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Soil compaction due to agricultural tillage practices is a global concern and has profound implications 
on soil conservation and management with consequent effects on soil productivity. To assess the 
influence of tillage induced compaction on physical properties, we carried out a comparative study in 
agricultural loamy soils under tillage and no till manipulation by determining physical properties. Soil 
texture was determined using Bouyous method while the core method was used for soil bulk density 
and porosity. The soil water retention curve and infiltration rate was measured using pressure plate 
apparatus and double ring infiltrometer, respectively. The results shows that tilled (1.68 to 1.77 g/cm

3
) 

was more prone to compaction than non tilled soils (1.42 to 1.56 g/cm
3
) and consequently the porosity 

was also affected with the tilled soil having relatively less percentage of pore space. The mean 
infiltration rate was 1.25 and 2.75 mm/min for tilled and non-tilled areas, respectively. The lower rate in 
tilled soil was attributable to compaction which reduces the pore spaces with restriction of air and 
water movement. Similarly lower soil water content at field capacity and increased permanent wilting in 
tilled soils was also attributable to reduction of the pores associated with compaction.  
 
Key words: Compaction, infiltration, physical properties, tillage, loamy soils. 

 
 
INTRODUCTION 
 
Soil compaction associated with tillage operations still 
remain a global concern, and has been studied 
extensively (Bennie and Burger, 1979; Canarache, 1991; 
Ishaq et al., 2003; Mitchell and Wajberry, 2007; 
Matechera, 2008; Horn and Fleige, 2009). Despite this, 
there still exists limited knowledge or no understanding to 
its consequent effects on soil quality indices such as 
biophysical functionality of soils and/or physical 
properties. Compaction is a form of soil degradation that 
has profound implications on soil conservation with 
subsequent effects on crop production. The threat of soil 
compaction due to the different land uses and 
management practices (e.g. tillage practices) used 
cannot be emphasized.  For instance, physical properties 
of the subsoil in the compacted zone were reported to be  
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adversely and significantly affected compared with those  
of the control treat (Ishaq et al., 2003). Generally, crop 
yields tend to improve as bulk density decreases with 
little or no restriction of root growth (Canarache, 1991; 
Wolf and Snyder, 2003; Charma and Murphy, 2007). A 
proper balance between the macro and micro pores can 
be maintained by timely cultivation and addition of 
organic matter so that crop neither suffers from shortage 
of excess of water (Rasanov, 1991). Similarly, reduced 
infiltration caused by a compacted layer due to tillage can 
increase runoff water (Sullivan, 2002) resulting in 
anaerobic conditions hence reduced biological activity 
and fertilizer use efficiencies (Plaster, 1996).  

Compaction generally increases porosity with 
decreases in amount of water available to plants (Abu-
Hamdeh, 2004) and decreased water conductivity 
(Mitchell and Wajberry, 2007). An adverse effect of 
surface soil compaction on soil physical properties was 
observed   resulting   in   increased   soil    bulk    density,  



 
 
 
 
decreased total porosity and soil aeration, and a shift to 
smaller pore size (Pengthamkeerati et al., 2011; Kim et 
al., 2010). Intensive use of tillage implements like the 
mould board or disc ploughs disc harrows, tractors 
intensifies and accelerates compaction especially under 
wet conditions. This is because compaction depends on 
the pattern of load and stress applied as well as the soils’ 
inherent properties (e.g. moisture content, particle size 
distribution, aggregate stability) and the initial condition of 
the soil (Matechera, 2008).  Soil compaction in a form of 
crusting is a major problem on the in agricultural soils of 
the semi-arid areas (Ahenkorah and Dowuona, 1995).  
For example, hard-set soil leads to a decrease of water 
infiltration and the inability of roots to penetrate 
compacted layers which negatively influences properties 
of soils for crop production (Matechera, 2008) resulting in 
added stress to the crop and, ultimately, yield loss 
(Schroth and Sinclair, 2003). In addition, subsequent 
passes of traction wheels cause additional compaction 
(Donald, 2000; Raper, 2005).  

