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Due to increasing land-use pressures, soil-quality assessment is in growing demand, thus a standard set
of procedures to assign a soil quality index (SQI) would be beneﬁcial. In this study, the effectiveness of
different managements in upholding soil quality (for crop productivity) was compared using soil quality
indicators incorporated systematically to determine a SQI. The managements included three cropping
sequences (wheat based three-year crop rotation, wheat + dry bean double-cropping and continuous
wheat), two stubble managements (burning vs. incorporation), and three NPK-rates (nil, intermediate
and optimal). Soil physical and chemical parameters were measured, screened through principal
component analysis (PCA), normalised, and then integrated into a weighted-additive SQI. Crop sequence
signiﬁcantly affected soil pH and had a measurable effect on plant available P, with lower pH and higher P
availability for the legume-based annual rotation. Stubble incorporation enhanced the labile N pool in
spring, while ashes generated from burning of residues increased the level of exchangeable cations.
Changes in total N were not detectable for any management. The SQI indicated that soil quality was most
affected by NPK rate. The correlation between SQI and yield was not statistically signiﬁcant, suggesting
that other soil quality indicators, not measured in this study, were more inﬂuential upon yield at the
experimental site in 2006. The SQI obtained using the method described herein was able to synthesise
the complex information contained in large multivariate data-sets, and therefore would be useful for
application at regional and national scales.
ß 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Since the early 1990s the concept of soil quality has received
much attention. Great efforts were ﬁrst made to deﬁne soil quality,
then to turn this vague concept into something tangible. The soil
quality index (SQI) comes directly from the need of a science-based
tool to measure soil quality.
Soil quality has been deﬁned as the capacity of a soil to function,
within land use and ecosystem boundaries, to sustain biological
productivity, maintain environmental quality, and promote plant,
animal, and human health (Doran and Parkin, 1994). Unlike air or
water, soil is not directly consumed by humans and animals, and
therefore soil quality standards are more complicated to identify
(Doran et al., 1996). It is thus not surprising that while EU
legislation regarding air and water quality is well established, a
proposal for a Soil Framework Directive only arrived in 2006
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(EC, 2006) and is still under adjustment. It is clear that the
standardisation of a method for assessing soil quality is not simply
of scientiﬁc interest, but a requirement to empower much needed
decision-making processes. Soil quality assessment by means of
indices has been successfully adopted both at regional scale and
on-farm level (Glover et al., 2000; Karlen et al., 1994, 2008; Masto
et al., 2008; Wienhold et al., 2006). We believe that this kind of
approach may be useful in supporting soil protection policy.
At the core of the given deﬁnition of soil quality is the ability of
soil to fulﬁl some important functions, and it is around this concept
that the SQI literature has evolved. The SQI is a value, combining a
variety of information regarding soil (chemical, physical and
biological characteristics), which scores its ‘ﬁtness’ to accomplish
one or more functions (a low ﬁtness results in a low SQI value).
Interpretation of the overall ‘soil health’ or ‘ﬁtness for purpose’ is
thus simpliﬁed. Important soil functions include: water/solute
ﬂow and retention, physical stability and support, cycling of
nutrients, ﬁltration of potentially toxic materials, and maintenance
of biodiversity and habitat (Daily et al., 1997). Typically, a SQI does
not (and should not) cover all the above mentioned functions
(Andrews et al., 2004): for a speciﬁc assessment, the functions of
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greatest relevance are selected according to the management goal
for which the assessment is to be made.
Consequently, SQI assessment begins by deﬁning the management goal(s) (e.g. crop productivity, waste recycling and environmental protection), followed by associating the critical soil
functions. Since the functions are not directly measurable,
appropriate physical, chemical and biological parameters, named
soil quality indicators, are selected to indirectly measure how well
each function is being performed (Karlen et al., 2004). The main
requirement for a soil property to be selected as a soil quality
indicator is that it shows sensitivity to changes occurring within
the soil function in question. Other favourable features include: a
positive correlation with ecosystem services, being easily measurable, sensitive to management, and whenever possible, to be a
component of a pre-existing database (Andrews et al., 2004).
Various indexing techniques have been established so far
(Andrews et al., 2002; Harris et al., 1996; Karlen and Stott, 1994;
Wander and Bollero, 1999). The approach followed by Andrews
et al. (2002), as based on statistical and mathematical tools,
provides outcomes which are comparable across different soil
types, regions and management systems. It was also the core upon
which the Soil Management Assessment Framework (SMAF) was
developed. SMAF is an additive, non-linear indexing tool, freely
available for any user who desires to interpret soil quality
indicators and integrate available information into an overall
SQI (http://soilquality.org/tools/smaf_intro.html).
Soil management in an agricultural system can play a major role
in soil protection. The success of any management in maintaining
soil quality depends on how soil responds over time (Gregorich
et al., 1994) and thus long-term ﬁeld experiments provide an ideal
platform for critical appraisal of these managements. Long-term
experiments often produce huge data-sets, and handling such an
amount of information can lead to confusion, and, in the worst
instance, misinterpretation. SQIs can be used effectively for
interpreting the multivariate data-set typical of long-term ﬁeld
trials (Hussain et al., 1999; Karlen et al., 1994, 2006; Masto et al.,
2008; Sharma et al., 2008), with a single score being able to identify
an overall trend among several, potentially conﬂicting indicators
(Andrews et al., 2003).
