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Abstract: Crop establishment depends mostly on the soil preparation and sowing methods used.
Our main goal was to evaluate soil compaction and its effects on wheat (Triticum aestivum L.) and
soybean (Glycine max L.) yields and seedling emergence with two different tillage methods: no-tillage
(NT) and conventional tillage (CT). The study was done in the Western Pampas Region during
three cropping seasons. The soil of the study site is a Mollisol. The variables measured were:
(1) cone index (CI), (2) dry bulk density (DBD), (3) seedling emergence (SE), and (4) crops yield
(CY). For both crops, seedling emergence was slower in NT than in CT, but results were similar
22 days after sowing. After 3 years, the results show that in NT the DBD and CI reached values of
1653 kg m~3 and 3210 kPa, respectively (between 275 and 300 mm). While in CT the values of DBD
and CI reached were 1540 kg m~3 and 2300 kPa respectively at the same depth. The highest yields
were found in CT (3.31 and 4.10 tons/ha !, for soybean and wheat, respectively) compared to NT
(2.91 and 3.53 tons/ha~!). Topsoil horizon has to be tilled to improve crop yields. In spite of the high
number of equipment passes in CT, both tillage systems caused subsoil compaction.

Keywords: planter; no-tillage; cone index; dry bulk density; chisel plow

1. Introduction

In addition to water and wind erosion, one of the main causes of soil degradation is soil
compaction, being addressed in the European Soil Framework to an extent [1]. Currently, as
an example of the problem, it can be deduced that more than half of the soil surface erosion
worldwide is caused by soil degradation due to compaction and deformation caused by
improper soil management.

The effects of soil compaction, which is often persistent, can be aggravated when
compaction extends in depth (e.g., 0.4 m) into the subsoil [2,3].

In the last decade, much knowledge has been generated about conservation practices
in farmland management. However, contradictory reports on the effects of tillage system on
soil compaction continue to appear today. Results are variable and depend on crop, climate,
soil type and management [4]. Apart from this, other reports have found overcompaction in
soils with no-till or reduced tillage (e.g., [5,6]). Finally, significant increases in compaction
have been reported, which ended up limiting crop development, mainly in production
crops, e.g., corn (Zea mays L.) [4,6], sunflower [7], and soy (Glycine max L.) [8]. On the
other hand, agricultural traffic with tractors and high axle weight machinery leads to
subsoil compaction problems, regardless of whether the tire size is large enough or the
high-flotation driving mechanism allows low-pressure surface traffic in the wheel/soil
contact area [9,10].
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In Argentina, 30 Mha of crops are sown using the continuous no-tillage system [8]. The
remaining crop area is cultivated by conventional tillage. Periods of very intense rainfall
characterize the climate of the area, especially when summer crops have not completely
covered the soil or have not yet been planted. Clay-to-clay loam soils are predominant soils
in this area. Erosion is reduced by at least 50% compared to bare soil through the use of
conservation tillage. It is emphasized that wind erosion is an important soil degradation
process in the semi-arid Argentine Pampas and has a detrimental effect on the ecosystems
of this region [11].

Conservation tillage implies any tillage or seeding system that maintains a minimum
of 30% residue cover on the soil surface after sowing [12]. This definition implies not
turning the soil like the chisel plowing, and seeding without tilling first, but also direct
seeding, also called no-tillage (NT). The difficulty of sowing in these soils is an obstacle to
the wide use of conservation tillage (CT). Due to the greater accessibility and lower price of
agrochemicals and the decrement in the number of operations and machinery required,
no-tillage has been used in Argentina since the 1980s [7].

No-tillage, unlike conventional tillage methods, generally involves less intense traffic.
However, after several years of continuous NT, the yields tend to decline [13]. This decline
could lead to a combination of heightened weed control problems, root diseases, soil
densification, and plentiful crop residues on the ground surface.

According to [14] work, they did not find much influence of the pre-tillage treatment
(no-till, mold board plough, and chisel plow) on the vertical distribution of compaction.
The experiment was conducted on a Mollic Orchraqualf, fine, illitic, mesic, colic soil with
good contraction-expansion capacity, which led it to show cracks from 20 to 40 mm up to
500 to 800 mm wide during dry periods. However, they did find a response to different
intensities of traffic (Mg km ha~!) in passes made carried out on the base with loads of
10 Mg and 20 Mg per axle and in control with no traffic.

