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Abstract

:

Agricultural soils can be affected in their ecological functions by in-field traffic of agricultural machinery. A three-factorial research design was carried out in a field experiment to test the effect of slurry tanker filling level (filled, half-filled, empty), tire inflation pressure of the slurry tanker (high: 300 kPa, low: 100 kPa), and ground covering (+cover crop, −cover crop) on tire track and soil penetration resistance (averaged, 0–20 cm, 21–40 cm) after application on the fields in spring. Additionally, the effect on grain yield of the subsequent culture was considered. The total weight of the tractor slurry tanker combination was 16,470 kg (empty), 25,940 kg (half-filled), and 34,620 kg (filled). The low tire inflation pressure of the slurry tanker increased the mean tire–soil contact area by 75% (filled), 38% (half-filled), and 16% (empty tanker). The results obtained show a significant effect of tire inflation pressure and ground covering on the measured parameters. The tire inflation pressure reduction effect on track depth was highest in the filled slurry tanker (−17.8%). With increasing wheel load, the effect of reduced tire inflation pressure on soil penetration resistance (0–20 cm) increased. In the subsoil (21–40 cm), the effect of tire inflation pressure was much lower, indicating that a reduction of tire inflation pressure preserves the upper layers rather than the lower ones. Furthermore, cover crops are linked to a higher degree of soil deformation after traffic with the tractor–slurry combination due to their loosening effect on the topsoil. Tire tracks were 15.0% deeper in the cover crop field than in the field without a cover crop. It is assumed that cover crop mixtures with different types of root mass can influence the mitigation of soil compaction in an ameliorative way.
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1. Introduction


Agricultural soils have a wide diversity of ecological services (e.g., root growth, water movement, aeration) that are directly influenced by the physical properties of soils [1]. Farm vehicles should not impose stresses that exceed soil strength. Heavy agricultural vehicles passing on low load-bearing and soft soil (loosened, wet) can generate tire tracks in the field with potential risk of subsoil compaction.



Studies by Keller et al. [2] stated that future agricultural operations must consider inherent mechanical limits of soil due to increasing average weight of farm machinery exceeding loads bearable by the ground. The risk of soil compaction can be reduced by technical measurements with increased contact area between the soil and tire (e.g., controlling tires inflation pressure, traction devices with larger footprints, rubber tracks, additional axels/wheels) [1,3,4]. Furthermore, agronomical measures (e.g., diverse crop rotation, date of machinery operation, conservation tillage) can also raise the trafficability of the soil [5]. Tire inflation pressure and soil wetness during slurry spreading will affect the soil physical properties (penetration resistance, bulk density, and macro-porosity) [6].



SchjØnning et al. [7] found significant yield reductions due to repeated wheel passes (tractor–trailer combinations for slurry application), while single-pass treatment of a self-propelled slurry application machine with 12 Mg wheel load did not have significant effects on crop yield. In order to avoid subsoil compaction, they also suggested an upper threshold of 3 Mg wheel load for highly inflated tires on a tractor–trailer combination during springtime.



Crop rotations that include tap-rooted species of cover crops may help alleviate the deleterious effects of soil compaction on plant growth by modifying the soil’s physical properties [8]. The positive effect of cover crops on soil functions has been well studied [8,9], but not on the mitigation of soil compaction after the passing of farm machinery.



Slurry application with the tractor–tanker combination is commonly used in Austria. This study analyzed the effect of slurry application in spring with different loads and tire inflation pressures in a field without a cover crop and in a field with cover crop on track depth, soil penetration resistance, and grain yield of the subsequently grown maize.




2. Materials and Methods


2.1. Experimental Site and Climatic Conditions


The experiment was carried out on farm fields in the northern part of the Austrian province of Burgenland in Krensdorf (47°80′ N, 16°41′ E, 194 m a.s.l.). This province is part of the Pannonian Basin with Pannonian climate conditions. The mean annual precipitation in 2018 was 637 mm with a maximum rainfall of 79 mm in June and a minimum of 31 mm in January. The mean annual temperature was 9.7 °C [10]. The soil of the field sites is classified as chernozem with an A-horizon depth between 37 cm and 46 cm. The soil (0–30 cm) with 34% clay, 49% silt, and 17% sand is described as a loam with an soil organic carbon of 18.6 g kg−1.




