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In a dryland Mediterranean agrosystem (Sicily, Italy) a comparative study was carried out among two
crop systems (wheat/wheat and wheat/bean) after 19 years under three most used tillage managements
(conventional, dual layer and no-tillage), in order to ascertain the effects of those experimental factors,
single and combined, on various soil organic C pools (total and extractable organic C, microbial biomass C,
basal respiration). Field CO, fluxes from soil, throughout a year, were also determined. Moreover, C input

fei)’f’lvords"b | and output were assessed, as well as microbial and metabolic quotients. Tillage management more than
F?ellcleccoar ﬂ?;l( poo’s cropping system affected the soil organic C stored in the first 15 cm of soil. After 19 years, no-tillage caused
2

a 3.6 Mgha! increase of C content in wheat/faba rotation while of 5.6 Mgha~! in wheat monoculture.
The higher soil total organic C content in wheat monoculture was ascribed to a lower quality of residues
supplied (higher both C/N ratio and acid detergent fibre (ADF) content). Moreover, wheat/bean rotation
increased soil microbial biomass C, basal respiration and microbial quotient, thus suggesting that crop
rotation more than tillage management was the driving factor in improving soil biochemical indicators.
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1. Introduction

Reduced tillage is regarded as one of the most effective conser-
vation agricultural practices to decrease CO, emissions from soil
and sequester C into it (Curtin et al., 2000; Laudicina et al., 2011;
Luo et al., 2010). On the other hand, conventional tillage causes
an increase in soil CO, evolution, although many authors (Roberts
and Chan, 1999; Ellert and Janzen, 1999; Reicosky and Archer,
2007) noted that such an increase usually occurs for few days after
machine operations. However, Luo etal. (2010) highlighted that the
role of adopting no-tillage in sequestrating C is greatly regulated by
cropping systems. As a consequence, it is important to emphasise
on both quantity and quality of crop residue inputs, as well as on
tillage management.

Long-term field experiments have shown a direct linear rela-
tionship between C added as residues and C matter accumulated in
soil (Cole et al., 1993; Duiker and Lal, 1999). However, in semiarid
environments, where quantitative differences in residues among
cropping systems are low, their quality becomes a determinant
for soil C dynamics (Yadav et al., 2008). Curtin et al. (2000) have
demonstrated the advantage of cereals over legumes in achiev-
ing maximum soil C sequestration rates. Indeed, in a semiarid
area of Canada, they found that annual C added to soil ranged
from 1.6 Mg Cha~! in average for the black lentil to 23 times that
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amount for wheat crop. Similarly, in Argentina soybean, which
produced 1.2Mgha~! residues, resulted in a net loss of soil C
while corn, with 3.0 Mgha~! residues, significantly lessened the
loss of soil C from the system (Studdert and Echeverria, 2000). Guo
et al. (2009), comparing crop performance in soil CO, emissions,
found leguminous crop residues having more potential than wheat,
although they improved soil quality and crop productivity. Those
results confirmed that the quality of residue inputs, which gener-
ally is inversely related to the residue C/N ratio, can strongly affect
CO, emissions (Al-Kaisi and Yin, 2005) by changing the microbial
decomposition rate of residues (Kuo et al., 1997; Sainju et al., 2002).
Therefore, residue C to N ratio is crucial in soil organic matter
decomposition modelling (Melillo et al., 1989). Moreover, recent
studies (Dubeux et al., 2006; Stubbs et al., 2009) have demon-
strated as also the acid detergent fibre (ADF) is useful to predict
plant material decomposition rates. Long-term field experiments
provide reliable opportunities to investigate directly the effects of
management on soil quality properties that do not respond rapidly
to change, such as soil organic C (SOC), but not confounded by land
use and management changes themselves (Hopkins et al., 2011).
Such experiments provide benchmark values against which the
effect of wider environmental changes can be examined (Hopkins
et al., 2009).