The studies of [10,15] state, with concern, that reduced root growth and yield in many
crops have long been the consequence of soil compaction. Both soybean (Glycine max L.)
and perennial crops are vulnerable to this problem, as is the Western Pampas. In the same
vein, [14] suggested that root growth is hindered in extremely dense or compacted soils.
This limits the water consumption of the plant, thus affecting the final crop yield. The
response of crop roots to compaction can be complicated by the many ways in which
compaction can alter soil physical properties. There have been many attempts to find
critical values of the cone index related to plant root growth restraining factors. In the
Western Pampa (on an Entic Haplustoll soil), [7] stated that the dry weight of sunflower
(Helianthus annus L.) roots was utterly reduced at a cone index of 1.6 MPa, and at more than
1.8 MPa, root growth became practically impossible. According to [16], they found that
in the West Pampas, a cone index over 1158 kPa reduced reduction in dry root weight of
cabbage crop (Brassica oleracea L.) in approximately 32%.

Currently, two of the most important crops in Argentina share the area described
in the previous paragraphs: soybean (Glycine max L.) as a summer crop and wheat
(Triticum aestivum L.) as a winter crop. These crops are grown under two different forms of
soil tillage: (a) under NT and (b) under CT.

In this situation, soybean is an important crop in South America, with the largest
producers being Brazil and Argentina, with about 114 and 46 million Mg, respectively,
as registered in the 2020/2021 season [17]. In Argentina, soybean is grown in the Pam-
pas region, which has more than 70% of the area cultivated with permanent no-tillage
(~16.6 M ha, [17]). Regarding the wheat crop, according to [17], wheat production for the
2021/22 marketing had a record 20.0 million Mg, 2% lower than last month but 13% higher
than the previous year. The harvested area is estimated at 6.5 million hectares, the same as
last month but 2% more than the previous year.

In this regard, the need emerges to know the rheology of the soil under contrasting
intensities, derived from at least two conduction operations, CT versus NT. Thus, the real
impact of traffic on the physical-mechanical properties under a basic hypothesis of system
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sustainability needs to be studied. Therefore, the objective of the work reported in this
paper was to quantify the effect of soil densification on wheat and soybean yields in the
soil representative of the Western Pampean Region of Argentina, during three growing
seasons, employing two contrasting tillage methods, NT and CT.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted in the Western Pampean region at 36°04'33.18" south
and 62°29'14.57” west in the Trenque Lauquen County during three cropping seasons
(between 2012 and 2015). The site is located at an altitude of 27 m a.s.l. on a soil clas-
sified as Mollisol [18]. The soil management history preceding the experiment includes
18 years of crop rotation following a very standard pattern in the region of winter wheat
(Triticum aestivum L.), followed by soybean (Glycine max L.) in summer. The textural com-
position of the soil is loam (like most soils in the Western Pampean region). Table 1 shows
the typical soil profile. Table 2 shows total rainfall and mean air temperatures between July
1 and April 30 for each growing season. The meteorological station was located 1 km from
the farm where the experimental tests were carried out.

Table 1. Typical soil profile characteristics.

HORIZONS Ap A AC C
Depth range (mm) 0-150 150-300 300-650 650-1200
Organic Carbon (g kgfl) 12.30 £ 5.2 6.7+ 12 52+14 -
Clay (g kg™) 173 £3.21 304 +25 190 £ 24 67 +2.31
Silt (g kg™1) 318 +3.02 280 + 2.31 210 £2.33 305 £ 1.61
Sand (g kg™ 1) 509 £ 2.16 416 £ 2.11 600 £+ 2.27 637 +2.01
pH in H0 (1:2.5) 6.2 + 0.04 6.3 +0.02 6.4 +0.02 6.7 + 0.01

Table 2. Total rainfall and mean air temperature data recorded for Trenque Lauquen in the three crop-
ping seasons (July 1 to April 30 (ten months).

