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Management systems inﬂuence soil quality over time. A randomized block design in 2 (tillage
system)  3 (crop rotation) factorial arrangement was laid-out to evaluate the impact of tillage and crop
rotation (2002–2007) on soil quality. Conventional tillage and No-till were factored into continuous corn,
corn–soybean, and corn–soybean–wheat–Cowpea systems. Ten soil cores were collected at 0–7.5, 7.5–
15, 15–22.5 and 22.5–30 cm depths and analyzed for biological, chemical and physical parameters. The
inductive additive approach was used to calculate biological, chemical, physical and composite soil
quality indices. A signiﬁcant impact of no tillage on different physical chemical and biological parameters
was observed. The estimated soil quality index was signiﬁcantly higher in soil under No-till than
conventional tillage. Soil biological quality is a sensitive and consistent indicator of soil quality in
response to management practices.
ß 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Soil management practices are considered necessary to sustain
crop yields to conserve or enhance soil quality (Aziz et al., 2009). A
difference in management practices often result in differences in
biological, chemical and physical properties of soil which in turn,
result in changes in functional quality of soil (Islam and Weil, 2000;
Aziz et al., 2009; Derpsch et al., 2010; Wolfarth et al., 2011; Celik
et al., 2011; Ding et al., 2011). Inappropriate land uses and
management systems lead to soil erosion, depletion of organic
matter and other nutrients which results to permanent soil
degradation and productivity losses (Ramos et al., 2011).
All internal and interrelated properties of soil (biological,
chemical and physical) are signiﬁcantly affected by reducing soil
tillage (Thomas et al., 2007). Soils under No-till have greater
storage of diverse plant biomass on undisturbed surface, which
results in moist soil and low temperature with efﬁcient microbial
activity, better aggregate structure and considerable improvement
in soil properties, particularly N content, SOM and SOC content,
CEC (Cation exchange capacity) and decrease the C/N ratio
(Madejon et al., 2009; Naudin et al., 2010; Derpsch et al., 2010;
Moussa-Machraoui et al., 2010; Benitio, 2010; Celik et al., 2011;
A’lvaro-Fuentes et al., 2012) compared to CT soils. No-till greatly
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enhances carbon accumulation within micro aggregates which in
return form macro aggregates. This shift of soil organic carbon
within micro aggregates is very beneﬁcial for long term carbon
storage in soil (Shan et al., 2010; Erkossa, 2011). No-till farming
tends to reduce soil bulk density in the upper soil layer (Jina et al.,
2011).
Since soil properties are interrelated, the challenge is to
pinpoint and quantify core set of properties that can be used to
conﬁrm the usefulness of production technology for improvement
of SQ. A large change in one property may not signiﬁcantly affect
others and small change in two or more soil properties may be
individually insigniﬁcant but in concert with each other may have
a signiﬁcant impact on an agro-ecosystem (Reganold and Palmer,
1995).
Soil quality is hard to assess directly due to collective and
multiple functional effects but can be evaluated from alterations
in soil properties due to management operations. Conventionally, due to availability of easy analysis techniques soil quality
studies basically focused on chemical and physical properties of
soil (Larson and Pierce, 1994) but in recent years it was found
that biological properties of soil act as early and sensitive
indicators in response to alteration in management systems
(Islam and Weil, 2000; Kennedy and Papendick, 1995).
Consequently biological parameters together with soil chemical
and physical properties are recognized to be necessary to assess
SQ as affected by changes in management operations (Parkin
et al., 1996).
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Soil organic matter (SOM) is historically considered as the
indicator of soil quality because of its contribution in inﬂuencing
soil biological, chemical and physical properties and crop yields
(Islam and Weil, 2000). Others did not agree with SOM as the single
indicator of SQ and suggested a combination of soil properties to be
evaluated for assessment of soil quality (Islam and Weil, 2000). The
particulate organic matter, active C, total N, microbial biomass,
biological activities, enzymes, soil pH, cation exchange capacity,
salinity, bulk density, amino sugar and soil aggregation are
important indicators of dynamic soil quality because of their
quick response to management practices (Islam and Weil, 2000;
Wander, 2004; Aziz et al., 2009; Ding et al., 2011). As a dynamic
component of SOM, microbial life of soil is often considered as a
key indicator of SQ (Islam and Weil, 2000). The best quality soils
are biologically more active and have a balanced population of
microbes. Microbial biomass consists largely of primary decomposers that mineralize organic materials and release nutrients and
energy by enzyme-facilitated metabolic systems. The threads of
fungi and actinomycetes, bacterial mucigel and hyphae bind
particles of soil together and enhance soil aggregation which result
in more absorption of water, reduction in erosion, protects C in
macroaggregates and maintain adequate pore spaces in soil
(Kennedy and Papendick, 1995).
There are certain characteristics, particularly when considered
together, that are good indicators of SQ. Larson and Pierce (1991)
suggested that a small data set be used for measuring SQ and
uniform methodologies and procedures be followed to measure
certain changes in SQ. Monitoring of a select set of soil properties
that can serve as indicators of change in SQ is possible and can yield
useful information on trends in SQ (Dumanski and Pieri, 2000). Soil
quality indicators should be a combination of biological, chemical
and physical properties sensitive to management practices (Islam
and Weil, 2000; Aparicio and Costa, 2007).
However there is still uncertainty remaining for the understanding of full impact of no-till technology on soil organic carbon
(Ogle et al., 2012). This study was planned to evaluate the impact of
tillage and crop rotation (2002–2007) on selected biological,
chemical and physical properties as a minimum data-set of soil
quality indicators and sensitivity of various soil quality indices to
determine soil’s overall functional capacity in agro-ecosystems.

