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Abstract: Crop rotation and tillage alter soil organic matter (SOM) dynamics by influencing the soil
environment and microbes carrying out C and N cycling. Our goal was to evaluate the effect of
long-term crop rotation and tillage on the quantity of C and N stored in SOM and microbial biomass.
Two experimental sites were used to evaluate four rotations—continuous corn (Zea mays L.) (CCC),
corn-soybean (Glycine max [L.] Merr.) (CS), corn-soybean-wheat (Triticum aestivum L.) (CSW), and
continuous soybean (SSS), each split into chisel tillage (CT) and no-till (NT) subplots. The CSW
rotation increased soil organic carbon (SOC) content compared to SSS; SSS also reduced total nitrogen
(TN) compared to other rotations. Levels of SOC and TN were 7% and 9% greater under NT than CT,
respectively. Rotation did not affect microbial biomass C and N (MBC, MBN) while tillage reduced
only MBN at 10–20 cm compared to NT, likely related to dispersion of N fertilizers throughout the
soil. Despite the apparent lack of sensitivity of microbial biomass, changes in SOC and TN illustrate
the effects of rotation and tillage on SOM dynamics. The inclusion of crops with high C: N residues
and no-till use both support higher C and N content in the top 20 cm of the soil.
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1. Introduction

Crop rotation and tillage practices have a substantial influence on the soil as they alter the soil
environment, influencing the habitat and energy source of the microbial community, the primary driver
of SOM dynamics [1]. Microorganisms are responsible for the decomposition of organic matter inputs
in the form of crop residues; as microbes break down residues, C becomes incorporated into microbial
biomass, which becomes a key component of SOM [2]. The formation of soil aggregates are also
directly related to microbial activity as microbial products are a binding agent within aggregates [3,4].
The microbial residues along with physically protected SOM within soil aggregates are resistant to
degradation and contribute to the stability of SOM [1]. Agronomic practices play a substantial role
in influencing the cycling of C through the soil and microbial community, yet environmental factors
inherent to the soil and location, such as initial SOM levels, soil texture, and climate, will also affect the
degree to which crop rotation and tillage influence SOM dynamics [5,6].

A meta-analysis by McDaniel et al. [7] found that the addition of one or more crops to
a monoculture increased the size of the microbial community as measured by both MBC and MBN,
which are also related to the availability of resources and the favorability of the soil habitat. Beyond
affecting soil microbes, the quantity and quality of residues returned to soil from a crop rotation can
determine the amount of C and N stored within the SOM. Soil organic matter typically consists of 58%
carbon, typically referred to as soil organic carbon [8]. The meta-analysis by McDaniel et al. [7] reported
adding one or more crops into a crop rotation increases both SOC and soil total nitrogen (TN). In a global
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analysis of 67 studies, West and Post [9] also found that more complex rotations led to an accumulation
of SOC across environments. However, both of these studies found that switching from continuous
corn to a corn-soybean rotation was an exception that did not increase C. Higher biomass producing
crops, such as corn, provide a larger pool of C to return to the soil, but the rate of decomposition
may be slower due to higher C: N ratio of those residues [7,10]. The combination of greater residue
production and slower decomposing residues of corn can lead to an accumulation of SOM in rotations
that feature those crops more frequently compared to the reduced residue accumulation from soybean
every other year from a corn-soybean rotation. Beyond just the residue input to the soil, the use of N
fertilizers for crops such as corn and wheat affects the N within the soil as well as the soil pH [11]. Crop
rotations that include legumes have lower biomass production and, as these legumes are typically
grown without N fertilization, have been found to lead to lower TN and higher pH [12].