2.2. Experimental Design and Management


The experiment with three slurry tanker filling levels and two tire inflation pressures of the tanker wheels (Table 1) was carried out on two adjacent fields (à 3 ha). In both fields, a crop rotation with maize (Zea mays), durum wheat (Triticum durum), sugar beet (Beta vulgaris), and winter wheat (Triticum aestivum) was established using a reduced tillage system (without moldboard plough). After the pre-crop of winter wheat, a freeze-killed cover crop mixture (3 kg ha−1 phacelia—Phacelia tanacetifolia, 1 kg ha−1 white mustard—Sinapis alba, 4 kg ha−1 oil radish—Raphanus sativus, buckwheat—14.5 kg ha−1 Fagopyrum esculentum) was sown in one field (+cover crop) on 30 September 2017. The second field was without a cover crop (−cover crop) and was bare during the winter period.



Application with the tractor–slurry tanker combination was conducted on 3 and 4 April 2018. The tire print of each tire of the tractor and slurry tanker was measured photometrically (Figure 1) according to Diserens et al. [11]. The average soil moisture content (0–30 cm) was 31.5% in the field with a cover crop and 28.4% in the field without a cover crop. The tractor slurry tanker combination was about 12 m in length and weighed 16,470 kg (empty), 25,940 kg (half-filled), and 34,620 kg (fully filled). The slurry tanker (Zunhammer SKE18500 PU, Germany) with tandem axles was equipped with a 15 m range drag shoe dispenser for slurry application and a single tube tire inflation pressure control system. The slurry tanker volume was 16,500 L. The tire inflation pressure of the tractor was constantly at 150 kPa in all four wheels, whereas for the slurry tanker tires, the inflation pressure was set at 300 kPa (high) and at 100 kPa (low), depending on the setting. The passing speed was set constant with 5.6 km h−1.



A randomized design with 18 blocks per field was applied to both fields (+cover crop, −cover crop). Each block measured 20 m × 3 m, 30 m away from the next row, at a distance of 6 m to the next slot. These 18 blocks per field were divided into sections of three blocks each of which were treated as follows: high tire inflation pressure and filled slurry tanker treatment, high inflation pressure and half-filled slurry tanker, high inflation pressure and empty slurry tanker, low inflation pressure and filled slurry tanker, low inflation pressure and half-filled slurry tanker, and low inflation pressure and empty slurry tanker.




2.3. Measurements


After passing the plots with the tractor–slurry tanker combination, tire track depth and soil penetration resistance were measured. Track depth was measured five times for each tanker filling level × tire inflation pressure combination. Before measuring, the ridge on the sides of the track was levelled down to the general ground surface. Then, the vertical distance between the middle tire print and the horizontal rigid slat was measured with a ruler.



Soil penetration resistance was measured with a cone penetrometer (Eijkelkamp, The Netherlands) (60° cone and 1 cm2) to a depth of 40 cm. For each plot, five cone penetrations were recorded. In total, 360 cone penetrations were conducted during the experiment: 3 tanker filling levels (filled, half-filled, empty) × 2 tire inflation pressures (high, low) × 2 ground covering (+cover crop, −cover crop) × 2 traffic sets (un-wheeled: outside of the track area in the undisturbed soil, wheeled: within tracks) × 3 replicates × 5 cone penetration. The cone penetrations in the wheeled plots were taken from the center of the tire print.



Maize was planted with a row distance of 75 cm on 25 May 2018 in the tracks of the slurry tanker with a precision seeder. The marked plots were not rolled over with the wheels of the tractor during tillage, seeding, or fertilization (150 kg ha−1 urea, 46% N). Harvest was performed after reaching physiological maturity in 18 September 2018, where the plants from each plot were cut manually from a plant row of 2 m. The maize cobs were removed from the plants and dried 24 h at 105 °C. Maize kernels were separated and weighed with a laboratory corn sheller (Wintersteiger LS 230, Ried, Austria).




