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Abstract 
In the U.S. biofuel industry is using corn (Zea mays L.) residue mix (CRM) 
consisting of corncob and stover for cellulosic ethanol and biogas production. 
The field storage method left different depths of CRM on the field after its 
removal, where negative effects on plant growth were observed. The objective 
of this study is to evaluate the CRM effect on selected soil health indicators. 
The field study conducted with four different depths of CRM, two tillage sys-
tems (no-till (NT) and chisel plow (CP), and three nitrogen (N) rates (0, 180, 
and 270 kg∙N∙ha−1) in a randomized complete block design with split-split ar-
rangements in three replications in a continuous corn system from 2010 to 
2012 at the Agronomy Research Farm at Iowa State University. The findings 
of this study showed a negative effect on soil organic carbon (SOC) change 
across all treatments at 0 - 15 cm (−0.35 to −0.03 Mg∙ha−1∙yr−1), while at 15 - 
30 cm there was an increase in SOC rate (0.13 to 0.40 Mg∙ha−1∙yr−1) after 2-yr. 
In addition, soil aggregate-associated C of macro-aggregates decreased by 8%, 
while micro-aggregates increased by 2%. Soil microbial biomass carbon 
(MBC) across tillage and N rates for 2.5 & 7.5 CRM treatments increased by 
14% in June to July 2011, while in 2012 increased by 9%. However, at the 15 
cm soil depth, soil bulk density (ρb), soil penetration resistance (SPR), and 
soil pH showed no significant differences among CRM treatments. The find-
ings of this study showed that in-field CRM management can affect certain 
soil health parameters in the short term. 
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1. Introduction 

In the past two decades the transformation of energy from fossil fuel base to 
bioenergy sources encouraged the establishment of a new industry; which is de-
pendent on corn (Zea mays L.) grain as the main feedstock material for biofuel 
production in the Midwest, U.S. [1]. Recently, corn residue has been considered 
by the bioenergy industry as a viable feedstock source for cellulosic ethanol 
production [2]. The use of corn grain and crop residue for ethanol production 
and biogas has the potential to reduce fossil fuel consumption and greenhouse 
gas emissions [2] [3]. However, methods of collection and storage of feedstock 
for cellulosic ethanol production in the Midwest, U.S., can present significant 
challenges to soil health and plant growth.  

The storage method consists of piling corn stover and corncob residue mix 
(CRM) at the edge of the field after harvest, where it is stored over winter until it 
is collected and transported for processing the following spring. Field observa-
tions of corn planted in CRM storage areas after removal exhibited poor plant 
development and yield reduction the following season. In Iowa, where soils are 
inherently fine-textured with poorly drained conditions, storing and handling 
CRM can have significant effects on soil moisture, nitrogen (N) availability, and 
tillage timing. These conditions present challenges for soil and crop residue 
management, which are essential to provide optimal seed conditions for germi-
nation, seedling development, and plant growth [4] [5].  

In our initial field observations, CRM storage areas showed soil compaction 
due to heavy equipment traffic used to store and remove CRM; these soil com-
pacted areas caused surface runoff, soil erosion, and subsequent decrease in 
plant aboveground biomass and grain production [2]. Careful management of 
CRM left after residue removal is essential to maintain healthy soil conditions to 
ensure healthy crops. Therefore, CRM on poorly drained soils, if not managed 
correctly, may cause autotoxic effects on seedlings, which slows plant growth 
and development [5] [6], and often leads to slow plant emergence and N mine-
ralization [7] [8].  