Rainfall (mm) Mean Air Temperature (°C)
Month 1st 2nd 3rd 1st 2nd 3rd
Cropping Cropping Cropping Cropping Cropping Cropping
Season Season Season Season Season Season
July 28 32 35 14.0 12.0 12.0
August 25 20 29 17.2 16.5 16.8
September 55 60 52 21.0 18.3 222
October 109 62 70 23.3 23.9 23.7
November 99 150 74 27.3 29.3 29.2
December 158 67 56 30.3 31.6 31.2
January 29 19 29 32.3 33.4 322
February 27 168 18 29.2 28.5 31.3
March 106 92 40 25.2 23.2 31.3
April 31 165 69 25.7 23.0 254

2.2. Experimental Treatments and Agricultural Machinery Used

Two tillage regimes (treatments) were compared during three growing seasons. These
are T1: no tillage (for 18 successive years) and T2: conventional primary tillage with chisel
plowing with 13 curved 25 x 20 mm shanks rigidly mounted and spaced 280 mm apart. It
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was operating at a depth of 210 mm, pulling at 7 km h~!, followed immediately by two
passes with a tandem disc harrow (625 N/disc, 40 discs) to a depth of 170 mm. This was
then followed by an eight-section spike-tooth harrow and two passes of a basket roller. The
description and characteristics of the treatments can be found in Table 3.

Table 3. Description and characteristics of the treatments for two crops.

Number of Total

Tillage . . Total ) a
Treatments Description Tillage/Passes Load * (kN) Displacement

per Hectare (km ha—1)

Sprayer
No-tillage (pre seeding) 4 360 6.22
and planter

13 rigidly
mounted
curved shanks—
disk harrow
(625 N/disk,
Conventional 40 disk)—
tillage eight section
spike tooth
harrow—
two passes of a
basket roller
and planter.

8 121 14.2

2 Load and displacement: complete equipment and weights are loaded.

The timing (dates) of treatments and soil measurements were adapted to that proposed
by [7], taking into account that the study area was in the southern hemisphere.

For more than 35 years, the site utilized for CT treatments has been in CT. Eight plots
of 100 x 7 m with four replications for each tillage treatment were randomly assigned,
separated by 20-m buffer zones, thus avoiding interaction. Regarding the two crops: In the
four CT plots, the annual wheat/soybean rotation was developed. The same situation was
carried out in the four NT plots.

Planting and harvesting were carried out on the usual dates in the experimental area
(Table 4). The standard seeding rate for soybean was 65 kg ha~! and for wheat 133 kg ha~!.
For both crops, the seeding rate was verified according to Nardon'’s electronic device [19].

Table 4. Timing of planting and harvest recorded at the experimental site for each season.

Planting date
Wheat (Triticum aestivum L.) Soybean (Glycine max L.)
1st cropping  2nd cropping  3rd cropping  1st cropping  2nd cropping  3rd cropping
season season season season season season
9 July 10 July 12 July 6 December 10 December 12 December

Harvest date

1st cropping  2nd cropping  3rd cropping  Istcropping  2nd cropping  3rd cropping
season season season season season season

28 November 29 November 30 November 4 April 12 April 15 April

At the beginning of this study, the machinery used in this experiment (tractor, seeder,
sprayer, harvester, and grain chaser) was renewed. This equipment is commonly used on
commercial farms in the study area, despite being heavier than the previous one. Two dif-
ferent planters were used. First, for the no-tillage treatment, planter 1 was used. Second,
for the conventional tillage treatment, planter 2 was used. Table 5 shows the specifications.
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Table 5. Specification of the farm equipment used in the experiments.

