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Abstract The physical, chemical and biological properties of
soil may be modified by tillage, fertilization and cover crops.
However there is little knowledge on long-term effects on soil
properties, notably under Mediterranean climate. Moreover,
biological indicators such as micro-arthropods can be used
for a cost-effective analysis of soil biodiversity. Here, we
studied physical and biological properties of a sandy loam
soil in central Italy under a 4-year rotation of maize—durum
wheat—cover crop—sunflower—durum wheat—cover crop during
15 years. We analysed the effects of two tillage systems,
conventional tillage (CT) and no-tillage (NT); two N fertiliza-
tion rates, without N and medium N level; and three soil
covers: cash crop residue as control, Brassica juncea and Vicia
villosa. Results show that no tillage increased soil organic
matter content in the upper 10-cm layer (3.31%) compared to
the conventional tillage (2.19%). No tillage also improved
structure stability and lowered bulk density in the same soil
profile. No-tillage systems showed higher soil microbial bio-
mass (+71%) and respiration (+44%), and a higher abundance
and diversity of micro-arthropods. We conclude that no tillage
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is an effective measure to improve the physical and biological
quality of soil in Mediterranean conditions. No-tillage positive
effect can be enhanced by the right choice of N fertilization and
cover crop cultivation. Bio-indicators such as micro-
arthropods can be very predictive of soil habitability by
organisms.
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1 Introduction

Tillage, nitrogen fertilization and cover crop cultivation are
some of the most important management practices that affect
many physical, chemical and biological characteristics of the
soil. These practices can all affect soil carbon concentration
(C) either directly, i.e. by increasing crop productivity and the
amount of C potentially returning to the soil as crop residues,
or indirectly by changing the mineralization rate of the soil
organic matter. This is due to the effects on different soil
characteristics such as humidity, oxygen levels and microbial
activity (Lal 2004).

No-tillage systems, for instance, increase soil organic mat-
ter by reducing mineralization rates and stimulating litter
concentrations (i.e. crop residues, weeds, mulches) in the
shallow soil (Alvarez and Steinbach, 2009). Nitrogen fertil-
ization can improve soil C due to increased crop residues
incorporated into the soil, it also contributes to a well-
balanced C/N ratio (Malhi and Lemke, 2007). Cover crops
have also been shown to offer many benefits to soil fertility
and crop production (Dabney et al., 2001), as they can: (1)
increase organic matter content by producing a huge amount
of biomass that is incorporated into the soil; (2) increase the N
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and P availability by stimulation of nutrients cycling or by
symbiotic fixation of atmospheric N, (legume crops); (3)
decrease nutrient losses (e.g. by the uptake of exceeding
nitrates); (4) reduce soil erosion and organic matter minerali-
zation during otherwise fallow periods.

However, tillage, cover cropping and N fertilization interact
in a complex way to affect the physical, chemical and biolog-
ical properties of the soil. Thus, their real effect on soil fertility
and on the sustainability of cropping systems will depend more
on their agronomical consistency rather than the sum of their
individual effects. This is particularly true for external low-
input cropping systems, which aim to maximize all the benefits
from the exploitation of the natural resources of agroecosys-
tems (Silvestri and Bellocchi, 2007). For example, legume
cover crops have been demonstrated to enrich soil N and
may therefore reduce the amount of N fertilizers needed for
the succeeding crop. This effect, however, may change with
different tillage practices due to their different influences on
residue decomposition, leading to different rates of soil nutrient
mineralization (Cambardella and Elliott, 1993).

In order to assess the effects of complex agronomic
strategies on soil properties, several physical, chemical and
biological indicators need to be monitored. An overall ex-
amination of these indicators can then be used to describe in
great detail the effects of agricultural techniques on soil
functionality. To save time and resources, the most recent
soil quality assessment methods have been aimed at identi-
fying new key indicators that may be put together with the
most common ones (e.g. soil organic matter content, struc-
ture stability and bulk density), in order to summarize the
remaining unexplored information.

Great attention has been recently given to the biological
monitoring of micro-arthropods, which are recognized as
good indicators of soil quality. This is due to the high sensi-
tivity of these organisms to land management practices that
affect the habitability of edaphic environments, and to their
essential role in organic matter accumulation and nutrient
cycling (De Goede and Brussaard 2002). Furthermore, they
are relatively easy to assess and inexpensive to replicate in
space and time, since they are mainly concentrated in the
upper soil layers (Parisi et al., 2005).

