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Rate of Fall-Applied Liquid Swine Manure: Effects on Runoff Transport
of Sediment and Phosphorus
P. D. Gessel, N. C. Hansen,* J. F. Moncrief, and M. A. Schmitt
ABSTRACT

practices such as manure application rate, timing, and
method affect water quality.
The effects of land-applied manure on the quality
of runoff water have been studied extensively. Surface
application of manure without incorporation results in
an increased risk of P loss in runoff (Pote et al., 2001;
Edwards and Daniel, 1994). Repeated manure applications can also result in the elevation of extractable soil
P concentration, resulting in an elevated risk of P loss
in runoff (Sharpley et al., 1994; Hansen et al., 2002). To
minimize the risk of contaminant losses in runoff, it is
recommended that manure be incorporated or injected
into the soil at rates that do not result in accumulation
of soil P levels (Hansen et al., 2002).
Proper management of land-applied manure can also
result in water quality improvements. Incorporated manure improves infiltration and reduces runoff compared
with soils without manure (Ginting et al., 1998; Mueller
et al., 1984; Gilley and Risse, 2000). Increased infiltration in manured soils resulted in lower total P losses in
runoff despite an increase in the P level in the soil
after manure was applied. However, studies that have
documented improved infiltration and lower runoff after
manure application have evaluated land application of
solid manure at relatively high application rates. It is
not known whether improvements in infiltration, with
ensuing reductions in nutrient loading, result when liquid swine manure is applied at lower, P-based application rates. The objective of this study was to evaluate
how the application and incorporation of liquid swine
manure at varying rates affects runoff volume and the
transport of sediment and P in runoff.

Reducing the delivery of phosphorus (P) from land-applied manure
to surface water is a priority in many watersheds. Manure application
rate can be controlled to manage the risk of water quality degradation.
The objective of this study was to evaluate how application rate of
liquid swine manure affects the transport of sediment and P in runoff.
Liquid swine manure was land-applied and incorporated annually in
the fall to runoff plots near Morris, Minnesota. Manure application
rates were 0, 0.5, 1, and 2 times the rate recommended to supply P
for a corn (Zea mays L.)–soybean [Glycine max (L.) Merr.] rotation.
Runoff volume, sediment, and P transport from snowmelt and rainfall
were monitored for 3 yr. When manure was applied at the highest
rate, runoff volume and sediment loss were less than the control plots
without manure. Reductions in runoff volume and soil loss were not
observed for spring runoff when frozen soil conditions controlled
infiltration rates. The reduced runoff and sediment loss from manure
amended soils compensated for addition of P, resulting in similar
runoff losses of total P among manure application rates. However,
losses of dissolved P increased with increasing manure application
rate for runoff during the spring thaw period. Evaluation of water
quality risks from fall-applied manure should contrast the potential
P losses in snowmelt runoff with the potential that incorporated manure may reduce runoff and soil loss during the summer.

R

educing the delivery of P from agricultural sources
to surface and ground water is the focus of water
quality efforts in many watersheds (Sharpley et al., 1994;
Carpenter et al., 1998). Water quality problems associated with excess P relate to accelerated eutrophication
of inland, estuarine, and coastal waters and include low
oxygen levels, reduced aquatic species diversity, turbidity,
and undesirable taste and odor in municipal water supplies (Carpenter et al., 1998; National Research Council,
2000; Sharpley et al., 1994; Smith, 1998). In watersheds
where livestock production is important, managing landapplied manure is often an important water quality consideration. The risk of P from land-applied manure moving to sensitive waters depends on the interaction of site
properties, climatic conditions, and management practices. It is important to understand how management