2.4. Statistical Analysis


All statistical analyses were applied using IBM® SPSS® Statistics 21. Assumptions for analysis of variance (ANOVA) were tested with the Levene test for homogeneity of variances and the Shapiro–Wilk test for normal distribution of residuals. ANOVA tests were carried out for track depth, soil penetration resistance, and crop yield to detect the effects of tanker filling levels, tire inflation pressure, and ground covering. Statistically significant differences between means were analyzed with the Student–Newman–Keuls procedure (p < 0.05).





3. Results


The three-factorial ANOVA showed significant effects of tire inflation pressure and ground covering on the measured parameter (Table 2).



3.1. Tire Track Depth


Regarding all treatments, tire track depth tended to be deeper in the filled and half-filled slurry tanker setting than in the empty one (Table 3). Average tire track depth was deeper in the field with a cover crop than in the field without a cover crop (6.88 cm vs. 5.83 cm, p = 0.014). Additionally, high tire inflation pressure of the slurry tanker showed significantly deeper tire tracks in the field than with low inflation pressure (6.68 cm vs. 6.03 cm, p = 0.000).




3.2. Soil Penetration Resistance


Soil penetration resistance was not significantly affected by the filling level of the slurry tanker (Table 4) rather that the filled tanker tended to result in higher top soil penetration resistance than the half-filled and empty tanker. Average soil penetration resistance (0–20 cm) was significantly differentiated by the treatment: un-wheeled plot at 0.76 MPa, low inflation pressure at 1.17 MPa, high inflation pressure at 1.31 MPa (p = 0.000). At a soil depth of 21–40 cm, average soil penetration resistance was significantly lower (p = 0.007) in the un-wheeled plot (2.06 MPa) than in the low inflation pressure (2.24 MPa) and high inflation pressure plots (2.26 MPa).



The effect of ground cover was significant at a soil depth of 0–20 cm (+cover crop: 1.01 MPa vs. −cover crop: 1.14 MPa, p = 0.008), but not at a soil depth of 21–40 cm (+cover crop: 2.15 MPa vs. −cover crop: 2.20 MPa, n.s.).



Compared to the un-wheeled, the increase in soil penetration resistance (0–20 cm) was lower with low tire inflation pressure than with high tire inflation pressure: 72% vs. 108% (total filled), 54% vs. 64% (half-filled), and 50% vs. 62% (empty). In the subsoil (21–40 cm), the effect of tire inflation pressure was much lower: 7% vs. 12% (total filled), 15% vs. 15% (half-filled), and 7% vs. 6%).



A peak of the cone penetration could be seen in the depth 0–5 cm in the wheeled plots (Figure 2). A plough pan was not observed, indicating that there were no soil compaction formations left, which had been caused by the former in-furrow moldboard ploughing. Five years ago, the tillage system shifted from ploughing to reduced tillage.




3.3. Grain of Maize Yield


Maize grain yield was not significantly affected by the filling level of the slurry tanker or tire inflation pressure (Table 5). The average maize grain yield for the un-wheeled plots was 9381 kg ha−1, for high tire inflation pressure it was 9087 kg ha−1, and for low tire inflation pressure of 9532 kg ha−1. Grain of maize yield was significantly higher (p = 0.036) in the field +cover crop (9639 kg ha−1) than in the field −cover crop (9028 kg ha−1).





