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Abstract Improved management of agricultural soils has
potential for sequestering carbon (C) and reducing the ac-
cumulation of atmospheric carbon dioxide. Development of
management practices to increase C sequestration is depen-
dent on improved understanding of soil processes influenc-
ing long-term storage of C. A field study was conducted to
compare surface C source quality and above- vs. below-
ground addition of annual or perennial plant biomass effects
on particulate organic matter (POM), total labile C (TLC),
and total organic C (TOC). Since microaggregate stabiliza-
tion within macroaggregates is the main mechanism for
sequestering C, aggregate size distribution, expressed as
mean weight diameter (MWD), and wet aggregate stability
(WAS) was also measured. After 5 years, POM decreased in
plots receiving surface application of readily available sub-
strate (sucrose and alfalfa pellets) and the bare surface
control. Plots receiving plant additions [wood chips, grow-
ing wheat (Triticum aestivum L.) crop, growing switchgrass
(Panicum virgatum L.) crop, and fallow receiving either
wheat or switchgrass residue] exhibited higher TLC and
TOC content. Plots receiving plant residue maintained
MWD, and those supporting live plants exhibited increasing
WAS. Surface plant residue protected the soil against rain-
drop impact and reduced the intensity of wetting and drying
cycles allowing the development of larger more stable
aggregates resulting in C accrual.

Keywords Carbon sequestration . Soil structure . Plant
residue . Soil aggregation

Introduction

Crop residue and perennial grasses have been identified as
potential feedstock for biofuel production [12] and are cur-
rently used for animal feed. Aboveground residue protects
soils from potential wind and water erosion, serves as a
boundary layer reducing evaporation, and serves as a sub-
strate for soil biota. Removing plant residue raises concerns
regarding soil conservation, soil organic matter, compaction,
and future soil fertility [21]. Efforts have been made to
determine the amount of residue that must be retained to
sustain soils [22]. The effect of removing plant residue
components on water erosion [19] and soil fertility [20]
has also been studied. Information regarding the role of
plant residue in sustaining soil biota and processes effecting
carbon (C) sequestration are lacking.

Plant residue is utilized by soil biota as an energy
and nutrient source. The process of plant residue de-
composition results in carbon dioxide emission from
soils. The long-term accrual of C in soils occurs when
the C becomes unavailable to soil microorganisms.
Sequestered C can be chemically or physically protected
[13]. The general mechanism by which residue is se-
questered in soils involves formation of macroaggre-
gates around residue particles and the entrapment of
these coarse particles by soil particles and microbial
by-products forming microaggregates within macroag-
gregates. Macroaggregates eventually break down re-
leasing microaggregates which are then available to
form new macroaggregates [14]. Eventually, C in micro-
aggregates becomes adsorbed to the mineral phase or
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physically protected within interaggregate pores that cannot
be accessed by decomposers (e.g., [13]). It is the turnover of
macroaggregate stable microaggregates that results in accrual
of soil C.

Soil microorganisms are able to utilize diverse substrates
for growth. Low-quality substrates favor fungi while high-
quality substrates favor bacteria [3]. Fungi produce by-
products that decompose more quickly than bacterially pro-
duced by-products [8]. The composition of substrate also
affects the rate at which it is decomposed by microorgan-
isms [5]. Hence, the placement and quality of C substrate
influence the soil microbial community and its activity, and
may influence the microbially produced by-products in-
volved in the aggregation process. The objective of this
study was to compare aggregation and aggregate stability
and components of soil organic matter in soils receiving C
sources of varying quality and placement.