tubes for each composite sample using an environmental soil
probe (1.9 cm internal diameter). The soil cores were segmented at
0–7.5, 7.5–15, 15–22.5 and 22.5–30 cm, respectively in the
laboratory. The segmented soils at each depth were mixed to
get composite samples and gentle sieving was done through a 4mm mesh to eliminate stones, plants roots and large organic
substances. After sieving, the composite ﬁeld-moist soil was
divided into two equal parts and each sub-sample was placed in a
separate Ziplock plastic bag. The soil from one sub-sample bag was
passed through a 2-mm sieve and homogenized to measure
antecedent soil moisture content and incubate for 7 d at room
temperature (25 8C) to stabilize microbial activity. After stabilization, the ﬁeld-moist soil samples were then used to measure
microbial biomass and/or incubated for biological properties. Soil
from the second bag was spread on a polyethylene sheet and airdried at room temperature for 72 h and analyzed for selected
chemical and physical properties. In early spring (May) of 2007, a
total of 18 composite samples were taken (using GPS) from same
soil locations and depth, processed and analyzed for evaluation of
temporal (2002 vs. 2007) effects of tillage on soil properties.
2.4. Analytical methods
2.4.1. Soil biological properties
The soil microbial biomass (Cmic) was determined by following
rapid microwave irradiation and extraction procedure of Islam and
Weil (1998a, 1998b). The Cmic was calculated by using the
following formula.

C mic



mg C
kg soil

The study was conducted at Vanmeter farm of the Ohio State
University South Centers at Piketon (398020 3000 N, 838020 0000 W),
South-central Ohio, USA. On average, soil has pH 6.2, electrical
conductivity 206.4 mS/cm, total porosity 44.6%, and contains 21,
55, and 24% sand, silt and clay, respectively at 0–30 cm depth

BR rates

qCO2

2.3. Soil collection and processing
Prior to establishing the experiment, 18 composite soil samples
were randomly collected from the entire ﬁeld for baseline data
using GPS guided systematic sampling in early spring (May) of
2002. Ten soil cores were collected from 30 cm depth in plastic

¼



MWCext  UMWCext
K ext



mg CO2
¼ ðCO2 soil  CO2 airÞ20 d
kg soil

where CO2 soil is the evolution of CO2 during 20 d incubation of
non-amended homogenized soil and CO2 air is the ambient air CO2
in a blank mason jar.
The qCO2 i.e. catabolism of C per unit Cmic per day was
calculated by following Anderson and Gray (1991).

2.2. Field experiment and cultural practices
A ﬁeld experiment with two (2) types of tillage (conventional
tillage, CT and No-till, NT) and three (3) crop rotations (continuous
corn, CC; corn–soybean, CS; and corn–soybean–wheat, CSW) in
factorial arrangement of randomized complete block (RCB) design
was established in 2002. Each treatment was replicated 3 times on
40  100 m2 plots.



