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Novelty statement

As increases in bulk density and penetration resistance are principal factors limiting root growth, their measurement remains crucial for understanding compaction effects on crop yield, especially on silt loam soils with low colloid contents, which are susceptible to compaction even at low water contents. Few studies have investigated the effects of soil compaction on root growth and the quality of potatoes. Information relating tractor traffic to potato production is thus limited, especially in semi-arid regions. In fact, soil compaction negatively affected vegetative parameters like emergence percentage, stem height, number of large and medium daughter tubers, and the number of tubers per plant, but particularly the total weight per plant and starch content in sink organs.
Abstract

Potato (Solanum tuberosum L.) is the fourth food crop in the world after rice, wheat and corn. At the Tunisian scale, potatoes represent 15% of all vegetable crops and are one of the most intensively tilled crops. It is sensitive to soil physical conditions necessitating frequent tractor trafficking for soil tillage, planting, cultural operations and phytosanitary treatments. This ultimately leads to soil compaction. In turn, soil physical quality, crop growth and yield are negatively affected. Various factors determine the extent of soil compaction. This study aims at understanding the effects of soil compaction on vegetative potato crop parameters, potato growth, and potato quality. Soil compaction was induced by trafficking a silt loam soil with ultimately four (T1) and eight (T2) tractor passes at times corresponding to phytosanitary treatments (H0) and earthing up potatoes (H1). Unlike most compaction studies that were conducted in humid temperate regions, this study was carried out in a semi-arid setting (in northeastern Tunisia), with soil-water content below that corresponding to field capacity at the time of field traffic, with that at H1 being even lower than that at H0. The soil compaction level was assessed with a penetrologger, while undisturbed soil cores were collected from topsoil (5 cm, 15 cm) and subsoil (25 cm) to determine bulk density. Potato vegetative growth parameters were evaluated by measuring plant height, number of stems, number of leaves, and yield, while potato quality was evaluated by starch accumulation in tubers. Treatment T2 effectively resulted in soil compaction under the mentioned dry soil conditions, with soil bulk density being significantly higher in comparison with T0 (a non-compacted control) and T1. Where bulk density after eight passes in T2 was 1.56 Mg m-3 at 0-10 cm depth and 1.61 Mg m-3 at 10-20 cm depth, at T0 (zero passes) and T1 (four passes) it was, respectively, 1.42 and 1.50 Mg m-3 at 5 cm depth, and 1.47 and 1.57 Mg m-3 at 15 cm depth. The subsoil (25 cm depth) already appeared to be highly compacted, probably resulting from moldboard tillage in previous seasons, with bulk density values higher than 1.6 Mg m-3. Penetration resistance in the topsoil significantly increased with the number of passes. Maximum penetration resistance (at 10 cm depth and at H1 when the gravimetric water content was 7-10 g 100 g-1) was 3.8 MPa under T2, and 2.0 and 2.7 MPa under T0 and T1, respectively. Potato vegetative growth parameters were strongly affected by the traffic intensity and thus the degree of compaction, with yield being reduced by 37% and starch content by 24% under T2 and by 13% and 1%, respectively under T1, compared to the control. Results prove that traffic-induced soil compaction could greatly influence soil physical properties and potato growth and quality in different ways, even under relatively dry field conditions. This contrasts with the general belief that, below field capacity, the effect of traffic on soil compaction is minimal.
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Introduction 
Potato (Solanum tuberosum L.) is the fourth most important food crop in the world after rice, wheat and corn Spooner and Bamberg 1994()
 with a total production of 380 million tons in 2014. In Tunisia, potatoes take a crucial position in vegetable crop production, accounting for 15% of the total national vegetable production (National Observatory of Agriculture 2014). It is one of the most mechanically tilled crops in central Tunisia, especially in the region of Sousse. It is well documented that mechanized operations under intensive cropping can, directly or indirectly, lead to soil compaction Destain 2014(; Silva et al. 2008)
. It is one of the major forms of soil degradation and, according to estimates reported by Afrazi and Yazdani (2021) affects an area of 68 Mha worldwide. Moreover, soil compaction may cause environmental and agronomic problems like for instance runoff and ﬂooding, soil erosion, leaching of chemicals (such as phosphates, nitrates or plant protection products) to surface water bodies and groundwater, and emission of greenhouse gases 
 ADDIN EN.CITE 

(Arvidsson and Keller 2007; Gasso et al. 2013; Soane and Van Ouwerkerk 1995)
.

