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ABSTRACT  1 

Several studies on soil physical quality have related soil structural properties to bulk density, proposing values for 2 

critical limits in relation to the soil compaction status. However, these values are not applicable to Andosols due to 3 

their very low bulk density (< 0.9 Mg m-3). This work aimed to evaluate the short-term effects of soil compaction on 4 

the soil physical quality of an Andosol. The experiment was established in May 2019. Soil cores were collected from 5 

the soil surface and field measurements (penetration resistance, volumetric water content and air conductivity) were 6 

conducted to monitor changes in the soil physical quality after compaction events. The soil was compacted using rollers 7 

(weighing between 1.20 and 1.37 Mg) to reach three bulk densities (T0: 0.65, T1: 0.75 and T2: 0.85 Mg m-3) by 8 

controlling the number of roller passes. Soil compaction induced an increase in the soil bulk density that resulted in an 9 

increase in the mechanical strength (e.g. maps of penetration resistance revealed values from (T0) 500 kPa to (T2) 10 

1500 kPa) and caused a decrease in the volume of macropores (e.g. air capacity in T0 and T2 was 22% and 11%, 11 

respectively) responsible for water infiltration and flow. The latter provoked an increase in the volumetric water content 12 

in the upper 10 cm of the soil, which decreased the field air conductivity due to the reduced pore space and its 13 

continuity. Bulk density also increased due to wetting and drying cycles, showing the effect of the natural 14 

rearrangement of soil particles, which was more intense in the soil with the lowest bulk density. When the bulk density 15 

of the tilled soil increased to values over 0.80 Mg m-3, soil pore functions related to soil aeration reached critical values 16 

(air capacity < 10% and air permeability < 1 µm2) concerning soil compaction, while the soil precompression stress 17 

(around 60 kPa) and plant available water (> 20 %) remained within an optimal range.  18 
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1. INTRODUCTION 1 

Soil physical degradation due to soil compaction is a major concern worldwide (e.g. Lin and Horn, 2015; Corstanje et 2 

al., 2017; Keller et al., 2019) and is considered one of the main threats to sustainable crop production and soil ecological 3 

functions (Horn and Fleige, 2003; Lipiec et al., 2012; Shah et al., 2017; Keller et al., 2017, 2019). Several authors 4 

(Horn and Fleige, 2003, 2009; Batey, 2009; Keller et al., 2017; Shah et al., 2017) have reported widespread soil 5 

compaction problems across large areas of Europe, America, Africa and Australia. Batey (2009) indicated that soil 6 

compaction is a soil degradation issue associated not only with agriculture (e.g. animal trampling, trafficking; 7 

Reszkowska et al., 2011; Techen et al., 2020), but also with forest harvesting (Solgi et al., 2019), amenity land use 8 

(Han et al., 2008), pipeline installation (Batey, 2015; Horn et al., 2021), land restoration (Lal, 2015), wildlife pathways 9 

and construction zones in residential and industrial developments. This scenario is complex because high-quality soils 10 

are required on a smaller area per capita (Lin and Horn, 2015) in order to satisfy increasing food and energy demands 11 

in accordance with sustainable development goals (SDGs), such as goals 2 (Food), 3 (Health), 6 (Water), 13 (Climate) 12 

and 15 (Ecosystems) (Bouma, 2019). Therefore, soil compaction must be confronted to avoid the degradation of soils, 13 

which is essential not only for food security, but also for other soil functions, including the support of biodiversity, 14 

water filtering and storage, and carbon sequestration. 15 

Soil physical quality (SPQ) is a relevant concept to quantify soil degradation issues and to evaluate the impact of 16 

management practices on soil functions (Horn and Fleige, 2009; Reynolds et al., 2009; Valle et al., 2018). SPQ is 17 

strongly related to soil structure (the spatial arrangement of solids and pore space, with different levels of organization, 18 

excluding the chemical variability of solid components; Rabot et al., 2018) and, in turn, to the performance and 19 

resilience of the pore system (Horn and Smucker, 2005; Reynolds et al., 2009). The latter underlines the connection 20 

between SPQ and the functionality of the porous system. In these terms, high quality soils for agricultural purposes 21 

can be defined as those that: i) provide a physical foundation that is strong enough to provide adequate plant support 22 

and stable soil structure, but not so strong as to inhibit root proliferation (defined as a penetration resistance < 2 MPa 23 

at field capacity), faunal activity (Meurer et al., 2020) and improved nutrient availability, such as nitrogen, over time 24 

(Clunes et al., 2021), and ii) offer a continuous pore system that permits good water infiltration, no run-off (e.g. 25 

hydraulic conductivity values ≥ 20 cm day-1), good aeration and gas exchange (e.g., air capacity [AC] values ≥ 14%), 26 

as well as sufficient plant available water (e.g. PAW > 20%) and good workability (Dexter, 2004; Horn and Smucker, 27 

2005; Horn and Fleige, 2009; Reynolds et al., 2009).  28 



 

 

Soil bulk density (Bd) is one of the most frequently used SPQ parameters to identify soil compaction (Dec et al., 2008; 1 

Valle et al., 2018). Although Bd cannot effectively represent the functionality of the pore system (Bd relates the dry 2 

mass of the soil to a defined volume), it is widely used to classify the status of soil compaction because it is relatively 3 

easy to measure (Hartge and Horn, 2016). Reynolds et al. (2009) mentioned that for medium to fine-textured soils, an 4 

apparent optimal Bd range for maximal crop yield is 0.9 – 1.2 Mg m-3. McQueen and Shepherd (2002) also affirmed 5 

that the Bd range presents an upper limit of 1.25 – 1.30 Mg m-3, beyond which crop yield can be reduced by inadequate 6 

soil aeration, and a second upper limit of 1.4 – 1.6 Mg m-3, beyond which crop yield can be reduced by excessive 7 

mechanical resistance to root elongation (Jones et al., 2003; Drewry et al., 2008). Finally, Reynolds et al. (2009) also 8 

sustained that mineral soils with Bd < 0.9 Mg m-3 can result in inadequate plant anchoring due to low soil strength, 9 

reduced plant-available water, and reduced unsaturated flow of water and dissolved nutrients to plant roots.  10 