CRM on the soil surface can influence N availability early in the growing sea-
son, where cold soil temperatures slow SOC mineralization affecting plant N use 
and accumulation [5] [9]. Thus, CRM requires the integration of management 
practices that include tillage and N application to overcome initial N supply li-
mitation. Adequate N fertilization can aid in soil C retention by increasing below 
and aboveground biomass production as a source for SOC input [10] [11]. 
However, the sustainability of CRM storage methods will depend heavily on the 
cropping system, N fertilization, climate, and soil type [12], for each region to 
minimize the potential negative impact on soil physical, chemical, and biological 
properties. The objectives of this study were to investigate the potential effects of 
CRM on the soil surface and its interaction with soil physical and biophysical 
properties. Also, to evaluate potential management practices such as tillage sys-
tems and N fertilization and their interaction effects on soil health. We hypo-
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thesize that soil biological, physical, and chemical properties can be affected by 
CRM left on the soil surface and its removal process by creating soil conditions 
that are not conducive for optimal plant growth and development. 

2. Materials and Methods 
2.1. Experimental Design 

The study was established in Fall 2010 on a Canisteo silty clay loam (Fine-loamy, 
mixed, superactive, calcareous, mesic Typic Endoaquolls) and Harps loam 
(Loam, mixed, superactive, mesic Typic Calciaquolls) soil association at the Iowa 
State University Agronomy Research Farm located in Central, Iowa (42.0˚N; 
93.8˚W). The average annual temperature and annual precipitation at the site for 
2011 were 8.7˚C and 807 mm, respectively. In 2012, the average annual temper-
ature was 11.4˚C and annual precipitation was 512 mm (Figure 1). Prior to this 
field study, the site was in a corn-soybean [Glycine max (L.) Merr.] rotation un-
der conventional tillage, which was chisel plowed in the fall and chisel plow plus 
disc in the spring. Source of N fertilizer used was liquid urea-ammonium nitrate 
32% N (UAN), which was side-dressed injected below the soil surface in May af-
ter planting using agronomic rates of 170 kg N ha−1. Phosphorus (P2O5) and po-
tassium (K2O) fertilizers were applied as needed to maintain optimum fertility 
levels so as not to restrict corn or soybean growth. 

The field study consisted of two tillage systems; no-till (NT) and chisel plow 
(CP) with four CRM treatments 1) control; no CRM applied or removed, 2) re-
moved; complete removal of 7.5 cm depth of CRM (fall 2010/2011-applied and 
removed in the spring of 2011/2012), 3) 2.5 cm depth of CRM (2010 fall-applied), 
and 4) 7.5 cm depth of CRM (2010 fall-applied). Three N rates (0, 180, and 270 
kg N ha−1) were applied to tillage and CRM treatments in a randomized com-
plete block design with split-split arrangements with three replications in a con-
tinuous corn system. The dimension of the main plot within each tillage system 
and replication was 24.2 m wide by 22.7 m long; while the sub-plots consisting 
of CRM treatments were 22.7 m long by 6.1 m wide. Furthermore, each CRM 
treatment sub-plot was split into 7.6 m long by 6.1 m wide to receive three N 
rates of 0, 180, and 270 kg∙N∙ha−1 randomly assigned. The field study was  
 

 
Figure 1. Average monthly air temperature and rainfall for 2011 and 2012 at the site, near Ames, Iowa. 
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designed to monitor changes in selected soil health parameters with different le-
vels of CRM depths on the soil surface. 

