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ABSTRACT 

In this study carried out in 2011 and 2012, the effects of four different tillage practices [plow + disc harrow + 

rotary tiller + direct seeding machine (TP1), chisel + disc harrow + rotary tiller + direct seeding machine (TP2), 

plow + rotary tiller + direct seeding machine (TP3), direct drilling (TP4)] and control plot without planting (TP5) 

on the soil bulk density (BD), moisture content and penetration resistance of a clayey textured soil were 

evaluated in the central Black Sea Region of Turkey with a geostatistical approach. The values of soil 

compaction indicators were significantly greater under the TP4 treatment than in the case of TP1 and TP2 after 

harvest, especially at 20-40 cm depth in 2011 and 2012. Overall, our results suggest the avoidance of direct 

seeding practices in high clay content soils. 

 
ÖZET 
Bu çalışma ile 2011-2012 yıllarında, Türkiye’nin Orta Karadeniz Tarımsal Bölgesinde killi bünyeye sahip bir 

toprakta, dört farklı toprak işleme metodunun [ (pulluk+diskaro+rotatiller+doğrudan ekim makinası;(Tİ1), 

çizel+diskaro+rotatiller+doğrudan ekim makinası;(Tİ2),   (pulluk+rotatiller+doğrudan ekim makinası; (Tİ3) ve 

doğrudan ekim; (DE) ]  ve ekim yapılmayan kontrol parselinin hacim ağırlığı, nem içeri ve penetrasyon 

direncine etkileri jeo-istatistiksel yaklaşım metodu ile değerlendirilmeye çalışılmıştır. Bu çalışmanın 

sonuçlarına göre ağır bünyeli topraklarda Doğrudan Ekim (DE) uygulamasından kaçınılması gerektiği 

söylenebilir. 

 

INTRODUCTION 

Soil is one of the necessary requirements for human existence and an essential contributor to human 

civilization. It is a fundamental prerequisite for agricultural production and is closely connected with food supply 

(Badalikova B., 2010). Compacted soil can be a serious problem in agriculture as it can restrict access of the 

root system to water and nutrients, thus decreasing crop yields (Clark et al. 2003). Sustainable use of 

agricultural lands for optimal plant production is closely related to agricultural practices. Many soil properties 

are affected to some degree by soil management practices (AksakalandÖztaş, 2010). Soil tillage, which 

requires high-energy inputs at considerable expense, creates favourable conditions for good stand 

establishment and development, and crop yields. Tillage practices play a crucial role in soil conservation (El 

Titi., 2003). One of the main goals of soil tillage is to influence soil processes, predominantly modification of 

soil chemical, physical and biological properties (Badalikova B., 2010; Botta et al., 2010). However, from soil 

preparation to harvest, field operations can damage soil structure by compaction which is a major problem for 

agricultural lands (Stafford and Hendrick, 1988). 

Soil compaction is basically the reduction in volume of a given soil mass. It is commonly defined as an 

increase in soil bulk density (BD) that is manifested through closer packing of solid particles, and decreased 

porosity, especially the proportion of large pores (Arslan S., 2006; Pınar et al, 2008; Çelik A., 2011). The 

relationship between soil compaction and penetration resistance (PR) has been described in many studies 

(Utsetand Cid, 2001; Kılıç et al, 2004; Hamza and Anderson, 2005; Arslan S., 2006; Carrara et al, 2007; 

UsowiczandLipiec, 2009). Soil compaction is an important physical limiting factor for root growth and plant 

emergence and is one of the major causes of reduced crop yield in worldwide (Utsetand Cid, 2001; Hamza 

and Anderson, 2005; Pınar et al. 2008; Tekin et al, 2008). In soils compacted to more than 2 MPa resistance, 

root growth is extremely difficult (Botta et al, 2006). Sometimes, however, compaction is desirable, because it 
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can lead to improved seed-soil contact, and hence better germination and growth of the seedling (Çelik İ., 

2011). 

As far as the determination of soil compaction and related soil properties, the determination of these 

properties and the spatial distribution of the soil compaction level in the vicinity are of great importance in terms 

of effective soil management practices. For precision agriculture applications, it is essential to determine the 

level of yield and productivity parameters change, including soil compressibility, and to prepare area indicator 

maps. 