In order to investigate the combined effect of tillage, N
fertilization and cover crops, we monitored selected soil prop-
erties and the presence of soil micro-arthropods in a long-term
field experiment that started in 1993.

2 Materials and methods
2.1 Treatments and experimental design

The long-term field experiment was set up in 1993 at the
Interdepartmental Center for Agro-environmental Research
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(Centro Interdipartimentale di Ricerche Agro-Ambientali
‘Enrico Avanzi’) of the University of Pisa, Central Italy
(Lat. 43°40'N; Long. 10°19'E). Climatic conditions are
representative of Mediterranean coastal areas, with a yearly
average rainfall and temperature of 826 mm and 15°C,
respectively.

The experimental site has a Typic Xerofluvent loam soil
(443, 402 and 155 g.1,000 g™ of sand, silt and clay, respec-
tively). At the beginning of the experiment in the 0-30 cm
layer, the soil pH was 8.2 and the organic matter content was
1.82% (Walkey and Black method). Total N and assimilable P
concentrations were 0.13% and 24 mg kg, respectively
(Khjeldahl and Olsen methods). There were no preliminary
data on the physical and biological characteristics of the soil;
therefore it was not possible to compare the parameters over
time.

This long-term experiment combines two tillage systems,
four N fertilization rates and four soil cover types in a split-
split-plot design with four replications, with tillage systems in
the main plots, nitrogen rates in the sub-plots and cover crops
in the sub-sub-plots (Mazzoncini et al., 2011). Altogether,
there are 128 sub-sub-plots, 21 m long and 11 m wide (ap-
proximately 230 m?).

The tillage systems are conventional tillage (CT) with
ploughing of the cover crops down to 30 cm depth, and no-
tillage (NT) with surface mulching of cover crops. The four
nitrogen fertilization rates range from null to low, medium and
high levels depending on the main crops in the rotation. The
soil cover types consist of three different cover crop species
(Vicia villosa Roth, Trifolium squarrosum L., Brassica juncea
L.) and a cash crop residue as a control.

Of all the possible combinations of treatments, we selected
those characterized by the strongest contrast from an agro-
nomic point of view and the most representative in terms of
the usual farming management in Central Italy. We focused on
two tillage systems, two N fertilization rates (null and medi-
um) and three cover types, i.e. V. villosa, B. juncea and the
control, in order to analyse the physical and chemical param-
eters. With regard to microbiological properties, only two
cover crop types (V. villosa and control) were considered
along with the two tillage systems and two N rates (null and
medium), whereas for the biological indicators, only two
tillage systems and three cover types (V. villosa, B. juncea
and control) were considered, assuming a medium N rate as a
standard fertilization rate.

2.2 Crop management

The crop management was modified throughout the course
of the study to fit the environmental and agronomical
changes in the sustainability paradigms. Grain maize (Zea
mays L.) was cultivated as a continuous crop from 1993 to
1998. The cropping system was then changed to a 2-year
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crop rotation of maize and durum wheat (7riticum durum
Desf.). Since 2005, the following 4-year crop rotation has
been adopted: maize - durum wheat - sunflower (Helianthus
annuus L.) - durum wheat. The cover crops are sown in
early autumn after the wheat, and terminated before the
maize and sunflower planting. In the CT system, cover crops
are incorporated into the soil with a mouldboard plough to a
depth of 30-35 cm after mechanical killing by disk harrow
or shredder. In the NT system, on the other hand, they are
desiccated with glyphosate and retained on the soil surface
as dead mulch.

All plots were fertilized before sowing the main crop with
46 kg ha' P,Os (as superphosphate) and 50 kg ha™' K,O (as
potassium sulphate). N fertilizer was applied to the main crops
according to the treatment rates (respectively 0, 100, 200 and
300 kg Nha™' for maize; 0, 60, 120 and 180 kg Nha™ for
durum wheat; and 0, 50, 100 and 150 kg Nha! for sunflower)
either as just one or as two separate applications at the rate of
50% each.

For further details on crop management see Mazzoncini
et al. (2011).

2.3 Soil sampling and laboratory analysis

The soil properties examined were as follows: (i) phys-
ical and chemical: aggregate stability index, organic
matter content and bulk density; (ii) microbiological:
microbial biomass, microbial respiration, metabolic quo-
tient and microbial quotient; (iii) biological: diversity,
richness, evenness and quality of micro-arthropod
community.