Tillage treatments included NT where no disturbance except for the applica-
tion and removal of CRM, seed planting, and N fertilizer application; while CP 
tillage was conducted in the spring by using a commercially available model with 
straight shanks and twisted sweeps. The shanks are mounted on four toolbars in 
a staggering order to ensure an effective spacing of 30 cm between shanks. The 
depth of tillage with CP was 22 - 25 cm. Also, a field cultivator was used for sec-
ondary tillage after CP tillage, consisting of a horizontal implemented frame sec-
tion with straight shanks and a smoothing arrow. The CRM treatments were 
randomly assigned to each tillage system and replication. The desired CRM 
depths were based on our first field evaluations at four different sites in Em-
metsburg, Iowa, in 2009-2010 (data not published), where CRM was piled at the 
edge of the field in areas of 9.1 m wide by 30.5 m long. After CRM was removed, 
noticeable amounts of CRM, ranging from 2.5 to 7.5 cm deep were left on the 
soil surface. In the fall of 2010, CRM treatments were established for the 2011 
growing season based on the above observations using CRM (70% corncob and 
30% corn stover) provided by POET Biorefinery from Emmetsburg, Iowa. The 
CRM quantity for each treatment depth was based on spreading CRM on an ex-
perimental plot, which was weighed on a field scale to determine equivalent 
amounts for each designed depth. The CRM equivalent to each treatment depth 
was then hauled and spread, using hand hoes, on each respective plot using a 
field cart. For the 2012 season, the same CRM treatments were kept on the same 
plots, except for removed CRM treatment, where fresh CRM was applied again 
in the fall of 2011 after corn harvest and removed early spring 2012. Further-
more, N rates of 0, 180, and 270 kg∙N ha−1 were randomly assigned to each CRM 
treatment. The N fertilizer source was 32% N liquid UAN (NH4NO3), which was 
side-dressed and injected in May after planting corn, using a spoke point injec-
tor. The site was planted on 6th May 2011 and 14th May 2012 using a 111-day 
maturity corn variety (Pioneer, P33W84) with a seeding density of 79,000 seeds 
ha−1.  

2.2. Soil Sampling and Measurements 

Initial soil samples were collected in mid-October after harvest prior to the es-
tablishment of treatments in 2010. Those soil samples were analyzed to establish 
the baseline for the different parameters of the soil prior to the start of the study. 
In the fall of 2011 and 2012, soil samples were collected and analyzed for soil or-
ganic carbon (SOC), soil total nitrogen (STN), soil bulk density (ρb), and soil pH. 
Soil sampling was done by collecting twelve 1.7 cm diameter soil cores from 
depths: 0 - 7.5, 7.5 - 15, and 15 - 30 cm for each treatment plot. Collected soil 
cores for each sample were mixed and sieved through a 2 mm sieve, then air 
dried before analysis. The SOC and STN analyses were done by dry combustion 
using a CN analyzer (TRUSPEC, LECO Corporation, St. Joseph, MI). Soil pH 
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was measured by mixing 1:1 soil to water ratio using an AR15 pH meter (Accu-
met® Research, Fisher Scientific International Inc.). Soil samples with pH values 
greater than 7.1, had a separate inorganic C analysis done to correct total soil C 
values, by subtracting them from the total soil C results to obtain SOC. The in-
organic C determination was done by using a modified pressure calcimeter me-
thod [13]. 

Soil samples for ρb were simultaneously conducted during the soil sampling 
for total C and N for each depth by taking three 1.7 cm diameter soil cores from 
each treatment plot for 0 - 7.5, 7.5 - 15, and 15 - 30 cm soil depths. Soil cores 
were carefully removed from probes and placed in a paper bag. Once in the lab, 
soil samples were oven dried at 105˚C for 24 hours and weighed. The dried soil 
mass was divided by the soil core volume to determine ρb in Mg∙m−3. To convert 
SOC and STN concentrations (mg∙g–1 dry soil) to mass (C stocks) per area basis 
(Mg∙ha−1) the SOC and STN concentrations values were multiplied by the mean 
ρb value and soil depth. 