In the present work, using data from an existing long-term ﬁeld
experiment comparing contrasting soil managements (cropping
sequence, stubble management and NPK level), SQIs were
calculated with the aim of quantifying the potential of the
managements in upholding soil quality for agricultural purpose in
the Mediterranean environment. The indexing technique assessed
here follows that proposed by Andrews et al. (2002).
2. Materials and methods
2.1. Site description and soil analyses
This assessment of cropping sequence, stubble management and
NPK-rate effects on SQI, used an existing long-term ﬁeld study (38year) located in Southern Italy (408130 1200 N, 168400 4800 E). The soil
(FAO: Fluvisol, silty clay loam) general characteristics (0–0.35 m)
in 2006 were 303 g clay kg1, 574 g silt kg1, 123 g sand kg1,
17.5 g organic C kg1, 60.3 g CaCO3 kg1 and a pH 7.6 (soil:H2O
ratio 1:5).
The ﬁeld trial is arranged in a split-split plot design with
cropping sequence as the main plot, stubble management as the
split plot, and fertiliser rate as the split-split plot. The treatments
are replicated two times. Three wheat (Triticum turgidum L. var.
durum) based crop sequences are compared: three-course rotation
(sugar beet – wheat/dry bean double cropping – wheat [S-W1/BW2]); continuous double cropping of wheat/dry bean [W/B];
continuous wheat [CW]. Eighteen NPK-rates and two stubble

managements (stubble incorporated [I] vs. burnt [B]) are also
tested. However, for the purposes of this study, a reduced number
of treatments were selected:
 wheat/dry bean double cropping in the 3-year rotation [W1/B],
continuous wheat in the 3-year rotation [W2], continuous double
cropping of wheat/dry bean [W/B], continuous wheat [CW];
 three NPK-rates: nil [F0], intermediate [F1], optimal [F2];
 stubble incorporated [I], burnt [B].
An adequate assessment of soil quality status through the SQI
requires the contemporary analysis of as many soil parameters as
possible in order to best represent the multifaceted nature of the
soil. Parameters estimated in this study include 18 chemical and
physical soil attributes: clay and sand content; gravimetric water
content at 33, 800 and 1500 kPa matric potential (ug33, ug800
and ug1500); plant available water (PAW); S index; particle
density (rr); soil organic matter (SOM); total N (TN); water
extractable N and organic C (WEN, WEOC); soil pH; electrical
conductivity (EC); available P (Pav); exchangeable Mg2+, K+, and
Ca2+ (Mgex, Kex and Caex).
Composite samples were collected for soil tests from the
selected ﬁeld plots to a depth of 0–0.35 m using a 0.05 m diameter
hand-auger. Water extractable organic C and water extractable N
were determined on 2-mm sieved ﬁeld-moist soil samples (soil
water content = 0.107 g g1) collected in May 2007. Soil samples
utilised for the remaining analyses were instead collected at the
end of the wheat cropping cycle in July 2006, air-dried and crushed
to pass a 2 mm sieve.
Soil pH and EC were determined at a 1:5 soil–water ratio with a
glass electrode and conductivity bridge respectively. SOM was
estimated by dichromate oxidation (Walkley and Black, 1934); TN
by the Kjeldahl method (Bremner and Mulvaney, 1982). Available P
was detected by sodium bicarbonate (NaHCO3) extraction and
subsequent colorimetric analysis (Olsen et al., 1954). Taking into
account the soil pH (pH > 7), exchangeable Mg2+, K+, and Ca2+ were
measured by displacement with barium chloride and quantiﬁcation by atomic adsorption spectrometry (Hendershot and
Duquette, 1986). Soil particle size distribution was measured
using the pipette method after oxidation of the SOM with H2O2 and
stirring in a sodium hexametaphosphate solution (Gee and Bauder,
1986). Soil particle density was determined by means of a
pycnometer. WEOC and WEN were extracted from fresh soil
according to a protocol obtained by combining procedures
reported in Haynes (2000) and Rees and Parker (2005). Brieﬂy,
30 g of fresh-weight soil and 60 ml distilled water (1:2, soil:H2O)
were placed in an Erlenmeyer ﬂask, stoppered and shaken for
30 min. The extracts were centrifuged at 20,000  g for 10 min and
the supernatant was ﬁltered through 0.45 mm Millipore ﬁlter.
Total organic C and total N in the water extracts were analysed
with a Shimadzu TOC/TN Analyzer (Model TOC-VCSH, Shimadzu,
Kyoto, Japan).
The water-retention characteristics were investigated by
means of pressure plate apparatus in the drying process (Klute,
1986). Disturbed soil samples, held in 2 cm high rings, were slowly
wetted up to saturation using a sand table and then dried down to
six distinct water potentials (10, 33, 100, 500, 800 and
1500 kPa). After a period of equilibration, samples were removed
and their water content determined gravimetrically. A smooth
curve based on van Genuchten (1980) equation was ﬁtted using
RETC program (van Genuchten et al., 1991). This equation was
chosen both because it provides a very good correlation between
experimental and calculated data, and because its parameters
could be used to compute a soil physical quality index, the S index
(Dexter, 2004). S is the slope of soil water retention curve at its
inﬂection point when the gravimetric water content (ug) is plotted