Soil sampling and analyses were carried out in 2008 when,
in accordance with the cropping system design, all plots were
planted with sunflower. For all the analyses, two soil sub-
samples were taken from each plot, the results of which were
averaged to get the plot value. For the bulk density analysis, a
steel probe with a metal cylinder (22.3 cm®) inside was used to
take samples from three different depths, i.e. 010, 10-20 and
20-30 cm. The soil samples were collected at the end of
spring, weighed immediately after sampling and then after
oven drying (105°C for 24 h).

Soil bulk density was calculated as the ratio between
the weight of oven-dried soil and the bulk volume of
the soil (Hao et al., 2006). A gauge shovel was used to
take soil samples to determine the soil aggregate stabil-
ity index, soil organic matter content, microbial biomass
C content and soil microbial respiration. The soil aggre-
gate stability index and organic matter content were
determined in the 0-5 and 5-10 cm soil depths. Soil
samples were air dried, ground and sieved through a
2 mm mesh. The percentage of stable macro-aggregate
(<2 mm in diameter) was determined following the wet
aggregate stability method (Kemper and Rosenau, 1986)

by using a 0.25 mm sieve. The soil aggregate stability
index (SASI) was calculated as:

- ()]

where A and B are the weights of aggregates passed through
the sieve after 5 and 60 min, respectively (Pagliai et al., 1997).
Organic matter content was determined by the acid oxidation
method (Nelson and Sommers, 1982).

Soil microbial biomass, expressed as microbial C per mass
unit of soil, and soil microbial respiration, expressed as CO,
produced per mass unit of soil, were determined in the 0—
10 cm soil depth. Moist field soil samples were sieved through
a 2 mm mesh, and immediately stored in sealed plastic bags at
4°C. The samples were adjusted to 60% of the field capacity.
Microbial C was estimated by the fumigation—extraction meth-
od (Vance et al., 1987), while microbial respiration was esti-
mated by measuring the CO, evolution using the closed jar
method (Alef, 1995).

The metabolic quotient expresses the units of CO, respired
per unit of microbial biomass and was calculated as the ratio
between soil microbial respiration (g CO,-C g™ of dry soil h™)
and soil microbial biomass C (ug Cg™ of dry soil). The micro-
bial quotient was calculated as the ratio of soil microbial bio-
mass C and soil organic C. Both metabolic and microbial
quotients were calculated individually for each sample and
mean values were then determined.

To collect micro-arthropods, two soil blocks (10%5x
10 cm depth) were taken randomly from each plot. The soil
blocks were then kept in a plastic bag to make a composite
sample. The soil samples were taken to the laboratory as
undisturbed as possible. They were then put in a Berlese-

Light bulbs

Sample container
with soil sample

Plastic funnel

Collecting vessel
with preservative

Fig. 1 Berlese-Tullgren funnel for micro-arthropods extraction. It con-
tains a sample container with wire mesh, a plastic funnel over which the
sample container is placed and a collecting vessel below the funnel which
contains a liquid preservative
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Tullgren funnel (Figure 1), where they were kept for 8 days.
As a source of heat and desiccation, light bulbs were placed
above the sample. To escape from light and heat, micro-
arthropods moved downwards and were collected in a pre-
servative solution (two parts 75% ethanol and one part
glycerol) in the collecting vessel below. The collected speci-
mens were observed under a stereomicroscope for micro-
arthropod identification.

2.4 Calculation of the micro-arthropod parameters

Simpson's diversity index, group richness and evenness were
calculated from the total number of micro-arthropods belong-
ing to each group. Simpson's index, a simple mathematical
measure that characterizes species diversity in a community,
was used as it provides a good estimate of diversity in a
relatively small sample size (Magurran, 2004). The total num-
ber of micro-arthropod groups found in the sample was con-
sidered as group richness. Simpson's diversity index (D) was
calculated as:

1
Z?:l Piz

where, p; represents the number of individuals in i™ group
relative to the total number of individuals found in a given
sample.

The evenness (ED) of the group distribution was calculated
as the proportion of D value for each group to the maximum
value of D (Dmax), i.e.:

D=

D

Ep =
Dmac

D has a maximum value (Dmax) when individuals in the
community are perfectly evenly distributed. We considered the
total number of groups in a sample as Dmax, which also
corresponds to group richness. This is because Dmax is always
equal to the number of species when species are completely
evenly distributed.

