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Changes in Soil Attributes Following Low Phosphorus Swine Slurry
Application to No-Tillage Sorghum
Brian J. Wienhold*
ABSTRACT

lar amounts of total P as TC, but a larger proportion
of that P exists as phosphate rather than phytate (Ertl
et al., 1998). Bioavailability of P in LPC is higher than
in TC for nonruminant animals such as swine (Baxter
et al., 1998) and poultry (Ertl et al., 1998). Increased
bioavailability of feed P reduces the need for supplemental P in the diet and results in less P being excreted
by the animal (Baxter et al., 1998). In a laboratory study,
Gollany et al. (2003) found that P content of LPC swine
manure was 42% lower than TC swine manure, but P
availability was similar. However, potential effects of
LPC swine manure on soil properties have not been
adequately assessed in the field.
In addition to nutrients, manure contains organic matter and minerals. Addition of manure to soils can directly or indirectly affect soil physical, chemical, and
biological properties. Direct effects include changes in
nutrient status or pH. Indirect effects may result from
altered microbial activity, soil organic matter status, and
rates of nutrient mineralization. In a laboratory study,
Dendooven et al. (1998) reported that immediately after
addition of swine slurry soil pH increased from 6.2 to
7.1, increased to 8.3 after 3 d, and then declined to 7.4
after 28 d. Dendooven et al. (1998) also reported no
increase in soil NO3–N concentration 28 d after slurry
application. Several studies have reported short-term
increases in microbial biomass C (Lalande et al., 2000;
Rochette et al., 2000a), increased enzyme activity (Lalande et al., 2000), and increased C mineralization (Dendooven et al., 1998) following swine slurry addition, but
these increases did not persist. Rochette et al. (2000a)
described two phases in swine slurry organic matter
decomposition. Initial rates of decomposition were
rapid, proportional to application rates, and involved
readily decomposable organic compounds. During the
second phase, decomposition was slower and involved
more recalcitrant compounds. Two months after slurry
application, microbial biomass C concentrations in soils
receiving swine slurry were similar to those receiving
inorganic fertilizer. Flowers and Arnold (1983) reported
that N-mineralization rates in swine-slurry-amended soil
were similar to untreated controls. Since the chemical
composition of TC and LPC manure differs (Wienhold
and Miller, 2004), studies are needed to determine if
these manure types differ in their effects on soil quality.
Assessing management effects on soil quality is complicated by the often conflicting results exhibited by
individual soil attributes (Andrews et al., 2002). Management assessment is best done using a dynamic assessment so that temporal variation in attributes and trends

Swine (Sus scrofa) slurry can serve as an excellent fertilizer source.
Application at rates to meet crop N requirements can result in excess
soil P due to low manure N/P ratios. Low phytate corn (LPC) (Zea
mays L.) stores a greater proportion of P as phosphate than does
traditional corn (TC) increasing bioavailability of P in pig feed grain.
Improved utilization of feed P reduces P concentration in manure and
soil P accumulation. However, the potential effects of LPC manure on
other soil properties are not known. Changes in soil attributes over
3 yr were compared for soils receiving LPC manure, TC manure,
inorganic fertilizer, and no nutrients in no-tillage sorghum [Sorghum
bicolor (L.) Moench] on a Sharpsburg clay loam (fine, smectitic, mesic
Typic Argiudolls). Soil physical properties exhibited values that should
not inhibit crop growth. Several soil chemical properties differed by
year and treatment. Particulate organic matter (POM), NO3–N, pH,
and extractable P increased with manure additions. Extractable P content was greater with addition of TC than LPC manure. Soil chemical
properties exhibited values acceptable for crop production, but increasing extractable P increases the potential for environmental contamination. Biological soil properties varied in their response to treatments.
Microbial biomass C decreased in the control and increased in manure
treatments. The Soil Management Assessment Framework (SMAF)
was used to conduct a dynamic soil quality assessment. The SMAF
index values were similar across years in the control and inorganic
fertilizer treatments and increased in both manure treatments. Manure
additions improved soil properties affecting crop production, with P
accumulation and the potential for environmental contamination being lower with LPC manure. LPC manure applied at rates to meet
crop N requirements will have slower soil P accumulation rates and
a lower potential for P contamination of the environment.