Volcanic ash soils (Andisols or Andosols according to USDA or WRB classifications, respectively) cover more than 11 

120 million hectares worldwide (Dahlgren et al., 2004), account for around 1% of the world’s soils (Soil Survey Staff, 12 

2010), and present peculiar morphological, physical and chemical properties attributed to the composition of their 13 

mineral phase (Matus et al., 2014; Clunes and Pinochet, 2021). The unique characteristics of these soils (detailed 14 

below), allow crops to reach potential yields under favorable climatic conditions (Mera et al., 2015; Clunes et al., 15 

2020). The minerals in these soils consist of short-range order materials such as allophane, imogolite, ferrihydrite, Al- 16 

and Fe-humus complexes lacking a long-range crystal atomic order (Harsh et al., 2002). Andosols are known for their 17 

ability to store large amounts of organic matter because they have great surface areas of non-crystalline constituents 18 

that are available for the sorption of organic matter (Matus et al., 2014). The latter implies that Andosols exhibit very 19 

low Bd (< 0.9 Mg m-3) and well-defined inter- and intra-aggregate pore systems (Dörner et al., 2010), inducing a sandy 20 

behavior near saturation (very high saturated hydraulic conductivity, > 2000 cm d-1 according to Dörner et al., 2010) 21 

and a large water holding capacity at low matrix potential values (Dörner et al., 2015), influencing water transport 22 

under saturated and unsaturated conditions (Dec et al., 2017).  23 

The concept of SPQ has been used in Andosols to quantify the impact of soil tillage and wetting and drying cycles on 24 

soil structure dynamics (Dörner et al., 2012) and mechanical strength (Vásquez et al., 2012) and to assess the impact 25 

of animal trampling on soil structure dependent properties (e.g. Negron et al., 2019; Dec et al., 2021). Furthermore, 26 

Dörner et al. (2013, 2018, 2020) and Valle et al. (2018) have studied the SPQ of different Andosols in southern Chile, 27 

concluding that when such soils reached Bd values near 0.9 Mg m-3 they must be considered compacted due to very 28 



 

 

low AC (< 10%) and air permeability (< 1µm2). However, due to the complex porosity of these soils, little is known 1 

about how an increase in Bd (e.g. due to soil compaction after tillage) affects plant available water (water retained 2 

between the field capacity and permanent wilting point), field penetration resistance, air conductivity, and 3 

precompression stress. At the same time, few previous studies have combined laboratory analyses with field 4 

measurements to assess the short-term effects of compaction on soil physical properties in Andosols. Therefore, the 5 

aim of this work was: i) to evaluate the short-term effects of the soil compaction of an Andosol after tillage on soil 6 

mechanical strength, volumetric water content and air conductivity measured in the field and ii) to analyze the impact 7 

of the Bd increase on the soil precompression stress and soil pore functions and their critical values concerning the soil 8 

compaction of a volcanic ash soil. Identifying the short-term effects of soil compaction on the soil physical quality of 9 

an Andosol is highly relevant in order to better understand the magnitude and changes in soil functioning as bulk 10 

density increases, providing a basis to further analyze the resilience capacity and medium- and long-term changes in 11 

the studied soil under field conditions.   12 

 13 

2. MATERIALS AND METHODS  14 

2.1 Soils and climatic conditions 15 

This experiment was established at the Universidad Austral de Chile's experimental field station EEAA (Estación 16 

Experimental Agropecuaria Austral, 39°46′ S, 73°13′ W, 12 m a.s.l.) in Valdivia, southern Chile, where the average 17 

annual temperature is 12 °C with a yearly mean rainfall of 2440 mm between 1901 and 2005 (González-Reyes and 18 

Muñoz, 2013). However, rainfall has decreased in the last decade, reaching an annual mean value of 1700 mm (INE, 19 

2020). During 2019, the average temperature reached 11.6 ºC with maximum and minimum values of 25.0º and 3.2º, 20 

respectively. In the same year, the annual rainfall was 1816 mm (Figure 1), presenting the highest and lowest values 21 

in June (466 mm) and January (15 mm), respectively.  22 

Please insert Figure 1 23 

The evaluated soil is derived from volcanic ashes and is classified as Duric Hapludand (Valdivia Series according to 24 

CIREN, 2003) or a Petroduri-Silandic Andosol (WRB, 2006). Topography in the soil series is normally complex, with 25 

dominant slopes from 3 to 8%. Bravo et al. (2020) presented the soil horizon distribution after a morphological 26 

description of a 200 cm deep soil profile. In the upper 38 cm of this soil, (Ap and B1 horizons) the amount of clay is 27 

around 29%, which then decreases to 12% (38 – 57 cm), followed by an increase to 30% (57 – 93 cm, B3 horizon), 28 



 

 

and finally decreasing to 10% at the 203 cm depth (2BC horizon). The amount of organic matter varies from 12.7% 1 

(Ap horizon) to 2.9% (2BC horizon) and evidence of short-range order minerals was determined in the whole profile 2 

with specific dissolution techniques (García-Rodeja et al., 2004). The soil Bd ranged between 0.79 Mg m-3 (Ap 3 

horizon) and 0.56 Mg m-3 (2BC horizon). Detailed information about the studied soil can be also found in Zúñiga et 4 

al. (2015), Haas et al. (2018) and Dec et al. (2021).  5 

 6 

2.2 Experiment establishment  7 

The agronomic management prior to soil tillage and experiment establishment (end of April) consisted of eliminating 8 

the resident natural pasture (about 10 years without management) with two systemic herbicide applications; the second 9 

was necessary to eliminate regrowth. Thereafter, traditional ploughing and harrowing (07.05.2019; Figure 2) using 10 

offset and tandem discs were conducted, which also allows for the addition of lime and complete fertilization (N, P, 11 