The role of tillage in the relationship between microbes and SOM is primarily through the impact
of disturbance of the soil microclimate and the rate of decomposition of crop residues. The use of tillage
increases aeration of the soil, reduces soil moisture content and leads to warmer soils in general [13,14].
Crop residues are fragmented into smaller pieces, increasing microbial access to residues accelerating
the rate of decomposition [13]. In no-till (NT) soils, microbes are concentrated near the surface due
to the proximity to crop residues; while in tilled soils, microbes and their activities are spread out to
a greater depth as a result of the distribution of C inputs throughout all of the disturbed soil layer [15].
A global meta-analysis of the effect of tillage to NT for microbial biomass reported reduced MBC
and MBN under tillage compared to NT; however, this difference for MBC was found only for more
intensive tillage practices as MBC under chisel tillage was similar to NT [16]. Reduced tillage not only
leads to a larger microbial community, but can also lead to greater SOM compared to conventional
tillage (CT), due to the slower decomposition rate of crop residues under NT [17]. Yet the exposure
of SOM from within soil aggregates as the soil is disturbed by tillage may have a greater impact in
the SOM differences reported for these systems. This physically-protected SOM decomposes when
aggregates are disrupted by tillage, and these SOM losses are not offset by the C addition from crop
residues [17]. Zuber et al. [12] reported greater SOC and TN under NT compared to CT on two
Illinois soils after 15 years. The global analysis of West and Post [9] also reported that NT increased C
sequestration substantially compared to tillage, and that this difference occurred primarily near the
soil surface with 85% of the difference between tillage and no-till found in the top seven centimeters of
the soil.

The high agricultural production of Illinois and the Midwestern U.S. relies on the fertile soils
of the region; maintaining or improving productivity is a priority that will require maximizing the
potential of these soils by selecting highly productive agronomic practices that also improve soil
quality. The impact of SOC on numerous other soil properties, including water holding capacity and
infiltration, nutrient availability, and soil structure, compel us to understand how SOM dynamics
are influenced by agronomic practices. In Zuber et al. [12], we examined the effect of crop rotation
and tillage on soil physical and chemical properties. In that study, crop rotation, specifically the
frequency of soybean within the rotation, affected the TN and aggregate stability of the soil, but
did not significantly influence the SOC. Due to the strong relationship between SOC and aggregate
formation [4], it was surprising that the effect of rotations was greater on aggregate stability, but was
not as evident for SOC. This discrepancy indicates that other aspects of the cycling of C may be factors
in the formation of aggregates and should be further investigated. Soil microbes are a vital component
in SOM dynamics and microbial properties are considered to be more sensitive to environmental
changes as shifts in microbial communities can occur much more rapidly than changes to chemical
or physical soil properties [18]. Further work is needed to evaluate the influence of these agronomic
practices on SOM dynamics, specifically their effect on microbial properties, such as MBC and MBN,
and the relationship to SOC and TN content of the soils. We hypothesize that crop rotations with high
C: N residues or greater biomass production, such as continuous corn (CCC) and corn-soybean-wheat
(CSW), will lead to greater SOM and TN as well as microbial biomass as both MBC and MBN. Although
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a short corn-soybean (CS) rotation is more complex than continuous corn, we do not expect greater
soil organic matter or microbial biomass, due to the reduced level of crop residues from soybean. It is
expected that SOC, TN, and both MBC and MBN biomass will be greater for all rotations under no-till
than conventional tillage in the top 20 cm of the soil.

The objectives of this study are to (1) evaluate effect of long-term crop rotation and tillage practices
on SOC, TN, MBC, and MBN, and (2) determine the sensitivity of these soil properties to management
practices and their ability to differentiate among different management practices after long-term use
on two different highly productive Illinois soils, one a Mollisol and the other an Alfisol. Understanding
the effect of crop rotation and tillage can benefit farmers throughout Illinois as they strive to maintain
and protect their valuable soil resource and the high productivity of the region.