MATERIALS AND METHODS
The study was located at the University of Minnesota West
Central Research and Outreach Center in Morris, Minnesota
on a Forman (fine-loamy, mixed Udic Argiboroll)–Buse (fineloamy, mixed Udorthentic Haploboroll) complex with a southeastern aspect and 12% slope. Daily weather observations
were made at a permanent weather station located 1.3 km
from the site and included precipitation, air temperature, soil
temperature, and the depth of soil frost.
Twelve runoff plots (22 ⫻ 3 m) arranged in a randomized
complete block design were established to accommodate three
replications of four manure application rates. The plots were
bordered with 0.25-m-wide corrugated sheet metal placed vertically into the soil to isolate surface runoff within the defined
plot area. On the downslope side of each plot a metal collection
flume channeled runoff through a 10-cm-diameter polyvinyl
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chloride (PVC) pipe to a tipping bucket flow meter. Each
time the bucket tipped, a 1.9-cm-diameter PVC pipe collected
a portion of the water from the bucket and this was collected
in a 5-L polyethylene sample container, creating a composite
sample for chemical analysis. The tipping buckets were monitored continuously with a data logger (CR-10X; Campbell
Scientific, Logan, UT) and a calibration equation was used to
convert tipping rate to runoff volume.
The plots were cropped to corn in 1999 and 2001 and soybean in 2000. Row spacing was 76 cm for both corn and
soybean. Cultural and pest management practices were in
accordance with University of Minnesota recommendations.
Before planting in the spring, secondary tillage was performed
with a single pass with a field cultivator. Liquid swine manure
was obtained from an anaerobic storage pit located under a
farrowing barn. The annual manure applications were broadcast-applied on 5 Nov. 1998, 28 Oct. 1999, and 30 Oct. 2000
and immediately incorporated to 15 cm with a chisel plow
traveling up and down the slope. Experimental treatments
were:
• Control: tillage with no manure applied.
• 0.5X: liquid swine manure applied at half the agronomic
rate.
• 1X: liquid swine manure applied equal to the agronomic
rate.
• 2X: liquid swine manure applied at twice the agronomic
rate.
The agronomic application rate (1X) was based on initial
soil test results (Table 1), University of Minnesota P fertilizer
recommendations (Rehm et al., 1995), and the total P content
of the manure. The volume of manure and the mass of P
applied for the agronomic (1X) rate were 37 m3 ha⫺1 yr⫺1 and
28 kg ha⫺1 yr⫺1, respectively. The average solids content of
the manure was 1.6%. No supplemental P fertilizer was added
for the control and 0.5X treatments. In each plot, a composite
soil sample was taken at 0- to 7.5- and 7.5- to 15-cm depths
before manure application in 1998 to determine initial conditions and in June 1999 and June 2001 to characterize the effect
of manure application rate on soil P status. Samples were ovendried, ground, and analyzed to measure the concentration
of extractable P and organic matter. Extractable soil P was
determined using the Olsen method (Frank et al., 1998). Soil
organic matter content was measured by loss on ignition
Table 1. Effect of manure application rate on Olsen P and soil
organic matter content at depths of 0 to 6 and 6 to 12 cm after
one annual manure application (1999) or three annual manure
applications (2001), along with soil test P and organic matter
content before any manure application (1998).†
Olsen P
Treatment

1998

1999
mg

Organic matter
2001

1998

kg⫺1

Control
0.5X
1X
2X
p⬎F

6.0
9.3
8.0
9.3
–

7.7a
12bc
11b
15c
0.02

Control
0.5X
1X
2X
p⬎F

4.3
4.7
4.3
5.3
–

4.7a
6.7a
5.7a
8.0a
0.36

0–6 cm
5.0a
11b
16bc
19c
0.01
6–12 cm
3.3a
7.3b
7.7b
9.0b
0.02

1999
g

2001

kg⫺1

44
44
47
44
–

43a
46a
44a
46a
0.80

36a
39a
41a
43a
0.14

36
36
40
36
–

37a
39a
39a
39a
0.94

35a
35a
36a
39a
0.25

† Manure was applied annually in the fall at rates that varied based on the P
recommendation from an initial soil test (1X) for a corn–soybean rotation.

(Combs and Nathan, 1998). The line transect method (Laflen
et al., 1981) was used to determine percent residue cover using
three 4.0-m-long transects per plot after planting each year.
Crop biomass and grain yield were determined each fall by
harvesting aboveground biomass from two 3.0-m-long rows
within each replication and separately weighting grain and
nongrain tissue and correcting for moisture content.
Runoff samples were collected within 6 h following each
runoff event and were stored at 4⬚C. Samples were analyzed
for concentration of total solids (TS), total phosphorus (TP),
and dissolved molybdate-reactive phosphorus (DP).
Total solids concentration was measured by evaporating
200 mL of the runoff sample at 105⬚C and weighing the remaining solids. Total P concentration was measured using a
perchloric acid digestion (Plumb, 1981, p. 3-73 to 3-76). The
DP concentration was measured by first filtering the sample
through a 0.45-m pore membrane and then using the ascorbic
acid method (Murphy and Riley, 1962). Contaminant loading
was calculated for TS, TP, and DP by multiplying the contaminant concentration by the runoff volume.
Analysis of variance was performed using Statistical Analysis System software (SAS Institute, 1999) for soil analysis,
runoff and contaminant losses from individual runoff events,
and for the annual or seasonal sums of multiple events. Seasonal sums evaluated were spring, consisting of runoff occurring in March and April, and summer, consisting of runoff
in June, July, and August. Data for runoff volume, total solids
loss, and P losses were transformed to logarithmic (base 10)
values to control nonhomogeneous variances. The means reported are geometric means. When treatment effects were
significant, the least significant difference test was used to
separate means (␣ ⫽ 0.10).