Among the mechanical factors that influence the degree of compaction, tractor characteristics play a prominent role. Its most studied characteristics are the tire inflation pressure which sets stresses in the topsoil 
 ADDIN EN.CITE 

(Alakukku et al. 2003; Rasool and Kuwano 2018; Wu et al. 2020)
, the axle load, which increases the magnitude of subsoil stresses Lamandé and Schjønning 2011()
, the number of passes, the driving speed (Rahardjo et al. 2019; Shen et al. 2021) and tire architecture Ten Damme et al. 2019()
. As a consequence of repetitive mechanized operations in the potato sector (tillage, planting, spraying and harvest operations), the traffic intensity (number of passes) is high. The latter plays a crucial role in compacting the soil due to the intensification of soil deformations Bakker and Davis 1995()
 caused by the number of loading events. Several passes on the same tramline of a light tractor can do as much or even greater damage than a heavier tractor with fewer passes 
 ADDIN EN.CITE 

(Chygarev and Lodyata 2000; Schjønning et al. 2016; Shen et al. 2021)
. However, the first pass of a wheel usually causes the major portion of the total soil compaction in the top layer 
 ADDIN EN.CITE 

(Silva et al. 2008; Soane et al. 1995)
. Yet, ten passes can have a significantly higher effect on soil properties in the top 50 cm compared to one pass 
 ADDIN EN.CITE 

(Botta et al. 2009; Hamza and Anderson 2005)

To characterize soil compaction, most widely-used parameters are penetration resistance and bulk density because they provide an easy and quick method of assessing soil strength and densification (Wu et al. 2020; Afrazi et al. 2021). Soil compaction caused by vehicular trafﬁc affects the essential ecological soil functions Alaoui et al. 2011(; Nawaz et al. 2013)
 and is manifested as a reduction of soil porosity and macro porosity, hampering quick drainage of excess water and root proliferation Reynolds et al. 2008()
, air capacity and thus aeration deficits Huber et al. 2008()
, relative water capacity important for microbial live and nutrient availability (Tang et al. 2020), hydraulic conductivity limiting water movement to roots during high evapotranspiration periods Reynolds et al. 2008()
, mechanical resistance restricting root growth (Afrazi et al. 2021), and finally, if a given degree of compaction is exceeded, a reduction in crop yield Arvidsson and Håkansson 2014()
. Intensive traffic introduces damage to the inter- and intra-aggregate pores, which contributes to the formation of a massive, dense pore system. This problem occurs especially in silt and clay soils, which are most susceptible to compaction processes. As increases in bulk density and penetration resistance are principal factors limiting root growth Silva et al. 2008()
, their measurement remains crucial for understanding compaction effects on crop yield. 

It has been widely demonstrated that the extent of soil compaction is highly influenced by soil water content during field traffic. Soil with low moisture content is less vulnerable to compaction than soil with high moisture content 
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(Hamza and Anderson 2005; Schjønning et al. 2015)
. Horn et al. 1995(Ren et al. (2019)

 recently demonstrated that on sandy loam, the effect of tire pressure and thus machinery-induced soil stress on for example, penetration resistance was limited when comparing moist (not wet) and dry soil conditions (near and below field capacity). Exceptions are silt loam soils with low colloid contents, which are susceptible to compaction even at low water contents ; Nawaz et al. 2013)
. 