2. Materials and Methods

2.1. Experimental Sites

This study was conducted on two long-term crop rotation and tillage experimental studies
initiated in 1996 (1) at the Northwestern Illinois Agricultural Research and Demonstration Center
(40◦55′50” N, 90◦43′38” W), near Monmouth, IL; and (2) at the Orr Agricultural Research and
Demonstration Center (39◦48′4” N, 90◦49′16” W), near Perry, IL. At both locations, the experimental
design was a split-plot arrangement of treatments rotation and tillage in a randomized complete block
design with four replications. The main plot of crop rotation consisted of continuous corn (CCC),
corn-soybean (CS), corn-soybean-wheat (CSW), and continuous soybean (SSS) with all crop phases
of each rotation included. Each rotation was split into two levels of tillage: no-till (NT) and chisel
tillage (CT). The tillage operations for CT consisted of fall primary tillage with a chisel plow to a depth
of 20- to 25-cm and secondary spring tillage with a field cultivator prior to planting. Each main plot
was 22 m long by 12 m wide, and sub-plots were 22 m long by 6 m wide. Further descriptions of the
management practices are reported in Zuber et al. [12].

Soils series at Monmouth are Sable silty clay loam (Fine-silty, mixed, mesic Typic Endoaquolls)
and Muscatune silt loam (Fine-silty, mixed, mesic Aquic Argiudolls), with about 10% of the study area
on Osco silt loam (Fine-silty, mixed, superactive, mesic Typic Argiudolls). These soils are dark-colored
and very deep with a slope of less than 2%, developed in loess 2–3 m thick over till under prairie
vegetation. All three soils are moderately permeable. While Sable and Muscatune are poorly drained
and somewhat poorly drained, respectively, Osco soils are well drained [19]. The mean annual
temperature at the site is 10.9 ◦C with mean annual precipitation of 1000 mm. Experimental plots
at Perry are primarily located on Downsouth silt loam (Fine-silty, mixed, mesic Mollic Oxyaquic
Hapludalfs) and Caseyville silt loam (Fine-silty, mixed, mesic Aeric Endoaqualfs) soils with slope of
less than 2%. Both consist of very deep, moderately well drained soils with moderate permeability
formed in 1–3 m loess over till under mixed prairie and forest vegetation [19]. The mean annual
temperature at the site is 11.1 ◦C with mean annual precipitation of 1002 mm.

2.2. Soil Analyses

Soil samples were collected in May 2014 at Monmouth and in May 2015 at Perry; experimental
plots were established in 1996 at both locations. Samples were collected using an Amity 4804 tractor-
mounted hydraulic probe (Amity Technology, Fargo, ND, USA) to take three soil cores 4.3 cm in
diameter in each subplot. Soil cores were cut to 0–10 and 10–20 cm depths. The soil samples were
air-dried and sieved through 2-mm sieve, and the three subsamples from each plot were composited to
provide one sample per plot. Soil organic carbon and TN were analyzed using dry combustion using
an automated CHN analyzer [20,21] at a commercial laboratory (Brookside Laboratories, Inc., New
Bremen, OH, USA). Microbial biomass C (MBC) and N (MBN) were determined using a modified
version of chloroform fumigation extraction protocol from Rice et al. [22]. Due to the large number
of soil samples and the time required for processing, the protocol was modified to use air-dried soil
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samples. Both fumigated and unfumigated soil samples were rewet to approximately 50% of field
capacity for 24 h prior to fumigation or extraction, respectively [23]. Soil samples were fumigated for
48 h with chloroform before extraction with 0.5 M K2SO4. Microbial biomass extracts were analyzed
for organic C and total N on Shimadzu TOC-L and TNM-L analyzer (Shimadzu Corporation, Kyoto,
Japan). Microbial biomass was calculated as the difference in C or N between the fumigated and
unfumigated samples according to standard protocol. Due to the use of air-dried samples, MBC and
MBN values will only be used to as comparative values rather than as actual size of the microbial
biomass; therefore, a conversion factor was not used to scale microbial biomass as is recommended in
the literature [22].