b o . FWA Tractor, Sprayer. Grain Chaser,

escription Unit Tx./vo Axle and Harvester Self-Propelled T‘:vo Axle and

Single Wheel Single Wheel
Engine power CV (kW) 145 (106) 275/201.6 142/104.13 -
Front tires - 16.9R 38 800/65R32 12.4-36 24.5R32
* Tire inflation pressure (front axle) kPa 70 114 285 120
Rear tires - 24 5R32 18.4 R26 12.4-36 24.5R32
* Tire inflation pressure (rear axle) kPa 65 170 285 120
Overall load kN 79.80 152 108.7 196
Load front axle kN 31.75 98.8 43.48 98
Load rear axle kN 48.05 53.2 65.22 98
Static load per front wheel kN 15.875 49.40 21.74 49
Static load per rear wheel kN 24.025 26.66 32.61 49
Front wheels track width mm 2800 3200 2100 2800
Rear wheels track width mm 2800 3000 2100 2800
Mean ground pressure per front tire kPa 41.21 52.65 228 77.5
Mean ground pressure per rear tire kPa 43.65 58.42 249 77.5
Planters
Planter 1 Planter 2
Overall load kN 89.70 25.20
Overall width m 9.50 2.55
Seed metering system - Pneumatic vacuum distribution Double round feed
Tires - 400/60-15.5 12.5-24
Mean ground pressure per wheel kPa 96.5 80.0
Cutting and soil penetration furrower ) Turbo coulter, .sir}gle—disc with Double—d.isc. With double-depth
one-depth limiting wheel limiting wheel

Coverer and/or compacter

- Coverm.g press wheels, Covering press wheels
variable angle

* Tire inflation pressures correspond to the manufacturer’s recommendation for dynamic load and speed.

In order to determine the weight of the equipment, an electronic weighbridge was
utilized. The average tire ground contact pressures were measured with a Tekscan® pres-
sure sensor (https://www.tekscan.com/) (accessed on 2 December 2021). The tire inflation
pressures were afterwards adjusted according to the manufacturer’s recommendations for
the dynamic load and speed of the corresponding operation [20].

Harvesting operations were the same for the two treatments. Harvest traffic in the
plot, which consisted only of the combine harvester, was controlled along predetermined
tracks (the same track year after year). The harvester filled the grain chaser at the headlands
according to the methodology detailed in [8]

It should be acquainted that, in order to combat weeds and pathogens, the same
agrochemical control was applied in both treatments. This was done for two reasons. First,
to keep the crop “clean”. Secondly, to establish with certainty that the mechanical condition
of the soil and the characteristics of the equipment used were the primary reasons for
possible differences in crop yield.
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2.3. Experimental Variables Measured

The cone index (CI) was established with a Scout 900 FieldScout™ penetrometer with
data logger (Spectrum Technologies Inc., Aurora, IL, USA, https:/ /www.Specmeters.com/)
(accessed on 2 December 2021). The cone fits the measurements according to [21]. Measure-
ments were taken at the same sampling points used to establish soil water content (SWC),
and at a depth of 0.45 m in regular 50 mm increments. Both CI and SWC data represent an
average of 30 samples (1 = 30) taken in each plot.

After the traffic events (at the sowing date), SWC and CI were measured at ran-
dom locations in the plots. In this moment the SWC is near to field capacity. Soil
water content measurements were made at three depth intervals: 0-150, 150-300, and
300-450 mm, respectively.

Using the cylinder method, dry bulk density (DBD) was measured at random locations
in the plots after the traffic events in the depth ranges 0-150, 150-300, and 300—450 mm
taken at 50-mm intervals. Each value quoted for dry bulk density is the mean of ten
measurements (n = 10).

For both crops, the seedling emergence (SE) per linear meter was noticed in all the
tractor rows and tracks. The sample comprised 320 observations in each case (track and
row) (40 observations/row x 8 lines (replicate)). The counting was done at 11, 15, and
22 days after planting. Furthermore, for the two crops, whole plant quadrats (1 = 20) were
collected at random locations within the experimental plots, and the samples were used to
determine grain yield (GY), expressed in kg ha~! at 14% moisture content (w/w) [20].

2.4. Statistical Analyses

The CI, DBD, GY, and SE data were subjected to analysis of variance (ANOVA), and
the means were separated by Duncan’s multiple range test using Statgraf 7.1 software. Soil
water content (expressed gravimetrically) was simultaneously established and utilized as a
covariate of the soil penetration resistance data owing to its effects on soil strength [21].