K) to achieve a production level of 12 Mg of dry matter (DM) year-1 ha-1. The fertilization was used to correct the soil 12 

nutrient deficiency and supply the nutrient demands of the pastures (Pinochet, 2011) to reach 12 ppm of P-Olsen and 13 

pHw values of 5.8. 14 

 15 

Please insert Figure 2 16 

 17 

After soil tillage, the homogenization of all blocks (07.05.2019; Figure 2) was carried out with one pass of a roller 18 

from the experimental station (working width: 3m; weight: 1.20 Mg).  19 

2.3 Experiment compaction 20 

The soil was compacted using the roller from the experimental station (described above) and a “Cultivated Land Roller 21 

Güttler Mediana 600A” (working width: 6m; weight: 1.37 Mg) to reach three compaction levels which correspond to 22 

Bd defined as T0: 0.65, T1: 0.75 and T2: 0.85 Mg m-3 (not compacted, compacted and highly compacted, respectively; 23 

Figure 2). Plots of 576 m2 (24 x 24 m) were distributed with 3 blocks for each level of soil compaction (1728 m2).  24 

The soil compaction levels were achieved by controlling the number of rollers passes (P) before sowing (T0: 1P, T1: 25 

2P, T2: 5P times; 07.05.2019; Figure 2) and after sowing (T0: 1P, T1: 3P, T2: 8P times; 14.05.2019 and 15.05.2019; 26 

Figure 2). Finally, soil compaction events (SCE; compaction 1, 2 and 3) were defined by the number of roller passes 27 



 

 

and the date on which rollers pass were performed, while M1 indicates field measurements before sowing, M2 after 1 

sowing and compaction 1, M3 after compaction 2 and M4 after compaction 3. A diverse pasture was sown including: 2 

L. perenne, T. repens, F. arundinacea, H. lanatus, D. glomerata and B. valdivianus.  3 

 4 

2.4 Field measurements and soil sampling 5 

To control soil compaction levels, changes in penetration resistance and volumetric water content were measured after 6 

soil compaction events (Figure 2). As a reference of compacted soil, we used penetration resistance (PR) values 7 

measured in a trampled pasture near the study site where sheep have transited daily for, at least, the last 10 years (Salas 8 

et al., 2016). The PR values of the trampled site reached 1663 ± 60 kPa (n = 10). A hand penetrometer (Eijkelkamp, 9 

the Netherlands) was used to measure changes in mechanical impedance between depths of 0 – 10 cm (Figure 1). 10 

During PR-measurements, the volumetric water content (qField, 0-10 cm depth) was measured by using a WET-2-K1 11 

Sensor (Delta-T Devices Ltd., UK). PR was measured in a grid with 96 points distributed across the experiment (12 12 

per treatment, 4 per block).  13 

Mechanical strength profiles were measured on July 5th, 2019 with a Penetrologger (Eijkelkamp, the Netherlands). 14 

Considering that the Penetrologger allowed for the measurement of PR values in the soil with an increment depth of 1 15 

cm (between depths of 0-80 cm), the sum of these values (accumulated penetration resistance, APR) was also used to 16 

analyze the impact of soil compaction considering the following depths: 0 – 5 cm, 0 – 20 cm and 0 – 60 cm. Soil water 17 

content was also registered and the air conductivity was measured in the field by using an Air Permeability PL-300 18 

(UGT GmbH, Germany). All measurements were registered in a grid of 96 points as previously explained. 19 

Regarding soil sampling, stainless cylinders of two volumes were used: 120 cm3 and 230 cm3 to determine the 20 

consolidation (n = 6) and water retention (n = 7) curves, respectively. To evaluate the consequences of soil compaction 21 

on soil physical properties and the changes they induce over time, undisturbed soil samples were collected from the 22 

soil surface (0 cm) immediately after soil tillage (07.05.2019, data not shown) and three times after the final roller 23 

compaction (15.05.2019, 16.06.2019 and 17.09.2019, see Figure 1) to detect changes in bulk density (Bd), air capacity 24 

(AC), plant available water (PAW), air permeability (Ka) and precompression stress (Pc).  25 

 26 

2.4 Laboratory Analysis 27 

2.4.1 Water retention curve and derived pore-size distribution 28 



 

 

In order to study soil hydraulic properties, the water retention curve and Ka were measured in undisturbed soil samples 1 

contained in stainless steel cylinders (v = 230 cm3; h = 5.60 cm, Ø = 7.20 cm). According to Hartge and Horn (2009), 2 

the samples (n = 7) were first carefully saturated from beneath; when saturation was reached, the samples were first 3 

weighed, then equilibrated at matric potential values of -1, -2, -3, -6 (with the vacuum method using a sand table), -15, 4 

-33 and -50 kPa (with the overpressure method using a pressure chamber) and weighed at each matric potential with 5 

an electronic balance (Precisa, 0.01 g accuracy, Switzerland). Sample height was measured at 5 points using a Vernier 6 

Caliper (0.01 mm precision). This information was used to correct the volumetric water content due to shrinkage 7 

(Dörner et al., 2015). To define the volume of fine pores (FP, Ø < 0.2 µm), disturbed soil samples were air-dried and 8 

sieved at 2 mm to be packed in cylinders of 20 cm3; h = 1.52 cm, Ø = 3.83 cm and then equilibrated at a matric potential 9 

of -1543 kPa. The volumes of wide coarse pores (wCP, Ø > 50 µm, which is equivalent to the AC according to Hartge 10 

and Horn, 2009) and PAW (Ø > 50 – 0.2 µm) were calculated using the volumetric water contents (q) measured at 11 

different matric potentials in samples used for the water retention curves (Dörner et al., 2015). 12 

 13 

2.4.2 Soil precompression stress (Pc)  14 

The soil precompression stress was derived from a consolidation experiment (Hartge and Horn, 2009). Soil samples 15 