Geostatistical techniques, together with classical statistics, constitute an important tool in determining 

the spatial effects of soil management practices (Usowicz andLipiec, 2009). Traditional statistics assume that 

the spatial variability of soil is random and without spatial correlations, therefore they are not suitable for 

analysing spatially varying soil properties. However, geostatistical techniques accept that samples taken in 

close proximity are generally more similar than samples taken from a greater distance apart, and spatially 

analyse the relationships between soil properties (Isaaksand Srivastava, 1989). Spatial continuity exists in 

most earth science data sets. Two data in close proximity are more likely to have similar values than two data 

that are far apart (Isaaksand Srivastava, 1989). Geostatistical techniques can be divided into two groups, 

namely semivariogram for spatial modelling and kriging for spatial interpolation. To estimate the unsampled 

values, it is essential to know the semivariogram function associated with the soil properties evaluated. Kriging 

is a statistical procedure for interpolating values at unsampled locations between locations with measured 

values. It is one of many procedures available to estimate unknown values within a domain based on already 

known values (Nielsen and Wendroth, 2003). Geostatistical techniques have become widely used for the 

analysis of soil data (Lopez-Granados et al, 2005; Sağlam M., 2015). 

Knowledge of the spatial distribution of PR can be helpful in identifying zones with soil compaction 

(strength) problems and developing management strategies that minimize the harmful impacts of infield traffic 

on crop production. The aim of this study was to examine the effects of different soil tillage methods on PR by 

using geostatistical techniques. 

 

MATERIAL AND METHODS 
 The experiment was conducted on alluvial soil at the Karadeniz Agricultural Research Institute, Samsun, 

Turkey in 2011 and 2012. Average annual rainfall was 1045.2 mm. The soil of the study area had a clayey 

texture (67% clay, 18% silt and 15% sand) and according to its soil taxonomy, it was classified as Vertisol (Soil 

Survey Staff, 1999). 

 Four different tillage practices, namely plow+disc harrow+rotary tiller+direct seeding machine (TP1), 

chisel+disc harrow+rotary tiller+ direct seeding machine (TP2), plow+rotary tiller+direct seeding machine (TP3) 

and direct drilling (TP4), and an unplanted control plot (TP5) were applied to experimental plots of 11 m x 50 m 

with three replicates. A Ford 6600 tractor (77 horsepower, 2.750 kg) was used for all soil tillage treatments. 

After the tillage treatments, maize (Zea mays, L.) was planted in all study plots in May and harvested in 

October. 

 Penetration resistance was measured with an Eijelkamp handheld penetrometer of 16.60 mm diameter 

and 30° cone angle. This instrument can measure a penetration force ranging from 0 to 1 kN (with a resolution 

of 0.02 kN) up to a maximum depth of 0.45 m. Penetration resistance was determined with the following 

equation (Selvi K Ç., 2003): 

 

x 0.0981
F

PR
A


   (1) 

where: 

PR is penetration resistance [MPa]; 

F is the reading; the value of force [daN]; 

A is the base area of cone [cm2]. 

 

 Before tillage, soil BD was determined with the cylinder method (Blake and Hartge, 1986). Soil 

gravimetric moisture content at 0-20 cm and 20-40 cm was determined for 100 cm3 of undisturbed soil samples 

taken with rollers 24 h and dried in an oven at 105 °C. 

 The spatial variability of soil PR was examined with semivariogram models and the following equation 

was used to estimate the models. 
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where: 

z (xi) and z(xi + h) are the variables of interest at locations xi and xi + h, respectively, 

N(h) is the number of pairs at locations separated by a distance ‘h’ (Isaaksand Srivastava, 1989), the 

theoretical spherical semivariogram model was used to establish the spatial variability of PR. 
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where: 

C0 is the nugget variance, 

C is the structural variance, 

C0+C is the sill variance,  

h is the lag distance, 

a is the range of spatial correlation.  

 While selecting the best fit model, the model with the smallest residual sum of squares (RSS), the 

highest coefficient of determination (r2) and the best cross-validation result was controlled. The semivariogram 

and spatial structure analyses for PR were performed with geostatistical software (Robertson G P, 2008). 

 

RESULTS  

The soil BD (g cm-3) and volumetric water content (VWC) (%) before tillage and after harvesting in the 

experimental plots at 0-20 cm and 20-40 cm for both experimental years are shown in Table 1.  