Materials and Methods

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 Aksarben
silty clay loam (fine, smectitic, mesic Typic Argiudolls) on a 3
to 5 % slope. Annual precipitation at the site averages 723 mm.
The site has been in a no-tillage winter wheat (Triticum aesti-
vum L.), soybean (Glycine max [L.] Merr.), and sorghum
(Sorghum bicolor [L.] Moench) rotation for >10 years before
initiation of this study. The experiment was initiated in
November 2002. The experimental design was a randomized
blocks design with four replications. Plot size was 4.6 by 4.6m.
Treatments represent C sources of varying quality. The 12
treatments included: wood chips (high lignin content), alfalfa
pellets (low C/N ratio), sucrose, wheat flour, paper (three
sources having high C/N ratios and differing in solubility of
the C), control (fallow, no C added), three annual crop plots
[wheat grown and aboveground residue returned at harvest
(WR+), wheat grown and aboveground residue removed at
harvest (WR−), and fallow with wheat residue added at harvest
(fallow WR+)], and three perennial crop treatments [switch-
grass (Panicum virgatum L.) grown and aboveground residue
returned at harvest (SR+), switchgrass grown and aboveground
residue removed at harvest (SR−), and fallow with switchgrass
residue added at harvest (fallowSR+)]. Carbon sources, includ-
ing wheat and switchgrass residue, were applied at a rate of
0.54 kg dry matterm−2 to each plot when wheat was harvested.
This rate is similar to the amount of C contained in wheat
residue that would be returned to the soil assuming the long-
term wheat yield (3.2 Mg grainha−1) for the site. Weeds were
controlled using glyphosate in non-vegetative plots and hand
weeding in wheat and switchgrass plots.

The annual (WR+, WR−, and fallowWR+) and perennial
(SR+, SR−, and fallowSR+) crop plots were included to
separate the effects of aboveground and belowground C
inputs. The crop plots having aboveground residue returned
at harvest (WR+ and SR+) received both above- and below-
ground C, the plots having aboveground residue removed at
harvest (WR− and SR−) received only belowground C, and
the plots in fallow and receiving residue at harvest
(fallowWR+ and fallowSR+) received only aboveground
C. Trailblazer switchgrass was planted June 5, 2003, and
was harvested following a frost (November) in subsequent
years. At harvest, aboveground biomass was removed from
switchgrass plots, weighed, a 10-g subsample collected for
determination of moisture content, and redistributed on the
appropriate plots. Winter wheat was planted in October each
year and harvested at maturity (July) the following summer
of each year. At harvest, aboveground biomass was removed
from wheat plots, thrashed to remove grain, weighed, a 10-g
subsample collected for determination of moisture content,
and straw redistributed on the appropriate plots. Switchgrass
and wheat received annual applications of N as NH4NO3 at
a rate of 45 kgha−1.

Soil Sampling and Analysis

In November 2002 and July 2007, a 5.7-cm-diameter soil core
was taken to a depth of 90 cm within each plot. Sampling in
2002 occurred prior to planting wheat and application of C
source treatments. Sampling in 2007 occurred just after wheat
harvest. The core was sectioned into 0- to 7.5-, 7.5- to 15-, 15-
to 30-, 30- to 60-, and 60- to 90-cm increments. Soil samples
were stored at 5 °C until they were analyzed for biological
properties. Remaining soil was air-dried, ground, passed
through a 2-mm sieve, and stored at room temperature until
it was analyzed for chemical properties.

Soil physical properties measured included bulk density
(BD). Bulk density was calculated for each depth increment
by dividing the mass of soil, corrected for moisture content,
by the volume of soil collected [2]. Soil chemical properties
measured for all depth increments included pH, electrical
conductivity (EC), organic C, and total N. Total labile C
(TLC) and particulate organic matter (POM) were deter-
mined for the 0- to 7.5- and 7.5- to 15-cm depth increments
only. 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, and pH was then determined using a
glass electrode [15]. Total C and N were determined by dry
combustion using a Thermo Flash EA NC Soil Analyzer
(Thermo Finnegan Scientific Inc., Waltham, MA).
Carbonates were not present based on treatment of the soil
with dilute acid, and total C was assumed to represent
organic C. Total labile C was measured using the KMnO4

oxidation method [18]. Particulate organic matter in the
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<0.5-mm and 0.5- to 2-mm fractions was determined using the
method of Cambardella et al. [4]. Soil chemical and biological
properties are reported on a volumetric basis and were calcu-
lated using measured BD values. Results are reported as
treatment means ± standard error of the mean.

Each year from 2002 to 2007, a shovel was used to
collect a bulk soil sample from the 0- to 7.5- and 7.5- and
15-cm depths for determination of aggregate size distribu-
tion and wet aggregate stability (WAS). Bulk samples were
air-dried and gently broken apart to pass through an 8-mm
sieve. Aggregate size distribution was determined by pass-
ing the bulk soil sample through a set of nested sieves using
a Ro-Tap model B shaker (Soil Test Inc., Evanston, IL) to
agitate the samples for 1 min [6]. Sieve openings were 2, 1,
0.5, and 0.053 mm resulting in aggregate fractions of
>2 mm, 1 to 2 mm, 0.5 to 1 mm, 0.053 to 0.5 mm, and
<0.053 mm. Aggregate size distribution was expressed as
mean weight diameter (MWD). Wet aggregate stability was
determined for the >2 mm, 1 to 2 mm, and 0.5 to 1 mm
aggregate size fractions by placing aggregates within each
size fraction on a sieve, capillary wetting aggregates with
distilled water, and agitating the samples on a wet sieve
shaker (Five Star Scientific, Twin Falls, ID) for 5 min [6].