(n = 6; v = 120 cm3; h = 3.00 cm, Ø = 7.20 cm) were carefully saturated by capillary rise and thereafter equilibrated at 16 

a matric potential of -6 kPa to determine the amount of wide coarse pores and to measure the air conductivity (Kl) of 17 

each soil sample using an air-flowmeter (Dörner et al., 2015). Air permeability (Ka) was calculated from Kl (Dörner 18 

and Horn, 2006). Thereafter, the following soil mechanical tests were conducted. 19 

The consolidation curve was measured using an oedometer (T-Controls, T3C3, STD 1045) with free drainage. The 20 

samples were first stressed by static loading (6, 12, 25, 50, 100, 200 and 400 kPa) for 6 minutes and thereafter, the 21 

stresses (sn) were removed until 200, 100, 50, 6 and 1 kPa were reached. The soil deformation was measured every 3 22 

minutes during the experiment (0.05 mm accuracy). The precompression stress (Pc, defined by Horn and Fleige (2009) 23 

was defined in accordance with Casagrande (1936) using the mathematical methodology proposed in Baumgartl and 24 

Köck (2004).  25 

After the aforementioned analysis, the samples were weighed and air permeability was measured. These were then 26 

dried at 105 ºC for 24 hours to define the soil Bd (Hartge and Horn, 2009).  27 



 

 

2.4.3 Penetration resistance at the cylinder scale 1 

Before compression test analyses, we used a selection of soil samples collected from the soil surface (0 cm) and 20 cm 2 

depths (only collected for this measurement) to measure the penetration resistance at the cylinder scale (PRcyl). A hand-3 

made penetrometer needle with a 30 ̊ cone angle and 3 mm diameter at its thicker end was mounted to a material testing 4 

machine (100 kN Allround Table, Zwick/Roell, Ulm, Germany) and pushed into the soil sample at a speed of 0.016 5 

mm s-1 up to a depth of 25 mm. The resistance was measured with a 100 N load cell at 0.1 mm intervals and converted 6 

to MPa by normalizing the force to the tip area (0.25 cm2).  7 

 8 

2.5 Statistical analyses 9 

The normality of the data was evaluated using the Shapiro-Wilk test (p ≤ 0.05) and the homogeneity of variance by 10 

the Levene test (p ≤ 0.05). If the data was not normally distributed, it was transformed with the natural logarithm. To 11 

analyze the effect of bulk density on measurements conducted in the field (volumetric water content [qField], penetration 12 

resistance [PR and PRcyl] and accumulated penetration resistance [APR]), a two-way analysis of variance (ANOVA) 13 

was performed considering two factors: soil compaction events (SCE) on defined dates (M1 – M4 in Figure 2) and for 14 

three different treatments (3 compaction levels: T0, T1 and T2). For the analysis of the physical properties (e.g. Bd, 15 

Pc, PAW, AC and Ka), a two-way analysis of variance (ANOVA) was carried out considering two factors: sampling 16 

dates (3 dates: 15/05/2019, 15/06/2019 and 17/09/2019) and treatments (3 compaction levels: T0, T1 and T2). If the 17 

interaction between factors on the outcome variable was significant, multiple comparisons of means were performed 18 

using Tukey contrasts (p ≤ 0.05) to determine which groups were different. Furthermore, the observed differences 19 

between means were tested with Tukey's range test (p ≤ 0.05). Regression analyses, geostatistical analyses, and 20 

penetration resistance profiles were conducted using Sigmaplot v.12, GS+ 5.1.1, and R 4.0.2 (R Core Team, 2020) 21 

with RStudio 1.3.1017 (RStudio Team, 2020), respectively. 22 

Regarding spatial changes of physical properties, the following descriptive statistical parameters were calculated: 23 

mean, median, maximum, and minimum values, CV, skewness, and kurtosis. The spatial variability structure of the 24 

whole area was analyzed with the geostatistical software package GS+ version 9.0. This program defines 25 

semivariograms and their respective parameter sets (nugget, Co; sill, Co + C; range, A0). Gaussian, exponential and 26 

spherical semivariogram models were used to explain the structure of the spatial variability (i.e. spatial distance within 27 

which a soil property behaves similarly; for more details see Nielsen and Wendroth, 2003) of WC, PR / PR0-20cm / PR0-28 



 

 

60cm and PR0-5cm, respectively. Kl-values were transformed to reach a normal distribution, which then facilitated the use 1 

of the exponential models. The best mathematical model was chosen based on the highest R2 and the lowest residual 2 

sum of squares. The degree of dependence was calculated via the ratio nugget/sill, as proposed by Cambardella et al. 3 

(1994). More details regarding geostatistical analyses can be found in Nielsen and Wendroth (2003). 4 

 5 

3. RESULTS  6 

3.1 Changes in Andosol’s physical properties during experiment establishment  7 

Figure 3 presents a sequence of field measurements (PR and field volumetric water content) conducted before and after 8 

compaction events (Figure 2). PR values measured in the same soil under an intensively grazed pasture (1.6 MPa, red 9 

line) and directly after soil tillage (0.7 MPa, blue line) are included as references to quantify the effect of roller passes 10 

on soil mechanical strength. As the number of soil compaction events increased, the PR increased across treatments, 11 

even exceeding the PR values registered in the intensively grazed pasture. This significant increase due to the 12 

compaction events was observed in T2 (p < 0.01). Similar results were observed for the field volumetric water content 13 

(qField), which increased on average by 5% (p < 0.001) in the treatment with the highest Bd (T2; p < 0.01) as a result 14 

of the second soil compaction event (registered in M2).  15 

 16 

Please insert Figure 3 17 

 18 

3.2 Field spatial changes in soil penetration resistance, volumetric water content and air conductivity after 19 

experiment establishment 20 

Field measurements were conducted on July 5th, 2019 to identify the effect of soil compaction on soil mechanical 21 

strength and pore functions (Table 1). While field soil water content presented values ranging between 32 and 61% 22 

