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Abstract: Conservation agriculture helps to mitigate the adverse impacts of conventional practices
and intensive cultivation, accordingly enhancing agricultural sustainability. Tillage management
and the preceding crop impact the sustainable use of soil resources and ultimately crop growth and
productivity. The present study aimed to assess the impacts of the tillage system, cropping system, and
their different interactions on soil properties and agronomic performance. No-tillage (NT), reduced
tillage (RT), and conventional tillage (CT) were combined with three cropping systems; continuous
wheat (wheat/wheat/wheat, W/W /W), lentil/wheat/lentil (L/W /L), and oat/wheat/barley-pea
(O/W/BP) during three years crop rotation. The results displayed that the conservative practices (NT
and RT) recorded higher soil nutrient content (N, P, K, Ca, and Mg) than conventional tillage (CT).
Moreover, NT and RT exhibited higher bulk density (BD) and lower water infiltration rates compared
to CT. Besides, NT and RT tended to have higher soil moisture than CT. The cropping system W/W/W
displayed higher magnesium content, while W/L/W had higher phosphorous and O/W/BP showed
higher sodium values. The mono-cropping system under conventional tillage tended to have lower
soil nutrient content compared to the other combinations. The highest wheat aboveground biomass,
wheat grain yield, and lentil seed yield were produced by RT and CT compared to NT. Otherwise,
the higher emergence of barley-pea was assigned for NT followed by CT and RT.

Keywords: poor soil; agriculture management; soil degradation; crop sequence; Mediterranean agriculture

1. Introduction

Intensive and poor farming practices cause the deterioration of soil properties [1,2]. In-
tensive tillage causes the loss of soil organic matter [3], which leads to increased soil erosion,
water shortage, and reduced soil fertility [4,5]. Accordingly, conventional tillage could not
ensure, in the long-term, improvement and stability of crop yields in the semi-arid regions,
proposing no-tillage as an alternative to mitigate these negative effects [6-9]. No-tillage or
reduced tillage are part of the agriculture of conservation (CA) practices alongside crop
diversification. These agricultural practices aim to reduce the erosion effect, increase carbon

Sustainability 2022, 14, 11651. https://doi.org/10.3390/5u141811651

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su141811651
https://doi.org/10.3390/su141811651
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7094-7035
https://orcid.org/0000-0001-5862-8392
https://orcid.org/0000-0001-6452-7408
https://orcid.org/0000-0002-1055-9647
https://orcid.org/0000-0003-2987-4441
https://doi.org/10.3390/su141811651
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141811651?type=check_update&version=2

Sustainability 2022, 14, 11651

20f13

sequestration, reduce the input of energy and labor [10-13], increase nutrient levels in the
soil [14,15], and ultimately increase crop yield [16]. Conservation tillage improves soil
properties and crop yield compared to conventional tillage [17,18]. Nevertheless, under
semi-arid conditions, conservation practices have many challenges [12,13], including poor
and shallow soils, low levels of organic matter, and carbonated soils with low water reten-
tion capacity [19]. Under such conditions, soil compaction can be a serious problem, like
increased bulk density and decreased soil porosity. These changes reduce the permeability
of the soil to water and air, and may alter the pattern of root growth [20]. Furthermore,
under semi-arid conditions, the crops to be included in cropping system rotation are very
limited, since they should cope with harsh conditions, particularly water scarcity and high
temperatures. The common cropping system is the annual mono-cropping of cereals and
wheat-fallow for water conservation. However, legume crops, such as chickpea or lentil, as
well as corn, sunflower, and forage legumes could be integrated into crop rotation with
cereals [21]. The crops included in rotation are of great interest in terms of their impact on
soil properties; for instance, legumes, rich in proteins, release nutrients more quickly, con-
versely to fibrous plants, such as grasses and cereals, which release nutrients more slowly,
but provide more stable soil organic matter [22]. In Algeria, the adoption of conservation
agriculture (CA) is still limited (5600 ha) [23] despite its introduction in the late 1990s [24].
Therefore, the lack of information and results about CA in the local conditions might delay
the CA adoption by farmers [25]. Accordingly, much work is still needed to demonstrate the
benefits of CA practices on soil and crop performance under local conditions. In this regard,
the current study was a part of other studies that sought to justify the adoption of CA in
Algeria. The specific objective of this study is to assess the effectiveness of different soil
management systems (no-tillage, reduced tillage, and conventional tillage) and different
cropping systems (wheat/wheat/wheat, lentil/wheat/lentil, and oat/wheat/barley-pea)
and their combinations on shallow and poor soil quality as well as crop performance.