In semi-arid regions, considerable research has been conducted to quantify the effect of intensive tractor traffic on crop yield. Bouwman and Arts 2000(Patel et al. (2014)

 reported a reduction of wheat crop yield by 17% in a semi-arid region in India. Other research in semi-arid regions demonstrated that a moderate degree of compaction in sandy loam soil can be beneficial for some crops (Waqar and Taro 2023). Except for a few other cases where soil compaction can be beneficial for some types of soils and crops Dauda and Samari (2002)

 reported a reduction of cowpea yield by 43% with bulk density up to more than 1.50 Mg m-3 for a sandy loam soil. Similarly, )
, in most cases, it has a dramatic effect on soil and crops.

Specifically for potatoes, soil compaction slows down their growth at different stages of tuber development, resulting in a substantial yield reduction Stalham and Allen 2001()
. Moinuddin et al. (2004) found that soil compaction could lead to a potato yield as low as 46% of that from a non-trafficked control. The same study showed that for one to three-wheel passes, the greatest yield decrease occurred between 0 and 69 kPa ground contact pressure. Because potatoes are a rich source of starch and provide proteins of high biological value, they are one of the principal crops contributing to the world’s food security. Total starch yield is therefore considered a determining parameter for potato quality Albertsson et al. 2010()
. Moreover, the biomass and bulking rate of potato tubers are positively affected by the synthesis and accumulation of starch Moinuddin et al., 2004()
. A study by Ekelöf et al. (2015)

 has shown that inter-row subsoiling as a means to alleviate soil compaction increased total starch yield by 7.2%, or 1 t ha−1 compared to compacted plots. 

While the effects of compaction on physical and hydraulic soil properties have been widely reported (Alaoui et al. 2011), studying their effects on crop parameters remains difficult or impractical for both researchers and growers. Owing to these difficulties, few studies have investigated the effects of soil compaction on root growth and the quality of potatoes. Information relating tractor traffic to potato production is thus limited, especially in semi-arid regions. The main objective of this study was to investigate the effect of soil compaction on vegetative potato crop parameters, potato yield and potato quality. Soil compaction was induced by trafficking a silt loam soil under dry conditions with ultimately four and eight tractor passes in a semi-arid setting at two times corresponding to phytosanitary treatments and earthing up potatoes. The traffic-induced compaction level was assessed by bulk density and penetration resistance. It was hypothesized that even under relatively dry conditions such as those prevailing in our study area, traffic does induce soil compaction resulting in a reduced potato yield and quality. To our knowledge, this is the first study relating potato growth and quality to levels of soil compaction in a semi-arid setting.
Material and Methods
Site description
The work was conducted at the experimental farm of the Higher Institute of Agronomic Sciences of Chott-Mariem, Sousse University, Tunisia (35° 55' 02.4" N, 10° 33' 49.2" E). The climate is dry with warm summers, a mean annual precipitation of 300 mm and a mean annual temperature of 18.5 °C. The soil is classified as calcisol (WRB) and has a silt loam texture (Soil Taxonomy) in the top 30 cm (Table 1) as measured with the hydrometer method according to Horn et al. (1995). The soil organic matter content of the top 30 cm (measured by wet oxidation following Walkley and Black 1934()
 was 19 g kg-1. Prior to our experiment, fennel (Foeniculum vulgare Mill.) was planted on October 2015 and harvested from January to February 2016. In the three preceding years, horticultural plants were cropped on this experimental farm. 