(CV: 12%), PR and air conductivity (Kl) varied between 0.2 and 1.5 MPa (CV 42%) and 0.03 and 17.6 cm s-1 (CV: 23 

148%), respectively. As expected, the sum of PR values increased as the thickness of the considered soil layer 24 

increased; however, the proportion between registered max and min values decreased, as was also observed for CV (0 25 

– 5 cm: 7.8 / 35%; 0 – 20 cm: 2.7 / 15%; 0 – 60 cm: 1.6 / 11).  26 

 27 



 

 

Please insert Table 1 1 

 2 

The dependence degree (DD) of all of the properties presented values between 24 and 38, with range (A) values 3 

between 90 and 303 m (Table 2).  4 

 5 

Please insert Table 2 6 

 7 

The spatial variability of physical properties measured in the field is presented in Figure 4. A well-defined gradient of 8 

increasing PR throughout the experiment was observed, which coincides with the increase in the expected Bd (from 9 

0.65 till 0.85 Mg m-3) reached after soil compaction events. While the volumetric water content increased in the same 10 

way (from T0 to T2), the opposite was observed in the air conductivity measured in the field. 11 

 12 

Please insert Figure 4 13 

 14 

When considering the sum of PR values (Figure 5), the well-defined gradients identified at the 10 cm depth (Figure 3) 15 

can be clearly observed at PR0-5cm and PR0-20cm, although they tend to disappear at PR0-60cm. The highest sum of PR 16 

values was observed in T2, while the lowest were assessed in T0.  17 

 18 

Please insert Figure 5 19 

 20 

To evaluate PR as a function of soil depth, PR profiles at two different scales are presented in Figure 6. PR profiles 21 

considered changes registered at the cm scale (Penetrologger till the 80 cm depth; Figure 6A), and the mm scale (in 22 

soil samples with a 3 cm height, PRcyl; Figure 6B). The PR values observed in the first 0–10 cm of soil depth presented 23 

the following tendency: T2 > T1 > T0; however, these differences disappeared when the 20 cm soil depth was reached. 24 



 

 

The highest PR values were registered between the 20–30 cm depth (between 1.5 – 1.7 MPa). Afterwards, they 1 

decreased with increasing soil depth, reaching values around 1.0 MPa.  2 

A well-defined increase of PRcyl was identified at the mm scale; the mechanical strength reached max values till the 3 

12 mm depth and then decreased. In the first soil layer (0–3 cm), PRcyl behaved as follows: T2 > T1 > T0, reflecting 4 

the presence of a platy structure as identified in the field at T2 (Figure 6C). These differences in the second soil layer 5 

(20–23 cm) tended to disappear at greater depths (Figure 6C). Accumulated penetration resistance (APR) differed 6 

between treatments evaluated at the same depth (p < 0.001), following the same order T2 > T1 > T0 (Figure 6D). At 7 

the 0–5 cm depth, T2 was 5.9 MPa, while T0 and T1 only reached a mean of 3.2 and 4.6 MPa, respectively. The APR 8 

at 0–20 cm for T2, T1 and T0 was 29.3, 27.3 and 23.9 MPa, respectively. Finally, the accumulative effect of penetration 9 

resistance in each treatment was higher at 0–60 cm, reaching values of 80.1, 75.8 and 69.4 MPa for T2, T1 and T0, 10 

respectively (p < 0.001). 11 

 12 

Please insert Figure 6 13 

 14 

3.3 Temporal changes in soil physical properties  15 

The soil compaction effect can be observed in the measurements conducted in May 2019 (Figure 7). The differences 16 

in Bd observed in May 2019 (T2 > T1 > T0; p < 0.001) disappeared in June 2019 due to an increase of Bd in T0 and 17 

T1, while T2 did not change. The opposite tendency was observed in AC from May 2019 (T0 > T1 > T2) to September 18 

2019: T0 > T2 > T1; however, similar to the two previous parameters, the factors showed a significant interaction (p 19 

< 0.001). On the contrary, no differences were observed between PAW values over time (May-June-September 2019), 20 

but a slight difference (p < 0.05) was observed between T1 and T0 in September. Air permeability before the 21 

consolidation experiment (Ka BCE) was consistent with changes among treatments: T0> T1 = T2 (p < 0.01). 22 

Furthermore, a recuperation of Ka BCE was observed from June 2019 to September 2019 (p < 0.001). The latter was 23 

also observed after the consolidation experiment (p < 0.001), with Ka AFE reaching its highest value in September 24 

2019. However, no differences were observed between treatments for Ka AFE during the time evaluated (p > 0.05). 25 

 26 

Please insert Figure 7 27 



 

 

 1 

Figure 8 relates SPQ parameters to Bd. Pc increased exponentially with the rise in Bd (p < 0.0001), with Pc values 2 

considered as very low (< 30 kPa), and then increasing to those pondered as mean (60–90 kPa). On the other hand, the 3 

increase in Bd implied an increase in PAW (p < 0.05), though a decrease in AC (p < 0.0001) and Ka (p < 0.0001) was 4 

recorded. With higher Bd-values (> 0.8 Mg m-3), both AC and Ka reached critical values concerning soil compaction, 5 

while PAW values remained > 20%.  6 

 7 

Please insert Figure 8 8 

 9 

Finally, as the AC increased, the volume of PAW decreased (p < 0.001, Figure 9). This increase in the volume of 10 

macropores induced not only an increase in Ka (p < 0.001) but a significant decrease in soil Pc, which can be defined 11 

as very low. Along with the lowest AC-values (< 10%), Ka reached critical values concerning soil aeration, though 12 

Pc-values did not reach levels considered as high.   13 

Please insert Figure 9 14 

 15 

4. DISCUSSION  16 

 17 

4.1 Short-term effects of soil compaction on the physical quality of a volcanic ash soil after tillage  18 

Soil compaction occurs during agricultural activities when the soil is subjected to mechanical stresses that exceed its 19 