Further, soil texture also influences degree of 
compaction (Bennie and Burger, 1979; Plaster, 1996) 
since well graded soils containing both fine and coarse 
particles results in a higher number of contact points than 
in a poorly graded soil (Kohnke and Franzmeier, 1995). 
The external forces may cause deflocculation and 
reorientation clay particles to form dense layers of low 
permeability to gases and water (White, 1979). When 
structure is destroyed, surface soil seals and become 
compacted with reduced water infiltration and aeration 
and retardation of plant germination and growth as well 
as increased erosion hazards (Charma and Murphy, 
2007). Yields in non-tilled plantings were reported to have 
greatly reduced because of the initial compaction but will 
rebound rapidly without tillage, due probably to a high 
rate of biological activity in the root zone (Rasanov, 
1991). No tillage system offers numerous benefits 
including reduced machinery, improved water infiltration; 
improved long term productivity and greater soil moisture 
retention. This is because compaction in no tillage areas 
are limited with little or no significant impact on soil 
density, porosity, soil structure and infiltration because of 
less weight subjected to the soil (Horn and Fleige, 2009; 
Dörner et al., 2010)  

Thus the study was designed to evaluate the effects of 
compaction on soil physical properties in agricultural 
loamy soils under tillage. Specifically, the study evaluated 
the compaction effects on soil bulk density, infiltration 
characteristics and water retention in tilled and non-tilled 
areas. 
 
 
MATERIALS AND METHODS 
 
Site description 
 

The study area (Figure 1) is in Sebele (24°
 
34' 25" S; 25° 58' 00" E), 

southeast of Botswana and is classified as semi-arid environment: 
sunny most of the year with hot summers and cool nights and  
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summer rainfall starting in October. The area is also characterized 
by indigenous vegetation type; mixed trees and shrubs dominated 
by acacia. Granitic soils having quartz and feldspar in 
approximately equal proportions with only minor biotite and 
hornblends are predominately prevalent and typical agricultural land 
use is influenced by the soils, topography and the climatic 
conditions of the area.  
 
 
Experimental design and sampling 

 
The soil samples were randomly collected in triplicates in Sebele 
farm (Block B) at a depth of 0-20 cm in both the tilled and non tilled 

agricultural loamy soils. To assess the effects of tillage on physical 
properties samples were collected from the tilled and non tilled 
areas and analyzed for soil texture, infiltration, bulk density and 
porosity and water retention. 
 
 
Soil texture 
 
Soil texture was determined using the Hydrometer or the 

Bouyoucos method for mechanical analysis or particle size analysis 
by measuring the proportion of different sized particles in a soil and 
hence it’s textural class. This is because for most agricultural 
purposes, the Bouyoucos method is sufficiently precise (Hanks and 
Ashcroft, 1970). 
 
 

Bulk density and porosity 
 

The core method was used to determine the soil bulk density and 
porosity. A cylindrical tube; 5 cm long with a 5 cm diameter, was 
driven into the soil to collect the samples. The bulk density and 
porosity of soil samples were estimated according to Rowell (1984). 
The particle density was assumed to be or estimated as 2.65 g/cm

3
.  

 
 
Soil water characteristics 

 
To investigate the mechanisms and processes related to changes 
in soil water content versus its energy status (that is, soil water 
retention curve or soil water characteristics), samples collected from 
the tilled and non-tilled sites were subjected to various pressures or 
matric forces in the pressure plate chamber/apparatus. The 
apparatus consisted of a ceramic pressure plate cell mounted in a 
pressure vessel, with the out flow tube running through the vessel 
wall to the atmosphere and soil samples held in place on the 
porous ceramic surface of the cell. Soil samples were placed on the 
porous ceramic surface and held in place by retaining rings of 
appropriate height. The samples together with the porous ceramic 
plate were then saturated with water. It was done to allow excess 
water to stand on the surface of the cell for several hours. The soil 
samples were then subjected to a pressure of 0.1 bar for 24 h in the 
pressure chamber. After that the samples were weighed and the 
results were recorded to the nearest 0.1 g as the moist soils. The 
samples were then oven dried at 105°C for 48 h and were weighed 
as the dry soils. The same procedure was followed for the other 
samples but using 15 bar suction. Soil water content at 0.1 bar and 
15 bar were estimated according to Ratnoji (2001). 
 