The objectives of the present study, carried out in a represen-
tative dryland agrosystem, were to evaluate the long-term (19
years) effects of two contrasting crop systems (wheat-wheat vs.
wheat-faba) under three different tillage managements (conven-
tional tillage, dual layer and no-tillage) on (i) soil organic C labile
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Fig. 1. Climatic trend from January 2008 to December 2009. Histograms are mean
monthly rainfall, continuous and broken lines are, respectively, maximum and min-
imum mean monthly temperature. Soil CO, flux measurements were carried out
from April 2008 to March 2009.

pools, and (ii) field and potential soil CO, emissions, to relate all
them with both quantity and quality of residues input in cropped
soils of the Mediterranean environment.

2. Materials and methods
2.1. Study site

The experimental work was carried out from April 2008 to
April 2009 at the Pietranera farm of the University of Palermo,
located in the central-southern Sicily, Italy, (37°30’N, 13°31E),
178 m above sea level. The climate at the experimental area is semi-
arid Mediterranean, with a mean annual precipitation of 552 mm
and a mean annual air temperature of 15.9 °C. Climatic data were
collected from January 2008 to December 2009 by a weather station
located 500 m far from the experimental field (Fig. 1). The soil used
was a fine-clayey, calcareous, mixed, xeric Chromic Haploxerert,
with a slope of 7%. Main soil properties, determined before setting
up the experimental field and referring to 0-15 cm depth, were:
clay471+51gkg1,silt225+26gkg~!, sand 304 +28 gkg~!, total
organicC18.1+0.5gkg !, totalN1.3+0.1gkg ! and pH 8.1 £0.1.

2.2. Experimental design

The experimental design, established in 1991, was a strip-plot
with two replications. Since 1952 up to 1991, the experimental
area was cropped with a durum wheat/vetch crop rotation under a
deep ploughing regime. Two crop sequences (wheat monoculture
and wheat/bean rotation) were assigned as horizontal treatments
and three tillage systems as vertical treatments. The plot size
was 370 m? (18.5 x 20.0m). Tillage managements were: (i) con-
ventional tillage (CT), consisting of ploughing to a depth of 30cm
followed by one or two shallow (10-15 cm depth) harrowing oper-
ations before sowing; (ii) dual-layer (DL), consisting of a chisel
ploughing to a depth of 40 cm coupled with a mouldboard plough-
ing to a depth of 15cm and followed by one shallow harrowing
operation; (iii) no-tillage (NT). Although some studies suggest that
soil C content across the profile could be driven by differences in
incorporation depth of residues depending on tillage treatments
(Sunetal., 2011), here only the 0-15 cm soil layer was investigated
as most tillage operations involved the 0-15cm soil layer, with
conventional ploughing (up to 30 cm) more invasive than chisel
plowing. To minimise the annual climatic variability effects, all
crops had a yearly-based rotation. Seed density was 350 seeds m~—2
in rows 16 cm apart for wheat (Triticum durum) and 40 seeds m~2
in rows 70 cm apart for faba bean (Vicia faba). Following normal
farm practices, fertilisation was carried out every year by apply-
ing in wheat/bean (WB) rotation 92 kgha~! of P,O5 and 82 kg ha~!

of urea-N before seeding wheat, while 18 kgha~! of urea-N and
46kgha~! of P,05 before seeding faba. In wheat monoculture
(WW), 92 kgha~! of P05 and 120 kg ha~! of urea-N before seeding
were applied. In WW monoculture, weed control was carried out
by using in post-emergence Tribenuron-methyl herbicide (at the
3rd to 4th leaf stage). In no tilled plots of WB rotation, weeds were
controlled prior to sowing by glyphosate [N-(phosphonomethyl)
glycine]. Further details about experimental site and agronomic
techniques are reported in Giambalvo et al. (2012).

2.3. Carbon and acid detergent fibre (ADF) input

During the 19 years since the experiment was established, the C
inputs consisted mainly of root biomasses and marginally of shoots
left after the harvest, both in wheat monoculture and in wheat/bean
rotation. The cumulative C supplied by root biomass (CCRB) both
for wheat and bean was calculated according to Kong et al. (2005)
and Chung et al. (2008) as follows:

CCRB (Mgha~1)=0.22 x CAB (Mgha~1) x root carbon (%), where
CAB is the cumulative aboveground biomass and 0.22 is a conver-
sion factor for root to shoot ratio used for both wheat and legumes,
assumed as grains (IPCC, 2006).