Experimental design
Tuber seeds of the cultivar Fabula (a mid-to-late variety) were from a certified seed production obtained from the Technical Center of Potato and Artichoc, Tunisia (TCPA). The tuber seeds sprouted at a temperature range of 8 to 10 °C 20 days before tubers were planted in the field. Prior to the planting potatoes, conventional tillage with two-way moldboard plowing was applied to a mean depth of 25 cm in order to homogenize all the units, aerate the soil, and create a fine seedbed. Then, a uniform dose of 30 tons ha-1 of cattle manure was spread in all plots followed by two passages of a harrow disc (offset) in order to reduce the large clods. Finally, furrows were opened with a furrow plow. The emergence rate 45 days after planting (DAP) was 85%. Tubers were harvested at 90 DAP.
Three levels of compaction were induced by multiple passes of a tractor in the same tracks, ultimately eight passes (T2), four passes (T1) and a control without passes (T0) at two different dates. After 35 days of planting (DAP) corresponding to the first stage of growth and the typical time of phytosanitary treatments, T2 and T1 received four and two passes, respectively, and on May 3, 2016 just after earthing up potatoes (56 DAP) the same T2 and T1 plots received another four and two passes, respectively, thus totaling the number of passes to eight and four, respectively. The two dates also represent two different soil wetness conditions, H0 and H1 (Table 1). The experiment was laid out as a completely randomized block design with three replications. The tractor was a Kubota (model L3430) with a total weight of 1500 kg and a power of 26.2 kW with standard wheel-drive and single rear tires. The tires used were diagonal ply. The front tires were STIP size 7.2/16 and the rear tires were STIP size 12.4/24 with a tire inflation pressure of 147 kPa. The tractor speed was constant at 4 km h-1. 

 Most field potato studies have been conducted with standard inter-row and intra-row spacing of 0.4 m and 1 m, respectively Rezig et al. 2013()
. In our study, tubers were planted with an intra-row distance of 2 m in order to evaluate the effect of soil compaction on potatoes with a minimum distance between the plant and the track of the tractor (Figure 1). All plots were devised into three rows with a total width of 12 m, including 20 plants per row and thus a total of 60 plants per plot. Five plants per block were taken for further analysis, giving a total of 15 plants per plot for every date of measurement. 

The plants were irrigated using a drip system two days per week for the first four weeks of the growth cycle and three times per week for the rest of the cycle. The distances between drippers and ramps were 0.4 and 2 m, respectively. The polyethylene ramps had a diameter of 16 mm, integrated with drippers that delivered 4 lit h-1 of water at a pressure of 100 kPa. Crop water requirements were calculated based on the crop coefficient (Kc) and reference evapotranspiration (ETo). The irrigation water showed a salinity of 1.02 g lit-1 and a pH of 8.08. The mean minimum and maximum temperatures and hours of daily sunshine during the experiments are shown in Table 2. The fertilization schedule is presented in Table 3. It should be noted that all operations of soil tillage, weeding, irrigation and disease control were performed at equal times for all treatments.
Soil bulk density and water content 
One undisturbed soil sample was randomly collected within each plot using standard sharpened steel cores (5 cm high and 5 cm in diameter) at depths of 5, 15 and 25 cm at in-track positions of the tractor and away from the penetration resistance measurement location, totaling the number of cores taken to 27. Each cylinder was closed at both ends with plastic caps and then conserved in a polythene bag. Bulk density (BD) was measured using the core method Blake and Hartge 1986()
. It was calculated as the ratio of the mass of oven-dry soil (g) to the volume of the soil sample core (cm3). 

Soil water content was measured gravimetrically on nine samples, which were taken per plot in depth increments of 10 cm to 30 cm. Samples were oven-dried at 100–110 °C until they reached a constant weight. Samples collected for bulk density and water content measurements were located in an area of approximately 1.5 m2 in order to limit the effects of spatial variability to a minimum.

Penetration resistance 
Soil penetration resistance (PR) was measured using a hand-driven penetrologger (Eijkelkamp Soil & Water) Giesbeek, the Netherlands), which combines an electronic penetrometer with a built-in datalogger for storage and processing. It measures the mean vertical stress required for penetration of a steel cone with a 60° total included angle and a base area of 100 mm2. The penetration depth is measured continuously as the cone is pushed into the soil. The measuring range is 0-10 MPa (with a resolution of 0.01 MPa). Though the measuring depth is from the surface down to 0.8 m (vertical resolution of 0.01 m), penetration resistance was registered to 0.4 m only, or even 0.3 m in some cases, since the soil was too dry and strong below the normal depth of tillage (around 0.25 m) for penetrations to be carried out. Nine replicate penetration resistance values were recorded per plot within an area of 3 m radius from the center of the sample collection area. Therefore, all samples and all measurements were made as close as possible to each other in order to reduce the effects of spatial variability. 
Vegetative growth parameters
To evaluate the effect of soil compaction on crop growth and yield, quantitative and qualitative crop parameters were assessed on three dates: 45, 65, and 78 DAP. The parameters were the number of stems per plant, the height of the longest stem (distance from the soil surface up to the insertion of the petiole of the ‘uppermost’ leaf), the number of leaves per plant on the main stem, and the number of adult leaves. In addition, the emergence rate was determined at 45 DAP. Finally, yield (as total tuber weight per plant) and number of tubers per plant were determined at 90 DAP. Harvested tubers per plant were classified into three groups: C1, Large, with a diameter > 55 mm; C2, Medium, with a diameter of 55 mm; and C3, Small, with a diameter of 35 mm. It should be noted that strong and healthy plants were chosen in each block for all measurements.