2. Materials and Methods
2.1. Experimental Conditions and Agricultural Management

The study was carried out at the experimental station of the Technical Institute of Field
Crops (ITGC), Sétif, Algeria (36°08’ N, 05°20" E). The region belongs to a semi-arid climate
with dry and hot summers, cold and humid winters, and springs with late cold [26,27].
The experimental site was loamy clay soil throughout the profile (40% sand, 32% silt, and
28% clay). It is characterized by shallow soil, limited by a bedrock of limestone slab, with a
reduced cultivated layer rich in limestone, poor fertility with a stony load on the surface,
and a weak soil organic matter content (1.54%) [28].

The experimental design was split-plot in three replicates (Figure S1). The main plot was
assigned to tillage systems; no-tillage (NT), reduced tillage (RT), and conventional tillage (CT),
while the subplots were occupied by crops; wheat, lentil, and barley-pea to assess the impact
of a three-year rotation; wheat/wheat/wheat (W/W /W), lentil/wheat/lentil (L/W/L), and
oat/wheat/barley-pea (O/W/BP). The used varieties of the evaluated crops of wheat, lentil,
barley, and pea were Boussalem, Syrie-229, Techedrett, and Sefrou, respectively.

Conventional tillage was carried out by moldboard plow at 30 cm and reduced tillage
was performed using a scarificator at ~20 cm, then both (CT and RT) were followed by cover-
cropping and harrowing. In the no-tillage system, the plots were directly sown without any
previous soil preparation, using a specific seeding machine. Seeds of wheat and lentil were
sown with densities of 129 and 100 kg/ha for wheat and lentil, respectively. The seed mixture
barley-pea included 2/3 barley and 1/3 pea. Ammonium-phosphorus fertilizer (12 52 0) was
applied (80 kg/ha) during soil preparation in CT and RT, while in NT, it was incorporated
along with the sowing operation. Urea at a rate of 120 kg/ha was applied in the mid-season.
All other recommended agronomic practices for the region were applied.
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2.2. Determination of Soil Parameters

Nine vertical cross sections were carried out towards the end of the season, one for
each crop x tillage system. Soil samples were taken with an auger at 20 cm depth from each
plot. Total nitrogen (N, %) was determined using the Micro-Kjeldahl method as described
by Horwitz et al. [29]. Total phosphorus (P, ppm) was determined by developing color
by color reagents (ammonium molybdate, ammonium vanadate, and nitric acid) with a
spectrophotometer ANA-730 at 470 nm wavelength after calibrating with P standards.
Calcium (Ca, meq/100 g), sodium (Na, meq/100 g), and magnesium (Mg, meq/100 g) were
determined following the method of Munro and Cutcliffe [30]. Total soil carbon (C%) was
assessed by a sulfochromic oxidation method described by Ellerbock et al. [31]. Electric
conductivity (EC, us) was determined based on the saturated past extract method [32].
Soil pH was recorded following the method described by Mclean [33]. To determine soil
moisture, soil samples were taken with an auger, at three depths (0-10, 10-20, and 20-30 cm)
several times during the cropping season. Soil samples were weighed (fresh weight: FW)
and then oven-dried for 24 h at 105 °C to get dry weight (DW). Soil moisture relative to dry
weight was calculated according to the formula of Baize [34]: Soil moisture = (Fresh weight
— Dry weight)/Dry weight) x 100.

To measure bulk density, soil samples were taken at two depths (0-7 and 7-15 cm) using
a metallic cylinder (5.2 cm (1) and 4.1 cm (w)), and sampling was performed at the start and
the end of the season. Samples were dried (Dry weight, DW), and the bulk density was
obtained by dividing the DW of samples by the volume of the metallic cylinder, according to
the following formula [34]: Bulk density (g/cm?) = (Dry weight)/(Cylinder volume).