2.3. Soil Microbial Biomass Carbon 

Soil samples for the determination of microbial biomass carbon (MBC) were 
collected from the site at four different times during the growing season for both 
years. Collection occurred after planting in mid-May and subsequently in June, 
July, and September from all tillage, CRM, and N treatments. The MBC was de-
termined by performing a fumigation-extraction [14], where six 1.7 cm diameter 
soil cores were collected from the top 15 cm. The soil samples were immediately 
processed in the lab by sieving them through a 2 mm sieve at field moisture con-
ditions. Five g soil samples were taken for determining gravimetric soil moisture 
content to be used in the calculation of MBC on soil dry weight basis. At the 
same time, two soil samples of 20 g each were placed in 50 ml glass beakers. One 
soil sample was used for the non-fumigated analysis, while the other sample was 
placed in a vacuum desiccator to be fumigated with ethanol-free chloroform 
(CHCl3) for 24 hours. After the fumigation process was completed, all samples 
were extracted with 100 mL of 0.5 M potassium sulfate (K2SO4) and placed in a 
shaker for 30 minutes, and then filtered through a Whatman No. 42 filter paper. 
In order to determine the background level of C in the filter paper during ex-
traction process, a blank sample made of 0.5 M K2SO4 was processed with the 
rest of the samples. The filtered solution was measured with an Elementarli-
qui-TOC carbon analyzer for C (Americas Inc., Mt. Laurel, New Jersey). The 
MBC for the soil was calculated on an oven-dry weight basis.  

2.4. Water Stable Aggregates 

Soil samples for water stable aggregates (WSA) were collected from all tillage, 
CRM, and N treatments in the fall of 2011 and fall of 2012. Soil samples collected 
in fall 2010 were analyzed to establish the baseline data of the soil physical prop-
erties prior to the start of the experiment. A single soil core was randomly taken 
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using a 7.6 cm diameter golf course hole-cutter to a soil depth of 15 cm; then the 
sample was brought back to the lab where it was sieved through an 8 mm sieve. 
Through this process, undesirable materials such as plant residue, rocks, corn-
cob, and grains were removed. The soil samples were then air-dried and ready 
for analysis following the procedure by [15].  

A 100 g of soil from each sample was placed at the top of a set of six sieves 
stacked top to bottom as follows: 4, 2, 1, 0.50, 0.25, and 0.053 mm. The set of six 
sieves were then submerged into a wet aggregate apparatus container filled with 
deionized water at ~21˚C and vertically oscillated for 5 minutes with a stroke 
length of 2 cm. The frequency of oscillation was maintained at 90 strokes min−1. 
A wet aggregate apparatus is a custom-made machine in which the 20-cm di-
ameter sieves could be fitted [16]. It was noted that soil passed through the last 
sieve after 5 minutes of constant stroking. This was considered as aggregate size 
of <0.053 mm, which was captured by a plastic tub at the bottom of the aggre-
gate apparatus. Then, each aggregate size was washed into plastic tubs using 
deionized water and oven dried at 65˚C until all water in the tubs had evapo-
rated. The weight of each aggregate size fraction was determined by weighing the 
plastic tub and dry aggregates and subtracting the plastic tub weight. The WSA 
for each fraction size is expressed as a percentage of the total sample weight on 
an oven-dry basis. Soil aggregate-associated total C was determined for each size 
fraction that was collected as described above, where oven-dried different ag-
gregate size fractions were stored in a coin envelop for SOC analysis. The soil 
samples of each aggregate size fractions were ground with mortar and pestle 
and analyzed for SOC using a dry combustion method by using CN analyzer 
(TRUSPEC, LECO Corporation, St. Joseph, MI). 

2.5. Soil Penetration Resistance 

Soil penetration resistance (SPR) readings were collected following the applica-
tion of CRM treatments. Measurements were taken two times during the study 
including spring 2011 and spring 2012. The SPR was determined using a Rimik 
CP-20 penetrometer (Soil Measurement System, Tucson, AZ) using a 30˚ cone 
with a 1.27 cm diameter base targeting an insertion speed of 1.3 m∙min−1, with a 
range of 0.01 to 2 m∙min−1. The SPR measurements were conducted for tillage, 
CRM treatments, and 180 kg/ha N rate, where three random insertion points per 
plot were recorded at 2.5 cm soil depth increments down to 60 cm. 