3. Results and Discussion

Soil Water Content, Climate, and Soil Conditions at the Beginning of the Experiment

The soil water content (w/w), averaged for the three growing seasons of the experiment
at the planting date, was 18.5% of dry weight from 0 to 150 mm depth, 20.8% from 150 to
300 mm depth, and 20.5% for 300 to 450 mm. Overall, when measuring cone index and
seedling emergence, the SWC did not differ remarkably among treatments. Consequently,
the differences noted in cone index and seedling emergence were due to the treatments.
The CI can also be considered an efficient indicator of soil densification during treatment.

The temperature was normal for the season in October, November, December, February,
and March, but exceeded 32 °C in January. The rainfall in December was suitable for the
soybean seedling emergence. The soil water content was high as there was copious rainfall
before the harvest (the last ten days of March). The temperature was normal for the summer
in accordance with our study of the complete soybean growing cycle, ergo the plants were
of proper size.

The weather conditions were very alike in all three years of the study during the wheat
production season. The total precipitation and the mean air temperatures in July were
adequate for seedling emergence. Likewise, the total precipitation and the air temperature
during the critical wheat growth period (20 days before to 7 days after flowering) in
October were sufficient. Thus, any variation in these crops would be the outcome of the
soil tillage treatments.

Wheat and soybean seedling emergence was established by counting individual plants
per linear meter at 24-h intervals starting 11 days after planting (Tables 6 and 7).

For both crops, seedling emergence was more sluggish in no-tillage than in conven-
tional tillage. However, the results were alike 22 days after planting. This is noteworthy
since the differences between CI and DBD values are significant and much higher in the
NT treatment than in the CT treatment (see Figure 1).
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Table 6. Wheat seedling emergence at 11 to 22 days after sowing across three cropping seasons.
(Values with different letters between tillage regimes are significantly different at each depth (p < 0.01)

Duncan’s multiple range test).

1st Cropping Season 2nd Cropping Season 3rd Cropping Season
Days after planting 11 15 22 11 15 22 11 15 22
No-tillage 22.7a 33.2a 39.8b 22.2a 32.1a 39.3b 21.3a 31.0a 39.0b
Conventional Tillage 27.5b 39.8b 41.1b 26.4b 37.5b 40.0b 26.3b 37.5b 39.7b

Table 7. Soybean seedling emergence at 11 to 22 days after sowing across three cropping seasons.
(Values with different letters between tillage regimes are significantly different at each depth (p < 0.01)
Duncan’s multiple range test).

1st Cropping Season 2nd Cropping Season 3rd Cropping Season
Days after planting 11 15 22 11 15 22 11 15 22
No-tillage 2.7a 3.5a 8.6b 2.5a 3.2a 8.3b 2.5a 3.1a 8.2b
Conventional Tillage 5.7b 6.5b 8.9b 5.4b 6.3b 8.7b 5.3b 6.1b 8.7b
Cone Index (kPa) Bulk density (kg/m3)
0 500 1000 1500 2000 2500 3000 3500 1000 1200 1400 1600 1800
0 1O 1 1 - 1 1 L I 0 O \ 1
50 4 —o— & 50 - —_ ;—\—1
100 —o—1 Kn— 100 + —o— ——
\ sd
150 4 —— \ S sd 150 4 —— —_
= 200 - —o— \,__, = 200 - —0— 7_
£ / £ 250 | —— — -
Z 250 - I — — 1 z / s
A £ 300 - —o0— —
300 4 —o— —— e 7
py / 350 —— — 5 nd
2207 ©— Conventional Tillage = /
) nd 400 A ; o
400 { ——No Tillage 6 ) [ ©— Conventional Tillage /
s 4509 ——No-Tillage o i
450 o o = =%

(@)

(b)

Figure 1. (a) Cone index profile before agricultural machinery traffic; (b) soil dry bulk density profile
before agricultural machinery traffic. (sd): significant difference, (ns): not significant difference

(p < 0.01) Duncan’s multiple range test.

Seedling emergence was slower in the NT than in the CT. One plausible reason for
this is that, prior to sowing, non-selective pre-emergence herbicides are sprayed on farms,
and toxicity problems occur due to trampling of herbicide-laden soil. These problems
hinder seedling emergence and early crop development [22,23]. Crop residues from the
row surface are cleared due to excess lateral soil throw produced by turbo coulter blades.
This defeats the purpose of no-tillage farming [24].