The yield biomasses of both wheat and bean crops were esti-
mated by weighing one square metre of aboveground biomass after
the harvest for each plot. The C content of root and shoot residues
was assumed for both species equal to 43% (Kong et al., 2005; Gan
etal., 2009; Jensen etal.,2010). Root and shoot biomasses were also
analysed for total N by Kjeldahl digestion (Bremmer, 1996) and for
acid detergent fibre (ADF) content (Van Soest, 1963). Then, the ADF
input was calculated by multiplying the C input by ADF content.

2.4. Soil sampling and analyses

Soils were sampled just after the harvest carried out in June
2009. Three soil samples (0-15 cm), each composed by five soil sub-
samples, were collected in each plot. Soil samples were sieved at
2mm and split in two aliquots, the first being air-dried and the
second remoistened to 50% of water holding capacity (WHC). Soil
chemical analyses were carried out on air-dried aliquots whereas
soil biochemical analyses on remoistened aliquots. Total organic
C (TOC) was determined using a Carlo-Erba CHN analyser. Soil
bulk density was measured using the tube core method (Blake
and Hartge, 1986). Microbial biomass C was determined by the
substrate (glucose) induced respiration method (SIR), according to
Anderson and Domsch (1978). Briefly, 10 g soil aliquots, remoist-
ened at 50% water holding capacity (HWC), were weighed into
bottles and added with a glucose solution to have a final glucose
concentration of 2mgg~! dry soil; the final soil moisture corre-
sponded to 120% of WHC, in order to optimally spread the substrate
within soil samples. The bottles with soil were conditioned for 0.5 h,
sealed with butyl rubber stoppers, and incubated for 2 h at 22°C.
SIR was converted to microbial biomass C (MBC) using a conversion
factor of 40 (Anderson and Domsch, 1978). The glucose concentra-
tion and the duration of the incubation period in the SIR assay, in
order to reach the soil maximal linear respiratory response had
been determined by previous tests. A short-term (36 days) aerobic
incubation procedure was used to determine the potential of the
soils to mineralise organic C (Nannipieri et al., 1990). Soil samples
at 50% WHC were pre-incubated for a week at room temperature;
then, readjusted the moisture by water addition, they were incu-
bated at 22°C in 200 cm? air-tight glass bottles. The CO, evolved
was measured by sampling an aliquot of gas from the bottles by
using a syringe and injecting it into a gas-chromatograph (Trace GC,
Thermo Electron) equipped with a thermal conductivity detector
(TCD). After air sampling, stoppers were removed for half hour to
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balance the atmosphere inside and outside the bottles. The contain-
ers were capped again and incubated under the same conditions.
This procedure, after the first sampling at day 1, was repeated at 3-
or 4-day intervals for 36 days of incubation. The C mineralisation
rate was expressed as mg CO,-Cg~1TOCd~! and was fitted to the
following first-order decay function:

Mineralised C=C, e, where C; is the readily mineralisable C
at time zero (i.e. the intercept value), k is the decay rate con-
stant and t is the time. C mineralisation rate of the first day
of incubation was used as a measure of basal respiration and
to calculate the metabolic quotient (qCO,), an index of the soil
stress/disturbance status (Anderson and Domsch, 1993) expressed
as mgC-CO, h~1g~1 MBC.

Gravimetric water content of soil samples was determined by
weight difference between fresh and dried (24 h at 105°C) sam-
ple. Soil water filled pore space (WFPS) and soil temperature were
measured at each time of CO, efflux measurements. WFPS was
calculated according to the following formula:

SWC x BD x 100

WEPS = (1 - BDJ/AD)

where, SWCis the gravimetric soil water content, BD is the soil bulk
density and AD is the soil absolute density (2.65 gcm~3). Soil tem-
perature was measured at 15 cm depth using a digital thermometer
16 times per plot. Soil analyses were carried out in triplicate.