Aggregates remaining on the sieve were oven dried and
mass determined.

In 2005, in situ soil respiration was measured in each plot
on five dates during the growing season (June 22, July 8,
July 18, September 1, and October 11). A plastic ring was
inserted to a depth of 5 cm in the center of each plot prior to
application of the C sources. Soil respiration was measured
using a LiCor 6400 soil CO2 flux chamber (LiCor, Lincoln,
NE).

In July 2007, two 5.7-cm-diameter cores were collected
from the center of each switchgrass and wheat plot to a
depth of 45 cm for determination of root mass and structural
carbohydrate analysis. At sampling, switchgrass was at an-
thesis and wheat was senescing. Soil was washed from roots
with water using 2- and 0.5-mm sieves as described by
Smucker et al. [16]. Non-root detritus or shoot material
was removed manually. Root samples were then dried at
45 °C and mass determined [5]. Soluble sugars, starch,
hemicellulose, cellulose, acid-soluble lignin, and acid-
insoluble lignin were determined by sequential extraction,
and identified and quantified using standard biomass ana-
lytical methods [9–11].

Statistical Analysis

Soil attributes were compared among treatments by a ran-
domized blocks repeated measures model in SAS/MIXED®1

[7]. Since soil attributes are known to differ with depth, depth
was not included in the statistical model, and separate statis-
tical analyses were performed for each depth increment.
Differences were declared significant at the 0.05 probability
level. Differences among means were determined by pairwise
comparisons made with the DIFF option of the LSMEANS
statement. The Tukey adjustment option of the LSMEANS
statement was used to protect the experimentwise error rate.
Root biomass and structural carbohydrates in wheat and
switchgrass plots were compared using a t test with differ-
ences declared significant at the 0.05 probability level.

Results

Temperatures during the study period exhibited a pattern
typical for the regions (Fig. 1). Highest temperatures were

1 SAS and all other SAS Institute Inc. product or service names are
registered trademarks or trademarks of SAS Institute Inc. in the USA
and other countries. ® indicates USA registration.

Mention of trade names or commercial products in this publica-
tion is solely for the purpose of providing specific information and
does not imply recommendation or endorsement by the US Department
of Agriculture.
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Fig. 1 Average daily temperature and monthly precipitation distribu-
tion from 2002 to 2007 for the study site in eastern Nebraska
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observed in July and August and lowest temperatures were
observed in December and January each year. Growing
season temperatures were above average in 2002, 2005,
2006, and 2007; near the average in 2003; and below
average in 2004. Monthly precipitation was highly variable
but between 64 and 77 % of annual precipitation was re-
ceived during the April to August time period each year.
Annual precipitation was below the long-term average of
723 mm in all years except 2007.

Wheat yield in the WR+ and WR− treatments was 2.5±
0.2 Mgha−1, and straw production was 3.1±0.3 Mgha−1.
Switchgrass biomass production in the SR+ and SR− treat-
ments was 11.7±1.7 Mgha−1. When sampled in 2007, root
biomass was greater (P<0.0001) in the SR+ and SR− treat-
ments (1,615±133 gm−2) than in the WR+ and WR− treat-
ments (306±48 gm−2). Switchgrass roots contained greater
amounts of soluble sugars (62.0±7.6 vs. 6.5±1.3 gm−2, P<
0.0001), starch (42.0±8.2 vs. 1.3±0.2 gm−2, P<0.0001),
hemicellulose (288.6±22.1 vs. 88.1±12.7 gm−2, P<
0.0001), cellulose (416.7±46.0 vs. 83.8±13.6 gm−2, P<
0.0001), acid-insoluble lignin (389.4±35.4 vs. 50.7±8.9 g
m−2, P<0.0001), acid-soluble lignin (11.7±0.9 vs. 3.0±
0.4 gm−2, P<0.0001), and ash (395.9±42.5 vs. 72.7±
16.1 gm−2, P<0.0001) than wheat roots.