RESULTS AND DISCUSSION
Soil Analysis and Crop Residue Cover
Olsen soil P concentration measured in the fall of 1998
before the initial manure application averaged 8 mg kg⫺1
for the 0- to 7.5-cm depth and 4.5 mg kg⫺1 for the
7.5- to 15-cm depth. After the first manure application,
Olsen P concentrations measured in June 1999 were
higher than the initial levels and differed with manure
application rates at the 0- to 6-cm depth (Table 1).
Concentrations were highest for the 2X manure application rate. Olsen P concentration did not differ among
manure application rates at the 7.5- to 15-cm depth. For
soil samples taken in June 2001 after the third manure
application, Olsen P concentrations were different among
manure application rates for both the 0- to 7.5- and
7.5- to 15-cm sampling depths. In both cases, increasing
manure application rates corresponded to higher concentrations of extractable P while the control plots had
the lowest concentrations. Differences in extractable P
concentration among manure rate treatments were most
pronounced near the soil surface. Elevated extractable
soil P concentrations usually correspond to higher concentrations of DP in runoff (Hansen et al., 2002). There
were no measurable effects of manure application rate
on soil organic matter content (Table 1).
Crop residue cover measured after planting averaged
20, 46, and 28% for 1999, 2000, and 2001, respectively.
Residue cover was higher in the year following corn
harvest (2000) than in years following soybean harvest
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Table 2. The effect of manure application rate treatments on crop
biomass and grain yield during a 3-yr study.†
Biomass
Treatment

Corn

Grain yield

Soybean

Corn

Soybean

6.1a
6.9a
7.1a
6.8a
0.18

2.1a
2.2a
2.4b
2.5b
0.03
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Mg ha⫺1
Control
0.5X
1X
2X
p⬎F

13a
17b
17b
18b
0.001

7.4a
7.6a
6.7a
5.9a
0.10

† Corn biomass and grain yield are averaged over two years (1999, 2001)
while soybean biomass production and grain yield are from a single year
(2000).

(1999 and 2001). Residue cover was not different among
manure application rate treatments (p ⫽ 0.51).

Crop Biomass and Grain Yield
Crop growth as represented by total aboveground
biomass and by grain yield was affected by manure
application rate (Table 2). Average corn biomass production was greater for all manure application rates than
for the control treatment, but there was no significant
difference in average corn grain yield. Soybean biomass
production was not different among treatments, but
grain yield did differ. Soybean grain yield was greater
for the 1X and 2X manure rates than for the control
and 0.5X treatments.

Fig. 1. Cumulative daily precipitation for each year of the study period
(1999–2001) compared with the 30-yr average daily cumulative
precipitation for Morris, Minnesota. Arrows mark the occurrence
of runoff from snowmelt (S) or rainfall (R).

Precipitation
Annual precipitation varied among the three study
years (Fig. 1). In 1999, winter and spring precipitation
were close to the long-term average for this location.
A wetter than normal summer was followed by a very
dry fall and the cumulative annual precipitation was
625 mm. Six runoff events occurred in 1999, one from
snowmelt in early spring and five from rainfall in the
summer.
Precipitation in 2000 closely followed the normal seasonal distribution and totaled 652 mm. Runoff patterns
were similar to the previous year with one event from
spring snowmelt and four from summer rainfall. In 2001,
precipitation was greater than normal and totaled 792
mm. The largest deviation from the normal precipitation
pattern was a 63-mm rainfall occurring on 7 Apr. 2001.
This rainfall resulted in the largest single runoff occurrence during the study. At the time of the rain, there
was some snow remaining on the plots adding to the
water available for runoff and there was frost from 5
to 20 cm below the soil surface that limited infiltration
rates. In addition to this event, there was a small snowmelt event on 5 Apr. 2001 and three summer runoff
events in 2001.