Water infiltration rate (WIR) was determined using the Mfitz’s double rings infiltrom-
eter as described by Colombani et al. [35]. Briefly, the double rings infiltrometer was driven
into the ground and the water was supplied constantly into the outer and inner rings until
soil saturation. Then, we recorded how much water infiltrated from the inner ring into
the soil for one hour. This method aims to quantify water volume, which infiltrates into
the soil during one hour based on the following formula: WIR, cm?®/cm? /hour = (Water
volume)/(Cylinder surface).

2.3. Crop Traits Measurement

Plant emergence was determined by counting the number of plants that emerged on
two rows of three meters for each plot for the three crops. The number of spikes and pods
were also counted on these rows for wheat and lentil, respectively. The number of grains
per spike of wheat or number of seeds per pod of lentil was obtained from twenty plants
randomly sampled from each plot. Plant height was measured at maturity, based on twenty
random plants, from the soil to the end of the plant (awns not included for wheat). The
weight of 1000-grain and 1000-seed was estimated based on 250 grains (wheat) or seeds
(lentil). Aboveground biomass of barley-pea was estimated by mowing a row of 20 m for
each plot. Grain yield and biological yield of wheat as well as seed yield and biological
yield of lentil were obtained on the plot basis and then converted to quintal per hectare.

2.4. Data Analysis

The obtained data were subjected to ANOVA and the differences among the tillage
systems, cropping systems, and their interactions were separated by the Tukey HSD test
(p < 0.05). The statistical analyses were performed using R statistical software version 4.1.2.
Principal component analysis (PCA) was done using FactoMiner package [36], and heatmap
with clustering were performed using pheatmap package [37] implemented in R software.

3. Results
3.1. Soil Nutrients

The results displayed a significant impact of tillage system (T) on the amount of
phosphorous (P), potassium (K), total carbon (C), calcium (Ca), and magnesium (Mg) in
the soil (Table 1). Otherwise, a non-significant effect was detected for nitrogen (N), sodium
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(Na), pH, and electric conductivity (EC). The cropping system (CS) exhibited a substantial
influence on P, Na, and Mg while the interaction of T x CS significantly affects N, P, Ca,
Mg, pH, and EC (Table 1). No-tillage (NT) had a higher amount of P, C, Ca, and Mg
compared to reduced (RT) and conventional (CT) tillage. In contrast, NT displayed lower
K content compared to RT, and overall, CT presented weak nutrient content compared
to NT and RT. In the mono-cropping system sequencing wheat/wheat/wheat presented
higher Mg, while lentil/wheat/lentil had higher P, and oat/wheat/barley-pea had higher
Na content (Table 1). The combination of the tillage and cropping systems showed that
the cereal mono-cropping system under RT (RT-W /W /W) presented the highest content
of N, Ca, and Mg. The same cropping system under NT (NT-W /W /W) had higher Mg
compared to other combinations. Under CT wheat mono-cropping system (CT-W/W /W)
presented higher EC compared to other combinations (Table 1). Under NT, the cropping
system of lentil/wheat/lentil showed the highest values of P, and the wheat mono-cropping
system (W /W /W) had the highest pH values. The CT combined with W/W /W showed
the lowest values for Mg and pH, and also when integrated with the cropping system of
oat/wheat/barley-pea (CT-O/W/BP) had low values for P and Ca. The cropping systems
W/W/W and L/W/L under RT showed the lowest content of P and N (Table 1).

Table 1. Impact of tillage system, crop system and their interaction on soil nutrients, pH, and
electric conductivity.