2.6. Statistical Analysis 

Data for soil health parameters were analyzed using the statistical analysis pro-
cedure of PROC MIXED [17] with repeated measurements. A compound sym-
metry-covariance structure was used for repeated measures. Tillage system was 
considered as the main plot treatment, which was split into different CRM levels 
as the split treatments, N rates as split-split-plot, and date of measurements as 
the repeated measure variable. Mean separation was determined using the 
PDIFF procedure and significant difference was determined at p ≤ 0.05. 
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3. Results and Discussion 
3.1. Soil Organic Carbon and Total Nitrogen 

During this study, SOC rate of change was significant at different depths (p = 
0.006) for both tillage systems. Changes in SOC were mostly negative across 
CRM treatments, tillage systems, and soil depths (Figure 2(a) and Figure 2(b)), 
with the exception at 15 - 30 cm soil depth under CP (control = 0.13 Mg∙ha−1∙yr−1, 
average CRM = 0.25 Mg∙ha−1∙yr−1). Also, SOC gain was observed in NT control 
(0.20 Mg∙ha−1∙yr−1) at 15 - 30 cm soil depth. Other positive rates of changes in 
SOC were observed at removed CRM at 7.5 - 15 cm soil depth (0.24 
Mg∙ha−1∙yr−1), at 15 - 30 cm soil depth (0.39 Mg∙ha−1∙yr−1), and 7.5 CRM at 15 - 
30 cm soil depth (0.22 Mg∙ha−1∙yr−1). Even though, the rate of change of SOC is 
not significantly different a positive change in SOC at 15 - 30 cm soil depth 
shows that the change in field management by introducing CRM affected soil 
health. 

Additionally, STN rate of change was affected by tillage systems (p ≤ 0.0001), 
where all CRM treatments showed a decline in STN rate under CP system for all 
soil depths (average −0.14 Mg∙ha−1∙yr−1) apart from control treatment at 0 - 7.5 
cm soil depth (0.13 Mg∙ha−1∙yr−1). However, the rate of change in STN with NT 
for all CRM treatments and soil depths was positive (average 0.20 Mg∙ha−1∙yr−1). 
The rate of change of STN (gain or loss) associated with both tillage systems  
 

 

Figure 2. CRM effects on SOC ((a) and (b)) and STN ((c) and (d)) rate of change averaged across N rates 
from 2010 to 2012 under NT and CP tillage systems at the site near Ames, Iowa. Means of CRM treatments 
with the same letters within each soil depth and tillage system are not significantly different at p ≤ 0.05. 
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within each depth was not significantly different for CRM treatments (Figure 
2(c) and Figure 2(d)). The increase in STN rate in this study with NT is largely 
due to less soil disturbance and greater soil moisture retention. However, low 
SOC and STN in the 2012 season may be due to the drought conditions in 2012 
(Figure 1). Yet, the increase in SOC at the 15 - 30 cm soil depth for both tillage 
systems can be a result of CRM incorporation at lower depths for CP and greater 
soil moisture content with NT increasing root development and soil organic 
matter contribution [18]. The lack of significant differences in SOC and STN 
changes between CRM treatments and N rates in this experiment is most likely 
due to the short duration of treatments effect [19]. Also the changes in SOC and 
STN observed during this experiment can be attributed to the large amount of 
CRM applied resulting in greater raw organic materials input coupled with 
management effects (i.e., N rate and tillage), and a possible increase/decrease of 
SOC and STN mineralization rate [18] [20]. 

3.2. Soil Microbial Biomass Carbon 

Results of soil MBC is presented as an average across tillage systems and N rates 
due to no significant differences between tillage systems and N rates within each 
year (p = 0.1983 and p = 0.7177 for 2011 and 2012, respectively) in affecting soil 
MBC content (Figure 3). The reason for monitoring soil MBC over time in this 
study was to determine the CRM treatment effect as the most sensitive soil 
health indicator. Soil MBC throughout the growing season for 2.5 cm and 7.5 cm 
CRM treatments were generally greater than that for control-2010 and removed 
CRM treatments (average of control-2010 and removed-2011 treatments = 321 
μg∙C∙g−1 dry soil, average of 2.5 and 7.5 CRM 2011 treatments = 375 μg∙C∙g−1 dry 
soil, average of control-2010 and removed 2012 treatments = 356 μg∙C∙g−1 dry 
soil, and average of 2.5 and 7.5 CRM 2012 treatments = 390 μg∙C∙g−1 dry soil). 
The soil MBC trend over time was significant in June and July for both years,  
 