Starch analysis method

Starch accumulation in tubers was determined according to Bewley et al. (1993)
 with some modifications. Three replicate samples of leaves, stems, and tubers were dried at 70°C and homogenized in 2 ml of 80% (v/v) ethanol. The homogenates were centrifuged (16366 rpm, for 10 min at 2°C), perchloric acid (HClO4, 30%, v/v) was added to solubilize starch from the pellet and the slurry was left at room temperature for 6 h. Starch was then detected with the I2-KI reagent prepared by diluting 0.1 ml of stock solution (0.06 g I2 and 0.60 g KI in 10 ml deionized water) with 0.05 M HC1 just prior to the assay. Samples of 0.5 ml of starch solution were mixed with 0.5 ml of I2-KI reagent and 1 ml of 30% (v/v) HClO4. All solutions were vortexed and left to stand at room temperature. The absorbance (620 nm) of the samples was compared to that of the standard curve of 0 to 5 mg ml-1 which was obtained using soluble starch dissolved in 30% HClO4 and detected with the same I2-KI reagent.
Statistical analysis
The statistical analysis of the data was performed by means of SPSS version 20. The effects of soil compaction on soil and crop properties were analyzed using analysis of variance (ANOVA). A Duncan test was used to identify homogenous groups. A statistical analysis was conducted using a probability of 0.05. Data for each parameter were recorded at different dates of planting and measurement. Mean values, standard deviations, and standard errors are reported for each of the measurements. 
Results 
Soil compaction 
Soil bulk density increased with depth for all the treatments (T0-T2) and after both trafficking events (H0-H1), as shown in Figure 2. The effect of the number of tractor passes on dry BD was significant (*p < 0.05). Initially (T0) BD was already higher than 1.6 Mg m-3 at 25 cm depth at both H0 and H1, representing a plow pan at 25–30 cm caused by frequent moldboard plowing till the same depth. The induced traffic did, even under the prevailing rather dry soil conditions, increase BD, as hypothesized, at 5 and 15 cm depth, with BD showing an increase with the number of passes (***p<0.001). For example, for T2 at H0, BD increased by 12% in the topsoil, while for T1, the increase was 9%. The difference in BD between T1 and T2 was, however, not significant. Also, BD at H0 was not significantly different from that at H1. 
 Penetration resistance 
Penetration resistance increased with soil depth and the number of tractor passes similarly to BD, but was higher when measured under drier conditions (Figure 2). The effect of the number of tractor passes on PR was significant (*p < 0.05) for the topsoil (Table 4). The largest difference in PR between all treatments was observed in the top 15 cm, where it was substantially higher for T2 than for the other treatments (Figure 3). The number of passes with our relatively light tractor did not affect the subsoil. Below 25 cm depth, PR values were constant with depth and were not different across the treatments. Under both H0 and H1, PR values in the topsoil were higher than 2 MPa for treatment T2, a value that is often cited for limiting crop growth Silva et al. 1994()
. 