2.5. Soil CO; fluxes in the field

In the field soil CO, flux was measured at 36 different days from
April 2008 to April 2009, using a portable infrared gas analyser
(PP System—Ciras/1) connected to a soil respiration chamber, i.e.
a closed gas flow system consisting of a 0.854 dm? cylinder with a
95 mm diameter opening, and covering a soil surface of 0.71 dm?.
The chamber edge simply rested into the soil. For all the six treat-
ments and the 2 replicated plots, at each measurement day, CO,
was monitored 12 consecutive times between 9.00 and 11.00 a.m.
To exclude the effect of the single crop within the two crop systems,
the measures of CO, flux were carried out always on T. durum.

The soil C outputs were calculated through the linear inter-
polation of two neighbouring measured fluxes and the numerical
integration over time, as reported in the following equation:

n
€0, - C flux(kg ha' d)=3" {(Xﬁxm)x g} o

i
N
+ | (Xn—1 +Xn) x j}

where i is the date of first measurement of CO, rate; n is date
of the last measurement of CO, rate; X is the CO, rate averaged
among 24 (12 daily per 2 replicated plots) measurements, and N
is the number of days between the two consecutive averaged CO,
rates.

2.6. Statistical analysis

Two-way analysis of variance (ANOVA) was performed with
tillage (conventional, dual layer and no-tillage) and crop system
(wheat/wheat, WW, and wheat/bean, WB) as experimental factors.
Residual maximum likelihood variance components were also per-
formed to determine which of the two factors or their interaction
accounted for the majority of the variation in each of the mea-
sured variable. All statistical analyses were carried out using SPSS
13.0. Soil CO, field flux data were analysed by using the repeated
measures procedure in the general linear model.

3. Results
3.1. Soil Cand N

Total organic C ranged from 18.3 in DL plots to 21.2gkg™! in
WW!/NT plots (Table 1). Both tillage and crop systems affected soil
TOC concentration (17% and 19% of variance explained, respec-
tively). No-tillage accumulated the highest amount of Cin both crop
systems, followed by CT and DL. With regard to crop systems, the
C concentration was significantly higher in soil with WW mono-
culture (21.2 gkg™!) than in those with WB rotation (19.6 gkg™1!).
Extractable C ranged from 63.1 (WB) to 66.7 (WW) mgkg~! in
CT plots to 103.8 (WB)-107.0 (WW) mgkg~! in NT ones, and
was affected only by tillage management (82% of explained vari-
ance). Total N values ranged from 1.0 gkg~! in WB/CT and WW/DL
to 1.4gkg~! in WW/CT (Table 1). Total N was mainly influenced
by the interaction crop system x tillage (55% of explained vari-
ance), and marginally by the two single factors. Consequently, most
variance of TOC/TN ratio was explained by the interaction crop sys-
tem x tillage. Carbon stored in the first 15 cm of soil slightly differed
among treatments and followed the same trend of TOC concentra-
tion, being higher in WW monoculture and in NT plots (Table 2).
Indeed, it ranged between 28.9 and 35.2Mgha~! in WB/CT and
WW)/NT plots, respectively. Tillage was the main factor affecting
C stock followed by the crop system, while the interaction of the
two factors did not affect it. Carbon stock was highest in NT plots
compared to tilled ones (Table 2).

3.2. Carbon and ADF inputs

Carbon input did not show significant differences among inves-
tigated plots (Table 2) while, on the contrary, the C/N ratio of
biomasses supplied by roots was significantly different. Indeed,
the average (n=18) C/N ratio of faba bean residues was 11+1.5,
whereas that of wheat roots was 42 £3.0. Also the ADF content
showed significant differences among supplied root biomasses
being 4.8 and 4.2 g kg~ ! for wheat and faba bean crops, respectively.
As a consequence, the ADF input was higher in wheat monoculture
than in WB rotation (Table 2).

3.3. Soil CO, flux and C output

Soil CO, fluxes significantly changed during the observation
period and were affected by crop system and tillage, and by their
interaction (respectively, 29%, 42% and 13% of variance explained;
Fig. 2). Moreover, significant correlations between CO, flux and
soil temperature occurred in four (Fig. 3) of the six investigated
treatments, but not for wheat monoculture under conventional
tillage and dual layer. Conversely, no significant (P<0.05) corre-
lation at all was found between CO, flux and gravimetric water
content or WEPS throughout the six treatments. Finally, even the
multiple regression between CO, flux (dependent variable) and soil
temperature and gravimetric water content or WFPS (independent
variables) was not significant.