The MWCext is the extractable C in microwaved soil, UMWCext is
the un microwave extractable C, the Cext is extractable C of ﬁeldmoist soil and Kext is the fraction (0.241) of the Cmic extracted by
0.5 M K2SO4 (Islam and Weil, 1998a, 1998b).
Basal respiration (BR), as a measure of antecedent biological
activity, was determined using 20 d in vitro static incubation of
ﬁeld-moist soil without any amendments (Islam and Weil, 2000).
The estimation of BR rate was done by following formula

2. Materials and methods
2.1. Study site

29



mg CO2
mg C mic =d




¼


BR rates
C mic

2.4.2. Soil chemical properties
The total organic carbon (Corg) and nitrogen contents were
estimated using ﬁnely ground (125 mm sieved) soil with Elementar1 CN dry combustion analyzer. Since the pH of the collected soil
was <6.5, the total carbon content was considered as Corg. Active C
(AC) based on KMnO4 oxidation was measured on air-dried soil as
described by Weil et al. (2003).
2.4.3. Soil physical properties
Standard core method was used to calculate bulk density (rb)
using mass per unit volume of soil. Particle size analysis was
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Table 1
Tillage impacts on soil biological quality indicators at different depths (Averaged across crop rotation).
Tillage Trts.

Depth of soil (cm)

Cmic (mg/kg)
*

BR (mg/kg/d)

qCO2 (mg/mg/d)

SBQ (%)

DSBQ (%/yr)

Initial (2002)
CT2007
NT2007

103.7Y
105.1Yb+
163.9Xa

8.1Y
8.5Xa
9.1Xa

73.0Y
86.0Xa
61.0Zb

43.8Y
44.8Yb
56.8Xa

0Y
0.2Yb
2.6Xa

Tillage and soil depth interaction
Initial(2002)
0–7.5
7.5–15
15–22.5
22.5–30

185.7#
103.8
75.2
50.2

10.7 ns
7.0
5.6
4.2

58.0 ns
68.0
76.0
88.0

58.5 ns
45.8
38.7
32.1

0
0
0
0

CT2007

0–7.5
7.5–15
15.22.5
22.5–30

154.4
109.6
85.7
71.3

11.3
9.0
7.5
6.2

74.0
84.0
94.0
92.0

54.2
46.7
40.4
38.0

0.8 ns
0.2
0.3
1.2

NT2007

0–7.5
7.5–15
15.22.5
22.5–30

259.5
173.7
126.0
96.5

13.4
10.0
7.1
5.8

53.0
62.0
61.0
66.0

73.7
60.1
49.1
44.5

3.0
2.8
2.1
2.5

Initial = data collected from conventionally tilled (CT) continuous corn (CC) plots in 2002, CT2007 = data collected from conventionally tilled plots in 2007, NT2007 = data
collected from continuous no-till plots in 2007, Cmic = microbial biomass carbon, BR = basal respiration rates, qCO2 = speciﬁc maintenance respiration rates, SBQ = soil
biological quality, DSBQ = rate of change in soil biological quality, and ns = non-signiﬁcant.
*
Means followed by same upper case letter (X to Z) in the column were not signiﬁcantly different at p  0.05 over time (2002 vs. 2007).
+
Means followed by same lower case letter (a to c) in the column were not signiﬁcantly different at p  0.05 between tillage treatments in 2007.
#
Indicates signiﬁcant tillage and soil depth interaction.

performed by adding 25 ml of 5% hydrogen peroxide to remove
organic matter, followed by addition of sodium hexamata
phosphate to disperse soil and size of the soil particles were
investigated by standard hydrometer techniques. Total porosity
(rt) was calculated from the measured values of bulk density (rb)
and standard soil particle density (rp) of 2.65 g/cm3 and was
expressed as percent as follows:

ftð%Þ ¼

 

rb
1
 100
rp

The rb was calculated by core method of Blake et al. (1986)
from the relationship of oven-dried mass of a known volume of soil
as:
 g 
W
¼
cm3
ðp  r 2  LÞ

rb

where r is the internal radius of a soil core sampler, L is the length
of soil core, and w is the total weight (g) of oven dried equivalent
(ODE) of soil.
An aggregate stability index (AS) was determined using the
method described by (Gardi et al., 2002) wet sieving with vertical
oscillation and calculated with following equation:

ASð%Þ ¼

 
X
 100
Y

Where X is the amount of soil aggregates retained on 250 mm sieve
after treatment and shaking, and the Y is the total amount of soil
aggregates taken for aggregate analysis.
The (particulate organic matter) POM was collected by taking a
10 g oven-dried equivalent (ODE) sample of 2 mm sieved ﬁeldmoist soil at 80% water-ﬁlled porosity in 50 mL screw-top
polypropylene tubes. The tubes containing soils used for microwave irradiation (MW) were covered with punctured caps to
regulate pressure buildup. After initial MW heating (400 J g1), the
soils in the tube were tapped few times on the bench for thorough
mixing followed by an additional MW heating at the same rate. The

MW soil samples were allowed to cool down for 30 min at room
temperature. The soils were shaken at 250 rpm for one hour with
20 mL of 0.5 M K2SO4 (pH 7.0). After shaking, the soil suspensions
were centrifuged at 3000 rpm for 5 min and ﬁltered to collect,
disperse and ﬂoated organic residues on ﬁlter paper as particulate
organic matter (POM). The POM was then transferred from the
ﬁlter paper to a 53 mm sieve, washed under running water, and
oven-dried at 105 8C for 15 min by using a forced-air oven. A
sample of POM was burned at 480 8C for 4 h in a mufﬂe furnace to
calculate POM by loss on ignition and the results were expressed as
sand-free basis.
A selected number of basic soil properties were also
measured. Soil pH was determined by glass electrode method
in 1:2 soil-distilled deionized water slurries. The electric
conductivity (EC) was determined in 1:1 ratio using a standard
conductivity meter.
2.4.4. Calculation of soil quality index
The group of biological, biochemical/chemical and biophysical/
physical properties of soil which were selected to use in the study
as core indicators of SQ are Cmic, BR, qCO2, TC, AC, TN, ft, AS and
POM. An integrated measure of soil quality was produced using the
inductive additive approach based on normalization, summation,
and average of selected core biological, chemical and physical
properties into a single integrator of soil quality (Islam, 1997;
Stinner and Islam, 2008; Aziz et al., 2009). This approach allowed
datum for each individual soil property (X0) measured or
calculated to be transformed on a scale [>0, <1] relative to the
maximum value (Xmax) of that X0 (Xi = X0/Xmax) in the data set.
Transformations of pi were done to normalize the data sets for
reducing heterogeneous variances of the errors and to simplify the
relationship between random errors inﬂuenced variables. Equal
weight were assigned to each Xi such that each Xi is in [>0, <1]
scale and the mean summation of the weight for soil quality was
[>0, <1].
2.4.5. Statistical analysis
PRC ANOVA techniques of SAS were used for data analysis (SAS,
2008). Means of treatments were separated by using an Fprotected LSD test with p  0.05. Regression of SBQ, SCQ and SPQ
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Table 2
Tillage impacts on soil chemical quality indicators at different depths (Averaged across crop rotation).
Tillage Trts.

Depth of soil (cm)

TC (g/kg)
*

AC (mg/kg)

TN (g/kg)

SCQ (%)

DSCQ (%/yr)

Initial (2002)
CT2007
NT2007

13.2Y
11.8Yb+
16.9Xa

622.9Y
656.1Yb+
730.1Xa

1.33Y
1.23Ya
1.72Xa

50.1Y
48.1Yb
60.7Xa

0Y
0.4Yb
2.1Xa

Tillage and soil depth interaction
Initial(2002)
0–7.5
7.5–15
15–22.5
22.5–30

17.1 ns
12.9
11.6
11.1

779.6 ns
613.5
563.0
535.4

1.60 ns
1.33
1.25
1.16

53.9 ns
51.6
47.7
47.4

0
0
0
0

CT2007

0–7.5
7.5–15
15–22.5
22.5–30

14.9
12.2
10.3
9.7

783.5
677.8
589.9
573.2

1.52
1.28
1.08
1.04

51.1
50.3
46.1
44.8

0.6 ns
0.3
0.3
0.5

NT2007

0–7.5
7.5–15
15–22.5
22.5–30

23.9
17.8
13.3
12.5

891.2
738.2
691.1
599.7

2.32
1.83
1.41
1.31

68.4
66.9
54.4
53.1

2.9
3.1
1.3
1.3

Initial = data collected from conventionally tilled (CT) continuous corn (CC) plots in 2002, CT2007 = data collected from conventionally tilled plots in 2007, NT2007 = data
collected from continuous no-till plots in 2007, TC = total carbon, AC = active carbon, TN = total nitrogen SCQ = soil chemical quality, DSCQ = rate of change in soil chemical
quality and ns = non-signiﬁcant.
*
Means followed by same upper case letter (X to Z) in the column were not signiﬁcantly different at p  0.05 over time (2002 vs. 2007).
+
Means followed by same lower case letter (a to c) in the column were not signiﬁcantly different at p  0.05 between tillage treatments in 2007.