 

Infiltration characteristics 
 
To characterize infiltration, the double ring infiltrometer method was 

used to measure the vertical entry of water. The measurements 
were confined to the inner ring to minimize error due to flow 
divergence other than vertical suggesting why the double ring 

http://www.sciencedirect.com/science/article/pii/S0929139311001958#ref_bib0165
http://www.sciencedirect.com/science/article/pii/S0929139311001958#ref_bib0165
http://en.wikipedia.org/wiki/Semi-arid_climate
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Figure 1. A map of Botswana showing the location of study area near Gaborone. 

 
 
 
method is preferred over the single ring method. The cylinders were 
driven into the soil to a depth of 10 to 15 cm by placing the driving 
plate over the cylinder and hitting with a hammer on the central 
point. The plastic sheet was placed on the bottom of the inner 
cylinder to dissipate the force of water and reduce turbidity and 
dispersion of soil while filling the cylinders with water. 
Measurements of water intake in the inner cylinder from the 
reference line were taken after 5, 10, 20, 30, 45, 60, 90, 120, 180 

and 240 min. If water level became too low, that is below 3 cm, the 
inner cylinder was refilled carefully after the reading has been 
taken. Water in the outer cylinder was kept at approximately the 

same level as the inner cylinder to maintain a unit hydraulic 
gradient (Joshua, 1990). 
 
 

RESULTS  
 

Soil texture 
 
The results shows that in both tilled and non-tilled soils, 
the proportion increase of fractions are in the order of 
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Figure 2. Particle size distribution for till (a) and non till areas (b). 

  
 
 

Table 1. Particle size fractions of subsurface soils of tilled and non tilled soils. 
 

Sample %Sand %Silt %Clay Textural class 

Tilled area 

1 80.3 4.7 15.0 Loamy sands 

2 75.6 5.4 19.0 Loamy sands 

3 79.7 6.1 14.2 Loamy sands 

 

Non-tilled area 

1 83.4 2.4 14.2 Loamy sands 

2 82.4 3.6 14.0 Loamy sands 

3 85.7 1.7 12.6 Loamy sands 
 
 
 

sand> clay> silt, with the highest being 85.7% sand and 
lowest 1.7 % silt in sample 3 of non-tilled soils (Figure 2, 
Table 1).  

Generally the soils textural classes are loamy sands 
(Table 1).  Soil compaction can be further characterized 
using the percentage clay criterion (Canarache, 1991) 
1991). Based on this criterion the results suggests that 
the tilled area with relatively higher proportion of clays  
(Table 1) is relatively more compact as evidenced by the 
higher bulk densities index (Table 2). 
 
 
Soil bulk density and porosity 
 
Figure 3 shows bulk densities and total porosity of both 
tilled and non tilled soils. Higher values of bulk densities 
were observed for tilled soils (1.77 g/cm

3
) than non-tilled 

soils (1.42 g/cm
3
) as in sample 3.  

Moreover compaction in a form of bulk density is an 
indirect measure of compaction and is affected  primarily  

by soil texture (Canarache, 1991): 
 
BDi =BD + 0.009CL                                                      (1); 
 
Where BDi is bulk density index or soil packing density 
(g/cm

3
), BD is soil bulk density (g/cm

3
) and CL is 

percentage of clay or clay fraction. 
 
Using the Equation (1), it is clearly shown that 
compaction is clearly influenced by the clay fraction 
(Table 2). Therefore there is more compaction in tilled 
than non tilled soil as evidenced by increased BDi (Table 
2).  
 
 
Soil water characteristics 
 
Table 3 shows percentage of water content in the tilled 
and non-tilled soils under different soil water potential 
(matric potential or suction); field capacity (FC) at suction 
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Table 2. Bulk density indices (BDi) and compactability of tilled and non tilled soils. 
 

