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Abstract: The diffusion of no-tillage (NT) is to be encouraged because of the benefits it can provide
in terms of improving soil fertility and counteracting global warming and climate change as part of
climate-smart agriculture practices. However, the introduction of this management can be difficult,
especially in the first years of application, and can lead to unpredictable yield results depending
on the soil type. Therefore, the aim of this experiment was to evaluate the early effect of NT use,
compared to the conventional mouldboard ploughing (CT), on two different soils, a clay-loam (GAL)
and a sandy-clay-loam soil (SMA), by monitoring a set of 43 different soil and plant variables that
were expected to vary with tillage and/or soil type. At both experimental sites, NT showed lower
wheat total biomass (−29%) and grain yields (−17%) than CT with a more pronounced decrease
in GAL than in SMA. Yield differences were accompanied by modifications in nutrient, microbial
community and soil enzyme activity dynamics which highlighted higher stress in GAL, than in SMA
soil, attributable to lower crop residues decomposition and substrate availability. Therefore, our
findings suggest that the negative consequences due to the transition to NT depend on specific soil
characteristics, like texture and organic matter concentration, with different repercussions on soil
quality as well as on wheat growth and productivity.

Keywords: climate-smart agriculture; conservation management; soil fertility; nutrient dynamics;
microbial activity; soil indicators

1. Introduction

No-tillage (NT) use, as a part of conservation and climate-smart agriculture, is pro-
posed as an effective management for facing global warming and climate change [1,2].
Indeed, the NT application can play an important role for the adaptation and mitigation, at
the same time, of the climate crisis by reducing soil erodibility [3], enhancing aggregation
and aggregate stability [4,5], lowering soil heat capacity and thermal conductivity [6],
increasing soil water retention [7,8], cutting energy use and carbon (C) emissions [9], pro-
moting the sequestration into the soil of atmospheric C as stable organic matter, as well as
enhancing wildlife habitat [10,11]. Moreover, NT use allows to save fossil fuels, labour, and
time [12,13]. With regard to the C sequestration, the application and diffusion of NT soil
management can have a pivotal role in order to achieve the ambitious target set by the four
per 1000 initiative, which aims to offset atmospheric CO2 emissions from fossil fuels by
increasing the amount of C stored in the soil by 4‰ per year [14]. Moreover, considering
the different benefits provided by its application, NT use can be a valuable practice in
order to counteract soil degradation phenomena and restore the fertility of soils in arid
and semi-arid regions [15,16]. However, in many cases, the effect of NT use, and of many
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conservation managements in general, require a number of years of continuous application
to become apparent [17,18].

Although NT use can lead to positive effects, it cannot always be successfully applied
in all agroecosystems highlighting deficiencies in providing agroecosystem services. In
particular, especially in the first years of conversion, combining the improvement of soil
fertility and the environmental benefits with productivity can be very difficult. Indeed,
contradictory results are reported regarding the effects of conservation tillage on crop
growth and yield varying from positive [19–21] to negative [22–24] with additional studies
that report no differences among soil managements [25,26] or fluctuating results depending
on the rainfall pattern of the year [27,28]. The numerous changes caused by the use of
no-tillage are mediated by several soil-specific factors (like soil texture, organic C concen-
tration, structure, etc.) and have significant effects on plant growth and nutrient dynamics
and, consequently, on crop production. This is one reason for the different responses of
agroecosystems to the introduction of this technique. Among these changes, effects on soil
aeration, crop residue distribution along the profile, temperature, and moisture regimes can
strongly affect soil detritusphere organisms and processes that selectively can increase or
decrease, also showing trends that can change over time with consequences on substrates’
availability for plant and the growth of the microbial community itself [18,29–33]. There-
fore, it appears that immediately after the application of NT some changes occur more
quickly while others take a long time, and the occurrence of this response is linked to soil
properties [34,35]. Although several mid- and long-term studies have been conducted in
the Mediterranean environment in order to assess soil management's effect on soil prop-
erties and wheat productivity (e.g., [28,36–38]), few studies were focused to assess which
soil chemical and biochemical variables are most sensitive to the implementation of NT.
These variables can be a useful indicator of soil processes and may highlight critical aspects
that often hinder the successful implementation of NT and induce farmers to abandon
this management.

Therefore, to fill this knowledge gap, this experiment aimed to investigate in depth the
short-term effects of the application of NT in two soils with constraining properties under
the Mediterranean semiarid environment. The aspects analysed were wheat productivity
and uptakes, soil C, N, and P dynamics, microbial community structure, and enzymatic
activity in order to have a complete assessment of the effects on both plant and soil
functioning in soil with different characteristics.

2. Materials and Methods
2.1. Experimental Sites Description

The field experiment was established during the 2019/2020 growing season in two
arable soils (a clay-loam and a sandy-clay-loam) located within the Calabrian region
(Southern Italy) characterized by different soil textures, organic matter, and carbonate
concentrations (Figure 1).
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Figure 1. Overview of the two experimental sites: the first located at Reggio Calabria (GAL) (blue 
frame) and the second one at S. Marco Argentano (SMA) (red frame). Onset tables show geographic 
coordination reference, major soil data and soil taxonomy, climate classification, mean annual rain-
fall, and temperature. 

The first experimental location, henceforth referred to as “GAL”, was the experi-
mental station of the University “Mediterranea” of Reggio Calabria, located in Gallina of 
Reggio Calabria, Calabria, Italy (38° 10′ N, 15° 45′ E, 232 m a.s.l.). The soil of this experi-
mental site is a Typic Haploxeralf [39] and its properties, referring to the 0–20 cm top layer 
(Ap horizon), were as follows: 35% clay, 25% silt and 40% sand (clay-loam texture), pH 
7.05 (1:2.5 H2O), electrical conductivity (EC) 0.165 dS m−1 (1:2), cation exchange capacity 
(CEC) 17.2 cmol+ kg−1, total carbonates 8.4 g kg−1, total organic C (Walkley–Black) 19.3 g 
kg−1, total nitrogen (N) (Kjeldahl) 1.8 g kg−1, available phosphorus (P) (Olsen) 9.30 mg kg−1. 
The climate is semiarid Mediterranean characterized by mild and rainy winters and warm 
and dry summers. Mean annual rainfall is 617 mm (20 years average), mostly in the au-
tumn and winter (77%) and in the spring (22%) while the mean yearly air temperature is 
17.2 °C (20 years average) with 19.5 °C in autumn, 12.0 °C in winter, 15.9 °C in spring, and 
25.1 °C in summer. The average minimum and maximum annual temperatures are 11.6 
°C and 27.5 °C, respectively (ARPACAL). 