CO, fluxes were generally highest in CT plots for wheat mono-
culture, while in DL plots for WB rotation. In NT plots, CO, fluxes
were generally lowest, regardless of cropping system, whereas
from August to October they tended to be higher in WB rotation,
regardless of soil tillage management (Fig. 2). Moreover, during the
observation period CO, fluxes showed higher oscillations in tilled
plots compared to no tilled ones. The amount of C output calculated
by interpolating CO, flux measurements carried out during the trial
period, ranged from 3.1 in WB plots to 2.0 Mgha~1y~1 in WW/NT
plots (Table 2).

The C output was from 0.1 to 1.3MgCha~!y~! higher than C
input, suggesting a net C loss from all investigated treatments.
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Table 1

Chemical properties of the studied agrosystem soil in response to different management practices. Percentages of variance explained for any variable by each experimental

factor (crop system and tillage) and by their interaction are also reported.

Crop system Tillage Bulk density (gcm—3) TOC (gkg™1) Cextr (mgkg™1) TN (gkg™1) TOC/TN
WwWw CT 1.04 Aa 20.8 Aa 66.7 Aa 1.4 Aa 15.1 Aa
wWw DL 1.08 ABa 18.3 Ba 86.8 Ba 1.0Ba 179 Ba
WwWw NT 1.11 Ba 21.2 Aa 107.0 Ca 1.3 Aa 15.8 Aa
WB CT 1.04 Aa 18.6 ABb 63.1 Aa 1.0 Ab 18.0 Ab
WB DL 1.07 ABa 18.3 Aa 85.8 Ba 1.1 Aa 16.3 Ba
WB NT 1.10 Ba 19.6 Bb 103.8 Ca 1.1 Ab 17.6 ABa
Crop system (%) NS 19" NS 15 7
Tillage (%) NS 17 82" 5 NS

Crop system x tillage (%) NS NS NS 55" 71"

WW, durum wheat monoculture; WB, durum wheat-faba-bean rotation; CT, conventional tillage; DL, dual layer; NT, no-tillage.
Different capital letters indicate significant differences (P<0.05), within the same crop system, among tillage managements. Different lowercase letters indicate significant

differences (P<0.05), within the same tillage management, between crop systems.
TOC, total organic C; TN, total nitrogen; C extr, extractable C in 0.5 M K3SOy4.
" P<0.05.
“ P<0.01.
" P<0.001.

However, as outlined before, in C input root exudates are not
included and it is well known that they may supply at least an equal
or greater C amount than that supplied together by hypogeous and
epigeal biomasses C. For example, the calculated amount of C input
for wheat may range from 0.48 to 3.2MgCha~'y~! (Kuzyakov
and Schneckenberger, 2004; Martin and Puckridge, 1982; Whipps,
1990).

3.4. Biochemical soil properties

Soil microbial biomass C (MBC) and microbial quotient
(MBC/TOC) were, at the same tillage management, higher in WB
rotation (Table 3). Within crop systems, MBC and MBC/TOC were
higher in NT plots and lower in CT ones. Crop system was the
experimental factor with the highest proportion of the explained
variance for biochemical properties (Table 3). Basal respiration (BR)
ranged from 13.5 to 22.2mg Ckg~! d~! (Table 3). Within each crop
system, BR increased by decreasing tillage intensity (NT>DL > CT),
whereas at the same tillage management it showed higher val-
ues in WB plots. However, tillage and crop system affected BR at
similar extent, since the explained variance percentage of BR was
comparable. The microbial basal respiration rate per unit of micro-
bial biomass carbon (specific respiration or metabolic quotient,
qCO,) ranged between 2.7 and 1.8 mg CO,-Cg~! MBCh~! (Table 3)
and was inversely correlated with MBC/TOC (R? =0.894; P<0.01;
n=12). Within each crop system, the metabolic quotient showed
higher values in CT plot while lower ones in NT plot. Regardless

Table 2

of tillage management, the WB rotation showed lower qCO, val-
ues than WW monoculture. The decay rate constant (k) was higher
in WB plots, ranging from 0.064 and 0.116d~! (Table 3). Indeed,
most variance of k was explained by the crop system. Moreover,
within wheat monoculture, tillage did not affect the decay rate con-
stant whereas, within WB rotation, it was inversely related to tillage
intensity (CT<DL<NT).