S

wine slurry contains nutrients essential for plant
growth and when applied to soil at proper rates can
serve as an excellent source of essential plant nutrients.
When applied to land at rates in excess of that needed
by the crop, the potential exists for water soluble P and
NO3–N to leach and for increased runoff losses of all
fractions of N and P (Sharpley et al., 1998). Application
of swine manure to meet crop N needs can result in the
accumulation of inorganic P because the N/P ratio in
swine manure is lower than that needed by most crops.
The low N/P ratio in swine manure results from the
inability of swine to efficiently utilize phytate P, the
primary form of P stored in TC. Low phytate corn contains a mutant gene that results in grain containing simi-
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in changes associated with management practices can
be detected (Larson and Pierce, 1994). Combining results for a variety of attributes into an index can be
effective in resolving conflicting results and assist in
assessing management effects (Karlen and Stott, 1994).
Andrews et al. (2002) rigorously compared a number
of indexing approaches and concluded that management
practices could be assessed using a small number of
key indicators with an additive index utilizing nonlinear
scoring curves for the indicators. Andrews and Carroll
(2001) used a similar index to assess poultry litter management alternatives.
Since the effects of LPC swine manure on soil attributes have not been assessed under field conditions, the
objectives of this study were to: (i) compare soil physical,
chemical, and biological properties in soils receiving TC
or LPC swine manure, inorganic fertilizer, or no additional nutrients over 3 yr in soils that had received only
inorganic fertilizer and no manure for at least 10 yr; (ii)
determine if TC and LPC manure differed in their effect
on soil properties; and (iii) implement the Soil Management Assessment Framework (SMAF) of Andrews et
al. (2002, 2004) as a means of making a dynamic assessment of management effects on soil quality.
MATERIALS AND METHODS
Swine Feed Preparation
Corn exhibiting the low phytate trait (Pioneer1 variety
X1127PP; Pioneer Hybrid International, Johnston, IA) and
the same variety without the low phytate trait (Pioneer variety
Alicia; Pioneer Hybrid International, Johnston, IA) were grown
under irrigation near Shelton, NE in 1998. Recommended
practices for irrigation, fertilizer application, and pest control
were used to optimize yield. The stands were harvested and
stored separately until used as feed. The two corn sources
were used to prepare feed appropriate for a starter phase
swine diet in the spring of 1999, 2000, and 2001. Each year
the two diets were fed to swine in elevated pens with 10 pigs
per pen. Each diet was fed to all pigs in six randomly assigned
pens. Trays were placed under each pen and slurry (manure
and urine) was collected. Slurry from swine fed each of the two
diets was stored separately until needed for field application.

Site Description and Experimental Design
The field site was located at the Roger’s Memorial Research
Farm 10 km east of Lincoln, NE. Soil at this site is a Sharpsburg
clay loam on a 3 to 5% slope. Annual precipitation at the site
averages 723 mm. Precipitation was near the average in 1999
(729 mm) and was well below average in 2000 (496 mm) and
2001 (546 mm).
The site has been in a no-tillage winter wheat (Triticum
aestivum L.), soybean [Glycine max (L.) Merr.], sorghum rotation for ⬎10 yr and was in the sorghum phase of the rotation
in the year before the initiation of this study. Four nutrient
treatments (inorganic fertilizer, LPC manure, TC manure, and
control) were applied in 1999, 2000, and 2001 to 3.6 by 9.7 m
plots arranged in a completely randomized design with three
replications. No nutrients were added to the control treatment,
120 kg N ha⫺1 as NH4NO3 and 30 kg P ha⫺1 as superphosphate
1
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were added to the inorganic fertilizer treatments, and both
manures were added at rates to meet the N needs of sorghum
assuming 70% of the N in the manure was available to the
crop during the growing season (Koelsch and Shapiro, 1997).
The two manures differed in nutrient concentration (Wienhold
and Miller, 2004) and this difference resulted in the application
of 180 kg N ha⫺1 and 50 kg P ha⫺1 in the TC manure treatment
and 180 kg N ha⫺1 and 38 kg P ha⫺1 in the LPC manure
treatment. Sorghum was direct-seeded into the previous years
residue in mid-May each year and treatments were surface
applied at crop emergence (e.g., last week of May).

Soil Sampling Procedures
In 1999, 2000, 2001, and 2002, one week before planting,
soil samples were collected from each plot. Soil samples collected in 1999 represent baseline values before any treatments
were imposed. Thirty cores 20 mm in diameter were collected
to a depth of 30 cm and 15 cores were collected to a depth
of 15 cm were collected from each plot so that one-third of
the cores were collected from within the crop row, one-third
of the cores were collected from within wheel traffic interrow areas, and one-third of the cores were collected from
within non-wheel traffic inter-row areas. The 15 cores collected to a depth of 15 cm were to ensure that a sufficient
mass of soil was collected from the surface layers. Cores were
sectioned into 0- to 7.5-, 7.5- to 15-, and 15- to 30-cm depths
and composited by depth. Samples were stored at 5⬚C until
analyzed for water content and biological properties. Remaining soil was air-dried, ground and passed through a 2-mm
sieve.

Soil Property Determination
Soil physical properties measured included gravimetric water content (Gw) and bulk density (Db). Water content was
determined by measuring mass lost during drying at 105⬚C for
48 h (Gardner, 1986). Bulk density was calculated by dividing
the mass of soil, corrected for moisture content, by the volume
of soil collected (Blake and Hartge, 1986). Water content and
Db were used to calculate water-filled pore space (WFPS)
using the equation:

WFPS ⫽

D b ⫻ Gw
1 ⫺ (Db/PD)

assuming a particle density (PD) of 2.65 g cm⫺3 (Linn and
Doran, 1984).
Soil chemical properties measured included pH, electrical
conductivity (EC), organic C, total N, labile C, inorganic N,
extractable P, and particulate organic matter (POM). Distilled
water was added on a 1:1 w/w basis to 10 g of air-dried soil,
EC of the soil slurry was determined using a conductivity
meter (Rhoades, 1982), and pH was then determined using a
glass electrode (McLean, 1982). Total C and N were determined by dry combustion using a Carlo-Erba NA 1500 NCS
(Carlo Erba Instruments, Milan, Italy) analyzer (Schepers et
al., 1989). Carbonates were not present based on treatment
of the soil with dilute acid and total C was assumed to represent
organic C. Labile C was measured using the KMnO4 oxidation
method (Weil et al., 2003). Inorganic N in 1 M KCl extracts
was measured colorimetrically using a Lachat flow injection
ion analyzer (Zellweger Analytics, Lachat Instruments Div.,
Milwaukee, WI). Nitrate-N was determined using the Cd reduction method (Mulvaney, 1996). Particulate organic matter
in the ⬍0.5- and 0.5- to 2-mm fractions was determined using
the method of Cambardella et al. (2001). Extractable P was
determined using the method of Bray and Kurtz (1945) with
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P concentration determined spectrophotometrically at 882 nm
using the phosphomolybdate blue method (Murphy and Riley,
1962).
Soil biological properties measured included potentially
mineralizable N and microbial biomass C and N. Potentially
mineralizable N was measured using the anaerobic incubation
method (Keeney, 1982). Microbial biomass N and C were
determined using the microwave irradiation method (Islam
and Weil, 1998).
Soil chemical and biological properties are reported on a
volumetric basis and were calculated using measure Db values.
Results are reported as treatment means ⫾ standard error of
the mean.

Soil Quality Index
The SMAF of Andrews et al. (2002, 2004) was used to
calculate an index that integrates transformed values for the
various soil attributes and can be used to make comparisons
among the various treatments. The assessment framework
scores each soil attribute using a nonlinear scoring curve with
a baseline and threshold level based on inherent soil properties
that describe the relationship between the indicator value and
soil function. Scoring curves take one of three forms: moreis-better (e.g., organic C, microbial biomass C, and potentially
mineralizable N), less-is-better (e.g., bulk density), or midpoint optimum (e.g., pH, and extractable P). The score values
for individual attributes were compared among treatments
over the 4 yr of the study. In addition, the score values for
the individual attributes were summed to provide a SMAF
index value for each treatment in each of the 4 yr of the study.
In this study, the following specific indicators from the 0- to
15-cm depth were used: total organic C, microbial biomass C,
potentially mineralizable N, pH, bulk density, EC, and extractable P. These indicators were selected because scoring functions for these indicators have been developed as part of the
assessment framework and because they have implications for
soil functions related to crop production and environmental
quality.

Statistical Analysis
Soil attributes and index outcomes were compared among
treatments by a completely random repeated measures model
in PROC MIXED of SAS (Littell et al., 1996). Since soil
attributes are known to differ with depth, depth was not included in the statistical model and separate statistical analyses
were performed for each depth increment. Scoring curves in
the SMAF were created using soil property data for the 0- to
15-cm depth (Andrews et al., 2004). Soil data from the upper
two soil increments were averaged. These averaged values
were used as input values in the scoring curves to generate
scored values. A statistical analysis was performed on both
the 0- to 15-cm soil property data and scored data so that
results for soil attributes and results for scored values could
be compared. Attribute values for the three depths were also
summed and a separate statistical analysis was performed for
the 0- to 30-cm depth to assess if treatment effects were detectable for the entire sampled profile. Differences were declared
significant at the 0.05 probability level. Differences among
means were determined by pair-wise comparisons made with
the DIFF option of the LSMEANS statement. The Tukey
adjustment option of the LSMEANS statement was used to
protect the experiment-wise error rate.

RESULTS AND DISCUSSION
Soil Physical Properties
Gravimetric soil water content differed among years
(data not shown) likely due to differences in precipitation and temperature among years. Soil Db differed
among years (Table 1). While the differences in Db were
statistically significant, the difference was ⬍0.2 g cm⫺3
and likely resulting from variation in shrink-swell and
freeze thaw cycles from year-to-year. Measured Db was
below the 1.65 g cm⫺3 threshold for restricting root
growth in a clay loam (Arshad et al., 1996). Water-filled
pore space in the 0- to 7.5-cm depth ranged from 0.50
to 0.72. Below 7.5 cm, WFPS varied from 0.69 to 0.98.
When WFPS exceeds 0.60, anaerobic conditions increase
in predominance and the potential for microbial processes
such as denitrification increase (Linn and Doran, 1984).