The biological soil quality (BSQ) index, which was origi-
nally developed as Qualita Biologica del Suolo (Parisi et al.,
2005), is a good example of an integrated and easy-to-use
method to include the composition of the micro-arthropod
community in a soil quality assessment. This method is based
on the concept that the higher the quality of the soil, the higher
the number of micro-arthropod groups well adapted to soil
habitats.

Following the BSQ approach, each group of micro-
arthropods found in the soil sample was given a score (called
Eco-Morphological Index, EMI) from 1 to 20, based on its
adaptation to the soil environment (Parisi et al. 2005). As a
general rule, eu-edaphic (i.e. deep soil-living) forms get a score
of 20, hemi-edaphic (i.e. intermediate) forms are given an
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index rating proportionate to their degree of specialization,
while epi-edaphic (surface-living) forms score 1. The BSQ
value of a given plot was calculated as the sum of the EMI
values of all the collected groups found in the plot.

2.5 Data analysis

Analysis of variance was performed with CoStat Software
(CoHort, 2002) after checking for homogeneity of error var-
iances (Bartlett test), which was verified for each studied
variable. When treatments and interaction effects were signif-
icant, differences between treatment means were compared
using LSD (Gomez and Gomez, 1984).

Non-linear regression analysis was used to describe varia-
tion in the soil aggregate stability index as a function of soil
organic matter changes in the soil.

3 Results and discussion
3.1 Soil physical and chemical parameters

The tillage system, N fertilization level and cover crops
significantly affected soil aggregate stability in both soil
depths studied (Table 1). The NT system had more than a
three and four fold higher aggregate stability index than the
CT system at 0—5 cm and 5-10 cm depths, respectively
(Table 2). On average, the soil aggregate stability index
was approximately 80% higher in the system with N fertil-
ization than in the system without N fertilization (Table 2).
The system planted with the V. villosa cover crop had a
significantly higher soil aggregate stability index than that
planted with the B. juncea cover crop (+62%) and that
without the cover crop (+72%), whilst the latter two were
not statistically different.

Improvements in soil aggregate stability in conservation
tillage including legume cover crops have also been reported
by Kladivko et al. (1986). In contrast, regular cultivation of
soil in the CT system results in disruption of the soil aggre-
gates (Tisdall and Oades, 1982).

The soil aggregate stability index was significantly affected
by N fertilization x tillage and cover crops x tillage interac-
tions (Table 1). The system with N fertilization significantly
increased the soil aggregate stability index under NT in both
soil depths, whereas the effect of N fertilization was not
significant under the CT system (Figure 2). The beneficial
effect of the NT system on soil aggregate stability was also
further enhanced by the inclusion of the V. villosa cover crop,
but was not evident under the CT system (Figure 2).

The positive effect on aggregate stability of the combi-
nation of nitrogen fertilization and the V. villosa cover crop
was not revealed in the ploughing system. In contrast, in the
no-tillage plots, the individual treatments kept a favourable
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Table 1 Analysis of variance (ANOVA) of aggregate stability index and
soil organic matter content (%) for three soil cover types (C) over two N
fertilization rates (N) and two tillage systems (T) in 2008. *** ***=

significant at the 0.05, 0.01 and 0.001 probability level, respectively. NS,
non significant

Soil aggregate stability index

Soil organic matter (%)

Sources of variation df 0-5 cm 5-10 cm
Tillage (T) 1 *% *

N fertilization (N) 1 ok *

NxT 1 *% %

Cover types (C) 2 % ok
CxT 2 ok ok
CxN 2 NS NS
CxNxT 2 NS NS

0-10 cm 0-5 cm 5-10 cm 0-10 cm
sk skskok sk kK

sk sk skosk kK

sk ek sk skekk

sk sk seskeosk ek

skskok sfeskosk sfeskosk skeksk

NS NS NS NS

* NS NS NS

effect on aggregate stability, at least for the interaction of
second level (N fertilization x Tillage, and Cover type x
Tillage). This finding highlights the greater importance of
consistency in terms of agronomic management choices in
conservative agriculture systems than conventional ones. For
instance, soil structure stability can be improved under NT
simply by applying a N fertilizer at the medium rate or by
growing V. villosa cover crop in between the main crop cycles.

The results obtained for soil organic matter content were
similar to the results for aggregate stability with regard to both
main treatments and interactions.

The effects of tillage on soil organic matter content were
significant in both the soil depths studied (Table 1). NT had a
higher percentage than the CT and, averaged over soil depth,
soil organic matter was approximately 50% higher in NT than
in CT (Table 2).