2.3. Statistical Analyses

Data analysis was conducted using GLIMMIX procedure of SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). Rotation, tillage, crop phase nested within rotation, depth, and their interactions
were considered fixed effects, and blocks and sites were considered random. Depth was analyzed
using a repeated measures approach with the variance-covariance structure of ar(1), autoregressive,
or arh(1), heterogeneous autoregressive, selected for each variable based on the Akaike’s Information
Criterion [24]. Random interactions with site were tested for significance using –2log likelihood
values, and terms that were not significant were removed from the model. A lognormal distribution
(dist = logn) was used for MBC and MBN due to the lack of normality of the model residuals. Least
square means were separated using LSMEANS and LINES option within GLIMMIX using a Tukey
adjustment with α = 0.10. When the crop phase was found to be significant, estimate statements
were used to test for differences among crops within a specific rotation. Statistical model and code is
available upon request from the authors.

3. Results and Discussion

Soil organic carbon was significantly affected by rotation (Table 1). The CSW rotation led to
greater SOC levels compared to SSS; however, CS and CCC were intermediate and not significantly
different from either CSW or SSS (Table 2). The greater SOC under CSW is probably related to the
slower decomposition rate of the high C: N ratio corn and wheat residues compared to the soybean
residues. Similarly, Van Eerd et al. [25], reported that the inclusion of winter wheat in a corn-soybean
rotation led to greater SOC in two long-term (>10 years) experiments in Ontario, Canada under both
NT and CT. Van Eerd et al. [25], attributed the greater SOC with high frequency wheat crop rotations, in
part to the greater lignin found in wheat residues, which is recalcitrant and would slow decomposition.
The discrepancy in biomass decomposition among crops also leads to the expectation of greater SOC
under CCC compared to CS as reported in a large-scale data analysis by West and Post [9]; however,
no differences were found between CCC and CS within this study. Similar results were reported by
Kumar et al. [6] who compared CCC and CS under different tillage practices on two contrasting soils
in Ohio.

Table 1. Probability values associated with the analysis of variance of the effects across two sites of
rotation, tillage, and depth and their interactions on soil organic carbon (SOC), total nitrogen (TN),
microbial biomass C (MBC), and microbial biomass N (MBN).

Source SOC TN MBC MBN

Rotation (R) 0.057 0.001 0.557 0.507
Tillage (T) 0.072 0.021 0.249 0.112

R × T 0.550 0.319 0.819 0.358
Depth (D) 0.001 0.352 <0.0001 <0.0001

R × D 0.590 0.117 0.600 0.363
T × D 0.074 0.001 0.098 0.086

R × T × D 0.901 0.669 0.267 0.339



Agriculture 2018, 8, 37 5 of 12

Table 2. Mean values and standard errors (SE) of soil organic carbon (SOC) and total nitrogen (TN) across two sites with rotation and tillage.

Depth (cm) Depth (cm)

0–10 10–20 0–20 0–10 10–20 0–20

SOC (g kg−1) TN (g kg−1)