4. Discussion
4.1. Total C pool

The effects of tillage and crop system after 19 years on C stored
in the first 15 cm of soil were comparable and relatively small, with
the sum of variance percentages explained by the two factors being
less than 50% (Table 2). The slight effect of tillage management on
C stock could be due to the high clay soil content (471 gkg~!) that
protected soil organic matter from decay, also when soils are sub-
jected to intensive tillage managements. The highest amount of C
stock in NT plots compared to tilled ones agrees with reviews that
report no-tillage management promoting TOC storage, especially
over long term experiments (Franzluebbers, 2005). As regards crop
system, WW plots tended to have higher amount of C stored in the
first 15 cm than WB soil. Although the Cinput was the same among
plots (Table 2), the higher amount of C stored in WW plots could be
ascribed to the quality of residues returned to soils. Indeed, wheat
residues had the highest C to N ratio and ADF content compared to

Soil C stock, input and output in response to different management practices. Percentages of explained variance for each variable by each experimental factor (crop system

and tillage) and by their interaction are also reported.

Crop system Tillage Cstock at 15cm (Mgha1) Cinput (Mgha'y1) Coutput (Mgha=ty1) ADF input (Mgha'y-1)
WwWw CT 32.5 ABa 1.8 Aa 2.8 Aa 0.89 Aa

wWw DL 29.6 Ba 1.9 Aa 2.4 Bb 0.90 Aa

WwW NT 35.2 Aa 19 Aa 2.0Ca 0.90 Aa

WB CT 28.9Bb 1.8 Aa 3.1 Aa 0.84 Ab

WB DL 29.5Ba 1.9 Aa 3.1Aa 0.87 Bb

WB NT 32.5Ab 1.9 Aa 23Ba 0.87 Bb

Crop system 197 NS 29 18~

Tillage 26 NS 427 7

Crop system x tillage NS NS 13 NS

WW, durum wheat monoculture; WB, durum wheat and faba bean crop system; CT, conventional tillage; DL, dual layer; NT, no-tillage.

C input is the amount of C supplied by root and shoot biomasses (average of 19 years); C output is the amount of CO,-C flux from soil surface (i.e. root respiration included)

during a year (April 2008-April 2009).

Different capital letters indicate significant differences (P<0.05), within the same crop system, among tillage managements. Different lowercase letters indicate significant
differences (P<0.05), within the same tillage management, between crop systems.

" P<0.05.
" P<0.01.
" P<0.001.
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Table 3

Biochemical properties of soil in response to different management practices. Percentages of variance explained for any variable by each experimental factor (crop system

and tillage) and by their interaction are also reported.

Crop system Tillage MBC (mgkg1) BR(mgCkg'd) MBC/TOC (%) Metabolic quotient (mg CO>-Cg~! MBCh1) k(d1)
wWw CT 208.3 Ab 13.5Ab 1.00 Ab 2.7 Aa 0.064 Bb
WwWw DL 272.6 Bb 15.8 Bb 1.49 Bb 2.4 Ba 0.068 Bb
WwWw NT 329.5Cb 18.7 Cb 1.55Bb 2.4Ba 0.071 Bb
WB CT 2933 Aa 17.0 Aa 1.59 Aa 24 Aa 0.098 Aa
WB DL 391.1 Ba 18.8 Ba 2.14Ba 2.0 Bb 0.107 Ba
WB NT 509.2 Ca 22.2Ca 2.61Ca 1.8 Bb 0.116 Ca
Crop system 48’ 48" 55" 51 91"
Tillage 27" 40 20 24 3

Crop system x tillage 10 NS NS NS 3

WW, durum wheat monoculture; WB, durum wheat and faba bean rotation; CT, conventional tillage; DL, dual layer; NT, no-tillage.
Different capital letters indicate significant differences (P<0.05), within the same crop system, among tillage managements. Different lowercase letters indicate significant

differences (P<0.05), within the same tillage management, between crop systems.