Studied Factor N P K C Na Ca Mg pH EC
Tillage System (T)
No-tillage (NT) 0.110 38.202 206.2 b 39.62 0.16 32.832 1.092 7.91 114.0
Reduced tillage (RT) 0.111 35.45° 21442 38.02 0.18 33.66 2 1.082 7.88 114.2
Conventional tillage (CT) 0.108 33.78"b 202.2° 28.7b 0.18 31.55P 1.01° 7.88 115.2
Cropping system (CS)
Wheat/wheat/wheat b b
0.111 ) 212.0 355 . 33.33 1.102 7.89 117.7
(W/W/W) 35.02 0.16
Lentil/wheat/lentil (L/W/L) 0.108 38.352 203.5 37.6 0.16° 32.46 1.02b 7.88 110.2
Oat/wheat/barley-pea b a ab
(O/W/BP) 0.110 34.07 207.4 33.1 0.20 32.26 1.06 7.90 115.5
Interaction (T X CS)
W/W/W 0.110 @b 34.65 ¢ 210.4 40.3 0.15 32.46 3 1.162 7.96 2 111 be
NT L/W/L 0.110 @b 45502 200.9 40.0 0.15 32.273ab 0.99 ¢ 7.87be 114 be
O/W/BP 0.110 2P 34.45¢ 207.4 38.5 0.18 33773  17114b 7.92 ab 117 abe
W/W/W 0.1152 34.05¢ 224.1 33.5 0.18 35.452 1.182 7.90 ab 112 be
RT L/W/L 0.105° 38.75P 206.5 420 0.16 32462  1.02bc 7.87 be 110 be
O/W/BP 0.1152 33.55 212.7 38.5 0.21 33.082b  1,05bc 7.88 be 120 2b
W/W/W 0.110 20 36.35 be 201.5 32.7 0.14 32.09 ab 0.96 ¢ 7.83¢ 1302
CT L/W/L 0.110 20 30.80 4 203.0 30.9 0.17 32,6320 1.04bc 7.91 ab 106 ©
O/W/BP 0.105° 34.20¢ 202.0 22.4 0.22 29.92 ¢ 1.03 be 7.91 ab 109 be
ANOVA df p-Value
Tillage system (T) 2 0.168 <0.001 0.005 0.002 0.302 0.003 0.013 0.136 0.964
Crop System (CS) 2 0.168 <0.001 0.054 0.289 0.029 0.123 0.026 0.493 0.158
T x CS 4 0.020 <0.001 0.224 0.252 0.624 0.007 0.005 0.013 0.026

N (%): total nitrogen, P (ppm): total phosphorous, K (ppm): potassium, C (%): total carbon, Na (meq/100 g):
sodium, Ca (meq/100 g): calcium, Mg (meq/100 g): magnesium, EC: electric capacity. Means followed by different
letters under the same factor are significantly different according to Tukey’s HSD test (p < 0.05).

3.2. Bulk Density

Soil bulk density (BD) was estimated at the beginning and the end of the experiment.
It was considerably affected by tillage practices (T) only at the first 7 cm of depth at the
beginning of the experiment. NT had a higher bulk density (1.40 g/cm?) followed by RT
(1.36 g/cm?) at the beginning and the end of the experiment at the first 7 cm of depth and
was significantly higher than CT (1.24 g/cm?) (Table 2). However, the cropping system (CS)
and the interaction of T x CS did not have any significant effect on BD at both dates and
depths (Table 2, Figure S2).
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Table 2. Impact of tillage system, cropping system and their interaction on bulk density (BD) at depth
0-7 (Dptl) and 7-15 (Dpt2) as well as water infiltration rate (WIR).

Studied Factor BD1-Dptl BD1-Dpt2 BD2-Dptl  BD2-Dpt2 WIR
Tillage System (T)
NT 1402 1.32 1.332 1.32 303P
RT 1.362 1.36 1.29b 1.31 36.7 ab
CT 1.24° 1.32 1.27°P 1.26 4292
Cropping system (CS)
W/W/W 1.32 1.35 1.30 1.30 39.1b
L/W/L 1.30 1.31 1.31 1.30 28.3b
O/W/BP 1.37 1.33 1.28 1.31 4242
Interaction (T X CS)
W/W/W 1.35 1.41 1.34 1.34 149°¢
NT L/W/L 1.40 1.26 1.38 1.34 39.0P
O/W/BP 1.45 1.28 1.29 1.28 37.1b
W/W/W 1.35 1.31 1.30 1.30 66.9 2
RT L/W/L 1.35 1.39 1.29 1.32 17.8¢
O/W/BP 1.38 1.37 1.27 1.33 25.4 be
W/W/W 1.26 1.32 1.26 1.24 35.6P
CT L/W/L 1.15 1.29 1.27 1.24 28.2 be
O/W/BP 1.29 1.34 1.28 1.31 64.82
ANOVA df p-Value
(TTﬂ)lage system <0.001 0.792 <0.001 0.087 0.026
Cropping 2 0.120 0.857 0.078 0.870 0.009
system (CS)
T x CS 4 0.393 0.599 0.086 0.255 <0.001