The effect of N fertilization was also significant in both
soil layers and in the whole 0—-10 cm soil profile (Table 1).

Table 2 Effect of tillage systems, N fertilization and cover crops on soil
aggregate stability index and soil organic matter content at different soil
depths (2008). Within each factor, means in the same column followed by
different letters are significantly different at P<0.05 (LSD test). *CT,

Soil organic matter content was slightly higher in the system
with N fertilization than in the system without (Table 2).

Similarly, cover crop effects were significant in both soil
depths (Table 1). The system planted with a leguminous cover
crop had a significantly higher soil organic matter content than
the system planted with a non-leguminous cover crop and
without cover crop (Table 2). On average, the system planted
with V. villosa had about a 10% higher soil organic matter
content than the other systems.

The interaction effects (i.e. N fertilization x Tillage and
Cover crops x Tillage) were significant for soil organic
matter in both soil depths and also averaged over soil depths
(Table 1). The effect of N fertilization was not significant in
CT but significant for NT in both soil depths (Figure 3).
Similarly, under NT, the system planted with V. villosa had a
significantly higher soil organic matter content than the
system planted with B. juncea and without cover crop in
both soil depths (Figure 3). In the CT system, the effects of

conventional tillage; NT, no tillage. *NO=no N fertilization, N2=200,
120 and 100 kg Nha™ for maize, durum wheat and sunflower, respectively.
C, no cover crops; BJ, B. juncea; VV, V. villosa

Soil aggregate stability index

Soil organic matter (%)

Treatments 0-5 cm 5-10 cm 0-10 cm 0-5 cm 5-10 cm 0-10 cm
Tillage*

NT 8.85a 7.80 a 833 a 335a 328 a 331l a
CT 2.54Db 1.79 b 2.16 b 223D 2.14b 2.19b
N fertilization®

NO 4.05b 3350 370 b 2.67Db 2.60 b 2.64 b
N2 734 a 6.24 a 6.79 a 291 a 2.82a 2.86 a
Cover Crops?

C 5.09b 324b 4.16 b 2.73b 2.57b 2.65b
BJ 429D 4.55b 442D 2.65b 2.63b 2.64 b
\'AY% 771 a 6.61 a 7.16 a 3.00 a 293 a 2.96 a
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Fig. 2 Soil aggregate stability index (SASI) in the 0-5 and 5-10 cm soil
depths under no-tillage (NT) and conventional tillage (CT) systems as
affected by two N fertilization rates (NO=no N fertilization, N2=medium
N fertilization, see details in materials and methods) and three cover crops
(C=no cover crops, BJ=B. juncea and VV=V. villosa). Full and empty
triangles represent NT and CT, respectively. The vertical bars are the
standard errors of the mean. Means within the same tillage system

the legume were not found to be significantly different from
those of the other cover crops and the control.

The differences in soil organic matter content observed in
the 10 cm top layer between the two tillage systems (Table 2)
can be attributed to: (i) a different amount of crop residues
returned to the soil because of the different biomass produced
during the study; (ii) a different stratification of the litter in the
soil layers; (iii) a different litter mineralization rate because of
the different relievable conditions (oxygen availability, pH,
residues cutting and soil mixing, moisture, etc.). All these
causes can act simultaneously and their effects are largely
confirmed by the literature (e.g. Hazarika et al., 2009).

The previously published data (Mazzoncini et al., 2011)
regarding the amount of organic matter returned to soil (crop

@ Springer

Cover crops

followed by the same lower case letter are not significantly influenced
by N fertilization (on the left) or by cover type (on the right). Within the
same N fertilization level (on the left) or the same cover type (on the
right), significant effects of tillage is shown by different uppercase letters.
P was always <0.05 (LSD test). The effects of N fertilization and V. villosa
cover crops on the soil aggregate stability index were evident under NT
but not under CT

residues plus weeds plus cover crops) highlighted that car-
bon inputs are on average higher in CT than NT systems:
7.73 vs 6.59 Mg ha™ y™' of dry biomass, above all because
of the higher crop yields revealed in the ploughed plots.
Hence the differences observed in SOM content in the top
layer are mainly related to a different mineralization rate of
the organic matter. In fact, the SOM content in the 0-30 cm
layer was still higher in the NT than in the CT systems (2.07
and 1.83%) respectively; although by a narrower margin
compared to the shallow soil layer (3.31 and 2.19% respec-
tively), because of the larger concentration of crop residues
in the surface of no-tillage plots (Mazzoncini et al., 2011).
The increases in SOM under N fertilization and the use of
V. villosa cover crop were put in relation to the higher mean
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SOM (%)
4.00
0-5cm Aa 0-5cm Aa
NT
3.50 - Ab NT
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2.50 - B B B B B
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1.50
4.00
A
5-10cm a 5.10 cm Aa
NT
3.50 - NT Ab
Ab Ab
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2.50
B
B B B B
% cT
2.00
1.50 . , . . .