Soil Chemical Properties
Organic C and total N increased slightly over the 3 yr
in the 0- to 7.5- and 7.5- to 15-cm increments and did
not change over time in the 15- to 30-cm increment.
Organic C and total N content in the 0- to 30-cm depth
did not change from 1999 to 2002. Averaged over years,
the organic C content was 66.2 ⫾ 1.1 Mg ha⫺1 and total
N content was 5.7 ⫾ 0.1 Mg ha⫺1 in the 0- to 30-cm depth
increment. In general, soil organic C and total N contents
change relatively slowly. Varvel (1994) reported an 0.85-g
kg⫺1 increase in C concentration in a soybean–sorghum
rotation compared with an increase of 1.63 g kg⫺1 in
continuous dryland sorghum over 8 yr on similar soils. In
that study, soils were disked before planting each spring,
while no tillage was used in the present study. Tillage
creates a more oxidative soil environment resulting in
increased organic matter decomposition (Doran, 1980).
Numerous studies have shown that soil organic C accumulation occurs more rapidly in surface soils with notillage than with tillage (e.g., Blevins et al., 1983; Havlin
et al., 1990). Over time, we would expect organic C and
N to increase under no-tillage sorghum.
In this study, two pools, labile C and POM, which
contribute to organic soil C were measured. Labile C
was similar across years and treatments in all threedepth increments and averaged 900 ⫾ 24 kg ha⫺1 for
the 0- to 30-cm depth. Labile C is being proposed as a
Table 1. Soil bulk density as a function of year and depth in
rainfed no-tillage sorghum in eastern Nebraska.
Depth increment
Year

0 to 7.5 cm

7.5 to 15 cm

15 to 30 cm

cm⫺3

1999
2000
2001
2002

1.33
1.21
1.11
1.20

⫾
⫾
⫾
⫾

0.02
0.02
0.02
0.01

g
c†
b
a
b

1.36
1.38
1.30
1.44

⫾
⫾
⫾
⫾

0.02
0.01
0.02
0.02

b
b
a
c

1.43
1.38
1.35
1.49

⫾
⫾
⫾
⫾

0.01
0.02
0.02
0.02

b
ab
a
c

P-value
Effect
Treatment
Year
Treatment ⫻ year

0.48
⬍0.01
0.68

0.54
⬍0.01
0.55

0.09
⬍0.01
0.17

† Mean ⫾ standard error of the mean. Values in a column followed by
the same letter are not different at P ⱕ 0.05.
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method for estimating active C in soil quality assessments (Weil et al., 2003). Labile C has been strongly
correlated with substrate-induced respiration, microbial
biomass, and soluble carbohydrate C, and less strongly
correlated with basal respiration, total organic C, and
K2SO4–extractable C (Weil et al., 2003). In this study,
differences among treatments and years in labile C were
too small to detect when measured 11 mo after slurry
application. This is consistent with others reporting that
the increase in microbial biomass C (Lalande et al.,
2000; Rochette et al., 2000a), enzyme activity (Lalande
et al., 2000), and C mineralization (Dendooven et al.,
1998) following swine slurry addition did not persist.
In contrast to labile C, POM differed among treatments and years. From 1999 to 2002, the ⬍0.5-mm POM
content declined in the control treatment in the 0- to
7.5- and 15- to 30-cm depths (data not shown). From
1999 to 2002, the 0.5- to 2-mm POM and total POM
increased in the fertilizer and manure treatments in
the 0- to 7.5-cm depth. In the 7.5- to 15-cm depth, the
⬍0.5 mm POM, 0.5- to 2-mm POM, and total POM
content was similar among treatments and years (data
not shown). In the 0- to 30-cm depth, the ⬍0.5-mm
POM and total POM decreased from 1999 to 2002 and
the 0.5- to 2-mm POM was similar among years in the
control treatment (Fig. 1). In the inorganic fertilizer,
TC manure, and LPC manure treatments the 0.5- to

Fig. 1. Small (⬍0.5 mm), large (0.5–2 mm), and total particulate organic matter (POM) as a function of nutrient treatment and year
for the 0- to 30-cm depth increment. Bars within a POM size and
treatment group with different letters above them are different at
P ⬍ 0.05.
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2-mm POM increased from 1999 to 2002 and was greater
than in the control (Fig. 1). In the inorganic fertilizer
treatment, total POM varied from year to year, but did
not change from 1999 to 2002. In the TC manure and
LPC manure treatments, total POM increased from
1999 to 2002 (Fig. 1).
Besnard et al. (1996) described POM as a labile fraction of soil organic matter that is physically protected
from biodegradation within soil aggregates. Wander et
al. (1994) identified POM as a measure of less active
labile soil organic matter. Physical protection making
POM less labile would explain why observed differences
in POM were not expressed as differences in labile C
above. Cattle manure additions to soil have been shown
to increase water stability of macroaggregates with these
macroaggregates exhibiting increased organic C concentrations in the form of POM (Aoyama et al., 1999).
Changes in POM associated with swine slurry additions
have not been reported. In this study, the decline in
POM in the control treatment is likely due to declining
yields associated with reduced nutrient availability. Increases in POM in the fertilizer and manure treatments
are likely due to maintaining sorghum yields with adequate nutrient availability.
Electrical conductivity (range 0.07 to 0.67 dS m⫺1)
differed by year in all three soil depth increments (data
not shown). Nutrient treatments did not affect EC in
the 0- to 7.5-cm depth. However, in the 7.5- to 15- and
15- to 30-cm depths, EC was similar in the control and
inorganic fertilizer treatments, but was greater in the TC
manure and LPC manure treatments (data not shown).
The increase in EC is likely due to the higher NO3–N
contents described below. The observed EC values were
well below threshold levels for reducing crop yield (Maas
and Hoffman, 1977) or increasing microbial release of
nitrous oxide (Smith and Doran, 1996).
Soil pH differed by treatment and year in the 0- to
7.5-cm depth and by year in the 7.5- to 15- and 15- to
30-cm depths. In the 0- to 7.5-cm depth, pH was lower
in the inorganic fertilizer treatment than in the other
treatments (data not shown). Treatment effects on soil
pH in the surface layer are likely the result of proton
(H⫹) production during nitrification of ammonical fertilizer in the inorganic fertilizer treatment (Adams,
1984) compared with the liming effect of manure produced by animals fed rations with mineral supplements
in the two manure treatments (Dendooven et al., 1998).
While there were observed soil pH differences among
the treatments, the soil pH in all treatments and years
was within the range favorable for nutrient availability
and sorghum production (Smith and Doran, 1996).
Soil inorganic N content differed by year for all depths.
In the 0- to 30-cm depth, soil NO3–N content was greater
in 2000 than in 1999 and 2001 (Table 2). In the 0- to
7.5-cm depth increment, NO3–N content was greater in
the TC manure treatment than in the inorganic fertilizer
and control and the LPC manure treatment is greater
than the inorganic fertilizer treatment (Table 2). In the
7.5- to 15-cm depth increment NO3–N content was
greater in the two manure treatments than in the inorganic fertilizer and control. In the 15- to 30-cm depth
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Table 2. Soil NO3–N content as a function of year and nutrient treatment in rainfed no-tillage sorghum in eastern Nebraska.
Treatment