Pc, resulting in irreversible soil structure degradation (Horn, 1988). This “static loading concept” of soil compaction 20 

has expanded in recent years because the use of cyclic loading experiments has allowed us to understand that even 21 

when soils are exposed to repeated (as occurs during soil compaction events conducted in the present experiment) 22 

loads  lower than Pc, a significant soil deformation takes place (Peth and Horn, 2006; Peth et al., 2010, Gubianni et 23 

al., 2018; Dörner et al., 2020; Dec et al., 2021) due to the weakening effect of standing water. Therefore, as occurred 24 

in our experiment, soil compaction events lead to a densification of soils in the short-term that negatively affect i) soil 25 

mechanical strength (e.g. see Figure 6) and form a platy soil structure, in addition to root growth due to an increase in 26 

penetration resistance (observed by Lipiec and Hatano (2003) and Dec et al. (2021)), ii) pore-size distribution and pore 27 



 

 

functions (e.g. a decrease in air conductivity in Figure 8 as also observed by Schjønning and Rasmussen (2000), 1 

Simojoki et al. (2008)), and iii) transport processes in soils (e.g. the effect of soil compaction on water table dynamics 2 

of Aquands (Dörner et al., 2017)). This study found that when a volcanic ash soil reached bulk density values (due to 3 

soil tillage and soil compaction events) near those defined as “Andic Property” (0.9 Mg m-3) they presented critical 4 

values of air capacity (< 10 %) and air permeability (< 1µm2) concerning soil aereation problems in the short-term, 5 

similar to highly dense soils (Horn and Fleige, 2009; Reynolds et al., 2009). These critical values reveal that aereation 6 

problems occurred in mineral soils when bulk density values were between 1.25 – 1.30 Mg m-3 (McQueen and 7 

Shepherd, 2002), which highlights the peculiar behavior of volcanic ash soils.    8 

Soil tillage breaks aggregates and decreases contact points and areas between them, reducing the soil mechanical 9 

strength (Figure 3). During this experiment, the roller passes applied new stresses (as cyclic loading events) to the 10 

tilled soil, which resulted in increased contact areas between aggregates and Bd. The soil mechanical strength increased 11 

and a platy soil structure was formed in T2 as a response to the repeated applied loads (see APR and platy structure in 12 

Figure 6). At the same time, even when no load was applied in T0 after the last compaction event, a natural 13 

rearrangement of soil particles/aggregates occurred in this treatment, which increased the contact areas between 14 

aggregates, Bd and the mechanical strength (see increases in Bd and Pc in the first two sampling dates in Figure 7), 15 

most likely as a response to wetting and drying (WD) cycles (see dynamics of rainfalls and air temperature in Figure 16 

1), as also assessed in aggregate beds of volcanic ash soils by Seguel and Horn (2006). Soil structural changes, because 17 

of both external (soil compaction events) and internal (wetting and drying cycles) stresses, reduced the total porosity 18 

and increased the water retained in the soil as assessed in the field (Figure 2) due to a reduction of macropores (AC, 19 

see Figure 7) and an increase in PAW (Figure 9), as was also assessed in a Typic Hapludand after soil tillage (Dörner 20 

et al., 2012).   21 

The first two soil sampling events allowed us to assess the short-term effects after one month of pasture establishment 22 

and soil compaction and, therefore, provide a basis for a medium- and long-term analyses. As the Bd increased due to 23 

compaction events, the soil reached a soil mechanical strength that reduced the WD cycle-dependent changes in soil 24 

structure, such as those observed in T0 and T1 (e.g. while Bd in T0 increased from 0.64 to 0.78 Mg m-3 between two 25 

first soil samplings, in T2 it remained at 0.82 Mg m-3). Later (soil sampling conducted in September), further dynamic 26 

changes in soil structure were evidenced e.g., an increase in AC, and Ka, while the PAW did not change significantly.  27 



 

 

The effects of soil compaction on SPQ are generally assessed with classic soil sampling and measurements that are 1 

time-consuming and labor-intensive. Despite these disadvantages, these procedures permit a better understanding of 2 

soil deformation-dependent processes in soil systems as evidenced by Peth and Horn (2006), Gubiani et al. (2018) and 3 

Dörner et al. (2020) who studied the effect of cyclic loading on soil deformation processes in different soils. 4 

Nonetheless, as was carried out in the present study, the use of field measurements that combine the quantification of 5 

mechanical strength, field volumetric water content and air conductivity provide basic, yet highly relevant information 6 

to analyze the effects of tillage (e.g. Figure 3 and 4), grazing and irrigation managements on soil/pasture/animal 7 

systems (Dec et al., 2021). The results of the conducted trial show that the combination of field and labororatory 8 

measurements allowed us to achieve a better understanding of e.g. i) how the mechanical strength changed after roller 9 

passings (Figure 3), ii) how this compaction reduced the air conductivity of the soil (Figure 4), and iii) to what 10 

magnitude soil structure dependent properties varied over time (Figure 7). This methodology identified a compaction-11 

dependent increase in PR and the associated formation of a platy soil structure (Figure 6), which was also related to a 12 

decrease in air conductivity (Figure 4) and air capacity (Figure 7), but not to a decrease in PAW (p > 0.05).  13 

Finally, the spatial distribution analysis helped us to describe the spatial behavior of soil Bd and its spatial relationship 14 

with other properties, manifested in zones with higher Bd (> 0.8 Mg m-3), coinciding with those of higher volumetric 15 

water content (> 55 Vol. %) and lower air conductivity (< 0.7 log cm s-1). Our analyses revealed that phenomena were 16 

not spatially random, but were identified as spatially representative observations including distances over which these 17 

processes coincide. Mzuku et al. (2005) mentioned that the spatial variability of soil properties across the field can be 18 

used to explain the variability between site-specific management zones based on their measured soil physical 19 

properties. This approach is critical for the success of site-specific management in order to improve the efficient use 20 

of natural resources (e.g., Wendroth et al., 2001). In these terms, the use of classical statistics (Figure 8 and 9), along 21 

with spatial statistics (Figure 4 and 5), helped us to better understand the effects of soil compaction on soil physical 22 

properties across the field and their common scales of variation (Nielsen and Wendroth, 2003). 23 