signiﬁcantly increased (>30%) over time, however, the BR did not
differ (7%) signiﬁcantly between CT and NT. Regardless of more
Cmic and greater microganism activity (BR), the qCO2 was smaller
in NT compared to that of initial values measured in 2002. The
qCO2 was signiﬁcantly decreased by 16% in NT and increased by
18% in CT. The difference (34%) in qCO2 was signiﬁcantly
different between NT and CT. Irrespective of tillage treatments,
the Cmic and BR decreased and increased with increase in soil
depth (Table 1). The Cmic, BR and values were normalized and
integrate into a soil biological quality index (SBQ). The SBQ was
signiﬁcantly higher (13%) under NT than CT over time. The SBQ
under CT did not change signiﬁcantly over time. The SBQ did
increase signiﬁcantly under NT in ﬁve year (Table 1). The SBQ
decreased with an increase in soil depth.

on SQI, and SQI on Cindex were ﬁtted to polynomial (linear,
quadratic and cubic) functions using Sigma Plot1 and the best ﬁt
was graphically represented.
3. Results and discussion
3.1. Tillage impact on selected soil quality indicator properties
Tillage had signiﬁcant impact on microbial biomass (Cmic),
basal respiration (BR) and speciﬁc maintenance (qCO2) rates at
different depths of soil when measured and/or calculated as soil
biological quality indicators (Table 1). The difference in Cmic
concentration (56%) was highly signiﬁcant between CT and NT.
The Cmic was signiﬁcantly inﬂuenced by tillage. In NT, the BR

Table 3
Tillage impacts on soil physical quality indicators at different depths (Averaged across crop rotation).
Tillage Trts.

Depth of soil (cm)

ft

AS

POM (g/kg)

SPQ (%)

DSPQ (%/yr)

58.8Y
58.2Yb
63.4Xa

0X
0.1Xa
1.5 Xa

(%)
Initial (2002)
CT2007
NT2007

44.3X*
44.6Xa+
44.7Xa

35.6Y
33.8Yb
42.6Xa

Tillage and soil depth interaction
Initial(2002)
0–7.5
7.5–15
15–22.5
22.5–30

51.8 ns
44.4
43.3
37.7

40.7#
35.8
33.9
32.1

12.3#
8.1
7.1
5.8

68.8 ns
58.8
56.0
51.5

0
0
0
0

8.3Y
8.2Yb
9.3Xa

CT2007

0–7.5
7.5–15
15–22.5
22.5–30

50.7
45.7
42.8
39.4

39.9
35.4
31.1
29.1

10.6
8.6
7.3
6.1

65.5
60.1
55.4
51.8

0.6 ns
0.3
0.1
0.1

NT2007

0–7.5
7.5–15
15–22.5
22.5–30

48.8
44.9
44.7
40.3

65.7
43.1
36.2
25.3

14.4
9.7
7.4
5.8

82.0
65.3
57.4
48.9

2.6
1.3
1.1
0.7

Initial = data collected from conventionally tilled (CT) continuous corn (CC) plots in 2002, CT2007 = data collected from conventionally tilled plots in 2007, NT2007 = data
collected from continuous no-till plots in 2007, ft = total porosity, AS = aggregate stability, POM = sand free particulate organic matter, SPQ = soil physical quality, DSPQ = rate
of change in soil physical quality and ns = non-signiﬁcant.
*
Means followed by same upper case letter (X to Z) in the column were not signiﬁcantly different at p  0.05 over time (2002 vs. 2007).
+
Means followed by same lower case letter (a to c) in the column were not signiﬁcantly different at p  0.05 between tillage treatments in 2007.
#
indicates signiﬁcant tillage and soil depth interaction.
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Table 4
Tillage impacts on soil quality index (Averaged across crop rotation).
Tillage Trts.