Reproduced from Soil Science Society of America Journal. Published by Soil Science Society of America. All copyrights reserved.

Year

Control

Inorganic fertilizer

1999
2000
2001
2002
Treatment mean

6.5
10.6
2.9
4.6
6.2

a A†
aA
aA
aA
⫾ 0.6 b

6.6
6.1
3.8
5.5
5.5

aA
aA
aA
aA
⫾ 0.6

1999
2000
2001
2002
Treatment mean

3.0
2.7
2.1
2.5
2.6

aA
aA
aA
aA
⫾ 0.4 a

2.6
2.8
2.6
4.3
3.1

aA
aA
aA
aA
⫾ 0.4

1999
2000
2001
2002
Treatment mean

6.2
3.0
5.0
3.5
4.4

aA
aA
aA
aA
⫾ 0.6 a

5.8
4.3
7.8
6.2
6.0

aA
aA
aA
aA
⫾ 0.6

1999
2000
2001
2002
Treatment mean

15.7
16.3
9.8
10.6
13.2

aA
ab A
aA
aA
⫾ 1.1 a

15.0
13.1
14.2
16.0
14.6

aA
aA
aA
aA
⫾ 1.1

Effect
Treatment
Year
Treatment ⫻ year

0.02
⬍0.01
0.08

Traditional manure

NO3–N content, kg ha⫺1
0 to 7.5 cm
6.7 a A
15.6 a A
5.8 a A
6.5 a A
a
8.7 ⫾ 0.7
7.5 to 15 cm
2.9 a A
6.5 a B
3.6 a AB
6.4 a B
a
4.9 ⫾ 0.4
15 to 30 cm
5.7 a A
9.0 b A
8.0 a A
9.8 b A
ab
8.1 ⫾ 0.6
0 to 30 cm
15.2 a A
32.2 b B
17.5 a A
22.6 a AB
ab
21.9 ⫾ 1.1
P-value

⬍0.01
⬍0.01
⬍0.01

⬍0.01
0.06
⬍0.01

Low phytate manure

Year mean

aA
aA
aA
aA
⫾ 0.7 bc

6.5‡
10.9
4.4
6.3

⫾
⫾
⫾
⫾

0.2
1.0
0.4
0.6

A
B
A
AB

c

6.0
11.1
4.9
8.4
7.6

aA
aA
aA
aA
⫾ 0.4 b

2.8
4.2
3.2
4.7

⫾
⫾
⫾
⫾

0.1
0.5
0.2
0.4

A
AB
AB
B

b

2.6
4.8
4.6
5.7
4.4

aA
aA
aA
bA
⫾ 0.6 bc

5.6
5.7
6.9
7.1

⫾
⫾
⫾
⫾

0.3
0.5
1.0
0.4

A
A
AB
B

c

4.9
6.5
6.8
8.9
6.8

aA
ab A
aA
bA
⫾ 1.2 bc

14.9
20.5
14.5
18.1

⫾
⫾
⫾
⫾

0.5
1.7
0.9
1.1

A
B
A
AB

c

13.5
20.2
16.4
23.0
18.3

⬍0.01
⬍0.01
⬍0.01

† For each depth increment, means within a row followed by the same lower case letter or means within a column followed by the same upper case letter
are not different at P ⬍ 0.05.
‡ Mean ⫾ standard error of the mean.