 

Figure 3. CRM effects on microbial biomass carbon at top 15 cm across tillage system and N rates during 
2011 and 2012 at the site, near Ames, Iowa. Standard errors are for CRM treatments within each year and 
each month. A significant difference between CRM treatments within each month is noted with an asterisk 
(*) at p≤ 0.05. 
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where MBC for 2.5 cm and 7.5 cm CRM treatments were significantly greater 
than that for control-2010 or removed CRM treatments. High soil MBC ob-
served during June and July is consistent with findings by other studies, where 
this increase was attributed to an increase in organic matter input [21], and the 
decomposition of these organic materials throughout the growing season. The 
2.5 cm and 7.5 cm CRM treatments greatly influenced MBC in this experiment 
over tillage systems and N rates, which was documented by another study [22] 
[23]. 

3.3. Water Stable Aggregates and Soil Aggregate-Associated  
Carbon 

The WSA was measured to determine the potential change in soil structure at 
the aggregate level as affected by CRM treatments, tillage systems, and N rates. 
There were interactions between years, CRM treatments, and aggregate size frac-
tions (p = 0057). However, in this study, tillage systems and N rates showed no 
effects on aggregate stability during the 2-yr study (p = 0.8698 and p = 0.8447 for 
2011 and 2012, respectively). Therefore, an average of the same aggregate size 
fractions across tillage systems and N rates was used in Figure 4. The WSA was 
separated into seven aggregate size fractions (<0.053, 0.053 - 0.25, 0.25 - 0.50, 
0.50 - 1, 1 - 2, 2 - 4 and >4 mm). For the purpose of this discussion, aggregate 
size fractions of 0.50 to >4 mm will be discussed as macro-aggregates, while 
<0.053 to 0.50 mm will be discussed as micro-aggregates. In both years, CRM 
treatments showed no significant effect on WSA percentages within each aggre-
gate size fraction. The average of macro-aggregates across tillage systems, N 
rates, and CRM treatments accounted for 58%, while micro-aggregates ac-
counted for the rest of 42% in 2011. In 2012, macro-aggregates decreased by 8%, 
while micro-aggregates increased by 2%. Furthermore, aggregate fraction sizes 
of 2 - 4 and 1 - 2 mm were the most affected within the macro-aggregates range  
 

 

Figure 4. CRM effects on water aggregate stability size fractions percentage distribution averaged across 
two tillage systems and three N rates for 2011 and 2012 at the site, near Ames, Iowa. CRM treatments 
means within each size fraction with the same letters in each year are not significantly different at p ≤ 0.05. 
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decreasing by 6.3% and 3.1% across all CRM treatments, respectively, from 2011 
to 2012. The CRM treatments show no significant differences in WSA percen-
tage at each aggregate size fraction. However, the overall decrease of WSA from 
2011 to 2012 points out the potential of a negative effect of field management 
operations during the application and removal of CRM treatments due to ma-
chinery traffic for tillage, planting, and fertilizing operations [24] [25] [26]. 