Over the 5-year study, soil bulk density increased 40 % in
the 0 to 7.5 depth increment (Table 1). In the 7.5- to 15-, 15-
to 30-, and 60- to 90-cm depth increments, there were
statistically significant changes in bulk density, but the
magnitude of the changes was very small. There was no

change in bulk density in the 30- to 60-cm depth increment.
There were no differences in bulk density among C source
treatments in either year.

While soil C was the main focus of this study, a number
of other chemical properties were measured. Electrical con-
ductivity was similar between the 2 years in the 0- to 7.5-cm
depth increment (Table 1). In all other depth increments, EC
increased 20 to 36 % from 2002 to 2007. There were no
differences in EC among the C source treatments. Soil pH
decreased in the 0- to 7.5-, 30- to 60-, and 60- to 90-cm
depth increments and increased in the 7.5- to 15-cm depth
increment (Table 1). There was no change in soil pH in the
15- to 30-cm depth increment. There were no differences in
soil pH among the C source treatments. Soil N concentration
declined over the 5 years of the study in the 0- to 7.5-, 7.5-
to 15-, and 15- to 30-cm depth increments and did not
change in the two lower soil depth increments (Table 1).
Soil N content increased in the 0- to 7.5-cm increment,
declined in the 7.5- to 15- and 15- to 30-cm depth incre-
ment, and did not change in the two lower soil depth incre-
ments (Table 1). There were no differences in soil N
concentration or content among the C source treatments.
Total N content for the 0- to 90-cm profile was 8.1±
0.2 Mgha−1 and was similar across C source treatments
and years.

Several soil C fractions were measured in this study. In
the 0- to 7.5-cm depth increment, POM exhibited a treat-
ment by year interaction (P=0.0326). All treatments had
similar POM content at the beginning of the experiment

Table 1 Select physical and chemical properties as a function of year and depth for a carbon source experiment in eastern Nebraska

Depth (cm) Year Bulk density
(Mgm−3)

Electrical conductivity
(dSm−1)

pH Nitrogen concentration
(gkg−1)

Nitrogen content
(Mgha−1)

0 to 7.5 2002 0.87±0.02a 0.39±0.01 6.61±0.04 18.4±0.3 1.20±0.03

2007 1.24±0.02 0.38±0.01 6.31±0.04 15.8±0.3 1.46±0.03

P<0.0001 NS P<0.0001 P<0.0001 P<0.0001

7.5 to 15 2002 1.05±0.01 0.23±0.01 5.24±0.04 14.4±0.3 1.14±0.03

2007 1.00±0.01 0.28±0.01 5.52±0.04 13.5±0.3 1.02±0.03

P=0.002 P<0.0001 P<0.0001 P=0.03 P=0.003

15 to 30 2002 1.09±0.01 0.25±0.01 5.67±0.03 10.9±0.2 1.78±0.03

2007 1.12±0.01 0.34±0.01 5.70±0.03 10.1±0.2 1.69±0.03

P=0.011 P<0.0001 NS P=0.005 P=0.037

30 to 60 2002 1.19±0.01 0.27±0.01 6.26±0.03 6.6±0.1 2.34±0.07

2007 1.19±0.01 0.36±0.01 6.09±0.03 6.6±0.1 2.38±0.07

NS P<0.0001 P<0.0001 NS NS

60 to 90 2002 1.18±0.01 0.34±0.02 6.74±0.05 4.5±0.1 1.59±0.03

2007 1.20±0.01 0.42±0.02 6.49±0.05 4.6±0.1 1.67±0.03

P=0.003 P<0.0001 P<0.0001 NS NS

P values represent the probability of a significant difference between years for a given depth increment
aMean ± SE
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(Table 2). In 2007, POM was greater in the two treatments
where switchgrass was grown than in the remaining treat-
ments. From 2002 to 2007, POM declined in the alfalfa,
sucrose, control, and fallowWR+ treatments. In the remain-
ing treatments, there was no change in POM between years.
In the 7.5- to 15-cm depth increment, there was a significant
time effect (P<0.0001) with soil POM declining from 2002
(2.4±0.1 Mgha−1) to 2007 (1.5±0.1 Mgha−1), but there
were no differences among the C source treatments.