4. Discussion


Mean ground pressure increased with wheel load (Table 1) for both high and low tire inflation pressure. This was also confirmed by SchjØnning et al. [7]. Due to lowering the tire inflation pressure in the slurry tanker wheel, the mean soil–tire contact area increased by 75% (filled), 38% (half-filled), and 16% (empty tanker). This resulted in decreased contact area pressure (filled: −43%, half-filled: −28%; empty tanker: −13%) (Table 1). These technical effects directly affected physical soil parameters (tire track depth and soil penetration resistance). Mitigation of tire track depth is a key factor in lowering soil compaction and soil gully erosion by water in hilly areas. Additionally, tire tracks in the field require more fuel energy for their loosening. An increase of soil–tire contact area through lowering tire inflation pressure reduces tire track depth, which was also confirmed by Raper et al. [12]. This technically induced effect can further be enhanced by a higher soil bearing capacity, which is higher in conservation tillage systems than soil-turning systems [13,14].



Wheel load is the main driver for stresses reaching deep soil layers [7,15]. In our study, we found no significant effects of the wheel loads (corresponding to tanker filling level) on average soil penetration resistance at a soil depth of 21–40 cm. Furthermore, soil penetration resistance (21–40 cm) between high and low tire inflation pressure was the same, indicating that the soil was not significantly stressed in the subsoil. However, there was a significant difference between un-wheeled and wheeled plots. Contrary to this, SchjØnning et al. [7] reported higher soil resistance in the subsoil for tractor–trailer combinations than for the self-propelled slurry tanker carrying wheel loads up to 12 Mg. They explained this effect by the low tire inflation pressure of the very wide and voluminous tires (1050/50R32) of the self-propelled slurry tanker. Additionally, the single pass of the self-propelled slurry tanker also led to lower soil penetration resistance than in multiple passes of the tractor–slurry tanker combination.



Besides soil carbon enrichment and ecosystem services, cover crops have a positive effect on soil structure, which resulted in a loosened soil with lower soil penetration resistance (Table 3).



These positive effects of cover crops are linked to a higher degree of soil deformation after traffic by the tractor–slurry tanker combination. The loosened soil by cover crop created 15% deeper tire tracks than without a cover crop during traffic. According to a study by Folorunso et al. [16], cover crops reduce soil surface strength up to 41%, which would explain the findings of a higher soil deformation degree after traffic. Consequently, there is a higher risk of soil gully erosion by water in sloped fields with cover crops. Through lowering tire inflation pressure, tire track depth could be reduced by 17.8% in the setting with the fully filled slurry tanker. This compensatory effect was much lower in the settings with the half-filled and the empty slurry tanker (−3.5% and −6.5%).



Furthermore, with increased wheel load, the effect of reduced tire inflation pressure on the soil penetration resistance (0–20 cm) increased. Soil penetration resistance (0–20 cm) was higher with high tire inflation pressure than with low tire inflation pressure. This indicates that lowering tire inflation pressure preserves topsoil, which is confirmed by studies [17,18]. Tire inflation pressure reduction at constant wheel load positively affected stress in the topsoil. However, in deeper subsoil, tire inflation pressure had no influence on soil stress [19].



A significant influence on crop yield through lowering tire inflation pressure was not found in this study. Long-term studies are necessary to evaluate the effect of ‘low-inflation pressure agriculture’ on crop yield. It is assumed that cover crop mixtures with different species of root mass can have an ameliorative effect on restructuring compacted soils. Mixtures of winter cover crops with tap-rooted and fibrous-rooted species provide “biological subsoil tillage” effects and can be advantageous for summer crop growth, particularly when soils are highly compacted [8].




5. Conclusions


The results obtained in this field experiment on passage of a tractor–slurry tanker combination with different wheel loads and tire inflation pressure show a soil protecting effect of reduced tire inflation pressure. Regarding this fact, a slurry tanker should be equipped with an automatic tire pressure controller. This would enable a lower tire inflation pressure in the field and higher tire inflation pressure on the street. Soil penetration resistance in the subsoil was higher in the wheeled treatments than in the un-wheeled control, but there were no significant effects detected caused by tire inflation pressure (high: 300 kPa, low: 100 kPa) and wheel load (filled, half-filled, empty slurry tanker). Cover crops created deeper track depths after traffic, which is explained by the loosening of cover crop roots. Cover crops with their positive ecological effects can reduce the risk of potential soil compaction and have ameliorative effects on restoring the soil structure.
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Figure 1. Tire print of a rear slurry tanker wheel at the half-filled tanker filling level with low tire inflation pressure (left) and high tire inflation pressure (right). 






