition. New York, NY: Macmillan 

Publishing Co., Inc.

Trout, T. 1992. Installation and use of Powlus V furrow 

flumes. Kimberly, ID: USDA Agricultural Research 

Service Northwest Irrigation & Soils Research 

Laboratory. http://www.ars.usda.gov/SP2UserFiles/

Place/53680000/files/powlus-v-furrow-flumes.pdf.

Turner, B.L., M.A. Kay, and D.T. Westermann. 2004. 

Phosphorus in surface runoff from calcareous arable 

soils of the semiarid western United States. Journal of 

Environmental Quality 33:1814-1821.

Undersander, D.J., T.H. Marek, and R.N. Clark. 1985. Effect 

of nozzle type on runoff and yield of corn and sorghum 

under center pivot sprinkler systems. Irrigation Science 

6:107-116.

USEPA (US Environmental Protection Agency). 1986. 

Quality criteria for water. EPA 440-586-001. 

Washington, DC: US Environmental Protection Agency, 

Office of Water Regulation and Standards.

USEPA. 2009. National Primary Drinking Water 

Regulations. EPA 816-F-09-004. Washington, DC: US 

Environmental Protection Agency. http://water.epa.

gov/drink/contaminants/upload/mcl-2.pdf.

Verbree, D.A., S.W. Duiker, and P.J.A. Kleinman. 2010. 

Runoff losses of sediment and phosphorus from no-till 

and cultivated soils receiving dairy manure. Journal of 

Environmental Quality 39:1762-1770.

Volf, C.A., G.R. Ontkean, D.R. Bennett, D.S. Chanasyk, 

and J.J. Miller. 2007. Phosphorus losses in simulated 

rainfall runoff from manured soils of Alberta. Journal of 

Environmental Quality 36:730-741.

Watanabe, F.S., and S.R. Olsen. 1965. Test of an ascorbic 

acid method for determining phosphorus in water and 

NaHCO3 extracts from soil. Soil Science Society of 

America Proceedings 29:677-678.

Westermann, D.T., D.L. Bjorneberg, J.K. Aase, and C.W. 

Robbins. 2001. Phosphorus losses in furrow irrigation 

runoff. Journal of Environmental Quality 30:1009-1015. 

Westermann, D.T., and T.A. Tindall. 1997. Potassium 

considerations for southern Idaho soils. pp. 172-181. 

In Proceedings of Western Nutrient Management 

Conference, Salt Lake City, UT. Moscow, ID: University 

of Idaho Extension.

Wilcock, R.J., D. Nash, J. Schmidt, S.T. Larned, M.R. Rivers, 

and P. Feehan. 2011. Inputs of nutrients and fecal 

bacteria to freshwaters from irrigated agriculture: Case 

studies in Australia and New Zealand. Environmental 

Management 48:198-211.

Wolf, A., M. Watson, and N. Wolf. 2003. Digestion and 

dissolution methods for P, K, Ca, Mg and trace elements. 

In Recommended methods of manure analysis, ed. 

J. Peters, 30-38. Cooperation Extension Publication 

A3769. Madison, WI: University of Wisconsin.

Wortmann, C.S., and C.A. Shapiro. 2008. The effects 

of manure application on soil aggregation. Nutrient 

Cycling in Agroecosystems 80:173-180.

C
opyright ©

 2014 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 69(5):456-467 
Journal of Soil and W

ater C
onservation

http://www.swcs.org