Figure 1 shows the cone index and dry bulk density of the soil before planting (before
the traffic of agricultural equipment) for the two tillage treatments and gives a clear
indication of the initial state of the soil in each treatment. This figure indicates that the CI
and DBD values in the NT treatment were over 1700 kPa and 1300 kg m 3, respectively, in
the depth range of 0 to 450 mm.
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For the three growing seasons, Figures 2—4 demonstrate that the CI and DBD in the
NT treatment were over 2000 kPa and 1400 kg m~3, respectively, in the depth range of 0 to
450 mm. The effects of CT in contrast to the NT treatment are evident.

Cone Index (kPa) Bulk density (kg/m3)
0 500 1000 1500 2000 2500 3000 3500 1000 1200 1400 1600 1800
0 L L L L L L 0 . ) .

50 4 —— — 50 4 —— ll\—i
100 4 —— r—\ 100 — ——

sd \ sd
150 —— — 150 4 —— »—I —_ S

l 200 4 —— »—-T

Depth (mm)
o8
=] =1

1
I
Depth (mm)
i
|
r

300 ——

%

N

I
N

350 —F— —
350 —— — nd nd
} 400 —— —f—
400 4 —© Conventional Tillage o —— ©— Conventional Tillage /
15 —c—No-Tillage ] Sl —c~No-Tillage — -
50 —— ——
(a) (b)
Figure 2. (a) Cone index profile for the first cropping season; (b) soil dry bulk density profile for the
first cropping season. (sd): significant difference, (ns): not significant difference (p < 0.01) Duncan’s
multiple range test.
Cone Index (kPa) Bulk density (kg/m3)
0 500 1000 1500 2000 2500 3000 3500 1000 1200 1400 1600 1800
0 ) i gw PR g . 0 ] ) o {
50 4 —0— — \— 50 —— |—\ —
100 + —o—i = 100 —— .\l_.
K e
150 4 o = sd 150 A —— r—\—1
= 200 e h) . 200 1 — N \
i = ‘\ L,_:’ 250 A —0— ——
3. 250 4 —— — L = /
g g -
- / T ~ 300 —_——i— —_
300 —o—i <
; 350 — i
350 A —o— “— d
¢ Conventional Tillage nd S
8
400 A F—O—t———
400 A —— — ©— Conventional Tillage
== No Tillage {
450 s —— b——— -
150 4 . —c—No-Tillage

(a) (b)

Figure 3. (a) Cone index profile for the second cropping season; (b) soil dry bulk density profile for
the second cropping season. (sd): significant difference, (ns): not significant difference (p < 0.01)

Duncan’s multiple range test.

The analysis of variance of cone index and dry bulk density at depths from 0 to 250 mm
revealed a relevant difference (p < 0.01) between the CT and NT treatment plots. The CI
and DBD values were greater for the NT treatment than for the CT.
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Figure 4. (a) Cone index profile for the third cropping season; (b) soil dry bulk density profile for the
third cropping season. (sd): significant difference, (ns): not significant difference (p < 0.01) Duncan’s

multiple range test.

Figures 2—4 present these outcomes for the cone index and dry bulk density. For the NT
treatment in the 0-150 depth range layer, the bulk density values generated by agricultural
equipment traffic in the topsoil layer were higher than the limit of 1050 kg m~3 recom-
mended by [25] to avert yield declines. Similarly, all CI values in the surface soil (1200 kPa
at 125 mm) surpassed a similar limit for yield declines in soybean [26]. Correspondingly,
the CI between 300- and 450-mm depth in all 3 years was greater than the 1500 kPa limit
reported by [27] to avert limited root growth.

The greatest CI and BD values for CT and NT were measured in the 0-300 mm depth
range in all years (Figures 2—4). The maximum values of CI and BD occurred at gradually
greater depths year after year. All values surpassed those cited as critical for root growth
hindrance [16,25-27].