NO N2
N fertilization rates

Fig. 3 Percentage of soil organic matter content (SOM) in 0-5 and 5—
10 cm soil depth depths under no-tillage (NT) and conventional tillage
(CT) systems as affected by two N fertilization rates (NO=no N fertiliza-
tion, N2=medium N fertilization, see details in “Materials and methods”
section) and three cover crops (C=no cover crops, BJ=B. juncea and
VV=V villosa). Full and empty triangles represent NT and CT, respec-
tively. Means within the same tillage system followed by the same lower

biomass returned to the soil: 5.34 and 7.82 Mg ha™' y™' of
dry biomass for non fertilized and fertilized treatments,
respectively, and 5.74 and 8.11 Mg ha™' y! of dry biomass
for the control and V. villosa cover crop, respectively.

The similarity of data trends with regard to soil organic
matter and aggregate stability suggested the possible exis-
tence of a correlation between the two variables. The data
analysis highlighted an exponential relationship indicating a
more than proportional increase in soil aggregate stability as
a result of the additional increment in soil organic matter
content (Figure 4).

The increase in soil organic matter content explains the
higher aggregate stability, which may be only partially

C BJ A%
Cover crops

case letter are not significantly influenced by N fertilization (on the left) or
by cover type (on the right). Within the same N fertilization level (on the
left) or the same cover type (on the right), significant effects of tillage is
shown by different upper case letters. P was always <0.05 (LSD test). The
vertical bars are the standard errors of the mean. The effects of N
fertilization and V. villosa cover crops on soil organic matter were evident
under NT but not under CT

related to the effect of the reduced manipulation of soil
due to no-tillage.

Many studies in different soil and climatic conditions
have demonstrated a positive correlation between soil or-
ganic matter and the structural stability of soil aggregates
(Cannell and Hawes, 1994; Mikha and Rice, 2004). Organic
matter enables the soil aggregates to withstand rapid wetting
and mechanical forces due to the use of tillage implements
and to vehicular traffic (Tisdall and Oades, 1982). The
organic matter also increases aggregate stability by lowering
the wettability of soil aggregates and acting as a binding
factor, thus increasing cohesion of the aggregates (Chenu
et al., 2000).

i Im @ Springer
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Soil Aggregate Stability Index
20 1

18 1
16 1
14 1
12 1
10 1

1.50 2.00 2.50 3.00 350 4.00 4.50
Soil Organic Matter (%)

Fig. 4 Regression analysis between soil organic matter and soil aggregate
stability index measured in 0—10 cm soil depth, 2008 (y=0.145 ¢"'%>%; R?=
0.9041). Increased soil organic matter improved the stability of aggregates
probably due to its binding effects on soil structure

The tillage systems adopted significantly affected soil
bulk density in all soil depths (Table 3). In agreement with
Pedrotti et al. (2005), the NT system had a lower bulk
density than the CT system in the top layer (0-10 cm),
however the bulk density below 10 cm soil layers was
higher in the NT system than the CT system. N fertilization
and interaction effects were not significant for bulk density
in none of the soil depths. Soil cover types affected bulk
density significantly in the 10-20 cm soil depth, but not in
other layers. None of the interaction effects were significant.

The decrease in bulk density in the top layer under the
NT system can be explained by the corresponding increase

in soil organic matter content (Cannell and Hawes, 1994;
Reicosky et al., 1995; Hazarika et al., 2009) and structure
stability, which preserves the soil layer by sealing phenom-
ena that are potentially able to reduce soil porosity. Lower
bulk density in the upper 10 cm of soil under NT may also be
related to the protective function of crop residues left on the
soil surface against disaggregating rainfall. This may also be
the reason for the smaller bulk density values observed in the
top layer with the cover crop cultivation.

3.2 Soil microbiological parameters

The tillage systems significantly affected the soil microbial C
content and respiration, but not the metabolic or microbial
quotients. The higher amount of CO, respired and the larger
microbe biomass revealed in the NT systems were a conse-
quence of the greater soil organic matter content. However
neither the microbial abundance, nor the microbial activity
were significantly different from the CT systems.