Sample 
Bulk density 

(g/cm
3
) 

%Clay 
BDi 

(g/cm
3
) 

Compactability 

Tilled area  

1 1.74 15.0 1.88 Extremely compacted 

2 1.68 19.0 1.85 Extremely compacted 

3 1.77 14.2 1.90 Extremely compacted 

  

Non-tilled area  

1 1.56 14.2 1.69 Moderately compacted 

2 1.46 14.0 1.59 Moderately compacted 

3 1.42 12.6 1.53 Moderately compacted 
 

BDi: <1.45 g/cm
3
- no compaction; 1.45-1.75-moderate; and >1.75-extreme (Canarache, 1991). 
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Figure 3. Soil bulk density and porosity of tilled and non-tilled area. 

 
 
 

Table 3. Soil water characteristic for tilled and non-tilled areas. 
 

Matric suction (bars) 
% Water content (weight basis) 

Tilled area Non tilled area 

FC (0.1 bar) 13.38 23.2 

WP (15 bar) 0.50 0.74 

Available water (%) 12.88 22.46 

 
 
 
of 0.1 bar and wilting point (WP) at 15 bars. The results 
indicate that there is a decrease in soil water content with 
the increase in matric suction associated with soil 
compaction. The non-tilled soils (relatively non-compact) 
had proportionally higher water content at both FC and 

WP than tilled area. For example at 0.1 bar the non-tilled 
soils had 23.2% water content while the tilled had 13.4, 
and for 15 bar the water content was 0.74 and 0.5% for 
non-tilled and tilled areas, respectively. This however has 
profound effects on amount of available for use by plants  
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Figure 4. Infiltration characteristics of tilled and non-tilled area. 

 
 
 

Table 4. Mean water infiltration in soils of study area. 
 

Site Infiltration rate (mm/min) Cumulative infiltration (mm) 

Tilled 1.25 121.68 

Non Tilled 2.75 220.71 

Significance (P<0.05) 6.84 3.65 

 
 
 
and other bio-functionality of soils. 
 
 
Infiltration characteristics 
 
There is a sharp monotonic decline (and more rapidly at 
the beginning) of the infiltration rate with time from the 
start of the application of water for both tilled and non-
tilled areas (Figure 4). This decline is due to combination 
of capillary and a gravity force. In both tillage manipulated 
areas, there is a gradual decrease of the rate until steady 
state is reached in about 150 min, with the tilled soils 
having relatively lower steady state rate associated with 
compaction. For instance, the steady rate was 0.6 to 1.0 
and 2 to 3 mm/min for tilled and non-tilled areas, 
respectively. This was reflected by the relatively lower 

mean infiltration rates in tilled areas (1.25 mm/min) than 
non-tilled area (2.75 mm/min) (Table 4). However, these 
typical results are expected for sandy soils, with larger 
macropores having high infiltration rates while clay soils 
have much slower rates due to compaction and reduced 
pore size (Hanks and Ashcroft, 1970). 

Further, the results indicated the cumulative infiltration 
(or  summation of the depth of water absorbed by a soil in 
a specified elapsed time in reference to the time of initial 
water application) was proportional larger in non-tilled 
(221 mm) than tilled soils (122 mm) (Figure 4, Table 4). 
The effect of compaction is on infiltration as indicated by 
the gradient or slopes shows larger slope for tilled (2.51) 
and non-tilled (1.06). This significant difference is due to 
the effect of compaction affecting the infiltration rate in 
the tilled soils by decreasing it. 
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DISCUSSION 
 

As revealed in the results, loamy sands is one of the 
typical textural class which are slightly cohesive when 
moist, and fragile casts can more readily be formed with 
them than with sands (Rowell, 1994) and therefore 
susceptible and prone to compaction. 

Tillage system can lead to lower or reduced bulk 
densities which have consequent effects on the soil’s 
ability to function for structural support, water and solute 
movement and soil aeration (Brady and Weil, 2008) and 
in crop and land management practices (Wolkowski and 
Lowery, 2008). This is because at high bulk densities or 
compacted soils are associated with pores of capillary 
size and therefore not penetrable by most roots. 
Generally the total porosity is relatively low (13 to 27%), 
the size of capillary pores (Pengthamkeerati et al., 2011). 
Accordingly the total porosity of soils was higher for the 
non-till soils, suggesting more water storage and 
aeration.  