Depth of soil (cm)

SQI (%)
*

DSQI (%/yr)

Initial (2002)
CT2007
NT2007

50.9Y
50.4Yb+
60.3Xa

0Y
0.4Yb
2.4Xa

Tillage and soil depth interaction
Initial(2002)
0–7.5
7.5–15
15–22.5
22.5–30

60.4 ns
52.1
47.4
43.7

0
0
0
0

CT2007

0–7.5
7.5–15
15–22.5
22.5–30

56.9
52.4
47.3
44.9

1.3 ns
0
0
0.2

NT2007

0–7.5
7.5–15
15–22.5
22.5–30

74.7
64.1
53.6
48.8

4.9
2.4
1.2
1

Initial = data collected from conventionally tilled (CT) continuous corn (CC) plots in
2002, CT2007 = data collected from conventionally tilled plots in 2007, NT2007 = data
collected from no-till plots in 2007, SQI = soil quality index, DSQI = rate of change in
soil quality index and ns = non-signiﬁcant.
*
Means followed by same upper case letter (X to Z) in the column were not
signiﬁcantly different at p  0.05 over time (2002 vs. 2007).
+
Means followed by same lower case letter (a to c) in the column were not
signiﬁcantly different at p  0.05 between tillage treatments in 2007.

Total carbon (TC), active carbon (AC) and total nitrogen (TN) at
different soil depths, measured as soil chemical quality indicators
varied signiﬁcantly in response to tillage (Table 2). The TC
concentration under NT was signiﬁcantly higher (30%) than CT.
The TC concentration under CT decreased (11%) over time.
Similarly, the AC under NT increased signiﬁcantly (17%) over
time. The AC under CT did not change signiﬁcantly over time. The
net difference in AC (11%) between NT and CT was highly
signiﬁcant. The TN concentration increased signiﬁcantly by 29%
under NT and decreased by 8% under CT over time. Tillage had
signiﬁcant impacts on the soil chemical quality index (SCQ) and the
rate of change in DSCQ. The difference in SCQ (>10%) between NT
and CT was highly signiﬁcant. The DSCQ under NT signiﬁcantly
increased @ 2.1% per year and decreased under CT @ 0.4% per year.
Irrespective of tillage treatments TC, AC, TN and SCQ decreased
signiﬁcantly with increase in soil depth (Table 2).
Among the selected soil physical quality indicators AS and POM
varied signiﬁcantly except ft (Table 3). The AS increased
signiﬁcantly by 7% under NT while it decreased by 2% under CT
over time. The POM under NT increased (12%) signiﬁcantly over
time. In contrast, POM under CT decreased non-signiﬁcantly over
time. The net difference in POM (13%) between NT and CT was
signiﬁcant. The ft decreased signiﬁcantly with increasing soil depth
(Table 3). The AS and POM were signiﬁcantly inﬂuenced by tillage
and soil depth interaction. Tillage had signiﬁcant impact on soil
physical quality index (SPQ). The SPQ was signiﬁcantly higher (5%)
in NT than CT. Irrespective of tillage treatments SPQ and DSPQ
decreased with increase in soil depth. The effect was more
pronounced in NT than CT over time (Table 4).
Signiﬁcant change in soil quality indicator properties by tillage
at different soil depths over time could be attributed to variable
physical disturbance, placement and quality of crop residues,
microbial food webs and soil microclimatic parameters (Islam and
Weil, 2000; Stinner and Islam, 2008; Derpsch et al., 2010; MoussaMachraoui et al., 2010; Wolfarth et al., 2011; Ding et al., 2011). The
NT leaves most of the crop residues on the surface, thus inﬂuencing
soil chemical, biological and physical quality properties. Regardless of more Cmic and high biological activity (BR), the qCO2 was