Total labile C in the 0- to 7.5-cm depth increment
exhibited a year by treatment interaction (P=0.048). In
2002, there were no differences among treatments
(Table 2). In 2007, TLC was greater in the wood, the three
wheat treatments, and the three switchgrass treatments than
in the alfalfa, flour, paper, sucrose, and control treatments.
Total labile C increased from 2002 to 2007 in the wood,
three wheat treatments, and three switchgrass treatments. In
the 7.5- to 15-cm depth increment TLC declined (significant
time effect, P=0.0008) from 2002 (2.4±0.1 Mgha−1) to
2007 (2.1±0.1 Mgha−1) with no differences among the C
source treatments.

Soil C concentration exhibited a treatment by year inter-
action (P=0.003) in the 0- to 7.5-cm depth increment, a year
effect (P<0.001) in the 7.5- to 15-cm depth increment, a
year effect (P=0.005) in the 15- to 30-cm depth increment,
no differences in the 30- to 60-cm depth increment, and a
year effect (P=0.031) in the 60- to 90-cm depth increment
(data not shown). Soil C content exhibited a year by

treatment interaction (P=0.009) in the 0- to 7.5-cm depth
increment (Table 2). In 2002, soil C content was similar
among the treatments. In 2007, soil C content was greater in
the wood, WR+, SR+, and SR− treatments than in 2002
with no differences between years for the remaining C
source treatments. In the 7.5- to 15-cm depth increment,
soil C content decreased from 12.0±0.2 Mgha−1 in 2002
to 10.5±0.2 Mgha−1 in 2007 (year effect, P<0.0001). In the
15- to 30-cm depth increment, soil C content decreased from
18.0±0.3 Mgha−1 in 2002 to 16.4±0.3 Mgha−1 in 2007
(year effect, P<0.0001). There were no differences in C
content (19.8 Mgha−1) between years in the 30- to 60-cm
depth increment. In the 60- to 90-cm depth increment, soil C
content increased from 11.0±0.2 Mgha−1 in 2002 to 11.8±
0.2 Mgha−1 in 2007 (year effect, P=0.002). There were no
differences in C content among C source treatments below
15 cm. Total C content for the 0- to 90-cm profile (74.4 Mg
ha−1) was similar between years and across C source
treatments.

In the 0- to 7.5-cm depth increment, aggregate MWD
exhibited a year by treatment interaction (P<0.0001). In the
wood, alfalfa, flour, paper, sucrose, and control C source
treatments aggregate MWD declined from 2002 to 2004,
increased in 2005, and then declined further in 2006 and
2007 (Fig. 2). Among these six C source treatments, aggre-
gate MWD was similar among years except in 2005 when
aggregate MWD in the paper treatment was slightly greater
than in the other five C source treatments. In the WR+

Table 2 Total particulate organic matter, total labile carbon, and total organic carbon content for the 0- to 7.5-cm soil depth as a function of carbon
source for a carbon source experiment in eastern Nebraska

Treatment Total particulate organic matter (Mgha−1) Total labile carbon (Mgha−1) Total organic carbon (Mgha−1)