Increased bulk density (or bulk density index) would 
generally result in reduction of total porosity due to the 
compaction of soil particles and consequently constricted 
space that the water and air can occupy. The reduction in 
pore space and subsequently larger pores would 
probably restrict water and air movement. Similarly, 
Dörner et al. (2010) reported that the amount of air-filled 
pores increased with the reduction of the bulk density, 
however, the stability and continuity of these pores are 
low, which affects their functionality. Because larger 
pores are often filled with air rather than water, a 
reduction in pore sizes may lessen the ability of roots to 
obtain oxygen from the air above (Clinsk and Lipiec, 
1990). This means than compaction beyond a certain 
point can reduce a soil’s ability to absorb water and 
provide sufficient oxygen to maintain healthy roots. 
Similarly, the reduced absorption increases the possibility 
of serious erosion and runoff (Tafangenyasha et al., 
2010).  For instance lack of oxygen reduces respiration of 
root and micro organisms. Root length tends to be 
inversely related to compaction and such roots are 
usually irregularly shaped. Much of changes in root 
growth are due to differences in the oxygen diffusion rate 
(ODR), since compaction alters the ODR (Wolf and 
Snyder, 2003). 

The amount of water retained at low values of matric 
suction (e.g. 0 to 1 bar) depends mainly on the capillary 
effect and the particle/pore size distribution. As clay 
particles are forced closer together, soil strength may 
increase beyond about 2000 kPa large to limit root 
penetration (Mastura et al., 2011). This effect is due the 
rearrangement of grains and aggregates into a new 
structure with an altered void-size distribution as well as 
changes in clay particle orientation thus affecting water 
retention. Compaction, by destroying many of the 
macropores and large micropores into smaller pores 
generally reduces the amount of water that plants can 
use (Tafangenyasha et al., 2010).   

 
 
 
 
Consequently decreases in pore space at FC (or less 
water is retained) and creation of more very fine micro 
pores will increase the permanent wilting coefficient and 
so decrease the available water content. 

A t-test indicated that there was significance (P < 0.05) 
between the values and this meant that the infiltration 
capacities of the tilled soils are altered by soil 
management practices (tillage) leading to compaction. 
This is likely to cause hardsetting in soils due to 
compaction thus limiting infiltration and altering the rate 
as sequentially smaller macropores are emptied (Yuksek 
et al., 2009). The low infiltration rate (as in tilled soils) 
means that water enters the soils slowly as compared to 
the soils in the non-tilled area. This will lead to pooling of 
water on the surface and hence increased surface runoff 
and water erosion and consequently less plant available 
water. Decrease in infiltration or waterlogging above a 
compacted layer can also cause nutrient deficiencies in 
crops due to anaerobic conditions and reduction in 
biological activity and fertilizer use efficiencies (Wolf and 
Snyder, 2003). This significant difference is probably due 
to the effect of compaction affecting the infiltration rate 
and reduction in pores in tilled soils by decreasing it 
(Dörner et al., 2010) and probably associated with the 
development of platy structure by soil compaction and the 
presence of biopores can induce a direction-dependent 
behavior of pore functions (Dörner and  Horn, 2006). 
 

 

Conclusion 
 

Compaction affects the soil physical properties 
drastically, particular in semi-arid environments. It 
increases the soil bulk density, decreasing porosity 
because of the macro pores destruction. The infiltration is 
decreased due to compaction associated closely packed 
soil particles thereby decreasing the water holding 
capacity. The soil textural class (loamy sands) 
determined are susceptible to compaction especially with 
relatively higher proportions of clays than silts. The effect 
of tillage in compaction cannot be over-emphasized. The 
tilled area indicated more of the effects of compaction 
than non-tilled area. This conclusively suggests that 
intensified tillage farming can leads to a decline of the soil 
productivity with subsequent reduction in crop production.  
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