Rotation Tillage Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

CCC *
CT 19.8 6.4 17.3 6.3 18.5 6.3 1.83 0.31 1.57 0.13 1.70 0.17
NT 22.2 18.3 20.2 2.03 1.62 1.82

CS
CT 19.2 17.3 18.3 1.81 1.50 1.65
NT 21.7 17.1 19.4 2.37 1.50 1.94

CSW
CT 21.4 19.2 20.3 2.04 1.65 1.84
NT 23.2 18.2 20.7 2.05 1.55 1.80

SSS
CT 16.8 16.2 16.5 1.39 1.38 1.38
NT 20.1 17.7 18.6 1.78 1.46 1.62

CCC 21.0 6.4 17.8 6.4 19.4 AB § 6.3 1.93 0.23 1.60 0.13 1.76 A 0.14

CS 20.5 17.2 18.8 AB 2.09 1.50 1.80 A

CSW 22.3 18.7 20.5 A 2.04 1.60 1.82 A

SSS 18.4 16.6 17.5 B 1.58 1.42 1.50 B

CT 19.3 b †,‡ 6.3 17.5 b 6.3 18.4 B 6.3 1.76 b 0.17 1.52 ab 0.12 1.64 B 0.11

NT 21.8 a 17.7 b 19.7 A 2.06 a 1.53 ab 1.79 A

* CCC: continuous corn; CS: corn-soybean; CSW: corn-soybean-wheat; SSS: continuous soybean; NT; no-till; CT: conventional tillage. † Letters indicating significant differences are shown
only for significant effects (α = 0.10). ‡ Within a combination of factors, means for a specific variable followed by the same lowercase letter are not significantly different (α = 0.10). § Within
a column and factor, means averaged over depths followed by the same uppercase letter are not significantly different (α = 0.10).
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While no differences in SOC were found between CCC and CS, SOC differed by the crop phases
within the short CS rotation with greater SOC in the corn phase (19.8 g kg−1) compared to soybean
(17.9 g kg−1) (Figure 1).
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Figure 1. Effect of crop phase (C: corn; S: soybean; W: wheat) within rotations of continuous corn
(CCC), corn-soybean (CS), corn-soybean-wheat (CSW) and continuous soybean (SSS) on (A) soil organic
carbon (SOC) and (B) total nitrogen (TN) across two sites for 0–20 cm soil depth. Within a crop rotation,
bars with the same letter are not significantly different at α = 0.10.

These soils were sampled in late spring; therefore, nitrogen fertilizer had been applied and the
current crop had already been planted at the time of sampling. The greater SOC under corn cannot be
due to greater biomass from the soybean of the previous year, but is probably related to the relatively
rapid decomposition of the soybean residues from the previous year that were already incorporated
into the SOC. In contrast, the soils from the soybean phase had greater biomass from the previous
year’s corn crop, but it is likely those were only partially decomposed due to the slow decomposition of
high C: N ratio corn residues [26,27]. As any pieces of litter were removed as much as possible during
the sieving process (<2 mm) prior to analysis for SOC, these corn residues would have not contributed
much to the amount of SOC measured. Beyond this, it is possible that the corn residues induced
positive priming, wherein the addition of fresh residues stimulates microbial activity and increases
SOM decomposition rates [26,28,29] with high C: N ratio residues, such as corn, have a stronger
effect than lower C: N ratio residues [30]. These possible explanations are further supported by the
differences among crop phases of the CSW rotation. In contrast to CS rotation, the SOC of the corn
(20.8 g kg−1) and soybean phases (19.1 g kg−1) did not differ within CSW; however, the SOC was
greater during the wheat phase (21.5 g kg−1) compared to the soybean phase. In both CS and CSW, the
SOC of the crop phase immediately following soybean was greater than the SOC measured following
corn. This difference between crop phases likely indicates that SOC levels are not as steady as expected
from year to year under long-term management due to either or both a flush of SOC following soybean
or a decrease in SOC following corn due to the priming effect. This fluctuation may serve as a partial
explanation of the failure to detect differences between CCC and CS.

As with SOC, rotation had a statistically significant effect on TN (Table 1) with 16% less soil TN
under SSS than the corn-based rotations (Table 2). Soybean within a rotation has been found to lead to
decrease TN [12,31,32]. During the corn and wheat phases, N fertilizer is applied to supplement the
plant available N from the soil. Of the N taken up by the plant, approximately 64% for corn [33] and
70% for wheat [34] is removed with the grain at harvest. The remainder of the N is returned to the
soil and often immobilized within SOC due to the high C: N ratios of those residues [35]. This would
probably lead to a subsequent increase in TN. However, the difference between the corn-based rotations
and SSS may be more complex as it could be also related to a decrease in TN from the continuous
soybean cropping. Soybean is a net N user leading to depletion of soil N after continuous usage [36].
Ultimately, it is likely that TN decreased under SSS, but it is difficult to determine if TN increased in
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the corn-based rotations as a result of N fertilizer inputs or rather was maintained to previous levels.
It is also possible that there was a loss of TN in all rotations but to a lesser degree in those with corn.
As there were no baseline levels measured on these experimental plots at the time of establishment,
the answer to that query is beyond the scope of this study. Despite no differences among the three
corn-based rotations, there were significant difference between the crop phases within CS and within
CSW (Figure 1). For each of these rotations, TN was greater during the crop phase following soybean
than following corn, similar to the pattern measured for SOC. Unlike SOC, TN was not significantly
different between depths, but this is likely related to the significant site × depth random interaction,
which indicates that the differences between depths varied at the two sites. This may be due to
differences in timing of sampling or N fertilization.