Runoff
In each year, runoff occurred during the spring thaw
period under conditions of soil frost and melting snow
or in the summer from rainfall (Fig. 1 and Table 3). Of
the four runoff events that occurred during the spring
thaw, three resulted from melting snow alone, while the
7 Apr. 2001 runoff resulted from the combination of

melting snow and rain. The summer runoff events occurred between June and August, a period of high precipitation and potential erosion for row crop production
systems in the Upper Midwest. During this time, the
undeveloped crop canopy leaves the soil exposed to the
erosive effects of rain. During the 3-yr study period,
there was no measurable runoff in the fall or winter.
The effect of manure application rate on runoff volume was evaluated for individual runoff events, seasonal
totals, and annual totals. There was a significant effect
Table 3. The effect of manure application rate treatments on
runoff from individual runoff events during a 3-yr study.†
Runoff
Manure application rate
Date

0X

0.5X

1.3
1.7
12
1.3
1.0
0.83
1.1
3.1
0.21
9.6
3.7
4.4
16
4.1
5.9
5.5

0.72
1.6
12
0.91
0.63
0.48
0.7
1.4
0.07
6.2
2.6
4.3
11
3.1
4.1
4.3

1X

2X

p⬎F

0.33
1.2
11
0.76
0.84
0.64
0.81
0.83
0.11
6.3
2.5
12
17
4.6
5.5
7.6

0.41
0.86
8.8
0.30
0.71
0.42
0.80
0.45
0.08
4.0
2.0
5.7
9.0
2.6
3.3
2.6

0.50
0.35
0.49
0.10
0.82
0.75
0.60
0.01
0.001
0.13
0.30
0.49
0.88
0.01
0.01
0.64

mm
24 Mar. 1999
30 June 1999
8 July 1999
16 July 1999
9 Aug. 1999
13 Aug. 1999
29 Mar. 2000
15 June 2000
26 June 2000
5 July 2000
12 July 2000
5 Apr. 2001
7 Apr. 2001
27 June 2001
30 June 2001
17 July 2001

† Manure was applied annually in the fall at rates that varied based on the P
recommendation from an initial soil test (1X) for a corn–soybean rotation.
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Fig. 2. The effect of manure application rate on average annual (A) runoff, (B) total solids (TS) loss, (C) total phosphorus (TP) loss, and (D)
dissolved molybdate-reactive phosphorus (DP) loss from 1999–2001. Bars are split to indicate the contribution of spring and summer seasons
to the annual totals. Bars with the same letters are not significantly different (P ⬍ 0.10) when comparing across manure application rates for
spring, summer, and annual segments of each bar. Manure was applied annually in the fall based on the P recommendation from an initial
soil test (1X) for a corn–soybean rotation.

of manure application rate on runoff volume for 5 of 16
runoff events, all of which occurred during the summer
months (Table 3). For each of the five events with significant treatment effects, runoff was less for the 2X manure rate than for the other rate treatments.
The sum of runoff for the summer period (Fig. 2) was
affected by manure application rate (p ⫽ 0.01) and by
year (p ⫽ 0.07), and there was no interaction of year
and application rate (p ⫽ 0.66). Summer runoff was less
for the 2X manure application rate than for the 0X,
0.5X, and 1X treatments. The sum of runoff for the
spring period varied among years (p ⬍ 0.001) but was
not affected by manure application rate (p ⫽ 0.36).
Annual runoff volume varied among manure application rates (p ⫽ 0.01). Runoff volume was less for the
2X manure rate than for the 0X, 0.5X, and 1X manure
application rates (Fig. 2A). The reduction in annual
runoff volume was controlled by the effect of manure
applied at the 2X rate on runoff during the summer
period. Other research has shown that incorporated manure reduces storm runoff (Gilley and Risse, 2000; Ginting et al., 1998; Mueller et al., 1984). These studies evaluated the effects of applying solid manures that often
include livestock bedding materials such as straw and
they do not determine if changes in runoff are due to
an increase in surface residue cover or to changes in soil
physical properties. The reduction in runoff observed in