BD1 and BD2: bulk density sampled at the beginning and the end of the experiment, respectively, Dptl and Dpt2:
depths at 0-7 and 7-15, respectively. WIR: water infiltration rate. Means followed by different letters under the
same factor are significantly different according to Tukey’s HSD test (p < 0.05).

3.3. Water Infiltration Rate

Water infiltration rate (WIR) was significantly altered by tillage, cropping system, and
their interaction (Table 2). CT exhibited higher values of WIR (42.9 cm?/cm?) followed by
RT (36.7 cm®/cm?) and then NT (30.3 cm®/cm?). The cropping system L/W /L recorded
greater WIR (42.4 cm3/cm?) compared to W/W/W and O/W /BP with respective values
of 39.1 and 36.7 cm®/cm? (Table 2). The combinations RT-W/W/W and CT-L/W/L
exhibited the highest WIR values (66.9 and 64.8 cm®/cm?, respectively), in opposite to NT-
W/W /W and RT-O/W /BP, which presented the lowest WIR values (14.9 and 17.8 cm3/cm?,
respectively) (Table 2, Figure S3).

3.4. Soil Moisture

The tillage system had a significant effect on soil moisture sampled at the first date (H1)
at the three depths (D1, D2, and D3) as well as H2D3 and H3D2. Overall, the conservative
tillage system NT and RT tended to have higher soil moisture than conventional tillage
(Table 3). The cropping system considerably affected H1D2 and H3D2. The interaction
T x CR did not show any significant effect on soil moisture (Table 3).
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Table 3. Impact of tillage system, cropping system, and their interaction on soil moisture at different
dates 3 (H1), 133 (H2), 148 (H3), 224 (H4), 239 (H5), and >239 (H6) days after sowing at different
depths 0-10 (D1), 10-20 (D2), and 20-30 (D3) cm.

H1 H2 H3 H4 H5 Heé
Studied Factor
D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3
Tillage System (T)
NT 17.342 16.95 ab 16.99 ab 2241 2183 21100 15.88 15.122 14.07 20.53 17.98 16.77 16.79 15.47 15.65 13.14 15.16 15.50
RT 17.892 17182 18112 23.18 2288 24472 14.08 14.16 ab 15.69 23.42 22.53 16.77 15.45 15.03 15.39 11.71 13.67 13.98
cT 16.37P 16.34P 1642 2235 2278  22513b 13.49 13.00P 1362 2080 1887 1487 1469 1568 138 1128 1319 1353
Cropping system (CS)
W/W/W 17.08 16170 17.18 2296 22.75 23.13 14.94 15672 15.19 21.20 21.61 16.68 16.87 15.69 15.50 12.82 14.68 15.31
L/W/L 17.40 16.86 16.87 2237 2226 22.10 14.71 12.51¢ 13.74 22.50 19.41 16.30 14.93 14.40 14.22 11.26 13.33 13.36
O/W/BP 17.12 17.432 17.47 22.62 2249 22.86 13.79 14.09P 14.46 21.04 18.36 15.43 15.13 16.09 15.18 -* - -
Interaction (T x CS)
W/W/W 17.32 16.19 15.87 2261 2180 21.26 15.20 16.52 13.95 20.50 18.76 16.97 18.13 16.61 15.85 14.62 15.80 16.59
NT L/W/L 18.13 16.69 17.01 21.63  22.09 20.30 18.22 13.65 13.25 20.10 17.10 16.43 1591 15.09 15.08 11.66 14.51 14.41
O/W/BP 16.55 17.96 18.08 23.00 2161 21.75 14.20 15.18 15.01 2097 18.08 16.91 16.33 14.70 16.02 - - -
W/W/W 17.72 16.11 19.43 2356 2325 24.98 15.31 15.79 17.05 21.63 27.71 17.49 16.94 16.32 17.18 12.04 13.99 14.59
RT L/W/L 17.89 17.56 17.22 22.74 2197 23.03 13.11 12.53 14.91 27.12 20.52 16.65 14.65 14.25 13.97 11.37 13.34 13.38
O/W/BP 18.07 17.86 17.67 2324 2343 25.41 13.82 14.16 15.12 21.49 19.34 16.17 14.75 14.52 15.03 - - -
W/W/W 16.20 16.21 16.23 2270  23.19 23.14 14.32 14.71 14.57 21.46 18.36 15.59 15.53 14.12 13.47 11.81 14.25 14.76
CT L/W/L 16.18 16.34 16.39 2274 2272 2297 12.80 11.37 13.04 20.29 20.59 15.83 14.23 13.85 13.61 10.76 12.13 12.30
O/WBP/ 16.73 16.46 16.64 21.61 2243 21.42 13.36 12.94 13.26 20.65 17.66 13.20 14.30 19.06 14.49 - - -
ANOVA df p-Value
'(I:Il‘l)lage 2 <0.001 0.039 0.022 0.220  0.070 0.015 0.399 0.005 0.052 0.054 0.186 0.291 0.072 0.897 0.075 0.172 0.257 0.240
Cropping
system 2 0.523 0.003 0.569 0519  0.582 0.589 0.794 <0.001 0.236 0.429 0.432 0.638 0.071 0.474 0.265 0.071 0.183 0.062
(&S]
T xCS 4 0.093 0.158 0.072 0.408  0.417 0.602 0.710 0.996 0.642 0.135 0.530 0.900 0.985 0.272 0.423 0.458 0.819 0.849