MBC, microbial biomass C; BR, basal respiration; TOC, total organic C; k, decay rate constant.

* P<0.05.
" P<0.01.
" P<0.001.

bean residues. These results agree with those of Guo et al. (2009)
and confirmed that the quality of residue inputs, which generally is
inversely related to the residue C/N ratio, can strongly enhance CO,
emissions (Al-Kaisi and Yin, 2005) by speeding up the decomposi-
tion rate of faba residues by microbial biomass since it has a C/N
ratio closer to that of faba than wheat residues (Kuo et al., 1997;
Sainju et al., 2002). In other words, with faba a higher N availabil-
ity (and immobilisation) by microbial biomass is concomitant to a
higher Cimmobilisation, which is functionally preceded by the faba

‘Wheat/bean rotation
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70.0 4 --#--Dual layer

—@—No Tillage
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Fig. 2. Soil CO, fluxes (kgha=!d~') during the trial period. Error bars are standard
deviations (N=24; 12 consecutive measurements x 2 plots). Soil CO, fluxes were
significantly affected by sampling date (P<0.001). Crop system, tillage and their
interaction explained 29 (P<0.001),42 (P<0.001) and 13% (P<0.01) of soil CO; flux
variance, respectively (two-way ANOVA, see Section 2 for details).

C mineralisation (CO, evolution). Thus, in WW monoculture crop
residues result less mineralised, i.e. more stable, against decompo-
sition than in WB rotation, where faba residues occur at alternate
years.

4.2. Labile C pools and C use efficiency

No-tillage after 19 years increased the labile C pools, i.e. micro-
bial biomass C (MBC), extractable C and basal respiration. These
findings agree with those of Balota et al. (2004), Gonzalez-Chavez
et al. (2010) and Laudicina et al. (2011) that reported increases of
the same pools in soils subjected to minimum or no-tillage mana-
gements. Indeed, the higher values of extractable C in NT soil is
probably due to the lowest accessibility of the soil organic matter
to decomposer organisms (Dungait et al., 2012). Hence, being less
accessible to soil microorganisms, labile C may accumulate in soil.
The larger microbial biomass in no-tilled or minimally tilled soils,
compared to soils conventionally tilled, could be ascribed to the
fact that surface litter can lower soil temperature while increas-
ing soil aggregation and water and carbon contents (Doran, 1980).
Thus, no-tilled soils are not only high in available substrates but
also wetter, cooler and less variable with respect to their tem-
perature and moisture regimes. These conditions stimulate the
proliferation of soil microorganisms, particularly in surface layers
(Balota et al., 2004; Ferreira et al., 2000). Moreover, the highest
basal respiration in NT soil likely derives from the combined effects
of the increased other pools, i.e. extractable C and MBC, function-
ally linked to it. Finally, while conventional tillage from one side
may increase the accessibility of organic substrates to microbial
biomass, from the other may mechanically kill it and/or make worse
its habitat (Laudicina et al., 2011).

Comparing crop system effect on C mineralisation, we found WB
rotation having more potential in enhancing CO, emissions than
WW monoculture and this, again, agrees with its higher quality
(lower both C/N ratio and ADF content) of faba residues compared
to wheat residues.

Metabolic (qCO5 ) and microbial quotients (MBC/TOC) are inter-
dependent but inversely related indexes that, respectively, reflect
the efficiency of the C use and the proportion of the total organic C
present as microbial C (Badalucco et al., 2010). The trend of these
two quotients suggested a more efficient C use and a high avail-
able C for soil microorganisms in WB rotation and with reduced
or no-tillage. These quotients have been also used as stress indi-
cators for soil microbial biomass (Anderson and Domsch, 1989;
Laudicina et al., 2012). Our findings suggest that both WB rotation
and reduced tillage induced a minor stress of soil microbial biomass
compared to conventional wheat in monoculture. Anderson and
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Fig. 3. Linear relationships between average daily CO, fluxes and soil temperatures measured at 15cm depth in wheat monoculture plot under no-tillage (A), and in
wheat/bean rotation plots under conventional tillage (B), dual layer (C) and no-tillage (D).