The aggregate-associated C content was primarily affected by the relationship 
between aggregate fraction size and CRM treatments in 2011 and 2012. No dif-
ferences were observed due to tillage systems and N rates (p = 0.0932), thus an 
average across these treatments is presented in Figure 5. During this study, 
CRM treatments showed no effect on aggregate-associated C in both years. An 
average across all CRM treatments for macro-aggregates associated C content in 
2011 was 5.91 g∙C∙kg−1, whereas micro-aggregates associated C content was 4.97 
g∙C∙kg−1. Moreover, in 2012, there was a decrease in macro-aggregates associated 
C content by 0.77 g∙C∙kg−1, while micro-aggregates associated C content increase 
by 0.16 g∙C∙kg−1. The macro-aggregates fractions of 2 - 4 mm and 1 - 2 mm sizes 
across all CRM treatments showed a decline in aggregate-associated C content 
by 2.58 g∙C∙kg−1 and 1.31 g∙C∙kg−1, respectively, from 2011 to 2012. Also, an in-
crease in micro-aggregates C content was observed for the 0.25 - 0.50 mm and 
0.053 - 0.25 mm size fractions of 0.10 g∙C∙kg−1 and 0.22 g∙C∙kg−1, respectively, 
from 2011 to 2012. The similarities between WSA percentage and its aggre-
gate-associated C content can be explained by the aggregate hierarchy theory of 
soil aggregate fractions arrangement and accessibility of soil C to the microbial 
community, for loss or gain of soil organic matter [27]. In this arrangement, mi-
cro-aggregates were protected by macro-aggregates and a significant amount of 
fresh C (CRM), which further protect micro-aggregates from microbial activi-
ties. It is well documented that cultivation (i.e., tillage) reduces soil WSA per-
centage and its associated C content at the macro-aggregates level due to soil  
 

 

Figure 5. CRM effects on aggregate size fractions associated carbon content averaged across two tillage systems 
and three N rates in 2011 and 2012 at the site, near Ames, Iowa. CRM treatments means within each size fraction 
with the same letters in each year are not significantly different at p ≤ 0.05. 
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disturbance and change in its aggregate distribution [28]. However, in our study, 
no significant differences were found between tillage systems. This can be attri-
buted to the length of treatment effects (2-yr) since the implementation of tillage 
systems and the application of CRM treatments offsetting any significant 
changes in the short term. 

3.4. Soil Penetration Resistance and Bulk Density 

The SPR measures treatments’ effects on soil physical properties, the measure-
ments were taken in the spring of 2011 and 2012 after tillage operations in order 
to determine tillage and CRM treatment effect on soil compaction; which are 
presented in Figure 6. In general, SPR values under CP and NT in both years 
show that Control-2010 and removed CRM treatments had greater SPR values 
compared to 2.5 cm and 7.5 cm CRM treatments at the top 15 cm soil depth in 
2011 and 2012 (control-2010/removed-2011 = 1.44 MPa, CRM 2011 = 1.20 MPa, 
control-2010/removed-2012 = 0.93 MPa, and CRM 2012 = 0.87 MPa). On aver-
age, SPR for control CRM and removed CRM treatments across tillage systems 
and soil depths were greater than that for 2.5 cm and 7.5 cm CRM treatments for 
2011 and 2012 by 0.25 MPa and 0.02 MPa, respectively. Differences in SPR val-
ues between CRM treatments were not significant at lower soil depths for both 
tillage systems in both years. The increase in SPR values at the 15 cm soil depth 
for control-2010 and removed CRM treatments can be attributed to field opera-
tions, traffic, and removal of crop residue, while 2.5 cm and 7.5 cm CRM treat-
ments had less exposure to traffic (CRM covering soil surface), except during 
application of CRM treatments during 2011. The low SPR values observed in  
 

 

Figure 6. CRM effect on soil penetration resistance through soil profile within each til-
lage system for 2011 ((a) & (b)) and 2012 ((c) & (d)) at the site, near Ames, Iowa. Stan-
dard errors are for each CRM treatment within each tillage and soil depth. 
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2012 across all CRM treatments and tillage systems could be attributed to the 
dry soil condition and the presence of CRM on the soil surface to minimize soil 
compaction [29]. Likewise, we observed that CRM treatments had no effect on 
soil bulk density (ρb) in 2011 (Table 1) due to the short period of the experi-
ment. However, we observed the following year (2012) that 2.5 cm and 7.5 cm 
CRM treatments showed slightly lower values of bulk density than the control 
and CRM treatments. The improvement in SPR and ρb in plots covered with 
CRM treatments was most likely due to residue cover mitigating soil surface 
compaction from equipment traffic that can cause high ρb [30].  