2002 2007 2002 2007 2002 2007

Wood 6.3±1.0 aAa 5.4±1.0 aA 3.0±0.2 aA 3.8±0.2 abB 13.1±1.4 aA 16.4±1.4 bB

Alfalfa 7.2±1.0 aB 3.0±1.0 aA 3.0±0.2 aA 3.3±0.2 aA 13.3±1.4 aA 10.7±1.4 aA

Flour 6.3±1.0 aA 3.7±1.0 aA 3.0±0.2 aA 3.3±0.2 aA 13.4±1.4 aA 15.1±1.4 bA

Paper 7.1±1.0 aA 4.7±0.8 aA 3.2±0.2 aA 3.5±0.2 aA 14.5±1.4 aA 16.1±1.4 bA

Sucrose 5.8±1.0 aB 2.8±1.0 aA 2.8±0.2 aA 2.9±0.2 aA 12.5±1.4 aA 13.6±1.4 abA

Control 7.7±1.0 aB 4.0±1.0 aA 3.2±0.2 aA 3.4±0.2 aA 15.0±1.4 aA 15.7±1.4 bA

WR+ 6.8±1.0 aA 7.6±1.0 aA 3.0±0.2 aA 4.1±0.2 bB 14.0±1.4 aA 19.2±1.4 bB

WR− 6.3±1.0 aA 4.9±1.0 aA 3.0±0.2 aA 3.7±0.2 abB 12.9±1.4 aA 14.6±1.4 abA

FWR+ 6.5±1.0 aB 3.2±1.0 aA 3.0±0.2 aA 3.7±0.2 abB 14.2±1.4 aA 14.3±1.4 abA

SR+ 6.7±1.0 aA 9.1±1.0 bA 3.1±0.2 aA 4.4±0.2 bB 13.3±1.4 aA 17.5±1.4 bB

SR− 8.1±1.0 aA 8.0±1.0 abA 3.2±0.2 aA 4.4±0.2 bB 14.7±1.4 aA 20.1±1.4 bB

FSR+ 6.4±1.0 aA 5.2±1.0 aA 2.9±0.2 aA 4.2±0.2 bB 12.9±1.4 aA 16.7±1.4 bA

Treatments: WR+ wheat grown and residue returned after harvest, WR− wheat grown and residue removed after harvest, FWR+ fallow plots with
wheat residue added at harvest, SR+ switchgrass grown and residue returned at harvest, SR− switchgrass grown and residue removed at harvest,
FSR+ fallow plots with switchgrass residue added at harvest
aMean ± SE; values within a column followed by different lowercase letters are different at P<0.05; values within a row for each soil carbon
fraction followed by different uppercase letters are different at P<0.05
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treatment aggregate, MWD was relatively stable increasing
slightly from 2002 to 2005 and declining slightly from 2005
to 2007 with the overall result being no change over the
course of the study. In the WR− and fallowWR+ treatments,
aggregate MWD did not change from 2002 to 2005 but then
declined in 2006 and 2007. In the SR+, SR−, and fallowSR+
treatments, aggregate MWD declined from 2002 to 2003
and then increased from 2003 to 2007 with the net effect
being no change in aggregate MWD over the course of the
study. Among C source treatments, aggregate MWD was
similar in 2002 but was greater in WR+, WR−, fallowWR+,
SR+, SR−, and fallowSR+ than in the other six C sources in
2007. In the 7.5- to 15-cm soil depth increment, aggregate
MWD was greatest in 2002 (3.41±0.03 mm), declined in
2003 (3.20±0.03 mm) and 2004 (2.98±0.03 mm), increased
in 2005 (3.33±0.03 mm) and 2006 (3.26±0.03 mm), and
declined in 2007 (3.15±0.03 mm) resulting in a year effect

(P<0.0001). There were no differences in aggregate MWD
among the C source treatments in the 7.5- to 15-cm soil
depth increment.

In the 0- to 7.5-cm soil depth increment, WAS in the 0.5- to
1-mm aggregate size class increased from 2002 to 2007 across
C source treatments (Fig. 3). In the 1- to 2-mm aggregate size
class, WAS exhibited a year by treatment interaction (P<
0.001) with WAS increasing from 2002 to 2007 in the paper,
sucrose, control, WR+, WR−, fallowWR+, SR+, and SR−
treatments compared to no change in WAS from 2002 to
2007 in the remaining C source treatments. In the >2-mm
aggregate size class, WAS exhibited a year by treatment
interaction (P<0.0001) with WAS decreasing from 2002 to
2007 in the wood, flour, and sucrose C source treatments; not
changing in the alfalfa, control, and fallowSR+ C source
treatments; and increasing in the paper, WR+, WR−,
fallowWR+, SR+, and SR− carbon source treatments. In the
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7.5- to 15-cm soil depth increment, WAS in the 0.5- to 1-mm
aggregate size class increased from 2002 to 2007 (year effect,
P<0.0001) across C source treatments (Fig. 4). In the 1- to 2-
mm aggregate size class, WAS exhibited a year by treatment
interaction (P=0.006) with WAS increasing in the alfalfa,
flour, sucrose, WR+, WR−, SR+, SR−, and fallowSR+ C
source treatments; decreasing in the fallowSR+ treatment;
and remaining the same in the wood, paper, control, and
fallowWR+ C source treatments. In the >2-mm aggregate size
class, WAS exhibited a year by treatment interaction (P=
0.018) with WAS increasing in the WR+, WR−, SR+, and
SR− C source treatments and remaining unchanged in the
remaining C source treatments.