Greater levels of both SOC and TN were found under NT than CT in the surface 10 cm. Despite
tillage disturbance occurring to the depth of 20–25 cm, there were no significant differences between
NT and CT in the 10–20 cm soil depth. As residues are added to the soil surface while the soil is
undisturbed, NT practices can lead to greater SOC and TN than in tilled soils [9,25,31,37]. As in this
study, the difference between NT and CT for SOC and other nutrients has often been reported only in
the surface soils [5,38]. Our previous work, Zuber et al. [12], examined both soil physical and chemical
properties, including SOC and TN, and found that C and N stocks to a depth of 60 cm were greater in
NT compared to CT when measured two years prior to this study.

Soil organic matter dynamics are highly dependent on microbial communities as the stable form
of SOM is a product of microbial decomposition [39,40]. Microbial biomass can provide an indirect
indication about how the size of a microbial community is affected by agronomic practices. Within our
study, there were no differences among crop rotations for either MBC or MBN (Table 1). In contrast,
McDaniel et al. [7] conducted a global meta-analysis evaluating the effect of crop rotation on microbial
biomass and reported large increases in both MBC (20.7%) and MBN (26.1%) with a rotation compared
to the use of a single crop regardless of the number of crops within the rotation. Within the Midwestern
USA, studies by Russell et al. [41], and Ekenler and Tabatabai [42], both in Iowa, reported greater
MBC within a crop rotation compared to a no rotation of crops, which is likely related to the greater
diversity of organic matter inputs from a rotation that would stimulate microbial community growth.
However, the crop rotation that resulted in increased MBC was more complex than those in our study
and included oats and alfalfa. When comparing CCC and CS, Russell et al. [41] reported greater MBC
under CCC than under CS, indicating that the short CS rotation did not augment microbial community
size. The lack of differences among rotation for MBC and MBN in our study may indicate that the
increase in diversity of residues by including other crops within the rotation is offset by the decrease in
biomass available to microbes or differences in the residue quality, especially following the soybean
phase of the rotation.

Tillage had a greater influence on microbial biomass than crop rotation as the interaction effect
of tillage by depth was significant for both MBC and MBN at α = 0.10 (Table 1). There was a trend of
greater MBC under NT compared to CT at the surface 10 cm (Tables 3 and 4); however, this should be
considered with caution as when adjusted with Tukey’s for multiple comparisons, this difference was
not significant. Despite the tillage depth of 20–25 cm, which encompassed the entire measured layer of
soil, there was no significant difference below 10 cm between the undisturbed NT soil and the tilled
soil with crop residues dispersed throughout.
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Table 3. Mean values and standard errors (SE) of natural logarithm transformed microbial biomass
C (MBC) across two sites as affected by rotation and tillage. Backtransformed means are shown in
parentheses in units of mg kg−1.