3.5. Treatments Effects on Soil pH 

Soil pH directly affects nutrient availability for plant growth and development 
and positions it as an important soil health indicator. Soil pH means, standard 
errors, and p-values are presented in Table 2. Changes in soil pH are often slow 
and small over time, as the results in this study, show no significant differences 
over two years, tillage, and CRM treatments. In general, significant differences 
were observed at different soil depths, and N rates, where soil pH across all  
 
Table 1. CRM treatments effects on soil bulk density at the site near Ames, Iowa. A sig-
nificant difference due to treatment is noted with an asterisk (*) at p ≤ 0.05. 

Treatments Mean Std. Error Pr (>|t|) 

Year 1.21 0.01309 0.255 

Tillage 1.20 0.013083 0.177 

N rates 1.23 6.538e−05 0.0506 

Soil depth 1.15 0.007685 8.72e−10* 

CRM Control 1.24 0.018023 0.288175 

CRM Removed 1.22 0.018023 0.596970 

CRM 2.5 cm 1.22 0.018023 0.442572 

CRM 7.5 cm 1.15 0.018023 0.000321* 

 
Table 2. CRM treatments effects on soil pH at the site near Ames, Iowa. A significant 
difference due to treatment is noted with an asterisk (*) at p ≤ 0.05. 

Treatments Mean Std. Error Pr (>|t|) 

Year 7.41 3.598e−02 0.9979 

Tillage 7.40 3.598e−02 0.9184 

N rates 7.42 1.803e−04 0.0392* 

Soil depth 7.52 2.203e−02 1.89e−06* 

CRM Control 7.40 5.088e−02 0.7066 

CRM Removed 7.33 5.088e−02 0.0956 

CRM 2.5 cm 7.43 5.088e−02 0.2002 

CRM 7.5 cm 7.48 5.088e−02 0.2002 
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treatments for each soil depth (0 - 7.5, 7.5 - 15, and 15 - 30 cm) was 7.29, 7.33, 
and 7.50, respectively, having the biggest difference, especially at the lowest 
depth. Also, N rates across all CRM treatments show significant differences in 
soil pH, where 0, 180, and 270 kg∙N∙ha−1 yielded 7.40, 7.43, and 7.28, respective-
ly. Moreover, soil pH values varied between 4.69 and 8.03, showing a large va-
riability in soil pH, which can be attributed to the spatial variability within the 
plots, soil types, and CRM treatments [31]. 

4. Conclusions 

The application of different CRM treatments with two tillage systems (CP and 
NT), and three N rates (0, 180, and 270 kg∙N∙ha−1) show no significant differ-
ences in SOC and STN rate of change for all CRM treatments, tillage systems, 
and soil depths. Soil C change is affected by the length of the treatments, and the 
study duration of 2-yr is not sufficient to produce a significant change or signif-
icant trend. However, initial trends in STN under CP showed a decline to no 
changes across all treatments, while NT showed slightly positive changes in cer-
tain depths with no consistent trend reflecting the high variability and short-term 
treatments’ effect. Meanwhile, changes in MBC values at different times in the 
growing season with 2.5 cm and 7.5 cm CRM treatments were affected diffe-
rently as the depth of CRM increased, especially in June and July (mid-summer). 
The combined effects of CRM and tillage treatments were evident in affecting 
soil physical properties, such as soil macro-aggregates and micro-aggregates 
fractions and their associated C content by increasing soil micro-aggregates sta-
bility and associated C content. Improvement in ρb, SPR, and aggregate stability 
was associated with high amounts of CRM left on the soil surface. The findings 
of this study show that the process of CRM removal can affect certain soil health 
parameters in the short term differently, where some soil health indicators such 
as MBC, WSA, and SPR are most sensitive to management effects in the short 
term. However, long-term evaluation of CRM field management is essential to 
the development of best management practices that minimize the impact on soil 
health. 
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