H1, H2, H3, H4, H5: soil moisture sampled at 3, 133, 148, 224, 239, and >239 days after sowing, respectively,
D1: 0-10 cm, D2: 10-20 cm, and D3: 20-30 cm. Means followed by different letters under the same factor are
significantly different according to the Tukey f HSD test (p < 0.05). * Barley-pea crop was harvested before the
sixth sampling date (H6).

3.5. Relationship among Applied Tillage Cropping Systems and Soil Properties

The results of the principal component analysis explained 51.89% (Figure 1A). PC1
explained more variation by 30.04%, and it was mostly loaded by N, Ca, Mg, and K and
soil moisture. P, bulk density (positive side), Na, and WIR on the opposite direction mainly
formed PC2. Clearly, CT was distinguished from the conservative practices of NT and RT,
pointing to the weak content of nutrients, especially CT-W/W /W (Figure 1A). In addition,
the CT system with L/W/L and O/W/BP showed higher values of WIR and Na and
lower values of bulk density and P. In contrast, conservative cropping systems NT and
RT provided higher nutrients, bulk density, and soil moisture (Figure 1A,B). Similarly,
the heatmap and hierarchical clustering based on the studied soil properties divided the
assessed tillage systems into different clusters (Figure 1B). RT and NT displayed the highest
values for most evaluated properties (depicted in red). On the contrary, CT had the lowest
values (depicted in blue).