Figure 1. Tire print of a rear slurry tanker wheel at the half-filled tanker filling level with low tire inflation pressure (left) and high tire inflation pressure (right).
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Figure 2. Soil penetration resistance (MPa) at high tire inflation pressure (left) and low tire inflation pressure (right), comparing un-wheeled plots and wheeled plots; +cover crop and −cover crop. Wheeled plots were over-rolled with the tractor-filled slurry tanker. 






Figure 2. Soil penetration resistance (MPa) at high tire inflation pressure (left) and low tire inflation pressure (right), comparing un-wheeled plots and wheeled plots; +cover crop and −cover crop. Wheeled plots were over-rolled with the tractor-filled slurry tanker.
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Table 1. Characteristics of the experimental design with technical parameters.






Table 1. Characteristics of the experimental design with technical parameters.





	
Tanker Filling Level

	
Wheel

	
Wheel Load 4 (kN)

	
Tire-Soil Contact Area 5 (cm2)

	
Mean Ground Pressure (kPa)




	
Low Inflation Pressure 6

	
High Inflation Pressure 7

	
Low Inflation Pressure 6

	
High Inflation Pressure 7






	
Filled

	
Tractor front 1

	
11

	
1904

	
57




	
Tractor rear 2

	
46

	
4840

	
96




	
Tanker 1st axle 3

	
57

	
7445

	
4152

	
76

	
136




	
Tanker 2nd axle 3

	
56

	
7727

	
4526

	
72

	
123




	
Half-filled

	
Tractor front

	
10

	
1926

	
54




	
Tractor rear

	
41

	
4335

	
95




	
Tanker 1st axle

	
39

	
5112

	
3713

	
76

	
105




	
Tanker 2nd axle

	
37

	
5584

	
4029

	
66

	
91




	
Empty

	
Tractor front

	
13

	
2348

	
57




	
Tractor back

	
31

	
3691

	
83




	
Tanker 1st axle

	
18

	
4060

	
3652

	
45

	
50




	
Tanker 2nd axle

	
18

	
4335

	
3607

	
43

	
51








1 540/65 R30, 2 650/65 R42, 3 750/60 R30.5, 4 Measured on farm’s electronic weighbridge, 5 Tire print was chalked and photometrically evaluated [11], 6 100 kPa, 7 300 kPa.
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Table 2. ANOVA results of tire track depth, soil penetration resistance (averaged for each depth), and grain of maize yield.






Table 2. ANOVA results of tire track depth, soil penetration resistance (averaged for each depth), and grain of maize yield.





	
Parameter

	
Unit

	
ANOVA




	
TFL a

	
TIP b

	
GC c

	
TFL × TIP

	
TFL × GC

	
TIP × GC






	
Tire track depth

	
(cm)

	
n.s.

	
***

	
*

	
n.s.

	
n.s.

	
n.s.




	
Penetration resistance (0–20 cm)

	
(MPa)

	
n.s.

	
***

	
**

	
n.s.

	
n.s.

	
n.s.




	
Penetration resistance (21–40 cm)

	
MPa)

	
n.s.

	
***

	
n.s

	
n.s.

	
n.s.

	
n.s.




	
Grain of maize yield

	
(kg ha−1)

	
n.s.

	
n.s.

	
*

	
n.s.

	
n.s.

	
n.s.








a Tanker filling level, b Tire inflation pressure, c Ground cover; Significant effects: p < 0.05 (*); p < 0.01 (**), and p < 0.001 (***), n.s. = not significant.
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Table 3. Tire track depth (cm) affected by tire inflation pressure, filling level of slurry tanker (filled, half-filled and empty), and ground covering (+cover crop, −cover crop).






Table 3. Tire track depth (cm) affected by tire inflation pressure, filling level of slurry tanker (filled, half-filled and empty), and ground covering (+cover crop, −cover crop).