The second experimental site, referred as “SMA”, was at the agricultural experi-
mental centre “Casello” of the Regional Agency for Agriculture “ARSAC” located in San 
Marco Argentano, Calabria, Italy (39° 38′ N, 16° 13′ E, 100 m a.s.l.). The experiment was 
carried out on a sandy-clay-loam soil, classified as Fluventic Haploxerept, coarse silty, 
mixed, and thermic [39]. The main soil properties, referred to in the 0–20 cm top layer (Ap 
horizon), are as follows: 21% clay, 24% silt, and 55% sand, pH 7.67 (1:2.5 KCl), EC 0.21 dS 
m−1 (1:2), CEC 26.2 cmol+ kg−1, total carbonates 18.0 g kg−1, total organic C (Walkley–Black) 
9.81 g kg−1, total N (Kjeldahl) 0.95 g kg−1, and available P (Olsen) 16.95 mg kg−1. The climate 

Figure 1. Overview of the two experimental sites: the first located at Reggio Calabria (GAL) (blue
frame) and the second one at S. Marco Argentano (SMA) (red frame). Onset tables show geographic
coordination reference, major soil data and soil taxonomy, climate classification, mean annual rainfall,
and temperature.

The first experimental location, henceforth referred to as “GAL”, was the experimental
station of the University “Mediterranea” of Reggio Calabria, located in Gallina of Reggio
Calabria, Calabria, Italy (38◦ 10′ N, 15◦ 45′ E, 232 m a.s.l.). The soil of this experimental
site is a Typic Haploxeralf [39] and its properties, referring to the 0–20 cm top layer (Ap
horizon), were as follows: 35% clay, 25% silt and 40% sand (clay-loam texture), pH 7.05
(1:2.5 H2O), electrical conductivity (EC) 0.165 dS m−1 (1:2), cation exchange capacity (CEC)
17.2 cmol+ kg−1, total carbonates 8.4 g kg−1, total organic C (Walkley–Black) 19.3 g kg−1,
total nitrogen (N) (Kjeldahl) 1.8 g kg−1, available phosphorus (P) (Olsen) 9.30 mg kg−1. The
climate is semiarid Mediterranean characterized by mild and rainy winters and warm and
dry summers. Mean annual rainfall is 617 mm (20 years average), mostly in the autumn
and winter (77%) and in the spring (22%) while the mean yearly air temperature is 17.2 ◦C
(20 years average) with 19.5 ◦C in autumn, 12.0 ◦C in winter, 15.9 ◦C in spring, and 25.1 ◦C
in summer. The average minimum and maximum annual temperatures are 11.6 ◦C and
27.5 ◦C, respectively (ARPACAL).

The second experimental site, referred as “SMA”, was at the agricultural experimental
centre “Casello” of the Regional Agency for Agriculture “ARSAC” located in San Marco
Argentano, Calabria, Italy (39◦ 38′ N, 16◦ 13′ E, 100 m a.s.l.). The experiment was carried
out on a sandy-clay-loam soil, classified as Fluventic Haploxerept, coarse silty, mixed, and
thermic [39]. The main soil properties, referred to in the 0–20 cm top layer (Ap horizon),
are as follows: 21% clay, 24% silt, and 55% sand, pH 7.67 (1:2.5 KCl), EC 0.21 dS m−1

(1:2), CEC 26.2 cmol+ kg−1, total carbonates 18.0 g kg−1, total organic C (Walkley–Black)
9.81 g kg−1, total N (Kjeldahl) 0.95 g kg−1, and available P (Olsen) 16.95 mg kg−1. The
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climate of the experimental site is Mediterranean characterized by mild and rainy winters
and warm and dry summers. Mean annual rainfall is 706 mm (20-years average), mostly in
the autumn and winter (68%) and in the spring (22%), while the mean yearly air temperature
is 14.7 ◦C (20-years average) with 17.0 ◦C in autumn, 8.8 ◦C in winter, 13.3 ◦C in spring,
and 24.6 ◦C in summer. The average minimum and maximum annual temperatures are
6.8 ◦C and 27.9 ◦C, respectively (ARPACAL). At both experimental sites, the weather data
were collected from a weather station located nearby.

2.2. Experimental Design and Crop Management Sites Description

At both experimental sites, the field trial was set up as a completely randomized block
design (RCBD) with four replications. The plot area was 540 m2 (30 × 18 m). At both
locations, during the previous year, soil was covered with a polyphite forage cover. The two
soil managements tested were conventional tillage (CT) and no-tillage (NT). CT consisted
of mouldboard ploughing to a depth of 30 cm in October 2019 followed by one shallow
harrowing operation, at 15 cm soil depth, before sowing. NT consisted of one passage
of mulcher and chemical herbicide, to grind weed biomass and control their emergence,
followed by sowing through direct drilling. In order to assess the tillage effect on soil
properties and plant growth, no fertilization was provided to all plots. Durum wheat
(Triticum durum Desf.), cv. Ramirez was sown in December 2019 (17/12 at GAL and 5/12 at
SMA) in rows spaced 16 cm apart at density of 350 viable seeds m−2 and harvested at the
end of June 2020 (25/6 at GAL and 24/6 at SMA).

2.3. Plant Biomass Sampling and Analyses

At the harvest stage, full ripe (89 BBCH phenological stage; Zadok growth stage 90),
total durum wheat aboveground plant biomass was sampled from three areas of 1 m2 within
each plot. Total above-ground dry matter production was determined after oven drying
at 60 ◦C until a constant weight was reached. The harvested biomass was then separated
and threshed into grains and straw, and both were weighed to calculate grain and straw
yield, thousand kernels weight (TKW) and, harvest index (HI). Then, straw and grain were
ground by using a laboratory mill (1-mm sieve) before further analysis. Grain test weight
(TW) was determined by using a grain analysis computer (GAC II instrument, Dickey-John,
Auburn, IL, USA). Nitrogen concentration of straw and grain were determined on 2.0 g
sample by the Kjeldahl method [40] by using a digestor Foss Tecator digest auto (Foss
Italia, Padova, Italia) coupled with a Foss Kjeltec 8400 distillation unit (Foss Italia, Padova,
Italia). Nitrogen concentration in grain was converted into protein by using a conversion
factor of 5.81 [41]. Phosphorus concentration of straw and grain were determined by wet-
acid digestion of samples by using nitric and perchloric acid mixture and the subsequent
application of ammonium molybdate spectrophotometric method [42,43] by using Flow
Injection Analysis System (FIAS 400 PerkinElmer, Inc., Shelton, CT, USA) equipped with an
AS90 Autosampler (PerkinElmer) and connected to a UV/Vis spectrophotometer Lambda
25 (PerkinElmer). The N and P straw and grain uptakes were calculated by multiplying the
straw and grain biomass for the respective N and P concentrations, while total N and P
uptakes were calculated by the sum of straw and grain uptake for each element.