smaller under NT compared to CT. A relatively low value means
that, for available quantity of organic carbon metabolism,
proportionately a smaller amount C would be used in respiration
process and larger amount of C would be ﬁxed into Cmic cells. A
smaller amount also indicates that soil microbes are expecting
relatively labile C as a basis for existence and hence can assign
more resources to growth so the result in less decomposition and
more cycling of nutrients which ultimately improves soil quality
(Anderson and Domsch, 1989; Islam and Weil, 2000; Hazarika
et al., 2009; Wolfarth et al., 2011). The lower amount may also
indicate less stress from soil disturbance for Cmic populations
under NT. Furthermore, the lower value may show that management practices lead to a fungi dominated microbial community.
Several researchers revealed that NT soils have more fungi
dominant microbial colonies (Moussa-Machraoui et al., 2010;
Celik et al., 2011). NT systems, in which plant materials remain on
upper surface instead of mixing into the soil, have fungal
dominance as compared to intensively plowed soil where the
OM is incorporated (Moussa-Machraoui et al., 2010; Celik et al.,
2011). Fungi typically assimilate about 44% of readily decomposable C into biomass, while bacteria typically assimilate only about
32% (Myrold, 1998). So bacteria is expected to be less dominating
as more carbon efﬁcient fungi grow in the soil under NT. Carter,
1991 and Celik et al., 2011 reported that an increase in the
proportion of Cmic in TC indicates a shift in organic C equilibrium
toward an aggrading system in which there is a net accumulation
of C in soil.
Soil with higher Cmic and lower qCO2 values under NT would be
expected to accumulate more labile C over time (Hu et al., 1997;
Islam and Weil, 2000). An accumulation of labile C through
enhanced microbial assimilation may be one of the most important
and early mechanisms by which NT improved soil quality
functions (Islam and Weil, 2000; Aziz et al., 2009). This may be
attributed to longer retention of C inputs and to differences in the
rates of assimilation and decomposition of C under NT (Boehm and
Anderson, 1997; Islam and Weil, 2000). The high qCO2 associated
with low values of Cmic represent CT soils are under stress and in
poor condition (Islam and Weil, 2000). An increased qCO2 has been
reported to be a sensitive indication of soil ecosystem stress from
such factors as physical disturbance (Anderson and Domsch, 1990;
Wardle and Ghani, 1995).
Several studies have reported that other than bio-efﬁciency in
C utilization, soil C accumulation is achieved through chemical
interactions with clay minerals, and physical protection of C
within aggregates (Islam and Weil, 2000; Six et al., 2000; Madejon
et al., 2009; Naudin et al., 2010). Soils under conservation tillage
have greater aggregate stability due to slow microbial decomposition of protected POM (Six et al., 2000). Several reports conﬁrm
changes in SOM under long-term management practices and
effectiveness of POM as an indicator of sensitivity (Mando et al.,
2003). Measures of POM have been positively associated with
nutrient recycling and improved physical condition of soil
(Wander et al., 1994). Aggregate stability (AS), the resistance of
soil structural aggregates to dispersion when wetted, is an
important SQ property because it inﬂuences many soil functions
(Jacobs et al., 2009). Moreover, it reﬂects many soil functions and
interrelationships among biological, chemical and physical soil
properties. Greater AS was anticipated because the NT was
expected to increase the amount of available labile C for use by
microbial communities, which in turn, would produce more
organic binding agents and sticky fungal hyphae as a means to
stabilize soil macroaggregates (Angers et al., 1992). Soil macroaggregates in turn, may increase the proportion of labile organic C
that is physically protected from microbial decomposition
(Boehm and Anderson, 1997). A signiﬁcantly higher content of
AC in NT supported our results that maintaining greater
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Fig. 1. Relationship between soil biological quality and soil quality at different soil
depths (0–30 cm).

Fig. 3. Relationship between soil physical quality and soil quality at different soil
depths (0–30 cm).

proportion of labile C in soil is more important than higher TC
content (Benitio, 2010).
Conventional systems especially plowing disturb aggregates
of soil and increase soil temperature and soil organic decay
which in turn results in a decline in C and N contents of soil
(Islam and Weil, 2000; Aziz et al., 2009; Madejon et al., 2009;
Naudin et al., 2010; Shan et al., 2010). Tillage practices can
modify soil environment, improve porosity, increase disintegration of aggregates and mix plant materials into plow depth
which increases crop biomass and soil contact. More porosity by
plowing often improves biotic activity and accelerated decomposition of native OM and soil associated crop materials (Morris
et al., 2004). Plowing enhances disintegration of aggregates and
structure of soil by inverting and mixing and ﬁnally, resulting in
a rapid breakdown of protected POM in both inter-and intraaggregate due to exposure of soil microbes (Six et al., 2000; AlKaisi and Yin, 2005; Shan et al., 2010). Tillage also increases the
rate of decomposition of macro-aggregates by exposing soils to
freeze–thaw and wet–dry cycles (Six et al., 2004; Shan et al.,