 24 

4.2 Bulk density as a parameter to quantify SPQ changes after tillage of a volcanic ash soil 25 

After soil compaction, the dry Bd values shifted to a range between 0.80 and 0.85 Mg m-3. The latter means that: i) the 26 

penetration resistance measured after experiment establishment in T2 reached values comparable to the same soil under 27 

an intensively grazed pasture (Figure 3), ii) a redistribution of the pore system took place, which is reflected in a 28 



 

 

decrease in AC (reaching critical values concerning gas exchange) and an increase in PAW (Figure 8 and 9) and iii) 1 

the amount of water retained in the pore system increased, causing the air conductivity to decrease (Figure 4). Dörner 2 

et al. (2013) studied the same soil series under different land uses (less intensive: soil under native forest; medium 3 

intensive: recently seeded pasture without grazing and highly intensively used soil: pastures under winter grazing) and 4 

found that bulk densities ranged between 0.55 Mg m-3 and 0.73 Mg m-3. They concluded that the AC of the soil was 5 

the highest under the least intensive soil management (e.g. soil under native forest had values higher than 14%, similar 6 

to those assessed in the treatment with the lowest Bd in this study); however, critical values concerning soil compaction 7 

could be reached as a result of soil structure degradation due to soil tillage and intensive grazing. In a shallow volcanic 8 

ash soil under naturalized grassland and secondary native forest, Dörner et al. (2017) registered Bd values ranging 9 

from 0.15 to 0.65 Mg m-3 and concluded that when this maximal Bd was reached, soil compaction problems related to 10 

poor air exchange occurred.  11 

As stated in the present study, we cannot use only the Bd of the soil to assess potential soil physical degradation after 12 

soil compaction events over a tilled soil, i.e. we must relate changes in Bd to soil physical properties relevant for root 13 

exploration (Pc), soil aeration (AC, Ka), water holding capacity (PAW) and go further, in order to understand and 14 

explain the physical quality of Andosols through indicators of physical interactions. Provided that pores responsible 15 

for gas exchange (AC) are very sensitive to soil deformation when the soil is exposed to external (soil compaction, e.g. 16 

Gebhardt et al., 2009) or internal forces (soil shrinkage, e.g. Dörner et al., 2011), they reflect the dynamic behavior of 17 

the soil structure (Dörner et al., 2012). A decrease in AC denotes soil structure degradation, which also means a 18 

decrease in the air flow registered in the field (Figure 4) and the lab (Figure 9; Ka at AC values lower than 10% reached 19 

values < 1µm2). On the other hand, as the AC increased, Pc decreased exponentially, reflecting the loss in soil 20 

mechanical strength. Finally, although it is true that the highest Bd values reached after soil compaction (0.80 – 0.85 21 

Mg m-3) were related to restrictions in soil aeration, we must point out that these relationships derived from samples 22 

collected from a short-term experiment over tilled soil. In these terms, the well-known resilience capacity of these 23 

soils, and soil aggregation effects (Zúñiga et al., 2015) must be validated in further studies to better assess the SPQ of 24 

volcanic ash soils and their critical values. 25 

 26 

CONCLUSIONS 27 



 

 

The short-term effects of the soil compaction of an Andosol during tillage induced an increase in contact areas between 1 

aggregates that was evidenced by the platy structure formation in the highly compacted soil. The increase in soil bulk 2 

density after compaction resulted in an increase in mechanical strength at different scales and a decrease in the volume 3 

of macropores (air capacity) responsible for water infiltration. The latter provoked an increase in field volumetric water 4 

content in the upper 10 cm of the soil, which decreased the field air conductivity.  5 

The bulk density increased not only due to mechanical stresses, but also as a consequence of wetting and drying cycles. 6 

Even when no load was applied (between M2 and M3), a natural rearrangement of soil particles/aggregates occurred 7 

in T0, which increased the bulk density and mechanical strength. 8 

When the bulk density of the tilled soil increased to values over 0.8 Mgm-3, soil pore functions related to soil aeration 9 

reached critical values concerning soil compaction. The arrangement of aggregates after compaction also induced an 10 

increase in soil precompression stress and the plant available water remained within an optimal range. 11 

Finally, the results of the present study show that the combination of field and laboratory measurements provide a 12 

better understanding of the deformation processes after soil compaction and how they affect air transport processes, 13 

increased mechanical strength and plant available water, i.e. an increase in bulk density after tillage and compaction is 14 

related to a decrease in field air conductivity.   15 
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Table 1. Descriptive statistics of field physical properties measured in July (05.07.19) in the 2 

studied volcanic ash soil.   3 

Table 2. Geostatistical parameters of field physical properties measured in July (05.07.19) in the 4 

studied volcanic ash soil.   5 
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Table 1 Descriptive statistics of field physical properties measured in July (05.07.19) in the studied 1 

volcanic ash soil.   2 

SPP WC PR Kl PR0-5cm PR0-20cm PR0-60cm 

 [Vol. %] [MPa] [cm s-1] [MPa] [MPa] [MPa] 

N 94 96 96 96 96 96 

Mean 50 0.75 2.44 4.6 26.8 75.1 

Median 52 0.70 0.96 4.7 27.5 74.3 

CV 12 42 148 35 15 11 

Min. 32 0.20 0.03 1.0 12.7 58.7 

Max. 61 1.50 17.60 7.8 34.3 96.0 

Skewness -0.91 0.23 -0.13 -0.25 -0.58 0.40 

Kurtosis 0.48 -0.44 -0.93 -0.70 0.39 -0.39 

SPP = Soil physical property; WC = Volumetric water content; PR = Penetration resistance; Kl = Air 3 

conductivity. PR0-5cm, PR0-20cm and PR0-60 cm represents the cumulative PR values between 0–5 cm, 0–20 4 

cm and 0–60 cm, respectively. Skewness and Kurtosis parameters correspond to the log-transformed Kl 5 

data. 6 
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Table 2 Geostatistical parameters of field physical properties measured in July (05.07.19) in the 1 

studied volcanic ash soil.   2 

SPP WC PR Kl PR0-5cm PR0-20cm PR0-60cm 
Model Gaussian Exponential Exponential Spherical Exponential Exponential 