increment NO3–N content was greatest in the LPC manure treatment and similar among the other three treatments. When summed across depths, NO3–N content
was lowest in the control and greatest in the TC manure
treatment. Higher NO3–N contents in the manure treatments are likely due to the higher N application rates
in those treatments than the N applied in the inorganic
fertilizer treatment. Rochette et al. (2000b) observed
similar inorganic N concentrations in 0- to 15-cm depth
of soils receiving two rates of swine slurry or inorganic
fertilizer in the spring before nutrient application. Soil
NH4–N content varied among years in all three soil
increments. In the 0- to 30-cm depth, NH4–N content
was 3.7 kg ha⫺1 in 1999, 5.5 kg ha⫺1 in 2000, 3.1 kg ha⫺1
in 2001, and 1.4 kg ha⫺1 in 2002. Low soil NH4–N content
suggests that nitrification activity in these soils was not
adversely affected by the EC values measured in these
soils.
Soil extractable P content was similar across treatments in all depth increments in 1999 (Table 3). Soil
extractable P content increased with time in the two
manure treatments and did not change in the control and
inorganic fertilizer treatments resulting in an interaction
between treatments and years. Extractable P content in
the 0- to 30-cm depth increased slightly in the inorganic
fertilizer treatment and increased two- to three-fold in
the manure treatments over the 4 yr of this study. Following three annual manure applications, extractable P
content was greater in the TC manure treatment than
in the LPC manure treatment in the 0- to 7.5-, 7.5- to

15-, and 0- to 30-cm increments (Table 3). Differences
in extractable P are a result of differences in P application rates between the two manure types. While changes
in soil extractable P were greatest in the 0- to 7.5-cm
increment, surface application of swine slurry affected
soil extractable P throughout the 30-cm sampling zone.
As soil extractable P content increases, the potential
for environmental contamination associated with runoff
losses of P also increases (Sharpley et al., 1996). Smaller
increases in extractable P occurred in plots receiving
manure from swine fed LPC diets. Lower P accumulation in the LPC manure treatment is the result of lower
P application rates in this treatment. Manure from swine
fed LPC diets has a lower P content than does TC
manure and N/P ratio (1:4.8) closer to that required by
a crop (1:6) than does manure from swine fed a TC
corn diet (1:3.7). The chemical composition of manure
produced by swine fed LPC diets reduces the overapplication of P when manure is applied at rates intended to meet the N needs of the crop (Wienhold and
Miller, 2004).

Biological Soil Properties
Potentially mineralizable N increased with time in all
soil depth increments (Table 4). There were no differences in potentially mineralizable N among treatments
in any of the sampled increments. Apparently, potentially mineralizable N is not sensitive to swine manure
application. Flowers and Arnold (1983) also reported
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Table 3. Soil extractable P content as a function of year and nutrient treatment in rainfed no-tillage sorghum in eastern Nebraska.
Treatment

Reproduced from Soil Science Society of America Journal. Published by Soil Science Society of America. All copyrights reserved.

Year

1999
2000
2001
2002
Treatment mean

Control

Inorganic fertilizer

9.1 a A†
–‡
13.2 a A
10.8 a A
11.0 ⫾ 3.7 a

9.8 a A
–
16.2 a A
21.8 a A
15.9 ⫾ 3.7 a

1999
2000
2001
2002
Treatment mean

5.6 a A
–
5.7 a A
4.8 a A
5.4 ⫾ 0.5 ab

5.4 a A
–
5.4 a A
4.2 a A
5.0 ⫾ 0.5 a

1999
2000
2001
2002
Treatment mean

7.8 a A
–
9.3 a A
6.1 a A
7.7 ⫾ 0.4 a

7.9 a A
–
9.1 a A
6.6 a A
7.9 ⫾ 0.4 ab

1999
2000
2001
2002
Treatment mean

22.5 a A
–
28.2 a A
21.8 a A
24.2 ⫾ 4.2 a

23.2 a A
–
30.7 a B
32.5 a C
28.8 ⫾ 4.2 a

Traditional manure

Extractable P content, kg ha⫺1
0 to 7.5 cm
11.1 a A
–
57.7 a B
83.2 c B
50.7 ⫾ 3.7 c
7.5 to 15 cm
5.4 a A
–
10.7 a B
11.4 b B
9.2 ⫾ 0.5 c
15 to 30 cm
6.8 a A
–
12.3 a B
9.5 a AB
9.6 ⫾ 0.4 b
0 to 30 cm
23.4 a A
–
80.7 b B
104.1 c C
69.4 ⫾ 4.2 c

Low phytate manure

Year mean

8.6 a A
–
41.5 a B
52.6 b B
34.2 ⫾ 3.7 b

9.7§ ⫾ 0.7 A
–
32.1 ⫾ 5.1 B
42.1 ⫾ 2.2 B

3.9 a A
–
8.9 a B
8.0 b B
6.9 ⫾ 0.5 b

5.1 ⫾ 0.4 A
–
7.7 ⫾ 0.6 B
7.1 ⫾ 0.3 B

5.8 a A
–
12.0 a B
9.6 a AB
9.1 ⫾ 0.4 ab

7.1 ⫾ 0.4 A
–
10.7 ⫾ 0.3 B
7.9 ⫾ 0.4 A

18.2 a A
–
62.4 b B
70.2 b B
50.3 ⫾ 4.2 b

21.8 ⫾ 1.1 A
–
50.5 ⫾ 5.8 B
57.1 ⫾ 2.3 B

P-value
Effect
Treatment
Year
Treatment ⫻ year

⬍0.01
⬍0.01
⬍0.01

⬍0.01
⬍0.01
⬍0.01

⬍0.01
⬍0.01
⬍0.01

⬍0.01
⬍0.01
⬍0.01

† For each depth increment, means within a row followed by the same lower case letter or means within a column followed by the same upper case letter
are not different at P ⬍ 0.05.
‡ Extractable P not determined in 2000.
§ Mean ⫾ standard error of the mean.