2.4. Soil Sampling and Analyses

Soil samples were collected at wheat sowing (December, T0) and at harvest (end-
June, T1). Four individual soil samples (approx. 500 g each) were collected at 0–20 cm
soil depth from each plot, by using a manual auger, and then thoroughly mixed to form
a unique composite sample. Four composite samples were taken per treatment, eight
for each sampling time, sixteen per experimental site, and thirty-two in total. On return
to the laboratory, each sample was split in two aliquots in order to be used according
to the analysis type: a representative amount of field moist soil (200 g) was promptly
stored at −20 ◦C; whereas the remaining aliquot (300 g) was air-dried, sieved to pass
through a 2-mm sieve, and then stored at room temperature. Soil permanganate oxidizable
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C (POxC) was determined according to the method developed by Weil et al. [44] and
Culman et al. [45], reading supernatant absorbance at 550 nm with a UV/Vis Lambda
25 (PerkinElmer, Norwalk, CT, USA) spectrophotometer and using UVWinLab Software
(PerkinElmer). Nitrate-N (NO3

−-N) and ammonium-N (NH4
+-N) were determined by

Berthelot reaction and Griess–Ilosvay method, respectively, in 2 M KCl soil extracts (1:10,
w/v) using the FIAS system described above. In 2M KCl soil extracts, total soluble N (TSN)
was determined by the sum of total Kjeldahl N (Kjeldahl method) and NO3

−-N (FIAS
method) while the extractable organic N (EON) was calculated as the difference between
the total Kjeldahl N and NH4

+-N (FIAS method). Available phosphorus (Olsen, OlsP) was
determined by extracting phosphate from the soil with 0.5 N sodium bicarbonate solution
adjusted to pH 8.5 (1:20, w/v) [46] and measuring its concentration through ammonium
molybdate spectrophotometric method and the FIAS system described above. At end of
the cropping season, soil bulk density (BD) was determined by the core method [47].

Phospholipid fatty acids (PLFAs) were extracted from soils and analysed according
to the modified Bligh and Dyer method [48]. Lipids were extracted from 5 g of soil with a
single-phase mixture of chloroform-methanol-citrate buffer (1 : 2 : 0.8, v/v/v) as described
by Wu et al. [49]. The resulting extract was fractionated into neutral lipids, glycolipids and
polar lipids with 10 cm3 chloroform, 20 cm3 acetone and 10 cm3 methanol through a silicic
acid column, respectively. The polar lipids were trans-esterified to the fatty acid methyl
esters (FAMEs) by mild alkaline methanolysis [50]. The FAMEs were recovered with an
n-hexane:chloroform mixture (4:1, v/v), reduced to dryness by rotavapor and re-dissolved
in 200 cm3 of n-hexane. The FAMEs were detected by a gas chromatograph (FOCUS GC-
Thermo Scientific, Milano, Italy) equipped with a flame ionization detector and a Mega-10
fused-silica capillary column (50 m long, 0.32 mm I.D., 0.25 µm film thickness). The GC
temperature progression was as follows: initial isotherm at 115 ◦C for 5 min, increased
at a rate of 1.5 ◦C per minute from 115 to 230 ◦C, and final isotherm at 230 ◦C for 2 min.
Both the injection port and detector were set up at 250 ◦C, and helium at 1 cm3 min−1 in a
constant flow mode was used as carrier. The injected volume was 1 cm3 in splitless mode.
Nonadecanoic acid methyl ester (19:0; cat no. N-5377, Sigma-Aldrich Co., St. Louis, MO,
USA) was used as an internal standard for the quantification of FAMEs. Identification of
the peaks was based on the comparison of retention times to known standards (Supelco
bacterial acid methyl esters and Supelco 37 component fatty acid methyl esters). The
abundance of each FAME was expressed as nanomoles per gram of dry soil and as mole
percent (mol %) of total fatty acids. Fatty acids (FA) with fewer than 14 C-atoms or more
than 20 C-atoms were excluded as considered to originate from non-microbial sources. The
FAs i15:0, a15:0, 15:0, i16:0, i17:0, 17:0, cy17:0, 18:1ω7, and cy19:0 were used to represent
bacterial biomass (BAC) while the FA 18:2ω6,9 was used for fungal biomass [51]. The FAs
i15:0, a15:0, i16:0, and i17:0 were chosen to represent Gram-positive bacteria (Bac+), the FAs
18:1ω7, cy17:0, and cy19:0 for Gram-negative bacteria (Bac−) [52].

The activity of twenty-one enzymes involved in the key steps of C, N, P, and S
cycling were measured following [53]: (i) α-glucosidase (alfaG), β-glucosidase (betaG),
α-galactosidase (alfaGAL), β-galactosidase (betaGAL), α-mannosidase (alfaMAN), β-
mannosidase (betaMAN), β-1,4-glucanase (cell), β-1,4-xylanase (xilo), α-arabinase (ara-
bin), β-D-glucuronidase (uroni) involved in C cycling; (ii) N-acetyl-b-D-glucosaminidase
(chit), leucine amino-peptidase (leu), trypsin-like protease (arginina) involved in N cy-
cling; (iii) acid (acP) and alkaline phosphomonoesterase (alkP), pyrophosphodiesterase
(piroP), phosphodiesterase (bisP), inositol-P phosphatase (inositP) involved in P cycling;
(iv) arylsulfatase (aryS) involved in S cycling; and (v) butirate (butir) and nonanoate (nona)
esterase involved in the hydrolysis of ester bonds. Enzymes' activities were determined on
soil extracts [54] using fluorogenic substrates containing 4-methyl-umbelliferyl (MUF) and
7-amino-4-methyl coumarin (AMC) as fluorophores. Enzymes were desorbed by hetero-
molecular exchange procedure via bead-beating according to Cowie et al. [55]. Briefly, 0.4 g
of moist soil was placed into 2-cm3 tubes, together with 1.4 cm3 of a solution containing 3%
lysozyme and glass plus ceramic beads. Tubes were then shaken at 30 strokes s−1 for 3 min,
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using a Retsch 400 MM beating mill, and then centrifuged at 20.000× g for 5 min. The
supernatant containing desorbed enzymes was dispensed into 384-well white microplates
with the appropriate buffers to fluorometrically quantify enzymatic activities using the
above-mentioned fluorogenic substrates.

2.5. Statistical Analyses

Experimental data were first tested for deviation from normality (Kolmogorov–Smirnov
test) and homogeneity of within-group variances (Levene’s test). To assess the soil and
tillage effects, data were analysed as follows: production data (biomass yield, grain yield,
HI, TW, TKW, N, and P concentrations and N and P uptakes) and soil BD were subject to
a two-way analysis of variance (ANOVA) (Soil × Tillage) while soil variables (POxC, N
pools, available P, microbial group, and enzymes) were analysed by a two-way analysis of
variance (ANOVA) with repeated measures (Time × Soil × Tillage). Data were compared
using Tukey’s HSD test at the 5% probability level (p-value < 0.05). Statistical analyses
were performed by using SAS/STAT Version 9.1 (SAS Institute Inc., Cary, NC, USA). A
principal component analysis (PCA) was performed, using plant and soil data, in order to
differentiate treatments and to identify the major sources of difference between the four
cropping systems (combinations of the two soils and the two tillage systems) identified by
their centroid values; the significance between means was determined using Mahalanobis
distance. PCA was performed by using R v4.1.2 statistical software (R Foundation for
Statistical Computing, Vienna, Austria ) [56] with FactoMineR v1.41 [57] and Factoextra [58]
packages. To study the relationship between the investigated plant and soil variables, Pear-
son’s correlation coefficients were calculated in R v4.1.2 by using the command “cor” and
the related results were plotted by using the Corrplot library [59]. To assess the influence of
the investigated soil variables on grain yield, stepwise multiple linear regressions (MLR)
were carried out globally considering the entire dataset and individually per soil type by
using SAS/STAT Version 9.1 (proc reg). Other graphs in the article were plotted by MS
Excel 2016.