Growing season soil respiration in 2005 exhibited a treat-
ment by time interaction (P=0.0002). On day 173, soil
respiration in the SR+ and SR− treatments was greater than
in the remaining ten treatments (Fig. 5). On day 189, soil
respiration had increased in the SR+ and SR− treatments
when compared to day 173 but was similar to day 173 in the
remaining ten treatments. On day 195, soil respiration had
declined slightly in the SR+ and SR− treatments while
increasing in the remaining treatments with the order of soil
respiration rate being SR+ and alfalfa > paper, WR−,
fallowWR+, and SR− > wood, flour, sucrose, control, WR+,
and fallowSR+. On day 244, soil respiration on average had
declined and become less variable with the order of soil
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respiration rate being SR+ > SR−, WR− >wood, alfalfa, flour,
paper, sucrose, control, WR+, fallowWR+, fallowSR+. Near
the end of the growing season, the SR+ and SR− treatments
exhibited higher soil respiration rates than the other ten treat-
ments which exhibited soil respiration rates similar to those
observed at the beginning of the growing season.

Discussion

From 2002 to 2007, weather at the research site was variable
but not extreme. It is unlikely that weather played a significant
role in the outcome of this study. Wheat and switchgrass

yields observed in this study were reasonable for the region.
Similarly, a number of soil properties measured during this
study exhibited statistically significant changes, but the mag-
nitude of these changes likely had little effect on the results of
this study. Bulk density changes from 2002 to 2007 were
small with the exception of that in the 0- to 7.5-cm depth
increment, but none of the values would impede water move-
ment, microbial activity, or plant root growth [1]. Soil EC and
pH also exhibited statistically significant changes, but
values were within the range suitable for microbial activity
and plant growth [15]. Soil N concentration decreased in
the surface soil increment, but soil N content increased
due to increases in bulk density. Soils were not analyzed
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for inorganic N, but we speculate that mineralization of
organic N resulted in nitrate increases, and the increase in
EC observed in lower depth increments was due to leach-
ing of this inorganic N.

The wood, alfalfa, flour, paper, sucrose, fallowWR+, and
fallowSR+ C source treatments were surface applied and
represent energy sources of varying quality to soil micro-
organisms. Low-quality substrates tend to favor fungi while
high-quality substrates tend to favor bacteria [3]. Based on
visual observation of the plots, the rate at which these
materials were utilized decreased in the order sucrose =
flour > alfalfa > paper > wood > fallowWR+ = fallowSR+.
The visual observations are supported by the 2007 soil respi-
ration results where the ranking of the treatments on day 195,
shortly after C source treatments were applied, were similar to
the order of the treatments described above (Fig. 5). This
variation in substrate utilization rate creates a gradient in the
time microorganisms were utilizing applied C as an energy
source. Hence, these surface C treatments likely influenced
soil microorganism community structure and activity.
Treatments that provided substrate for soil microorganisms
for a longer period of time (e.g., wood, fallowWR+, and
fallowSR+) maintained POM and TLC content while those
that were utilized rapidly (e.g., sucrose) lost POM in the
surface layer (Table 2). Maintaining POM and TLC in the
wood, fallowWR+, and fallowSR+ C source treatments main-
tained or increased total soil C as well. In contrast, the WR+,
WR−, SR+, and SR− treatments provided soil microorgan-
isms with substrate in the form of growing root material and
root exudates throughout the growing season. In treatments
with actively growing plants, POM was maintained and TLC
increased resulting in a trend of increasing soil organic C in
the WR+ and WR− treatments and an increase in soil organic
C in the SR+ and SR− treatments (Table 2). The greater

change in soil C components and total soil organic C with
the SR+ and SR− treatments when compared to the WR+ and
WR− treatments is due to roughly fivefold more perennial
switchgrass root biomass compared to annual wheat.