In all three growing seasons, the increment in CI and DBD resulting from farm machin-
ery traffic was especially marked in the 0-300 mm depth range. Nonetheless, the increment
in resistance in the CT treatment was less than in the NT treatment. Analysis of the soil
response to traffic in deeper layers demonstrated that soil densification, as indicated by
CI and DBD, increased in the 300-450 mm depth range. Nevertheless, no remarkable
differences were found between the NT and CT treatments.

This study indicated that densification caused by heavy equipment (NT equipment = to-
tal load 360 kN) caused stronger changes in the physical properties of the surface soil and
under soil than the conventional equipment (CT equipment = total load 121 kN). These
results are in agreement with those of [20,28], who showed that the effects of compaction
produced by a heavy axle were related to the soil type, the number of passes and the
number of years elapsed since the onset of compaction.

This was possibly because of the combination of the high axle load (Table 5), the total
displacement of the machinery (NT = 14.2 and CT = 6.22 km ha-!) and the high tire ground
pressure of the sprayer (228 and 249 kPa in the front and rear tires, respectively). Finally,
this trial demonstrated that crop yield decreases and soil densification problems increase
when the traffic intensity increments on soils with great bearing capacity and freshly tilled
soils. Soybean and wheat yields showed a downward trend with increasing traffic intensity
and soil densification (Tables 8 and 9). Nonetheless, the difference between TN and TC was
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remarkable (p < 0.01) in all 3 years. Lower soil compaction was related to greater soybean
and wheat yields.

Table 8. Wheat yields and standard deviation for the different treatments in three cropping seasons
(tons ha~1). Values with different letters between tillage regimes are significantly different at each
depth (p < 0.01) Duncan’s multiple range test.

1st Cropping Season  2nd Cropping Season  3rd Cropping Season
No-tillage 3.53 £ 0.41a 3.47 £0.37a 3.42 £ 0.30a
Conventional Tillage 4.10 £ 0.39b 3.90 + 0.32b 4.01 +£0.42b

Table 9. Soybean yields and standard deviation for the different treatments in three cropping seasons
(tons ha~1). Values with different letters between tillage regimes are significantly different at each
depth (p < 0.01) Duncan’s multiple range test.

1st Cropping Season  2nd Cropping season  3rd Cropping Season
No-tillage 291 £0.21a 2.80 £0.17a 2.78 £0.14a
Conventional Tillage 3.31 £0.37b 3.20 £+ 0.30b 3.23 +0.29b

These results confirm that crop yields were affected by the high axle load and the
high traffic intensity applied to the soil for its preparation. Sustainable soil management
is necessary to avoid reaching high CI and DBD values that impair crop development. In
addition, based on the textural composition (loam), growth-limiting dry bulk densities for
this soil are between 1600 and 1650 kg m~3 [29].

In the three cropping seasons, the results showed that soil densification in NT resulted
in lower yields in two crops (decreased, on average, by 13.25% (wheat) and 12.65% (soy-
bean)) compared to CT. The greatest yields were found in CT (3.31 and 4.10 tons/ha~!, for
soybean and wheat, respectively) compared to NT (2.91 and 3.53 tons/ha 1) for soybean
and wheat respectively.

Differences in grain yields were moderate although soil densification was higher in the
first 200 mm in the NT than in the CT treatment. The most important factor may have been
that, during the three growing seasons, the rainfall patterns were particularly propitious for
both crops at critical times. This beneficial rainfall must have “canceled out,” so to speak,
the higher level of densified soil under NT.

4. Conclusions

e  For sustainable soil management, it is necessary to try to reduce the wheel load and
the number of passes made by agricultural machinery during the cropping seasons;

e  Although the soil worked under NT presented maximum DBD values between
1600 and 1653 kg m 3, the yield of both crops was lower in NT than in the soil worked
in CT;

e  Subsoil densification was high in the CT treatment even using a low weight planter.
This is an outcome of the large number of passes of the farm machinery made during
the growing seasons;

e  From the point of view of soil sustainability and crop production, the soybean and
wheat yields for the CT treatment demonstrate that tillage of the topsoil horizon is
required and that work under continuous NT should be avoided as much as possible.
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