3.6. Crop Performance

Tillage practice exhibited significant influence on the aboveground biomass, plant
emergence, grain yield, 1000-grain yield, and number of tillers of wheat. Additionally,
the tillage system was influenced significantly on the aboveground biomass, seed yield,
and number of seeds per pod of lentil as well as plant emergence of barley-pea (Table 4).
The highest wheat aboveground biomass was produced by RT and CT (64.93 and 63.90,
respectively) compared to NT (34.23). Likewise, a heavier grain weight was recorded by
RT and CT compared to NT. RT and NT exhibited better plant emergence than CT; in
addition, NT had better tillering ability compared to RT and CT. The conventional tillage
CT possessed a higher grain yield compared to NT and RT (Table 4). Additionally, CT
exhibited a higher plant emergence of lentil (252 plant/m?) compared to NT (223 plant/m?)
and RT (222.5 plant/m?). The highest lentil seed yield was assigned for RT (12.78) and
CT (11.70) compared to NT (9.70) (Table 4). The number of seeds per pod was higher in
RT (1.73) compared to NT and CT (1.41 and 1.47, respectively). The plant emergence of
barley-pea showed higher values under NT and CT compared to RT (Table 4).
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Figure 1. Principal component analysis (PCA) (A) and heatmap with clustering (B) of the combina-
tions of tillage system and crop rotations based on physical and chemical soil properties.
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Table 4. Impact of tillage systems on agronomic traits of wheat, lentil, and barley-pea.
Trait NT RT CT ANOVA
Wheat
Plot
aboveground 3423 649.3 2 639.02 0.006
biomass (kg/ha)
Plant emergence 297.06 2 300.61 2 254.90 ° 0.036
Plot grain yield b a
(kg/ha) 167.8 150.6 ¢ 188.9 0.009
plant height (cm) 62.65 67.22 64.91 0.055
1000°grain 5159 56.76 @ 58.27 2 0.028
weight (g)
Grain number 31.95 30.88 34.38 0.133
per spike
Number of 523.33 577.50 540.83 0.327
spikes per m
 Number of 448° 2.90° 3.23° 0.004
tillers per plant
Lentil
Plot
aboveground 3111 300.3 266.3 0.161
biomass (kg/ha)
Plant emergence 22350 2225 25202 0.004
Plot seed yield b
. 127.82 117.02 0.01
(kg/ha) 97.0
Plant height (cm) 29.57 30.56 28.92 0.078
1000 seed 43.06 43.80 43.14 0.705
weight (g)
Number of seeds 1410 1732 1470 0.002
per pod
Number of pods 33.06 29.18 29.10 0.695
per plant
Barley-pea
Plot
aboveground 115.68 121.56 158.82 0.251
biomass (kg)
Plant emergence 209.80 2 188.89 b 194.122b 0.049

NT: no-tillage, RT: reduced tillage, CT: conventional tillage. Means followed by different letters for each trait
(independent row) are significantly different according to Tukey’s HSD test (p < 0.05).

4. Discussion

Tillage and cropping systems are parts of agricultural management and exhibit direct
impacts on crop performance through their short and long-term influences on the physical,
chemical, and biological properties of the soil [38—40]. In the current study, overall, the
soil nutrients content was higher under conservation tillage NT and RT compared to con-
ventional tillage, especially total carbon, phosphorus, calcium, and magnesium. Likewise,
other studies [41-44] showed that the content of total organic carbon was higher under
no-tillage than in the conventional tillage system. The reduction of organic carbon under
conventional tillage system is attributed to the incorporation of residues into the soil being
more available to microorganisms [45] and disruption of soil aggregates by the tillage effect
exposing the organic matter to loss by mineralization [42]. Concerning N, P, and K content
in the soil, Volke-Heller et al. [46] and Galantini et al. [47] elucidated that high N, P, and K
availability under no-tillage is due to crop residue deposition on the surface and occluded
element mineralization. The obtained results displayed higher N, P, and K content under
NT over CT, which is in agreement with the previous results of Mrabet et al. [48]. In the
light of the crop requirements of N, P, and K, the tillage system NT and RT provide more
levels of these nutrients compared to CT, which are main nutrients for plant development.
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Convincingly, the availability of nutrients appeared to be dependent on soil management
conditions as observed in this study in regard to the effect of the tillage system. Moreover,
the results of principal component and heatmap and hierarchical clustering reinforced
these results as the tillage system was the most dividing factor and conservation tillage (NT
and RT) tended to have more soil nutrients than CT. The RT was located on the positive
side of PC1, while CT was situated on the negative side and NT took place in the middle.
Moreover, the conservative tillage system NT and RT recorded higher soil bulk density
and soil moisture compared with conventional tillage. The highest bulk density observed
in this study (1.40 g cm~3) did not exceed the critical bulk density level for optimal plant
growth [49]. Likewise, several studies [19,50-52] elucidated that the conservative tillage
system displayed higher bulk density than the conventional tillage. In contrast, the water
infiltration rate under NT and RT systems was lower than in CT, as found by Amami
et al. [53]; consequently, BD and WIR appeared to be negatively associated. Higher BD
under NT indicates a decrease in soil porosity, and this suggestion was already confirmed
by several studies comparing tillage systems [51,54,55]; however, contrasting results were
found by Mondal et al. [56]. It is worth mentioning that bulk density in the current study
was affected only at the first soil layers (0-7 cm), and similar results were reported by other
studies [57,58]. This effect could be attributed to the presence of crop residues in the surface
layer of soil, which benefits organic matter formation mainly at the soil surface [59]. The
results indicated an increase in soil carbon stock under the no-tillage system compared
to conventional tillage. Moreover, no-tillage does not require previous soil preparation.
Therefore, there would be a reduction in gas emissions from soil organic matter and agricul-
tural machinery. In this context, Mangalassery et al. [60] demonstrated significantly higher
net global warming potential under conventional tillage systems compared to no-tillage
systems. Accordingly, the no-tillage system could play a significant role in minimizing
emissions of greenhouse gas such as carbon dioxide, methane, and nitrous oxide from soils
and contribute to mitigating climate change. Hence, the no-tillage system is an efficient
practice to reduce soil disturbance and erosion, improve soil quality, and as a potential
approach to mitigate climate change by reducing greenhouse gas emissions.