the current study occurred following application of liquid swine manure, a practice that did not add to surface
residue cover. The observed differences in summer runoff may be due to differences in crop canopy cover
among manure rate treatments or may be the result of
changes in soil properties as a result of the applied liquid
manure. Although we measured differences in total biomass production for the corn crop at then end of the
growing seasons (Table 2), we do not suspect that canopy differences due to the manure rate treatments were
responsible for the observed differences in runoff. Most
of the runoff occurred in June and July, a time when
canopy was small for all treatments. During this time,
we observed little difference in canopy cover. Further,
we measured no differences in soybean biomass production (Table 2) but still observed runoff differences among
manure rate treatments during the soybean year
(Table 3). Therefore, we believe that the observed reduction in runoff with incorporated manure was a result
of improved soil infiltration rates. However, further research is needed to identify the specific mechanisms controlling the observed differences in runoff. A reduction
in runoff was not observed at low rates of liquid manure
application and it is not known whether additional reductions in runoff would be achieved with application
rates higher than those used in this study.
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Total Solids
The loss of total solids in runoff occurred predominantly in summer and ranged from 1.4 to 3.1 Mg ha⫺1
yr⫺1. Total solids loss from summer events was affected
by manure application rate (p ⫽ 0.09) and study year
(p ⫽ 0.01), and there was no year by application rate
interaction (p ⫽ 0.76). Losses were less from the 2X
application rate than for the control and 0.5X treatments. Total solids loss from the spring period was different among years (p ⬍ 0.001) but was not affected by
manure application rate (p ⫽ 0.77). Solids losses were
very small for spring snowmelt runoff.
Average annual loss of total solids in runoff (Fig. 2B)
was significantly different among manure application
rates (p ⫽ 0.02). The loss of total solids was less for the
2X rate than for the 0X, 0.5X, and 1X rates. As observed
for runoff volume, the incorporation of liquid swine
manure reduced erosion and total solids loss in summer
runoff. The reduction in soil loss was not observed for
low manure application rates. No reduction in erosion
was observed during the spring thaw, when soil frost
was present.
Phosphorus
Total P loading (Fig. 2C) averaged 2.3 kg ha⫺1 yr⫺1
and was not different among manure application rates
(p ⫽ 0.11). On average, 65% of the total P loss came
from summer runoff and the remainder came from
spring, predominantly from the 7 Apr. 2001 rainfall.
There were no significant treatment effects on the losses
of total P when considering seasonal totals for spring
(p ⫽ 0.77) or summer (p ⫽ 0.16). Thus, liquid swine
manure applied and incorporated at P-based rates did
not significantly increase total P loading in runoff, despite the addition of P to the soil. These results illustrate
that a reduction in runoff associated with incorporated
manure can partially offset a greater P concentration in
the soil and in runoff.
Annual loss of dissolved P (Fig. 2D) was different
among manure application rates (p ⫽ 0.01). Losses from
the 1X and 2X treatments were greater than losses from
the control and 0.5X treatments. Dissolved P losses ranged
from 3% of total P losses for the control treatment to
20% of total P losses for the 2X application rate. The
majority of the DP losses came from the spring runoff
period and was mostly due to the large runoff event on
7 Apr. 2001. Loss of DP was different among manure
application rates for spring events (p ⫽ 0.001) but was
not different for summer events (p ⫽ 0.79). The fraction
of TP loss that occurred as DP differed for spring and
summer runoff periods. The percent of TP lost as DP
averaged 18 and 2% for spring and summer runoff, respectively.
Dissolved P losses in spring runoff illustrate the potential for increased DP losses when a runoff event
follows shortly after manure application or during the
spring thaw after fall-applied manure. These losses may
be considered as the short-term risks associated with
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land-applied manure. Many studies evaluating the shortterm water quality risks of applied manure use simulated
rainfall shortly after manure application (Edwards and
Daniel, 1994; Pote et al., 2001). However, short-term
studies should be interpreted together with studies that
consider longer-term effects such as the effect of applied
manure on infiltration rate observed here. The summer
runoff events from this study illustrate that the risk of
elevated DP losses associated with incorporated manure
does not persist. Dissolved P losses from summer events
were not greater with increasing manure application
rates. Thus, an important consideration in developing
recommended manure application practices is the probability that a runoff-inducing event will occur shortly
after the manure application.

CONCLUSIONS
Liquid swine manure applied and incorporated into
the soil reduced runoff volume during the growing season compared with soil with no applied manure. There
was also a reduction in sediment loss during summer
runoff associated with applied manure. Despite the addition of P to the soil with applied manure and a corresponding increase in extractable soil P concentration,
there was no difference in total P lost in runoff relative
to plots without manure applied. The reduction in runoff
due to manure compensated for the increase in soil P
level. However, there was a higher loss of DP with increasing manure application rates for spring runoff. Runoff and erosion that occurred during spring thaw were
controlled by the presence of frost in the soil and were
not influenced by manure. Thus, there are both shortand long-term effects of manure application on the
quantity and quality of runoff. Evaluation of water quality risks should consider the long-term benefits of incorporated manure on runoff and soil loss, but also consider
short-term risk based on the probability of a runoff
event occurring shortly following manure application.
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