In addition to serving as a nutrient and energy source for
soil biota, plant residue provides protection against wind
and water erosion and serves as a boundary layer over the
soil reducing evaporation. While erosion rates were not
measured, soil loss was observed from some plots following
high-intensity rains over the course of the study. Water
erosion begins with detachment of soil particles resulting
from raindrop impact. Raindrop impact also serves as a
disruptive force for surface soil aggregates and likely con-
tributed to the increase in bulk density observed in this study
(Table 1). Wetting and drying cycles also disrupt aggregates,
and the presence of a residue layer would reduce this effect.
In the wood, alfalfa, flour, paper, sucrose, and control C
source treatments, the soil surface was exposed to raindrop
impact for much of each year, and MWD of soil aggregates
in the 0- to 7.5-cm soil increments declined 50 % (Fig. 1).
Not only did MWD decline in these treatments, but WAS
declined or was unchanged (Fig. 2 and 3). When the soil
surface was protected by plant residue (WR+ and SR+
treatments), MWD exhibited year-to-year variation but was
essentially unchanged over the course of the study (Fig. 1).
In treatments where plants were grown and residue removed,
changes in MWD were more complex. In the WR− treatment
where an annual plant was grown, MWD was unchanged for
3 years and then declined. In the SR− treatment where a
perennial plant was grown, MWD declined during the estab-
lishment year and then returned to values similar to that at the
beginning of the study. In the four treatments where plants
were grown and a root system was present, there was also a
dramatic increase in WAS for aggregates >2 mm for both soil
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depth increments (Fig. 2 and 3). In the fallowWR+, applied
residue provided some protection, but there was a gradual
decline in MWD over the course of the study (Fig. 1). In the
fallowSR+ treatment,MWD declined during the fallow period
preceding application of the residue from the first crop and
then returned to levels near what was present at the beginning
of the study. Surface plant residue with no root inputs resulted
in little or no change in WAS in either soil depth increment
(Fig. 2 and 3).

The mechanism by which C is sequestered in soils has
been much studied [13, 14]. The generally agreed upon
process is that when fresh residue comes into contact with
the soil, microbial activity generates binding agents that
results in formation of macroaggregates containing coarse
POM. Over time, this coarse POM breaks down to form fine
POM that becomes encrusted with clay particles and micro-
bial products to form microaggregates. Eventually, the mac-
roaggregate breaks down releasing microaggregates which
are available to form subsequent macroaggregates [17]. It is
the turnover of macroaggregates that results in an increase in
stable microaggregates. Long-term sequestration of C in
soils occurs when the C is chemically protected as in a
chemical structure derived from the plant or microbial ac-
tivity that resists decomposition, physico-chemically pro-
tected through adsorption to the mineral phase, or
physically protected within interaggregate pores that cannot
be accessed by decomposers (e.g., [13]). Rasse et al. [13]
concluded that with the exception of the chemical protection
mechanism, SOM protection is enhanced by root activities.

Results from our study support this model. In treatments
where C sources were surface applied, soil microorganisms
would have utilized them as an energy source, and the main
C input to the soil would have been microbial by-products.
The wood, fallowWR+, and fallowSR+ treatments increased
TLC, and wood and fallowSR+ treatments increased TOC
in this study. For the wood, alfalfa, paper, fallowWR+, and
fallowSR+ C source treatments, there would have been
potential for incorporation of POM by soil biota as well,
but there were no increases in POM in the surface applied
treatments. Fungi produce by-products that decompose
more quickly than bacterially produced by-products [8]. In
addition, fungi are favored when low-quality substrates are
present and bacteria are favored when high-quality sub-
strates are present [3]. We speculate that substrates such as
wood, wheat residue, and switchgrass residue would have
more fungi relative to bacteria than substrates such as su-
crose, starch, and paper. The wood, wheat residue, and
switchgrass residue treatments provided substrate for a
greater portion of the year than did the sucrose, starch, and
paper treatments as well. These surface applied substrate
effects on soil microbial composition and activity resulted
in an increase in TLC and TOC during this study. In treat-
ments where there were actively growing roots, we observed

increases in TLC. Switchgrass produced greater amounts of
root biomass, and in these treatments, TOC increased.

Conclusions

Plant residue protects the soil from wind and water erosion
and serves as a substrate to sustain soil biota [21]. Results
from this study show that both roles are essential to main-
taining or improving soil structure and SOM. Soils receiving
C sources that varied in quality and placement decreased
POM with surface application of readily available substrate,
exhibited higher TLC and TOC content with plant residue C
source additions, maintained MWD with plant residue addi-
tions, and exhibited increased WAS where live plants were
growing. Surface plant residue protected the soil against
raindrop impact and reduced the intensity of wetting and
drying cycles allowing the development of larger more
stable aggregates resulting in C accrual. Providing soil biota
with an energy source alone resulted in a reduction in MWD
and components of SOM. Plant residue protected the soil
from raindrop impacts and when combined with root inputs
resulted in an increase in TLC and TOC. As residues are
identified for other uses, such as animal feed or biofuel
feedstocks, residue retention will have to be sufficient to
meet soil conservation needs [22].
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