Soil microbial respiration and soil microbial C content
were about 80 and 70% higher respectively in the NT
system than in the CT system (Table 4). N fertilization and
cover crop management did not significantly affect the soil
microbiological parameters tested in this research. None of
the interaction effects were significant except Nitrogen fer-
tilization x Tillage for soil microbial respiration and metabolic
quotient. N fertilization increased the soil microbial respira-
tion under CT but slightly decreased it under NT. Nitrogen
fertilization increased the microbial quotient in CT, whereas it
decreased in NT.

The increments in soil microbial C content and respiration
under NT system were consistent with many previous findings
(e.g. Hazarika et al., 2009; Hungria et al., 2009). Increased
microbial activity under NT can be attributed, in addition to
higher SOM content, to several factors, such as, better soil
aggregation, a lower temperature and higher moisture content
(Balota et al., 2003). The lack of disturbance in the NT system

Table 3 Effect of tillage

systems, N fertilization and Treatments Bulk Density (g em™) at depth (cm)
cover crops on soil bulk density
across different soil depths, 0-10 10-20 20-30 0-30
2008. Within each factor, means "
in the same column followed by Tillage*
different letters are significantly NT 137b 151 a 1.54 a 1.48 a
different at P<0.05
(LSD test). *CT is conventional T L Ldla 144 b 1436 1436
tillage and NT is no N fertilization®
tillage. "NO=No N NO 1.40 1.47 1.48 1.45
fertilization, }\12:200., 120 and N2 1.38 1.48 1.49 1.45
100 kg Nha™ for maize, durum 5
Cover Crops®
wheat and sunflower, respec-
tively. C, no cover crops; BJ, B. C 1.40 1.47 ab 1.48 1.45
Juncea; VV, V. villosa BJ 1.39 149 a 1.48 1.46
\'A% 1.38 1.46 b 1.50 1.45

@ Springer #[%!#!% Im



Fifteen years of no till increase soil organic matter

861

Table 4 Effects of tillage systems, N fertilization and cover crops on soil
microbial respiration (SMR), microbial Carbon (C,;.), metabolic quotient
(qCO») and microbial quotient (Cyyic/Corg) at 0-10 cm depth. Within each
factor, means in the same column followed by different letters are signif-
icantly different at P<0.05 (LSD test). *CT, conventional tillage and NT,

no tillage. "NO=no N fertilization, N2=200, 120 and 100 kg Nha for
maize, durum wheat and sunflower, respectively. 9C, no cover crops; VV,
V. villosa. * is significant at 0.05 probability level. NS is not significant

Treatments SMR (pg CO, g'1 h'l) Chic (ug C g'1 soil) qCO, Chic : Corg ratio (mg Cpyic g"lCO,g)
Tillage (T)*

NT 5.16 a 570.7 a 112.0 32.57

CT 2.90 b 3336 b 115.2 25.25
N fertilization (N)*

NO 3.91 435.4 112.2 26.90

N2 4.15 468.9 115.0 28.92

Cover Crops (C)

C 3.99 429.6 110.3 28.19

\'AY% 4.07 474.7 116.9 27.62

Individuals sample-!

70 1
60 A Ot
50 A CO
4 -
0 ot Hy
30 1 Co

Hy
20 A1
181 Ac Ac
0 .

cT NT

Tillage Systems

Individuals sample!

b)
70 7
60 1
50 1 Ot o
Co
40 1 Ot Co Hy
Co i
30 1 Hy y
20 1
10 Ac Ac Ac
0 -
o] BJ A%}

Cover type

Fig. 5 Major taxa of micro-arthropods and associated number of indi-
viduals: a under two tillage systems (CT=conventional tillage, NT=no
tillage, n=12); and b under three cover types (C=no cover crops, BJ=B.
juncea and VV=V. villosa) systems. Ac (dark grey bars)=Acari; Hy
(black bars)=Hymenoptera; Co (light grey bars)=Collembola; Ot (white
bars)=other micro-arthropods. NT systems and all the systems planted to
cover crops show tendency to have higher number of individuals under
most of the taxa as compared with conventional tillage system and the
system without cover crops, respectively

provides a steady source of organic C to support the microbial
community as compared to the CT system where each tillage
event increases the temporary flush of microbial activity result-
ing in large losses of carbon as CO, (Reicosky et al., 1995).