Co 21.9 0.046 1.49 1.108 10.25 34.6 
Co + C 72.8 0.192 3.829 3.798 33.82 120.2 
Ao [m] 107.7 303.0 89.8 101 303.0 213.8 
R2 0.68 0.72 0.82 0.76 0.615 0.82 
RSS 236 9.4 x10-4 0.534 0.78 38.6 294 
DD 30 24 38 29 30 29 
A [m] 107.7 303 89.8 101 303.3 213.8 

SPP = Soil physical property; WC = Volumetric water content; PR = Penetration resistance; Kl = Air 3 

conductivity. PR0-5cm, PR0-20cm and PR0-60 cm represents the cumulative PR values between 0–5 cm, 0–20 4 

cm and 0–60 cm, respectively. Co = Nugget; Co + C = Sill; Ao = Model range parameters; RSS = Residual 5 

sum of squares; DD = Dependence degree; A = Range.  6 
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Figure captions 1 

Figure 1. Air temperature and precipitation during 2019. Data was downloaded from AGROMET 2 

(https://www.agromet.cl) using the weather station located in the Estación Experimental 3 

Agropecuaria Austral (1.5 km from the experiment). Dates of field measurements (M) and soil 4 

samplings (SS) are included.  5 

Figure 2. Schematic representation of soil tillage, homogenization and compaction. The soil tillage 6 

and homogenization were conducted using offset (5 times) and tandem (1) discs. Thereafter, a 7 

Roller (1.20 Mg) completed the homogenization of all blocks (1 pass) and the first field 8 

measurement was conducted (M1). Penetration resistance (PR) and field volumetric water content 9 

(qField) measurements (M1, M2, M3 and M4) were conducted after the soil compaction events 10 

(SCE) applied to reach the different soil bulk densities.  11 

Figure 3. Temporal changes in penetration resistance (PR, A) and field volumetric water content 12 

(qField, B) due to soil tillage and soil compaction events (SCE) during pasture establishment. Mean 13 

values ± 1 standard error are presented (n=10). T0: 0.65 Mg m-3, T1: 0.75 Mg m-3 and T3: 0.85 Mg 14 

m-3. In PR red and blue dashed lines indicate PR values measured in the same soil under an 15 

intensively grazed pasture and directly after soil tillage. The dashed lines in qField indicate the 16 

volumetric water contents at field capacity (pF 1.78) and permanent wilting point (pF 4.18). 17 

Different lowercase letters indicate significant differences in the PR and qField among soil 18 

compaction events (p≤0.05). Furthermore, there was an interaction between roller compaction 19 

events and treatments for qField (p<0.001). There was no significant interaction among treatments 20 

(p>0.05). The grey area emphasizes that these field measurements were conducted the same day. 21 

Figure 4. Spatial variability of penetration resistance (PR, A) measured at the 10 cm depth, field 22 

volumetric water content (WC, B) and air conductivity (Kl, C), measured in July (05.07.19).  23 

Figure 5. Spatial variability of penetration resistance (PR, measured in 05.07.19): A, B and C show 24 

the cumulative PR values between 0–5 cm, 0–20 cm and 0–60 cm, respectively.  25 

Figure 6. Penetration resistance profiles at field (A and B) and cylinder (C) scales. A shows PR 26 

values measured with 1 cm of separation from soil surface till the 80 cm depth, while B presents 27 

the cumulative PR values till the same soil depth. C represents PR values measured in cylinders 28 

collected at the soil surface and the 20 cm depth. T0: 0.65 Mg m-3, T1: 0.75 Mg m-3 and T3: 0.85 29 



 

 

Mg m-3. The photo shows the platy soil structure formed after roller compaction in T2. 1 

Furthermore, the accumulated penetration resistance (APR) is presented for each compaction level 2 

evaluated at depths of 10, 20 and 60 cm (D). Different lowercase letters indicate significant 3 

interaction of the factors depth (10, 20 and 60 cm) and accumulated penetration resistance 4 

(p<0.001).  5 

Figure 7. Temporal changes in bulk density (Bd, A), precompression stress (Pc, B), plant available 6 

water (PAW, C), air capacity (AC, D) and air permeability before (Ka BCE, E) and after (Ka ACE, 7 

F) the consolidation experiment. Mean values ± 1 standard error are presented (n = 6). Furthermore, 8 

the interaction between date and treatments was observed for Bd, Pc and wCP and was indicated 9 

with lowercase letters (p ≤ 0.05). For plots without interaction (PAW, Ka BCF and Ka ACF), 10 

uppercase letters indicate differences among sampling dates (15.05.2019, 16.06.2019 and 11 

17.09.2019; p ≤ 0.05) and lowercase letters indicate differences among treatments (T0: 0.65 Mg 12 

m-3, T1: 0.75 Mg m-3 and T3: 0.85 Mg m-3; p ≤ 0.05). 13 

Figure 8. Precompression stress (Pc, A), plant available water (PAW, B), air capacity (AC, C) and 14 

air permeability (Ka, D) as a function of bulk density. Red lines present critical values concerning 15 

soil compaction for AC (Reynolds et al., 2009) and Ka (Ball et al., 1988) and a classification of Pc 16 

values according to Horn and Fleige (2003). 17 

Figure 9. Plant available water (PAW, A), air permeability (Ka, B) and precompression stress (Pc, 18 

C) as functions of air capacity (AC). Red lines present critical values concerning soil compaction 19 

for AC (Reynolds et al., 2009) and Ka (Ball et al., 1988) and a classification of Pc values according 20 

to Horn and Fleige (2003). 21 
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