3. Results
3.1. Weather Conditions

The weather conditions during the experimental period at both locations are presented
in Figure 2.

At GAL site, total rainfall was 607 mm, similar to the long-term average rainfall for this
site (617 mm), of which about 58% occurred from September to November in 26 rainy days
(i.e., before crop sowing) while from December to June it rained the other 42% (58 rainy
days). The mean air temperature was 1.4 ◦C higher than that of the long-term period
(17.2 ◦C) with mean daily values ranging from 8.1 ◦C to 30.3 ◦C. Compared to the long-term
mean air temperature data, the trend was similar but wider fluctuations on a daily basis
were observed in the winter period from December to February (Figure 2). At SMA site,
total rainfall was 721 mm, similar to the long-term average value, of which 29% (207 mm)
occurred from September to November on 25 rainy days, while the wettest period was
between December and May when it rained 462 mm on 70 rainy days. The mean air
temperature was 1.2 ◦C higher than that of the long-term period (14.7 ◦C), with mean daily
values varying between 4.1 ◦C and 30.7 ◦C (Figure 2).
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Figure 2. Daily and accumulated rainfall and daily mean air temperature at the experimental sites
(GAL, on the left, and SMA, on the right) during the growing seasons (2019–2020); the graphs include
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3.2. Wheat Growth, Yield and Grain Quality

Biomass yield was affected by both soil and tillage but not by their interaction (Table 1).

Table 1. Effect of soil (GAL and SMA), tillage system (CT and NT) and their interaction on wheat
biomass and grain yields, harvest index (HI), test weight (TW), thousand kernels weight (TKW),
straw and grain N (N-Straw and N-Grain) and P (P-Straw and P-Grain) concentrations. Reported
values are means (n = 4). Different letters indicate significant differences (Tukey’s HSD test at
p < 0.05) between treatments (Soil × Tillage).

Soil Tillage
Biomass

Yield
Grain
Yield HI TW TKW N-Straw N-Grain P-Straw P-Grain

t ha−1 t ha−1 % kg hL−1 g % % ‰ ‰

GAL
CT 12.8 b 4.9 a 0.39 a 82.7 a 47 a 0.44 c 2.0 a 0.29 b 2.1 c
NT 9.5 c 3.8 d 0.39 a 82.8 a 46 a 0.45 c 2.1 a 0.29 b 2.8 a

SMA
CT 14.9 a 4.3 b 0.30 c 79.7 b 42 b 0.68 a 2.1 a 0.33 a 2.2 c
NT 11.8 b 4.1 c 0.34 b 78.5 c 41 c 0.60 b 2.0 a 0.35 a 2.5 b

p-values

Soil <0.001 0.031 <0.001 <0.001 <0.001 <0.001 0.427 0.008 0.133
Tillage <0.001 <0.001 0.186 0.024 0.007 0.021 0.679 0.533 <0.001

Soil × Tillage 0.748 <0.001 0.234 0.018 0.048 0.004 0.094 0.846 0.004

Straw P concentration (P-Straw) exhibited a significant difference only among soils with higher values in SMA
(+17%), while P grain concentration (P-Grain) was affected by the interaction soil × tillage with higher values
retrieved in GAL (2.45‰ vs. 2.34‰) and, among managements, under NT (+26% than CT on average) (Table 1).

Higher biomass yield was obtained at SMA site compared to GAL one (+20%, on
average) whereas, at both sites, higher biomass yields were observed in CT plots than in NT
ones (+29%, on average). Grain yield was affected by the interaction soil × tillage showing
slightly higher mean value in GAL than in SMA (+4%, on average) and greater values
under CT compared to NT (+17%, on average). Differences among soil managements were
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more relevant in GAL, where the greatest difference between treatments was found (+28%
in CT than in NT, equal to 1.1 t ha−1) due to the highest value in CT (4.9 t ha−1) and the
lowest value in NT (3.8 t ha−1) retrieved; on the contrary, a smaller difference between the
treatments was observed in SMA (+6% in CT than in NT, +0.26 t ha−1).

The HI was affected only by soil, highlighting higher values in GAL than in SMA
(0.39 vs. 0.32, on average) (Table 1). TW and TKW were both significantly affected by the
interaction soil × tillage showing higher values in GAL (+5% for the test weight and +12%
for the TKW), with no differences among tillage systems, than in SMA, where higher values
were retrieved under CT. Straw N concentration (N-Straw) was affected by the interac-
tion among both investigated factors; in particular, between the two experimental sites
SMA > GAL (+43%, on average), with higher values under CT (+14%) than NT in SMA
and no difference among tillages in GAL. Otherwise, no effect from treatments was ob-
served on N grain concentration (N-Grain) (p > 0.05), with the retrieved mean values of
2.06% (Table 1).

3.3. Crop N and P Concentrations and Uptakes

Straw N uptake was affected by the interaction between soil and tillage systems
(Table 2) showing higher values in SMA, where also a greater uptake was retrieved in CT;
no difference between tillage systems was observed in GAL.

Table 2. Effect of soil (GAL and SMA), tillage system (CT and NT), and their interaction on wheat
straw, grain, and total N and P uptakes. Reported values are means (n = 4). Different letters indicate
significant differences (Tukey’s HSD test at p < 0.05) between treatments (Soil × Tillage).

Soil Tillage

N-Uptake P-Uptake

Straw Grain Total Straw Grain Total

kg ha−1 kg ha−1 kg ha−1 kg ha−1 kg ha−1 kg ha−1

GAL CT 34.4 c 99.9 a 134.4 b 2.3 bc 16.0 c 18.3 c
NT 25.6 c 82.1 b 107.8 c 1.7 c 16.1 c 17.8 c

SMA CT 71.6 a 89.5 ab 161.1 a 3.6 a 23.0 a 26.6 a
NT 46.5 b 81.2 b 127.8 b 2.7 b 19.3 b 22.0 b

p-values

Soil <0.001 0.107 <0.001 <0.001 <0.001 <0.001
Tillage <0.001 0.002 <0.001 0.002 0.028 0.007

Soil × Tillage 0.003 0.171 0.418 0.501 0.023 0.025

N grain uptake showed a significant effect from the applied tillage; in particular, in
both experimental sites, greater grain uptakes were observed under CT (+16%, average)
than under NT (Table 2). Total N uptake was affected by both soil and tillage systems
but not by their interaction; on average, total uptakes were higher in SMA than in GAL
whereas among tillages greater values were retrieved in CT than in NT (CT +25%, on
average) (Table 2). With regard to P uptakes, P-straw uptake was significantly influenced
separately by the soil and tillage systems, while P-grain and total uptakes were affected by
the interaction of the soil and tillage systems. In particular, P uptakes were always higher in
SMA than in GAL. Moreover, between experimental sites, if in SMA significant differences
among CT and NT were observed with higher values in CT (+31% for straw uptake, +20%
for grain uptake and +21% for total P uptake), in GAL the gap between treatments was
always smaller and never significant (Table 2).