3.3 Biological parameters

Irrespective of the treatments, Acari was the most abundant
micro-arthropod group found in the study site, followed by
Collembola and Hymenoptera (Figure 5). Other micro-
arthropod groups such as Isopoda, Symphyla, Coleoptera,
Diplura, Chilopoda, Diplopoda and Pauropoda, were only
observed in some samples but not all of them.

The effect of the tillage system was significant for Simpson's
diversity index and the richness of the micro-arthropod groups,
but not for group evenness. Simpson's index was about 40%
higher in the NT system than in the CT system (Table 5). The
effect of the cover crops was significant in terms of the abun-
dance (i.e. richness) of micro-arthropod groups. On average,

Table 5 Effect of tillage and cover crops on soil biological quality
measured as BSQ index and micro-arthropod diversity (Simpson's D),
richness and evenness (2008). Within each factor, means in the same
column followed by different letters are significantly different at P<0.05
(LSD test).” NS, non significant. CT, conventional tillage, NT, no
tillage. 8C, no cover crop; B, B. juncea, VV, V. villosa

Treatments ~ BSQ value  Simpson's D Richness  Evenness
Tillage (T)*

NT 75.0 a 258 a 6.17 a 0.41
CT 433 b 1.88b 4.08b 0.40
Cover Crops (©)®

C 495D 2.03 4250 0.43
BJ 61.1 ab 2.24 5.63 a 0.41
\a% 66.9 a 2.41 550a 0.38
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the system planted with cover crops increased the richness by
30% and the diversity index by 15% compared to the system
without cover crops (Table 5).

The tillage system and cover crops significantly affected
the biological soil quality index value, which was 73%
higher in the NT than in the CT (Table 5). The systems
grown with the V. villosa cover crop had a 35% higher value
than the system without a cover crop. The interaction effect
of tillage and cover crops was not significant for biological
soil quality index.

In the NT systems, surface residues provide food supplies
for micro-arthropods, physical protection for shallow-
surface dwelling and serve as mulch, thus slowing down
the rate of soil desiccation in spring/summer and soil freez-
ing in winter. Increased numbers and the biomass of meso-
and macro-fauna in soil under NT management have also
been reported from different parts of the world (e.g. Paoletti
et al., 1991; Wardle, 1995).

The biological soil quality index values found in our re-
search are within the range reported in studies conducted in
arable cropping systems (e.g. Parisi et al., 2005).

The presence of groups with a higher eco-morphological
index such as Symphyla, Diplopoda and Coleoptera larvae in
the NT system was the main reason for the higher biological
soil quality index compared to the CT system.

The increased diversity of micro-arthropod groups and the
higher biological soil quality value in the plots where cover
crops were included (Table 5) was likely due to the increased
amount of biomass produced in these systems. This might
have improved the micro-climate as well as the food resources
for different groups of micro-arthropods, thereby increasing
their numbers, diversity and thus the biological value.

4 Conclusions

Compared to conventional tillage systems, no-tillage sys-
tems increased soil organic matter and soil aggregate stabil-
ity, and improved bulk density in the top layer and also
several important biological characteristics. The beneficial
effects of N fertilization and cover cropping were more
evident on soil organic matter, aggregate stability and bio-
logical soil characteristics, however their efficacy depended
on the adoption of an agronomic strategy including no-
tillage techniques.

In the experimental conditions, the adoption of NT and the
inclusion of ¥ villosa as a cover crop in the arable crop rotation,
together with the use of a moderate rate of N fertilization
provided the best strategy to obtain better physical and chem-
ical soil properties and improve the pedofauna biodiversity.

The use of biological indicators seemed to provide similar
indications as those inferred from other parameters, thus con-
firming their utility in soil ecosystem assessments.

@ Springer #[%!#!% Im

The improvement in all the soil indicators however, did
not lead to a corresponding increase in crop productivity;
the mean values of biomass production throughout the study
period showed that the conventional tillage systems gave
higher yields than the no-tillage systems. The reasons for
these discrepancies were related to the temporary establish-
ment in the no-tillage systems of unfavourable conditions
for crop growth i.e. stagnant soil water (autumn—winter) and
incomplete restoration of water capacity (spring—summer),
which cannot be highlighted using a one-step monitoring
design. Hence the short-term interactions between the soil
and crops can counteract the improvement in soil character-
istics achieved as a result of long-lasting repeated manage-
ment practices. This thus highlights the importance of
environmental conditions (i.e. soil type, rainfall and distribu-
tion) in the performance of cropping systems.
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