Under ideal conditions, potato root growth rates were about 20 mm d−1 in the upper cultivated zone, but were halved as the PR reached a value of 1.5 MPa. At a PR above 3 MPa, roots grew less than 2 mm d−1. Rooting density was also reduced by compaction, especially between 10 cm and 40 cm depth. 
Vegetative growth parameters

Emergence percentage: All vegetative potato growth parameters measured in this study were significantly affected by the number of tractor passes. The emergence percentage at 45 DAP under T1 and T2 was 6% and 14% lower (*p < 0.05) than the control (Figure 4). 
Height of stems: The largest stem heights were recorded under T1 and T0, and the lowest under T2 (8% lower, *p < 0.05) (Figure 4). 
Production parameter
Total tuber weight per plant: There was a significant difference in total tuber weight per plant between treatments. The highest weight was recorded under T0 and the lowest under T2 (37% lower, *p < 0.05) (Figure 4). T1 took an intermediate position with weight not being significantly different from T0 and T2 (p > 0.05). 
Number of tubers per plant: No difference was found in the number of tubers per plant among all treatments, whereas a significant difference in tuber deformity was observed. A higher degree of compaction corresponding to ultimately eight tractor passes significantly decreased (*p < 0.05) the number of large tubers (diameter > 55 mm), while small tubers (diameter < 35 mm) significantly increased in number at the same level of compaction. No diﬀerences were found between treatments for medium-diameter tubers (35 mm < diameter < 55 mm). In general, small tubers with a diameter < 35 mm are not commercial and an important part of medium-sized daughter tubers are used as seed tubers. As a result, reducing the number of large tubers by soil compaction will have a dramatic economic effect for farmers. 
Starch accumulation in sink organs at harvest: The eighth tractor pass conducted resulted in a 24% lower starch amount in sink organs (tubers) at harvest as compared with T0 and T1 (*P < 0.05) (Figure 4). 
Relation with bulk density and penetration resistance
An increase in bulk density of 12% in topsoil resulted in a decreasing emergence by 14%, a reduction in yield (tuber weight) by 37%, a reduction in stem by 8%, and a decline in the number of large tubers. Figures 5, 6 and 7 show the regression analyses indicating the effects of bulk density on vegetative potato parameters (total weight per plant, emergence percentage, and height of stems), respectively. 
Discussion

The fact that the effects of intensive tractor traffic on BD were most noticeable in the topsoil indicating that the impact of the number of passes was not transmitted to the subsoil or that the subsoil has already reached a degree of compaction close to its maximum. These results agree with findings reported earlier in the literature 
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(Botta et al. 2009; Dauda and Samari 2002)
. They also confirm that the number of passes can be a factor in soil compaction Schjønning et al. 2016()
. Several studies have demonstrated that the first passage causes the majority of total soil compaction (Ren et al. 2019) and the increase in passage frequency has a cumulative compaction effect (Gasso et al. 2013). Though BD always increased with the number of passes at depths of 5 cm and 15 cm, there was no significant difference between four or eight passes, in line with Botta et al. (2009). Although soil moisture works as a lubricant between soil particles (Ten Damme et al. 2019), trafficking soil under rather dry conditions (H0) still induced soil compaction as reflected by an increase in bulk density. 
Whether the measured PR values represent the resistance the potato roots effectively experienced in our study is not clear since, over the growing season and because of irrigation, soil water contents were probably somewhat higher and thus PR values lower than those measured immediately after the wheeling experiment. Nevertheless, it is probable that the roots experienced mechanical stress at times during the potato growing season. In a series of British field experiments, Stalham et al. (2007) established a relationship between cone PR and rates of root penetration into the soil.
Regarding emergence percentage, similar results have been reported by Ekelöf et al. (2015) who found that soil compaction significantly decreased potato emergence. Compaction causes stems to thicken or split, which probably worsens into coiled sprouts or little potato disorder, resulting in delaying or even preventing emergence. These effects on emergence ultimately affect many aspects of crop uniformity and quality, such as tuber size Stalham et al. 2007(; Schjønning et al. 2016)
. 
Several authors reported that topsoil compaction is a more limiting factor for the height of stems and root growth than subsoil compaction 
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(Botta et al. 2009; Ishaq et al. 2001; Waqar and Taro 2023)
. This explains the significantly lower values under T2, which showed significantly higher topsoil BD and PR values as compared to T0 and T1 (Figure 2).
In a series of field experiments conducted by Schjønning et al. (2016) on loamy sand soil, measuring the effects of soil compaction on potato growth, it was shown that crop yield significantly decreased by 50% in compacted soil when PR exceeded 1.9 MPa.