that N mineralization in swine slurry amended soil was
similar to untreated controls several months after slurry
application.
Microbial biomass C content exhibited a treatmentby-year interaction for the 0- to 30-cm depth increment.
Microbial biomass C decreased from 1999 to 2002 in
the control, exhibited a declining trend from 1999 to
2002 in the inorganic fertilizer treatment, fluctuated
among years with no clear trend in the LPC manure
treatment, and increased from 1999 to 2002 in the TC
manure treatments (Fig. 2). Microbial biomass N content differed by year in all soil increments and was
greater in 1999 and 2000 than in 2001 and 2002 in all
treatments (Fig. 2).

Previously reported responses of microbial biomass
C and N to swine slurry additions has been mixed. Rochette et al. (2000a) observed similar microbial C and N
concentrations between control and manured soils in
the spring before swine slurry application in a loam soil
with an organic C concentration of 19.9 g kg⫺1 under
corn silage production (low residue input). In contrast,
Lalande et al. (2000) reported an increase in microbial
biomass C in soils under corn silage production in a silt
loam having an organic C concentration of 32.3 g kg⫺1
that received swine slurry, but no change in soils receiving inorganic fertilizer or no nutrient additions. Initial
soil organic matter levels and crop residue inputs likely
affect the response of soil microorganisms to swine

Table 4. Potentially mineralizable N content as a function of year in rainfed no-tillage sorghum in eastern Nebraska.
Depth increment
Year

0 to 7.5 cm

7.5 to 15 cm

15 to 30 cm

0 to 30 cm

ha⫺1

1999
2000
2001
2002
Effect
Treatment
Year
Treatment ⫻ year

21.4
31.1
25.0
31.4

⫾
⫾
⫾
⫾

0.5
2.4
1.1
3.0

0.21
⬍0.01
0.40

a†
c
b
c

Potentially mineralizable N, kg
7.7 ⫾ 0.3 a
13.2 ⫾ 0.7 b
8.3 ⫾ 0.4 a
11.2 ⫾ 0.5 a
11.5 ⫾ 0.9 b
16.4 ⫾ 0.7 c
10.3 ⫾ 0.4 b
14.5 ⫾ 0.6 b
P-value
0.15
⬍0.01
0.24

0.82
⬍0.01
0.88

42.3
50.6
52.9
56.2

⫾
⫾
⫾
⫾

0.8
2.5
1.4
2.8

a
b
b
b

0.16
⬍0.01
0.50

† Mean ⫾ standard error of the mean. For each depth increment, means within a row followed by the same lower case letter or means within a column
followed by the same upper case letter are not different at P ⬍ 0.05.
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Fig. 3. Changes in the soil quality index as a function of nutrient
treatment and year. Error bars represent ⫾ standard error. Symbols
below a group signify no differences (NS) or differences (*) at P ⬍
0.05 among treatments within a year. Symbols to the right of a
treatment series signify no difference (NS) or difference (*) at P ⬍
0.05 among years for a treatment.

Fig. 2. Microbial biomass C and N as a function of nutrient treatment
and year for the 0- to 30-cm depth. Bars within a group with
different letters above them are different at P ⬍ 0.05.

slurry additions. The present study was also conducted
on a silt loam soil and the observed response of microbial biomass C to swine slurry and inorganic fertilizer
additions were similar to those reported by Lalande
et al. (2000). Rochette et al. (2000a) observed a large
increase in microbial biomass C after swine slurry addition followed by a gradual decline throughout the year
until the spring when microbial biomass C was similar
to the control. The decline throughout the year was
attributed to declining availability of substrate for microbial growth. It seems reasonable that in soils with
higher initial organic matter or greater crop residue
inputs the increase in microbial biomass C would be
sustained longer. In this study, no-tillage was used and
crop residues were maintained on the soil surface
throughout the year likely sustaining the microbial biomass response to the swine slurry additions.

Soil Quality Index
The SMAF index values exhibited a year-by-treatment interaction (Fig. 3). In 1999, there were no differences among index values for the four treatments. The
SMAF index values for the control and inorganic fertilizer treatments did not change over the 4 yr of the study.
Index values for the two manure treatments increased
linearly across years and were greater than those for
the control and inorganic fertilizer treatments in 2001
and 2002 (Fig. 3).