Depth (cm)

0–10 10–20 0–20

Rotation Tillage Mean SE Mean SE Mean SE

CCC *
CT 3.75 (42.7) 0.31 3.32 (27.6) 0.31 3.53 (34.3) 0.28
NT 4.12 (61.5) 0.31 3.43 (30.8) 0.31 3.77 (43.5) 0.28

CS
CT 4.02 (55.5) 0.28 3.57 (35.4) 0.28 3.79 (44.3) 0.26
NT 4.37 (79.3) 0.28 3.61 (36.8) 0.28 3.99 (54.0) 0.26

CSW
CT 4.12 (61.6) 0.27 3.29 (26.9) 0.27 3.71 (40.7) 0.26
NT 4.23(68.6) 0.27 3.52 (33.7) 0.27 3.87 (48.1) 0.26

SSS
CT 4.13 (61.9) 0.31 3.66 (39.0) 0.31 3.89 (49.1) 0.28
NT 4.31 (74.7) 0.31 3.32 (27.8) 0.31 3.82 (45.6) 0.28

CCC 3.94 (51.2) 0.27 3.37 (29.1) 0.27 3.65 (38.6) 0.25

CS 4.19 (66.3) 0.25 3.59 (36.1) 0.25 3.89 (48.9) 0.24

CSW 4.17 (65.0) 0.24 3.40 (30.1) 0.24 3.79 (44.3) 0.24

SSS 4.22 (68.0) 0.27 3.49 (32.9) 0.27 3.86 (47.3) 0.25

CT 4.00 (54.8) a †,‡ 0.24 3.46 (31.8) b 0.24 3.73 (41.8) 0.23

NT 4.26 (70.7) a 0.24 3.47 (32.1) b 0.24 3.86 (47.6) 0.23

* CCC: continuous corn; CS: corn-soybean; CSW: corn-soybean-wheat; SSS: continuous soybean; NT: no-till;
CT: conventional tillage. † Letters indicating significant differences are shown only for significant effects (α = 0.10).
‡ Within a combination of factors, means followed by the same lowercase letter are not significantly different
(α = 0.10).

Table 4. Mean values and standard errors (SE) of natural logarithm transformed microbial biomass
N (MBN) across two sites as affected by rotation and tillage. Backtransformed means are shown in
parentheses in units of mg kg−1.

Depth (cm)