Other experiments carried out in different parts of Sweden on soils with clay content varying from 80 to 480 g kg-1 between 1969 and 1977, showed that potato yield was significantly reduced by 9.9% when the highest degree of compaction was imposed (Arvidsson and Håkansson 2014) with three passes track-by-track by a 3140 kg weighing tractor with high tyre inflation pressure (191 kPa front tyre and 160 kPa rear tyre). One pass with a 3010 kg tractor and inflation pressures of 90 kg in both the front and rear tyres did not decrease yield significantly in that study. Though our study was probably done under drier conditions, with a lighter tractor and lower inflation pressures, with a larger number of passes, yield decreases were very substantial. A possible reason might is that under our drier conditions, the actual (and wetness-dependent) PR might be substantial at times even though the fields were occasionally irrigated. The effect of soil compaction might thus be stronger under such conditions. According to Wu et al. (2020), soil compaction can even be beneficial for tuber weight as long as soils are well aerated and show bulk density and penetration resistance below 1.3 Mg m-3  and 0.6 MPa, respectively. 

Tuber deformity was directly related to an angular growth conforming to the shapes of adjacent clods. Soil compaction can reduce clod size but does not eliminate the influence of clods on tuber shape. 
Reduction of starch amount results from the negative effect of soil compaction on the activity of the starch synthase enzyme, which catalyzes the incorporation of simple glucose molecules into complex molecules of starch (Moinuddin et al. 2004). This ultimately led to a reduction in final yield following the positive correlation between starch, final weight and number of tubers (Patel et al. 2014). A positive relationship between bulk density, penetration resistance and vegetative parameters of crop potatoes was demonstrated by different researchers 
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(Johansen et al. 2015; Stalham et al. 2007; Schjønning et al. 2016)
. Interestingly, similarly to the study of Stalham et al. (2007), it was observed that soil compaction can slow down potato emergence by 4 days and decrease total yield by 78%.
Conclusion
Within the limits of the experimental conditions, it can be concluded that even under relatively dry conditions with soil water contents near or below field capacity; there is a direct relationship between the number of passes and the degree of compaction in the topsoil. Particularly, already two passes with a relatively light tractor resulted in significant increases in bulk density and penetration resistance in the top 20 cm, which were more pronounced under four passes. Soil compaction negatively affected vegetative parameters like emergence percentage, stem height, number of large and medium daughter tubers, and the number of tubers per plant, but particularly total weight per plant and starch content in sink organs. When the degree of compaction was moderate (after two or four tractor passes), the effects were not significant (p > 0.05 level). In potato cultivation, agricultural trafficking should be limited and done with a minimum number of tractor passes in order to minimize soil compaction effects and avoid crop yield and quality reduction. 
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Fig.1: Track of tractor on the field and potato crop in this study
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Fig.2: Bulk density after zero (T0), intermediate (T1) and large (T2) number of tractor passes under moist (H0, upper panel) and dry (H1, lower panel) soil conditions. T1 received two passes at H0 and another two at H1, totalling it to four passes. T2 received four passes at H0 and another four at H1, totalling it to eight passes
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Fig.3: Penetration resistance at different depths and corresponding soil water content after zero (T0), intermediate (T1) and large (T2) number of tractor passes under moist (H0, upper panel) and dry (H1, lower panel) soil conditions. T1 received two passes at H0 and another two at H1, totalling it to four passes. T2 received four passes at H0 and another four at H1, totalling it to eight passes
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Fig.4: Emergence percentage of potato and height of stems per potato plant at 45 days after planting (upper panel), and total weight per plant and starch content in tubers at 90 days after planting (lower panel), after zero (T0), intermediate (T1) and large (T2) number of tractor passes. T1 received two passes at H0 and another two at H1, totalling it to four passes. T2 received four passes at H0 and another four at H1, totalling it to eight passes. Error bars indicate standard deviation. Different letters signify significant difference at p=0.05 level
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Fig.5: Regression analyses showing relationship between bulk density and total weight per plant
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Fig.6: Regression analyses showing relationship between bulk density and emergence percentage
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Fig.7: Regression analyses showing relationship between bulk density and height of stems