	
Tire Inflation Pressure

	
Filled Tanker

	
Half-Filled Tanker

	
Empty Tanker




	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean






	
Low

	
6.20

	
5.80

	
6.00 a

	
6.86

	
5.83

	
6.35 a

	
6.61

	
4.89

	
5.75 a




	
High

	
7.49

	
7.11

	
7.30 b

	
7.23

	
5.93

	
6.58 b

	
6.88

	
5.41

	
6.15 b




	
Mean

	
6.85 B

	
6.46 A

	
6.65

	
7.05 B

	
5.88 A

	
6.47

	
6.75 B

	
5.15 A

	
5.95








Statistically significant differences (p < 0.05) are shown for the cover crop effect with capital letters and for the tire inflation pressure effect with small letters.
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Table 4. Soil penetration resistance (MPa), averaged for the depths (0–20 cm and 21–41 cm) affected by the treatment (un-wheeled, low and high inflation pressure), filling level of slurry tanker (filled, half-filled, empty), and ground covering (+cover crop, −cover crop).






Table 4. Soil penetration resistance (MPa), averaged for the depths (0–20 cm and 21–41 cm) affected by the treatment (un-wheeled, low and high inflation pressure), filling level of slurry tanker (filled, half-filled, empty), and ground covering (+cover crop, −cover crop).





	
Soil Depth (cm)

	
Treatment

	
Filled Tanker

	

	
Half-Filled Tanker

	

	
Empty Tanker

	




	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean






	
0–20

	
Un-wheeled

	
0.74

	
0.67

	
0.71 a

	
0.70

	
0.82

	
0.76 a

	
0.72

	
0.81

	
0.76 a




	
Low

	
1.17

	
1.27

	
1.22 b

	
1.11

	
1.23

	
1.17 b

	
1.06

	
1.21

	
1.14 b




	
High

	
1.30

	
1.66

	
1.48 c

	
1.18

	
1.32

	
1.25 c

	
1.16

	
1.24

	
1.23 c




	
Mean

	

	
1.07A

	
1.20B

	
1.14

	
1.00A

	
1.12B

	
1.06

	
0.98A

	
1.09B

	
1.03




	
21–40

	
Un-wheeled

	
2.09

	
2.06

	
2.08 a

	
1.88

	
1.99

	
1.94 a

	
1.95

	
2.24

	
2.10 a




	
Low

	
2.25

	
2.21

	
2.23 b

	
2.21

	
2.24

	
2.23 b

	
2.15

	
2.34

	
2.25 b




	
High

	
2.33

	
2.32

	
2.33 b

	
2.20

	
2.25

	
2.23 b

	
2.30

	
2.15

	
2.23 b




	
Mean

	

	
2.22

	
2.20

	
2.21

	
2.10

	
2.16

	
2.13

	
2.14

	
2.24

	
2.19








Statistically significant differences (p < 0.05) are shown for the cover crop effect with capital letters and for the inflation pressure effect with small letters.
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Table 5. Grain of maize yield 1 (kg ha−1) affected by the treatment (un-wheeled, low and high inflation pressure), filling level of slurry tanker (filled, half-filled, empty), and ground covering (+cover crop, −cover crop).
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Treatment

	
Filled Tanker

	
Half-Filled Tanker

	
Empty Tanker




	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean

	
+Cover Crop

	
−Cover Crop

	
Mean






	
Un-wheeled

	
9609

	
9253

	
9431

	
9938

	
8809

	
9373

	
9967

	
8709

	
9338




	
Low

	
10,516

	
9664

	
10,090

	
9218

	
9600

	
9409

	
9442

	
8751

	
9097




	
High

	
8504

	
8791

	
8648

	
9362

	
8622

	
8992

	
10,193

	
9051

	
9622




	
Mean

	
9543B

	
9236A

	
9390

	
9506B

	
9010A

	
9258

	
9867B

	
8837A

	
9352








1 12% moisture content; Statistically significant differences (p < 0.05) are shown for the cover crop effect with capital letters.
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