0–10 10–20 0–20

Rotation Tillage Mean SE Mean SE Mean SE

CCC *
CT 1.80 (6.04) 0.36 0.61 (1.85) 0.29 1.21 (3.34) 0.28
NT 1.86 (6.43) 0.36 1.68 (5.37) 0.28 1.77 (5.87) 0.27

CS
CT 2.19 (8.94) 0.27 1.54 (4.67) 0.22 1.87 (6.46) 0.22
NT 2.06 (7.86) 0.27 1.51 (4.52) 0.21 1.79 (5.96) 0.21

CSW
CT 2.10 (8.14) 0.23 1.37 (3.94) 0.19 1.73 (5.66) 0.19
NT 2.04 (7.66) 0.23 1.61 (4.98) 0.19 1.82 (6.18) 0.19

SSS
CT 2.17 (8.73) 0.36 1.13 (3.11) 0.28 1.65 (5.21) 0.27
NT 2.66 (14.28) 0.36 1.60 (4.97) 0.28 2.13 (8.43) 0.27

CCC 1.83 (6.23) 0.27 1.15 (3.15) 0.22 1.49 (4.43) 0.21

CS 2.13 (8.38) 0.21 1.52 (4.59) 0.18 1.83 (6.21) 0.17

CSW 2.07 (7.90) 0.19 1.49 (4.43) 0.16 1.78 (5.92) 0.16

SSS 2.41 (11.17) 0.27 1.37 (3.93) 0.21 1.89 (6.62) 0.21

CT 2.06 (7.87) a †,‡ 0.17 1.16 (3.20) c 0.14 1.61 (5.02) 0.14

NT 2.15 (8.62) a 0.17 1.60 (4.95) b 0.14 1.88 (6.53) 0.14

* CCC: continuous corn; CS: corn-soybean; CSW: corn-soybean-wheat; SSS: continuous soybean; NT: no-till;
CT: conventional tillage. † Letters indicating significant differences are shown only for significant effects (α = 0.10).
‡ Within a combination of factors, means followed by the same lowercase letter are not significantly different
(α = 0.10).
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For MBN, there was no difference between tillage practices at the surface, but from 10 to 20 cm
MBN was greater in NT than CT. These results are rather unexpected as the meta-analysis by Zuber and
Villamil [16] reported greater MBC and MBN with NT compared to tillage. However, the difference
between NT and tillage was minimal for MBC when the tillage implement was a chisel plow, such as
was used in this study. For MBN, as with SOM and TN, we would expect that any difference between
tillage practices would occur at the surface. In this case, the opposite result was found as MBN was
greater with NT than with CT at the 10–20 cm depth. However, for most of the crop rotations, MBN
was similar between CT and NT at both 0–10 cm and 10–20 cm depths. The exception to this was
CCC, which had MBN at 10–20 cm depth of 1.85 mg kg−1 under CT while the other three rotations
averaged 5.75 mg kg−1. While the high C: N ratio corn residues in this soil would be expected to
lead to a net immobilization as N is incorporated by microbes, the addition of N fertilizer would
likely have increased mineralization. The N would have been incorporated into microbial cells as the
microbial extracellular and intracellular enzyme broke down the residues. Following the augmentation
of microbial biomass, microbe predation would subsequently increase, releasing plant-available N and
reducing MBN; this is similar to the microbial loop process following the release of root exudates into
the rhizosphere [43,44]. Microbial metabolism as well as microbial stress and death would also release
immobilized N [44,45] and could have led to the reduction in MBN found in our study under tilled
CCC. However, this result could be related to shifts in the microbial community or simply an outlier
due to spatial variability.

The lack of significant differences among rotations and the relatively low significance of tillage by
depth both indicate a surprising lack of sensitivity of microbial biomass to crop rotation and tillage.
Microbial biomass, like most biological properties, is highly variable and as a result of sensitivity
to environmental conditions, fluctuates seasonally [46]. It is possible that at the time of sampling
the MB was similar regardless of rotation or tillage, but later changed as a result of root exudates,
temperature, or precipitation so a different timing of sampling could have led to more expected results.
A shallower sampling depth for the top layer may have also been more likely to yield significant
differences between tillage practices on the soil surface.

4. Conclusions

The impact of crop rotation on SOC and TN in two Illinois soils was relatively minor, as differences
in SOC were found only between CSW and SSS while SSS also led to less TN compared to the
corn-based rotations. Thus, the inclusion of high C: N ratio residues (corn or wheat) within a rotation
help to maintain both C and N storage within SOM, but in comparison between different crop
sequences, the frequency of these crops within the rotation only minimally affects the levels of SOC
and TN. Rather, it is the specific phase within the rotation that is an important factor that should be
considered when comparing different crop rotations. The reduced SOC and TN measured during the
growing season following corn indicates that, even 17 years after establishment, there are seasonal
fluctuations within SOM that affects our ability to detect differences among rotations. On the other
hand, tillage had a clear impact on SOM as the use of no-till practices led to 7% and 9% greater
SOC and TN, respectively, compared to tillage. While tillage and, to a lesser degree, rotation, both
influenced the storage of C and N within SOM, their effect on the microbial community was not
as clear. Despite the purported sensitivity of biological properties such as microbial biomass, these
soil parameters were relatively stable among crop rotation and tillage practices on highly productive
Illinois soils. High variability in these measures is likely an important component of the lack of
differences. While microbial biomass provides a snapshot of the community size, more in-depth
evaluation of the structure and diversity of the microbes may reveal how crop rotation and tillage
influence the community in other ways.
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SOM Soil organic matter
SOC Soil organic carbon
MBC Microbial biomass carbon
MBN Microbial biomass nitrogen
CCC Continuous corn
CS Corn-soybean
CSW Corn-soybean-wheat
SSS Continuous soybean
NT No-till
CT Chisel tillage
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