For crop performance, despite the improvement of soil nutrients under conservative
tillage, unexpected results were found in the current study regarding crop performance.
Conversely, Lawrence et al. [61] disclosed that no-tillage yielded better than conventional
tillage during four years of wheat cultivation. Similarly, Wang et al. [62] demonstrated that
a no-tillage system for seven years improved the matter accumulation, grain yield, and
water use efficiency in maize. However, in the current study, NT appeared to be better in
promoting the plant emergence of wheat and barley-pea and a higher number of tillers
in wheat; however, it produced lower grain yields of wheat and lentil as well as lower
wheat biomass. Similarly, Abdelloui et al. [63] showed that under semi-arid conditions, the
GY was higher under CT compared to NT. Soil compaction is higher under the no-tillage
system. The negative impact of soil compaction on root growth was confirmed by several
studies [64-67]. Accordingly, reduced root growth could affect nutrient and water uptake
by plants and ultimately grain yield. Furthermore, our experiment has only three years of
no-tillage application, which was probably the reason why the improvement of some soil
properties was not reflected in crop performance.

5. Conclusions

Three years of no-tillage application on shallow and poor soil resulted in certain
physical and chemical property alterations, mainly in the first centimeters of the soil. The
conservation tillage systems NT and RT improved the content of soil nutrients, in particular
total carbon, phosphorus, calcium, and magnesium. Additionally, NT and RT exhibited
higher soil bulk density and soil moisture compared with conventional tillage. However,
these changes were not reflected in crop performance. The present study was only three
years of the tillage system, which was probably the reason why the improvement of some
soil properties was not reflected in crop performance. Moreover, soil compaction is higher
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under the no-tillage system. The negative impact of soil compaction on root growth could
affect nutrient and water uptake by plants and ultimately grain yield. Accordingly, such
experiments should be performed for more years to confirm the results on crop performance
since the effect of no-tillage could not be observed in the first years. Wheat/wheat/wheat
cropping system rotation under conventional tillage was located in the opposite position of
availability of nutrients, indicating the ability of this kind of monoculture to impoverish
the soil. This informs on the necessity of crop rotation under semi-arid conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su141811651/s1, Figure S1. Layout of the experiment presents three tillage
systems (no-tillage (NT), reduced tillage (RT), and conventional tillage (CT)) in the main plots, while the
cropping system (wheat/wheat/wheat (W/W /W), lentil/wheat/lentil (L/W /L) and oat/wheat/barley-
pea (O/W/BP was located in subplots. Figure S2. Bulk density comparison at 0-7 cm between no-tillage
(NT), reduced tillage (RT), and conventional tillage (CT) at the beginning (Date 1) and the end of the
cropping season (Date 2). Bars are the standard error of the mean (SEM). Figure S3. Water infiltration
rate under tillage (NT), reduced tillage (RT) and conventional tillage (CT), and under different crops;
wheat, lentil, and barley-pea. Bars are the standard error of the mean (SEM).
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