2010). Soil quality improved with increase in AS and residue
cover over time (Madejon et al., 2009).
The SQ indicator properties measured, excluding qCO2 have
shown signiﬁcant improvement in soils which have been
converted to NT with continuous inputs of diverse substrates by
crop rotations and reduced C loss by NT compared to those of
intensive tillage (CT) and continuous mono-cropping (CC). Among
tillage treatments, a signiﬁcantly greater Cmic and BR with lower
qCO2, greater TC, AC, and TN and improved physical properties (AS
and POM) under NT- over time could be attributed to minimum
physical disturbance and quality of substrates (Staben et al., 1997;
Thomas et al., 2007; Aziz et al., 2009; Gosai et al., 2009). Signiﬁcant
improvement in soil quality can be achieved by enhancing or
conserving soil interrelated properties (biological, chemical and
physical) which can ultimately improve overall soil quality (Aziz
et al., 2009; Madejon et al., 2009). For example, decline in physical
soil properties adversely disturb bio-chemical soil quality parameters and thereby soil quality over time (Islam and Weil, 2000;
Dexter, 2004; Madejon et al., 2009; Melero et al., 2009).
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The SQI was regressed on SBQ, SCQ and SPQ indices to evaluate
their contribution as sensitive and early indicators of SQ (Figs. 1–
7). Among the SQ indices, the SBQ contributed more to inﬂuence SQ
than SCQ and SPQ respectively. When plotted one to one, the SBQ
accounted for 96% of the SQI variability in a non-linear manner
(Fig. 1). In other words, improving SBQ quadratically improved the
SQ. However, both SCQ and SPQ linearly accounted for signiﬁcant
variations in SQI. When plotted one to one the SCQ accounted for
84% of the SQI variability (Fig. 2) whereas the SPQ accounted for
81% of the variability in the SQI (Fig. 3). The SBQ also signiﬁcantly
accounted for 73 and 69% of the variability in SCQ and SPQ
respectively (Figs. 4 and 5). However, the SCQ has shown a
moderate linear relationship (r = 0.69*) with SPQ (Fig. 6). When
plotted, the SQI has shown a highly signiﬁcant linear relationship
with C sequestration index and vice versa (Fig. 7). In other words,
increasing SQ signiﬁcantly inﬂuenced soil C sequestration and vice
versa.
A highly signiﬁcant quadratic relationship of SBQ with SQI
suggested that among the soil biological, chemical and physical
quality indices, the SBQ is a consistent, sensitive, and early
indicator of changes in SQ long before the changes are detected in
other SQ indicator properties. The SBQ is greatly responsible,
among other properties, for decomposition of organic residues,
facilitating nutrient cycling, metabolizing labile C, synthesizing
humic substances, enhancing macro aggregation and structural
stability, and protection of organic matter as POM (Dexter, 2004;
Aziz et al., 2009; Melero et al., 2009). Therefore, improvement in
soil biological properties relates to improvement in soil chemical
and physical properties, and ultimately soil quality. A signiﬁcant
relationship of SBQ with SCQ and SPQ justiﬁed the role of soil
biology to improve other soil properties. Parkin et al. (1996)
reported that changes in biological activities or biochemical
processes may be used as indicators of SQ. Furthermore, a
signiﬁcant linear relationship between SQI and Cindex supported
our hypothesis that improved SQ will facilitate soil C sequestration
or vice versa. Therefore, a routine evaluation of SBQ can be used as
an early and sensitive indicator of both soil quality and C
sequestration.
4. Conclusions
Soil quality is an integrated function of biological, chemical
and physical properties of soil. Results showed that tillage and
crop rotation had signiﬁcant impact on soil microbial biomass,
basal respiration, catabolism of carbon, total carbon, active
carbon, total nitrogen, aggregate stability and particulate
organic matter except total porosity at different depths of soil
when measured and/or calculated as selected soil quality
indicators. The No-till signiﬁcantly increased soil microbial
biomass, basal respiration, total carbon, active carbon, total
nitrogen, aggregate stability, sand free particulate organic
matter and decreased catabolism of carbon over time. In
contrast, the conventional tillage decreased soil microbial
biomass, total carbon, active carbon, total nitrogen, aggregate
stability and sand free particulate organic matter and increased
catabolism of carbon. Similarly, soil biological quality, soil
chemical quality, soil physical quality and soil quality index
improved under No-till and reduced under conventional tillage
overtime. Among the tillage and crop rotation combinations, the
corn–soybean–wheat under No-till performed best to improve
soil quality properties and soil quality over time. A signiﬁcant
relationship between soil quality index and soil biological
quality suggests that soil biological quality can be used as a
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sensitive and indicator of soil quality evaluation including soil
carbon sequestration in response to sustainable management
practices. Moreover, a routine measurement of soil biological
quality can be used as an early indicator of both soil quality and
carbon sequestration.
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