3.4. Soil Physical, Chemical and Biochemical Properties

Soil BD values measured at the end of the cropping season were affected by both
soil and tillage systems tested but not by their interaction (Figure 3). Higher values of
soil BD were observed in SMA than in GAL (1.2 vs. 1.6 g cm−3, on average) and within
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each experimental location NT determined an increase of soil BD by +13% compared to
CT (Figure 3).
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Figure 3. Effect of soil (GAL, on the left, and SMA, on the right), tillage system (CT, in brown, and
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Soil POxC was affected only by the soil resulting higher in GAL (+12%) than in SMA
(Table 3).

Table 3. Effect of soil (GAL and SMA), tillage system (CT and NT), sampling time (sowing—T0 and
harvest—T1), and their interaction on soil permanganate oxidizable C (POxC), nitrate-N (NO3

−-N),
ammonium-N (NH4

+-N), extractable organic N (EON), total soluble N (TSN), and available P (OlsP).
Reported values are means (n = 4). Different letters indicate significant differences within each
sampling time (Tukey’s HSD test at p < 0.05) between treatments (Soil × Tillage).

Soil Tillage

POxC NO3−-N NH4
+-N EON TSN OlsP

mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1

GAL CT 423.3 a 429.4 a 1.86 a 1.80 a 3.94 a 1.69 a 48.6 b 30.9 c 54.4 b 34.4 d 6.7 c 7.8 d
NT 431.5 a 439.4 a 1.69 b 0.45 c 3.27 b 1.76 a 39.8 c 57.5 b 44.8 c 59.7 b 11.2 c 10.8 c

SMA CT 372.5 b 387.6 b 1.60 b 0.48 c 1.33 d 0.59 b 33.1 c 46.2 b 36.0 d 47.3 c 15.2 b 14.3 b
NT 369.3 b 412.9 b 0.80 c 1.41 b 2.74 c 0.92 b 63.6 a 61.5 a 67.2 a 63.8 a 21.3 a 19.6 a

p-values

Soil 0.001 <0.001 <0.001 0.002 0.012 <0.001
Tillage 0.300 <0.001 0.076 <0.001 <0.001 <0.001

Soil × Tillage 0.919 <0.001 0.002 0.002 <0.001 0.191

Time 0.061 <0.001 <0.001 0.225 0.747 0.571
Time × Soil 0.218 0.020 0.006 0.225 0.158 0.284

Time × Tillage 0.391 0.076 0.035 0.037 0.036 0.441
Time × Soil ×

Tillage 0.447 <0.001 <0.001 <0.001 <0.001 0.843

Soil N pools were significantly affected by all tested factors (Table 3). As a general trend,
NO3

−-N and NH4
+-N had higher values in GAL than in SMA with a different behaviour
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between the two tillage treatments. In particular, in GAL soil NO3
−-N, concentrations

under CT were higher (+70%, on average), showing similar values at the beginning (T0)
and the end of the cropping cycle (T1), than in NT where NO3

−-N concentration decreased
from sowing (T0) to harvest (T1). Conversely, in SMA, a different tendency between
tillage systems was observed with higher NO3

−-N concentration in CT at sowing (T0)
and in NT at harvest (T1) (Table 3). With regard to NH4

+-N, at sowing sampling (T0) a
contrasting trend between tillage systems in the two experimental soils was observed;
in GAL higher values were retrieved in CT (+21%) than in NT, while the opposite was
observed in SMA (NT +106% than CT). Then, at harvest (T1), higher values were recorded
in GAL (+129%, on average) than in SMA (Table 3), while no difference between the tillage
systems was detected.

Soil TSN and EON concentrations, on average, were higher (+13%) in SMA than in
GAL. In particular, at sowing time (T0), in GAL, higher values (+22%, on average) of
both these two parameters were retrieved in CT than in NT while the opposite trend was
observed in SMA (NT +89%, on average); at harvest (T1), in GAL, CT use determined a
reduction of TSN and EON with respect to their levels at sowing (T0), while NT showed
higher values compared to the first sampling (sowing, T0) and the CT treatment (+74%).
Otherwise, in SMA, CT application increased soil TSN and EON concentrations (+36%)
while in NT their values, higher than CT (+34%), remain constant (Table 3).

Soil OlsP was affected only by soil and tillage. With regard to the soil, it was highest
in SMA than in GAL (+92%) whereas, among the tillages, under NT (+51% in GAL and
+38% in SMA) compared to CT (Table 3).

Soil MB was significantly affected by the time and the interaction time × tillage.
Generally, soil MB was higher at sowing (T0) than at harvest (T1). At sowing (T0), the
lowest value was found in GAL soil under CT, although no difference occurred in SMA
soil, whereas, at harvest (T1), the lowest values occurred under NT in both sites (Figure 4).
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Figure 4. Effect of soil (GAL and SMA), tillage system (CT, in brown, and NT, in green), sampling
time (sowing—T0 and harvest—T1), and their interaction on soil microbial biomass (MB). Reported
values are means (n = 4) ± SE (bars). Different letters indicate significant differences within each
sampling time (Tukey’s HSD test at p <0.05) between treatments (Soil × Tillage).
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Soil microbial groups were not affected specifically by tillage. Soil BAC abundance
was significantly affected by soil and soil × tillage interaction as well as by time and its
interactions with both soil and tillage systems (Figure 5).
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Figure 5. Effect of soil (GAL and SMA), tillage system (CT, in brown, and NT, in green), sampling
time (sowing—T0 and harvest—T1), and their interaction on soil bacteria (BAC), fungi, Gram-positive
(BAC+), and Gram-negative bacteria (BAC−) abundance. Reported values are means (n = 4) ± SE
(bars). Different letters indicate significant differences within each sampling time (Tukey’s HSD test
at p < 0.05) between treatments (Soil × Tillage).

On average, higher BAC values were retrieved in SMA (+13%) than in GAL. Between
the two tillage managements, at sowing (T0), in GAL, BAC was higher in NT (+93%) than
under CT, while the opposite trend was observed in SMA (CT +19% than NT); at harvest
(T1), the differences between the management systems were reduced with slightly higher
values in CT (+23%, on average) than NT at both sites.

Fungal biomass was significantly influenced by soil and by the interaction time× soil
and time × soil × tillage. On average, the fungal biomass was twice in GAL than in SMA
(22.9 vs. 11.2 nmol g−1); among treatments, in GAL at sowing (T0), NT showed higher values
(+43%) than CT, whereas the opposite trend was retrieved at harvest (T1) (CT +90% > NT);
in SMA, if similar values between treatments were observed at sowing (T0) (12.7 nmol g−1,
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on average), at harvest (T1), lower fungal biomass was retrieved in CT than in NT (−40%)
(Figure 5).