Domsch (1989) reported that agrosystems including leguminous
crops encourage higher MBC and MBC/TOC but lower qCO, than
monoculture systems. This difference is attributed to the high input
of organicresidues in both variety and quantity (rhizosphere effect)
under wheat-faba rotation (Anderson and Domsch, 1989; Hungria
and Stacey, 1997; Ferreira et al., 2000). Indeed, legume roots may
release into the rhizosphere flavonoids facilitating both rhizobial
(N fixation) and mycorrhizal symbioses (Cesco et al., 2012).

4.3. Coutput

Many biotic factors, such as root and microbial respiration
(Kuzyakov, 2006), and soil organic matter content (Frank et al.,
2006), mainly contribute to soil CO, flux. As, in turn, biotic factors
are strongly dependent on abiotic factors, such as soil tempera-
ture and moisture, significant relationships among soil CO, flux
and those abiotic factors would have been expected, but in our
work this was not the case, especially for soil moisture (WEPS).
However, time effect on soil CO, flux was consistent with previous
research showing strong seasonal variation in soil respiration (Lee
et al., 2009). The dependence of CO, fluxes on sampling time could
be explained by changes in soil temperature, although a univocal
trend did not emerge and in two plots no significant correlations
was found between soil CO, flux and temperature. The lack of sig-
nificant correlation between soil CO, flux and temperature in two
treatments is not surprising. It is well known that soil tempera-
ture may be a key abiotic factors driving soil CO, flux (Akinremi
et al., 1999; Qi and Xu, 2001), also in extreme environments (Ball
et al.,, 2009; Parsons et al., 2004; Xie et al., 2009). However, as
reported in other studies, temperature is not always correlated with
soil CO, flux (Werner et al., 2006; Salimon et al., 2004). Such con-
trasting results might be ascribed to the interaction between soil

temperature and moisture causing a reduction or cancelling their
single effects. For example, the amount of CO; dissolved in soil solu-
tion depends on soil moisture content and, at the same moisture
content, the amount of soil CO, dissolved in the soil solution may
change depending on soil temperature because the CO, solubility
in water is inversely related to temperature (Wilhelm et al., 1977).
Therefore, the widest ranges in both soil temperature and mois-
ture reached during the year of field observations, typical of the
Mediterranean climate, could have confounded the main role of
biotic factors to CO, fluxes.

Tillage was the experimental factor affecting CO, flux at the
greatest degree. This increase in CO, flux likely resulted from the
increased accessibility of soil organic matter to microbial decom-
position. Tillage may promote the microbial oxidation of TOC
basically for two reasons: (1) it helps the fragmentation of macro-
aggregates and increases the surface area for soil microbes to attack
and decompose the originally physically aggregate-protected soil
organic matter (Beare et al., 1994; Six et al, 1999); (2) the
incorporation of crop residues into soil by tillage leads to more
favourable physical conditions (e.g. moisture and temperature)
for their decomposition than on the soil surface (Aulakh et al.,
1991; Coppens et al., 2007), thus providing nutrients and energy
for microbial growth and further enhancing TOC decomposition,
more inert C included (Fontaine et al., 2007).

5. Conclusions

In a semiarid Mediterranean environment, tillage management
more than cropping system affected the soil organic C stored in the
first 15 cm of soil. After 19 years, no-tillage caused a 3.6 Mgha~!
increase of C content in wheat/faba rotation while of 5.6 Mgha~!
in wheat monoculture.
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The higher increase of soil C stored in wheat monoculture com-
pared to wheat/faba rotation can be ascribed to a lower residues
quality, i.e. lower C/N ratio and higher ADF content of wheat sup-
plied biomasses compared to faba ones. The lower substrate quality
reduced organic matter mineralisation so carrying to a greater C
accumulation in wheat monoculture. In the long-term period (19
years), cropping system more than tillage management affected
most soil biochemical properties such as labile C pools. Finally, the
wheat/bean rotation had beneficial effects on soil biological activity
parameters and on C use efficiency.
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