Increasing SMAF index values over time in the manure treatments resulted from increases in scored values
for potentially mineralizable N and extractable P. Scored
values for potentially mineralizable N also increased in
the control and inorganic fertilizer treatments, while
those for extractable P did not, resulting in nonsignificant changes in SMAF index values for those two treatments. An increase in potentially mineralizable N is desirable for agronomic soils as it implies that there is a labile
organic N pool available to the crop. Manure application
increased extractable P from the ascending part of the
scoring curve to the plateau portion of the scoring curve.
Continued increases in extractable P would eventually
result in decreasing score values when observed values
fell on the descending part of the scoring curve associated with increased potential for environmental contamination.
Analysis of variance results for soil indicators from
the 0- to 15-cm depth were compared with scored values
for those indicators (Table 5). Results were similar for
organic C, microbial biomass C, extractable P, and Db,
but not for pH, EC, and potentially mineralizable N.
Andrews et al. (2004) described four possible outcomes
when indictor results are compared with index results:
similar results between observed and scored values, opposite results between observed and scored values, differences in observed indicators, but no differences in
scored indicators, and no differences between observed
indicators but differences in scored indicators. The first,
third, and fourth outcomes were observed in this study.
Similar results between the observed and scored organic C, microbial biomass C, and potentially mineralizable N indicators occurred because the range of observed values for each of these soil attributes was in the
ascending portion of the more-is-better scoring curve
and increases in the observed indicator resulted in increases in the score values. Similar results for observed
and scored extractable P occurred because the range of
observed values were initially in the ascending portion
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Table 5. Comparison of analysis of variance results for soil attributes (0–15 cm) and index values calculated using the Soil Management
Assessment Framework.

Reproduced from Soil Science Society of America Journal. Published by Soil Science Society of America. All copyrights reserved.

Index value
Indicator†
Organic C
MBC
Extractable P
pH
EC
Bulk density
PMN

Attribute value

Treatment

Time

Treatment ⫻ time

Treatment

Time

Treatment ⫻ time

NS‡
NS
*
NS
NS
NS
*

***
NS
***
NS
NS
***
***

NS
NS
**
NS
NS
NS
NS

NS
NS
***
NS
*
NS
NS

***
NS
***
***
***
***
***

NS
NS
***
NS
NS
NS
NS

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
† MBC, microbial biomass C; EC, electrical conductivity; PMN, potentially mineralizable N.
‡ NS, not significant

of the local optimum scoring curve. Over time, extractable P values in the manure treatments increased to the
plateau portion of the curve, while those for the control
and inorganic fertilizer treatments remained in the ascending portion of the curve resulting in year-by-treatment interactions for both the observed indicator and
the scored values. Differences from year-to-year in observed Db and scored values for Db occurred because
the observed values were in the descending portion of
the less-is-better scoring curve.
The third outcome described by Andrews et al. (2004),
differences in observed indicators, but no differences in
scored indicators, occurred for the pH and EC indicators
(Table 5). Measurable differences in pH and EC were
observed, but these observed values were in the plateau
portion of the scoring curve resulting in no differences
among scored values. No differences in the scored values
means that the observed differences would not be expected to influence soil functions related to agronomic
productivity or environmental quality.
The fourth outcome described by Andrews et al. (2004),
no differences in observed indicators, but differences in
scored indicators, occurred for the potentially mineralizable N indicator. Differences in potentially mineralizable N among treatments approached being significant
(P ⫽ 0.08) and the values observed were on the ascending portion of the scoring curve resulting in differences among treatments for the scored indicators.
The SMAF has potential for aiding land managers
making dynamic assessments of management practices
or for comparing management practices. Scored values
for individual soil attributes can be monitored to alert
the manager of changes potentially affecting soil functions (e.g., declining Db scores alert the manager that
compaction problems may be developing). Scored values can also be used to aid in interpreting differences
in soil attributes among sampling dates (e.g., help determine if measured differences are meaningful). In this
study, observed pH and EC values differed among years,
but remained within the range of values acceptable for
agronomic productivity and environmental quality. As
noted above, when scores for individual attributes are
summed, the index serves as a tool for comparing management practices.

CONCLUSIONS
Three years of swine manure application to no-tillage
sorghum improved soil quality when compared with control or inorganic fertilizer treatments. The only soil attribute differentially affected by the two manure types was
extractable P in the 0- to 7.5-cm depth. Extractable P
increased with both manure types, but the increase was
greater with TC than with LPC manure. Extractable
P concentrations exceeding threshold levels would be
expected to occur sooner with annual additions of TC
manure than with LPC manure. Slower P accumulation
rates will allow LPC manure to be spread over a smaller
area without increasing the potential for environmental
contamination, will reduce manure transportation costs,
and will provide N and P at a ratio close to what is needed
by a sorghum crop.
The soil quality assessment framework (Andrews et
al., 2004) was effective in aggregating results for a number of individual soil attributes so that a dynamic assessment of management effects on soil quality could be
made (Larson and Pierce, 1994). A dynamic assessment
is useful in showing that soil quality was similar among
the treatments when the study was initiated and that
there was an effect due to manure application. The
increase in soil quality in the two manure treatments is
attributed to the combined effects of increased potentially mineralizable N, addition of highly available nutrients, and small additions of manure organic matter. Few
dynamic assessments of soil quality have been conducted due to the difficulty in interpreting the large data
sets that result (Andrews et al., 2002, 2004). Tools such
as this soil quality index will facilitate future dynamic
assessment studies.
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