Among the bacterial group, Bac+ abundance was affected only by soil, while Bac− resulted
influenced by soil and soil× tillage interaction (Figure 5); about the time factor, interactions
time × tillage and time × soil × tillage affected Bac+ while time and time × tillage were
significant for Bac−. With regard to Bac+, in GAL at sowing (T0), a higher value was retrieved
in NT (+50%) than in CT while at harvest (T1) the opposite trend occurred. No significant
differences were observed in SMA on Bac+ between management nor between sampling times.
Bac− abundance was affected by soil and soil × tillage interaction; time and time × tillage
were also significant for this parameter. In GAL, Bac− abundance at sowing (T0) was higher
in NT (+57%) than in CT, whereas the opposite trend was observed at harvest (T1) (CT +71%
than NT); in SMA, if at sowing (T0) CT and NT showed similar values, at harvest a greater
abundance of this group of bacteria was observed in CT (+71%) (Figure 5).

The treatments’ effects on soil enzymatic activity are reported in the heat table in Figure 6.
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Figure 6. Effect of soil (GAL and SMA), tillage system (CT and NT), sampling time (sowing—T0 and
harvest—T1), and their interaction on soil enzymes: α-glucosidase (alfaG), β-glucosidase (betaG),
α-galactosidase (alfaGAL), β-galactosidase (betaGAL), α-mannosidase (alfaMAN), β-mannosidase
(betaMAN), β-1,4-glucanase (cell), β-1,4-xylanase (xilo), α-arabinase (arabin), β-D-glucuronidase
(uroni) involved in C cycling; N-acetyl-b-D-glucosaminidase (chit), leucine amino-peptidase (leu),
trypsin-like protease (arginina) involved in N cycling; acid (acP) and alkaline phosphomonoesterase
(alkP), pyrophosphodiesterase (piroP), phosphodiesterase (bisP), inositol-P phosphatase (inositP)
involved in P cycling; (iv) arylsulfatase (aryS) involved in S cycling and (v) butirate (butir) and
nonanoate (nona) esterase. Reported values are means (n= 4). Cell colours vary from green (low
concentration) to red (high concentration). Different letters indicate significant differences within
each sampling time (Tukey’s HSD test at p < 0.05) between treatments (Soil × Tillage).

As mentioned above, higher P-cycle enzymes values were retrieved in SMA than in
GAL (Figure 6). In GAL, at sowing (T0), only acP and inositP were found higher in NT
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than in CT while, on the contrary, in SMA acP, piroP, and bisP were greater in CT than in
NT; at harvest (T1), in GAL, no differences were observed between the treatments with the
exception of inosit-P higher in CT than in NT, while in SMA, on the contrary to what was
observed in the first sampling period, alkP, piroP, and bisP were higher in NT (Figure 6).
The aryS enzyme, also, in this case, higher values were recorded in SMA than in GAL;
in particular, no treatments effect was observed in GAL whereas in SMA at sowing (T0)
a higher value as observed under CT while at harvest (T1) under NT. Among esterase
enzymes, at sowing (T1), in GAL greater values were observed in NT and in SMA only
nona had higher values in CT than in NT, while at harvest (T1), the differences among
treatments were less evident and only in SMA a significantly appreciable positive difference
was observed on butir under NT (Figure 6).

3.5. Principal Component Analysis

The PCA performed for all the soil × treatments combinations and based on all
the experimental data collected, represented by vectors, clearly discriminated among the
experimental soils and managements. Mainly, PC1 distinguished the two tillage treatments
at the GAL site, whereas PC2 separated the SMA site from GAL one (Figure 7).
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Figure 7. Principal component analysis biplot of the four cropping systems centroids calculated
(means ± SEs) as combinations of experimental soils (GAL and SMA) and tillage managements (CT
and NT). PC1, first principal component; PC2, second principal component. The direction and length
of vector lines indicate the degree of association between each variable, as specified in the M&M
section, and the cropping system.

PC1 accounted for 47% of the total variance and was defined by plant biomass, BD,
OlsP, P uptakes, POxC, TSN and EON at T0, BAC at T1, Bac−, fungi at T0, and the majority
of soil enzymes. PC2 accounted for 22% of the total variance and was defined by grain
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yield, N grain uptake, NO3
−-N at T1, EON and TSN at T1, MB at T0 and T1, BAC at T0,

Bac− at T0, Bac+ at T1, fungi at T1, and some soil enzymatic activities.

3.6. Pearson’s Correlations Analysis

Pearson’s correlation analyses carried out among all the measured variables in order
to assess the presents of correlation among them (Figure 8).
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Figure 8. Pairwise Pearson’s correlation analysis. The circle indicates the significant correlation
among considered variables (p < 0.05) described in the M&M section. Blue and red colours indi-
cate positive and negative correlations, respectively, while the circle size reflects the intensity of
correlation (r-value).

Plant biomass was negatively correlated with POxC at T0, NH4
+-N at both sampling

epochs, fungi, and Bac+ at T0, and several enzymes involved in soil C and N cycle whereas
was positively correlated with N and P uptakes (straw and total N uptakes; all P uptakes),
MB, BAC, and especially Bac− at T1, and some enzymes such as aryS, bisP, and piroP at T0
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and inositP at T1. Grain yield was negatively correlated with EON and TSN at T1, OlsP at
T0, MB, BAC, Bac+ and Bac− at T0, and alfaG, betaG, alfaMAN, leu, inositP at T0; positive
correlations were found with N grain uptake, NO3

−-N, MB, fungi and Bac+, betaG and
chit enzymes at T1. With regard to N uptake, positive correlations were retrieved with P
uptake, BD, soil NO3

−-N, MB, BAC, and both Bac+ and Bac− at T1, aryS, bisP, piroP, and
inositP enzymes, whereas negative correlations were observed with POxC, NH4

+-N, TSN,
and EON, BAC, and fungi at T0, and most of the enzymes involved in the C and N cycles.

P uptakes were positively correlated with N uptakes, OlsP, BAC, and Bac− at T1, bisP,
piro P, and alkP at T0, inositP at T1 and aryS enzymes, while negative correlations were
retrieved with POxC and NH4

+-N soil concentration, fungi, and Bac+, and almost all C
and N cycle-involved enzymes. Among soil N pools, mineral N forms were correlated
positively with fungi, Bac+, and several C and N cycle enzymes, while consistent negative
correlations were found with BAC, Bac−, and P-acquiring enzymes; TSN and EON were
negatively correlated with MB and Bac+ a T1. The OlsP soil concentrations were positively
correlated with the majority of soil P-cycle enzymes and negatively correlated with fungi
and Bac+. Finally, with regards to the microbial group, significant positive correlations were
observed among C cycle enzymes, fungi, and Bac+ at T0, while on the contrary, negative
correlations among the same enzymes were retrieved with BAC and Bac− at T1.

3.7. Multiple Linear Regressions

The stepwise MLR models were calculated for yield prediction based on the soil’s
physical, chemical and biochemical properties analyzed (Table 4). In particular, three
different MLRs were calculated, a global one, that considers the grain yield data from both
experimental soils, and another two which consider the two soils individually.

Table 4. Stepwise multiple linear regressions for the estimation of wheat grain yield, based on the soil
variables described in the M&M section, for each experimental soil individually (GAL and SMA) and
together (Global). Letter b represents the equation constant while letter p is the observed significance
level.