Table 1: Mean values of selected physical properties of a silt loam soil of the experimental field (at Chott Meriem site, central Tunisia) and soil water contents at the time of the wheeling experiment with zero (T0), intermediate (T1) and large (T2) number of tractor passes under moist (H0) and dry (H1) soil conditions

	Depth (cm)
	Wetness
	Soil water content

(g 100 g-1)
	Sand 0.05–2 mm 
(g 100 g-1)
	Silt 0.002–0.05 mm 
(g 100 g-1)
	Clay<0.002 mm 
(g 100 g-1)

	
	
	T0
	T1
	T2
	
	
	

	0 - 10
	H0
	15.62
	14.47
	14.51
	25
	66
	09

	
	H1
	9.72
	8.03
	8.98
	
	
	

	10 - 20
	H0
	14.83
	12.79
	13.79
	21
	68
	11

	
	H1
	8.05
	8.70
	9.19
	
	
	

	20 - 30
	H0
	14.05
	10.60
	11.65
	33
	58
	09

	
	H1
	8.08
	8.64
	8
	
	
	


Table 2: Mean values of temperature and hours of daily sunshine during the experiment 

	
	Month

	
	March
	April
	May
	June

	Average min air T (C°)
	8.0
	9.0
	10.0
	18.0

	Average max air T (C°)
	34.0
	34.0
	38.0
	38.0

	Average daily sunshine hours 
	10
	10
	13
	14


Table 3: Fertilization schedule used in the field experiments

	Fertilizer
	Day After Planting DAP

	
	7 
	14 
	21 
	28 
	35
	42 
	49 
	56
	63
	70

	Ammonitrate (kg)
	0.75
	0.75
	0.75
	0.75
	0.5
	0.5
	0.25
	0.25
	0.25
	0.25

	PhosphoricAcid (l)
	0.11
	0.11
	0.11
	0.11
	0.11
	0.11
	0.11
	0.11
	0.11
	0.11

	Soli potassium (kg) SOLI K®
	0.33
	0.33
	0.33
	0.33
	0.33
	0.33
	0.58
	0.58
	0.58
	0.58


Table 4: Mean values of penetration resistance (MPa) over 5-cm depth increments measured in the center lines of tyre tracks after zero (T0), intermediate (T1) and large (T2) number of tractor passes under moist (H0) and dry (H1) soil conditions. T1 received two passes at H0 and another two at H1, totalling it to four passes. T2 received four passes at H0 and another four at H1, totalling it to eight passes
	Depth (cm)
	0
	5
	10
	15
	20
	25
	30

	H0

	T0
	0.54 a
	0.83 a
	1.22 a
	1.7 a
	1.9 a
	2.84 a
	2.82 a

	T1
	0.63 a
	1.54 b
	1.81 b
	1.93 a
	2.38 a
	3.03 a
	2.86 a

	T2
	0.87 b
	2.25 c
	1.92 b
	2.13 a
	2.18 a
	3.58 a
	3.26 a

	H1

	T0
	0.61 a
	1.34 a
	2 a
	2.48 a
	2.37 a
	3.28 a
	3.5 a

	T1
	0.78 a
	1.54 a
	2.72 b
	3.43 b
	3.27 b
	3.35 a
	3.83 a

	T2
	1.03 a
	3.16 b
	3.80 c
	3.51 b
	3.53 b
	3.65 a
	4.01 a


Different superscripts indicate significant differences (*P≤ 0.05) among treatments at the same depth (Duncan's test)
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