Global GAL SMA

Yield R2 = 0.9883 Yield R2 = 0.9836 Yield R2 = 0.9998

Constant = 5.7119 Constant = 6.6065 Constant = 3.2668

Variable b p Variable b p Variable b p

NH4
+-

N_T0 0.4573 <0.001 NH4
+-

N_T0 0.3089 0.0486 aryS_T0 0.1346 <0.001

inositP_T0 1.0221 <0.001 BAC_T0 −0.0136 <0.001 inositP_T0 0.0596 <0.001
nona_T1 0.0115 <0.001 bisP_T0 0.0037 <0.001
MB_T1 0.0033 <0.001 arabin_T1 0.0018 <0.001

Bac−_T1 0.0121 <0.001 NH4
+-

N_T1 −0.1089 <0.001

OlsP_T1 −0.0552 <0.001 Fungi_T0 −0.0341 <0.001

Regressions revealed the different impact of soil variables on wheat yield with high
precision as testified by the observed coefficient of determination (R2) greater than 0.98.
Total MLR revealed that, in general, the main significant factors that affected wheat grain
yield were NH4

+-N at T0 and OlsP at T1, MB and Bac− at T1, and inositP at T0 and nona at
T1, respectively, among soil chemical variables, microbial group and enzymes. Concerning
the two soils, MLR for GAL soil highlighted that grain yield was mainly affected by
NH4

+-N (positively) and by BAC (negatively) at T0, whereas the MLR for SMA showed
relationships that were positive with different soil enzymes and negative with NH4

+-N
and fungi abundance at T0.
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4. Discussion

Among the effects on soil properties related to NT use, BD change is one of the most
evident and readily observable consequences with significant effects on soil liveability and
physico-chemical variables. Indeed, the increase of soil BD in NT systems was reported by
several studies related to different environments and soils in the long term [11,60,61] but
also in short-term experiments [62]. Between the two experimental sites, a more pronounced
effect was observed in SMA soil than in GAL; this soil (GAL, Typic Haploxeralfs), probably
due to the higher organic matter (19.3 g C kg−1 vs. 9.81 g C kg−1) and clay (35% vs.
21%) concentration, has evolved a better structure that was less prone to compaction over
time, according with that postulated by Keller and Håkansson [63] and Reichert et al. [64].
This evidence allows us to hypothesise a better adaptation of the GAL soil, considering
its physical fertility, to the no-tillage technique, with maintenance over time for a better
structure and aeration, hence better conditions for the microbial community and plants.

Soil POxC, contrary to what was expected, does not show effects due to the tillage
systems, while significant differences were retrieved among soils, with values in line with
those previously retrieved by Badagliacca et al. [65] in a survey that covered these same
agroecosystems. With this regard, higher values of labile C were observed in GAL, a soil
with a higher concentration of organic C, than in SMA characterized by meaningfully
lower values.

With regard to soil N pools, the information retrieved from the two samplings allows
us to know the soil conditions at sowing, which resulted from the changes that occurred
from the end of the preceding crop cycle until planting, and at harvest, that derived from
the alterations emerged during the cropping cycle and related to the plant growth.

The monitored N variables suggest a generalized lower decomposition of organic
matter in the NT system in GAL before sowing. This evidence agrees with other exper-
iments that retrieved lower mineralization rates in NT compared to CT [11,66,67]. In
particular, the different behaviour observed among soils suggests that in GAL its specific
characteristic, and precisely its high clay concentration, can protect organic matter from
decomposition by promoting the creation of greater soil aggregates that are preserved
under NT [68,69] or through absorption by mineral particles [70,71]. On the contrary, in
SMA, higher NH4

+-N, EON, and TSN under NT indicate a higher release of soluble N
forms from organic matter decomposition and thus mineralization, improved also by the
greater crop residue concentration in the superficial soil layers that in CT are distributed in
a larger volume of soil; in this contest, lower NO3

−-N could be ascribed to weed absorption
(that continue to grow during the autumn season) and microbial immobilization [72,73], as
well as, denitrification [62,74] considering the greater susceptibility of this less structured
soil to compaction testified also by the higher BD values retrieved. Subsequently, at harvest,
at both experimental sites, higher concentrations of EON and TSN were retrieved in NT
than in CT, as a result of crop residue decomposition on the first centimetres of topsoil.
However, greater EON concentration in the NT system and the specific EON trends in CT,
with a depletion observed in GAL and a slight increase retrieved in SMA, have not resulted
in an increased NH4

+-N. In particular, in GAL, a lower decomposition of crop residues in
the NT system determined a delayed increase of EON that was slowly mineralized (but still
enough to compensate for the difference in NH4

+-N concentration with CT) and nitrified,
being unable to copy NO3

−-N removals from the system (plants and soil microorganisms).
On the contrary, in SMA, the higher decomposition of crop residues in the superficial soil
layer in NT determined always higher soil EON concentration readily mineralised and
nitrified. A lower rate of mineralisation than nitrification might have determined EON
accumulation; this behaviour could be ascribed, aside from less removal from the system,
to a deficit in soil aeration that slowed mineral N conversion. Conversely, under CT, as
mentioned before, the distribution of residues over a larger volume of soil and increased
decomposition promptly after tillage (before sowing), favoured by greater aeration and
better contact between soil and residues, drove the mineralisation process and determined
lower mineral N in the investigated soil layer [68,75,76]. Therefore, between the two tillage
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systems, CT allowed a constant and continuous soil N availability during the cropping
cycle compared to NT. Between the two experimental sites, in GAL, NT does not permit
an adequate N availability due to a lower N mineralization while in SMA, although the
amount of N in this system was potentially greater, the N release was not continuous and
progressive along the cropping cycle to copy system requirements.

The different distribution of residues and their retention on the soil surface, played
a significant role in determining the levels of available P. Indeed, our results reveal that
NT use induces higher OlsP concentration in the upper soil layer, compared to CT, in
accordance with several studies [16,77–79].

With regard to soil microbial community, in GAL NT use determined higher values
than CT at sowing with a subsequent decrease of all microbial groups during the cropping
season; conversely in SMA, CT maintained the microbial community structure from sowing
to harvesting, while NT caused a decrease of the microbial biomass and, in particular,
of Bac−. Therefore, data of microbial biomass and main microbial groups suggest that
at sowing in GAL the undisturbed condition, coupled with an adequate N supply and
a generally more fertile condition of this soil, favoured the microbial growth, without
distinction between microbial groups as postulated by Cookson et al. [80] and observed
by Gil et al. [81], García-Orenes et al. [82] and Stevenson et al. [83]. On the contrary in
SMA, soil conditions, like lower organic matter compared to GAL and coarse texture,
resulted in a similar growth of the microbial community up to the time of sampling at
planting although, as argued above, that could be possible due to a greater immobilisation
in NT (as suggested by the lower level of NO3

−-N) in order to decompose the organic C,
according to several authors [84–86]. The lower microbial biomass observed under NT at
harvest, regardless of the experimental site, may be linked to a general lack of substrates for
microbial growth while the selective increase of fungi and Bac+ under CT can be related to a
specific substrate availability useful to sustain their activity. In the same way, data showed
a generalized reduction of microbial population in SMA, and in particular of Bac−, which
can be attributed to a similar cause (substrate availability). Considering that Bac− had a
relative copiotrophic behaviour, with high growth rates and fast turnover, preferring plant-
derived and labile C compared to Bac+ and fungi, which show oligotrophic metabolism
using more recalcitrant organic and stable C compounds [87–89]. Our results suggest a
shift in soil microbial community from Bac− to Bac+ and fungi along the cropping cycle
in CT systems, with a more pronounced effect observed in GAL and with a slight effect
observed in SMA. In particular, this effect may be derived from two different concomitant
and opposite conditions: a) the consumption of labile C source preferred from Bac− and
b) the relative abundance increase of more complex organic C substrates used by Bac+

and fungi. As postulated by Kramer and Gleixner [87], taking into account that these two
microbial groups depend from different substrates, changes in their relative abundance
could suggest variations or limitations in C substrates in the soil. Despite the short time
span of application of treatments, in both soils, a positive effect of NT application (especially
at harvest) was observed on soil enzyme activity in accordance with the experience of
other studies (i.e.,: López-Garrido et al. [90]; Zhang et al. [91]; Sekaran et al. [8], and
clearly demonstrated from PCA, as a result of crop residue superficial distribution and the
increased labile pools availability. Therefore, our study confirms the positive effect of NT
use on soil enzyme activities under Mediterranean conditions. Taking into account the
lower microbial biomass observed in NT systems, in particular at harvest, the increased
enzyme activity in this soil could be promoted by the need for soil micro-organisms to cover
nutrients requirements according to the resource demands stoichiometric control [92,93].
In particular, under the NT system, the increase of soil enzymes in GAL could be ascribed
to the generalized reduction of microbial groups (with a higher effect) while in SMA this
effect can be more specifically linked to a Bac− C starvation condition (as revealed by
Pearson’s correlation); in fact, this type of bacteria is characterised by high N demands,
labile C reliance and higher enzyme production. In particular, soil N cycling enzymatic
activity under NT was particularly intense and correlated with mineral N, in GAL, and
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EON availability, in SMA, indicating also greater protection of extractable organic matter
in clay-loam soil (GAL) according to Alluvione et al. [94], Six and Paustian [95] and Han
et al. [96]. On the contrary, in CT, and especially in GAL, the greater abundance of fungi and
Bac+ at harvest may be linked to the increase of enzymes involved in C (β-glucosidase) and
N cycle (chitinase) to decompose complex organic compounds [96–99] following the results
achieved from Pearson’s correlation analysis and PCA. Further, it is evident that in GAL the
increase in Bac+ oligotrophic population is correlated with an increase in the consumption
of EON, which was poorly available because protected by soil, associated with a higher
enzymatic activity [89,100]. The higher protection of more complex organic compounds by
the soil could be an additional cause of the increase in these types of microorganisms at the
end of the crop cycle [101].

Our results highlighted the important role that soil properties have on soil enzyme
activity. Soil organic C physical protection mechanisms determined higher enzyme con-
centration in fine texture and higher organic matter soil of GAL according to Lagomarsino
et al. [102] and Xu et al. [103]. Our experiment revealed that NT uses increased enzymes
involved in the P cycle, according to other experiments [8,99], with a positive correlation
with soil OlsP (in particular for bisP and alkP that operates sequentially). In addition, a
positive effect of NT application was retrieved on both investigated soil esterases, as a
consequence of higher residue decomposition activity.

The effects derived from NT on soil properties and specific conditions along the
cropping cycle, in terms of available N and P, microbial community and enzyme activity,
then had consequences on the productivity and the uptakes of N and P from the soil by
wheat. In particular, our results are consistent with other studies (i.e., Lal et al., [104];
López-Garrido et al., [90]) confirming the reduction of wheat productivity in the first years
of NT application especially when no N fertilization was provided (i.e., Ruisi et al., [19])
as in the case of the present experiment. In particular, the yield differences retrieved
among treatments and experimental sites comply with the N and P availability as well as
soil microbial community trends. Although a similar tendency between tillage systems
was retrieved on grain yield and N and P uptakes, among soils, the difference between
tillages was significantly influenced by the interaction with the site-specific soil properties.
In GAL, the higher mineral N concentration under CT leads to maximize yield and N
uptake while the reduced accessibility of available N during plant growth, proven by
the lower NO3

−-N and from the contraction of soil microbial community, determined a
considerably lower yield of about 1.1 t ha−1 (3.3 t ha−1 in terms of plant biomass) under
NT. Conversely, in SMA, the minor differences in N supply during the crop cycle, with
higher NO3

−-N soil concentration in NT and small differences among microbial community
structure and enzyme activity, determined a reduced yield difference among CT and NT
(−0.2 t ha−1). These differences were highlighted by the PCA and the two different MLRs
calculated. Therefore, what has been observed regarding yields directly finds confirmation
with what has been said above regarding crop residue fate and the dynamics of organic
matter mineralisation in the two soils, slower in GAL and faster in SMA. Even so, it is
important to point out that higher total biomass and grain yields observed in CT than in NT
can be ascribed to several improved conditions related to porosity and aeration, ability to
warm up, reduced weed growth in the first growing stages [6,35,105,106] which, in addition
to the increased mineralisation of organic matter, resulted in better plant growth. With
this regard, in SMA characterized by soil with a lower total available water, higher plant
growth in CT could have determined a greater water demand by decreasing the water
reserve, compared to NT, causing a lower yield observed in this site compared to GAL.
Grain N concentration does not show significant differences among treatments and soils
as a result of the inverse correlation between yield and N concentration [107,108]. The
different availability of P in the two soils and systems, on the other hand, does not seem to
have affected wheat productivity, likely due to the equally high activity of enzymes related
to the P cycle in the two tillage systems that resulted in a satisfactory supply of this element
for the crop.
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5. Conclusions

Overall, the results of the present research showed that the NT application can deter-
mine a reduced release of labile N and C forms into the soil, as a result of lower crop residue
mineralization, affecting wheat productivity and the microbial community. Under the NT
system, along the cropping cycle, the soil microbial community reduced its dimension
and mutated to copy substrate availability highlighting also an increased enzyme activity.
Moreover, the present research shows that the effects, and related dynamics, of NT use
depended on the type of soil in which this technique was applied, in particular, with more
significant effects on clay-loam soil than on sandy-clay-loam soil, as a result of greater
physico-chemical protection from the soil mineral particles over the organic pools.

Although NT use shows early positive effects, fertilisation is of paramount importance
to support the conversion to this system in the first year of application in order to overcome
possible emerging negative setbacks. With this regard, under NT use, localised and split
organic fertilisation could play a very important role in supporting the crop and the
soil microbial community (especially on fine-textured soils), even better than chemical
fertilisers, by releasing soluble and readily-mineralisable forms of C and N. Further study
will be addressed on this topic in medium and long-term experiments to consolidate the
observed results.
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