 

Table 1 
Values of some soil properties before tillage and after harvesting  

for different soil tillage methods on the Black Sea coast of Turkey 

Years 
Tillage 

Practices 
Depth, [cm] 

Bulk Density, 
[gcm-3] 

Volumetric Water Content, 
[%] 

BT AH BT AH 

2
0

1
1
 

TP1 

0-20 

1.28 1.07 37 43 

TP2 1.28 1.08 36 45 

TP3 1.24 1.12 33 46 

TP4 1.27 1.12 31 48 

TP5 1.28 1.12 25 48 

TP1 

20-40 

1.30 1.12 36 52 

TP2 1.30 1.14 38 54 

TP3 1.32 1.21 40 52 

TP4 1.36 1.22 40 55 

TP5 1.30 1.21 38 54 

2
0

1
2
 

TP1 

0-20 

1.23 1.21 35 38 

TP2 1.23 1.20 41 44 

TP3 1.22 1.17 42 44 

TP4 1.22 1.20 41 42 

TP5 1.21 1.20 42 44 

TP1 20-40 1.28 1.24 34 56 
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Years 
Tillage 

Practices 
Depth, [cm] 

Bulk Density, 
[gcm-3] 

Volumetric Water Content, 
[%] 

BT AH BT AH 

TP2 1.26 1.23 42 54 

TP3 1.26 1.28 42 56 

TP4 1.28 1.28 44 56 

TP5 1.26 1.27 44 54 

TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine.  
TP3: plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting. BT= before tillage;  
AH= after harvesting. 

 

The average BD for 0-20 cm for all experimental plots before soil tillage and after harvesting in 2011 

were 1.27 g cm-3 and 1.10g cm-3, respectively, and in 2012, 1.22 g cm-3 and 1.20g cm-3, respectively. For 0-20 

cm, the mean moisture content for treatments before tillage and after harvesting in 2011 were 32.4% and 

46.0%, respectively, and in 2012, 40.2% and 42.4%, respectively. For 20-40 cm, the mean moisture content 

for treatments before tillage and after harvesting in 2011 were 34.4% and 53.4%, respectively, and in 2012, 

40.2% and 42.4%, respectively. Differences in soil moisture among tillage methods were not statistically 

significant (P>0.05). 

Values of soil PR ranged between 0.51 MPa and 1.97 MPa for 0-20 cm and 0.70 MPa and 1.37 MPa 

for 20-40 cm before tillage in 2011. Penetration resistance ranged between 0.76 MPa and 1.41 MPa for 0-20 

cm and 0.91 MPa and 3.10 MPa for 20-40 cm after harvesting in 2011. Values of PR ranged between 0.61 

MPa and 1.35 MPa for 0-20 cm and 0.61 MPa and 1.23 MPa for 20-40 cm before tillage in 2012. Penetration 

resistance ranged between 0.66 MPa and 1.33 MPa for 0-20 cm and 0.77 MPa and 2.07 MPa for 20-40 cm 

after harvesting in 2012. 

The semivariogram model was fitted to empirical values with a determination coefficient >0.9 in all cases. 

In this study, only selected semivariograms are presented for 0-20 cm and 20-40 cm before tillage and after 

harvesting in 2011 and 2012. Semivariogram models of PRs evaluated in terms of both sampling times and 

sampling depths were fitted as spherical models, and all models fitted had a high coefficient of determination 

and small RSS which indicated that all the models were reliable (Table 2). 

 

Table 2 

Parameters of semivariogram models for different soil tillage methods on the Black Sea coast of Turkey 

Year Time Depth Model Nugget Sill Range R2 RSS 
r 

[for cross 
validation] 

2011 

BT 
0-20 Sph 0.0001 0.108 20.28 0.98 2.203x10-4 0.8 

20-40 Sph 0.0001 0.035 21.76 0.99 1.909x10-5 0.76 

AH 
0-20 Sph 0.00001 0.016 17.91 0.96 8.467x10-6 0.92 

20-40 Sph 0.0001 0.223 22.44 0.94 1.281x10-3 0.93 

2012 

BT 
0-20 Sph 0.0001 0.041 15.16 0.97 2.486x10-6 0.81 

20-40 Sph 0.00008 0.020 14.18 0.97 1.984x10-5 0.8 

AH 
0-20 Sph 0.00061 0.029 16.96 1.00 7.029x10-7 0.77 

20-40 Sph 0.0039 0.067 4232 1.00 1.030x10-5 0.81 

Sph: spherical; BT=before tillage; AH= after harvesting; RSS: residual sum of squares 

 

Semivariogram maps of PR for the two depths indicated the occurrence of spatial dependence with 

different values of semivariance, as affected by tillage methods. The effects of different tillage methods on 

distribution of PR in 2011 and 2012 are given in Figures 1 and 2, respectively. 
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a. before tillage (0-20 cm) b. after harvesting (0-20 cm) 

 c.  

  

d. before tillage (20-40 cm) e. after harvesting (20-40 cm) 

 
Fig 1 - The effects of different soil tillage methods on distribution of PR in 2011 

TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine. TP3: 

plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting; 0.0 m-11.0 m = TP1; 11.0 m-22.0m = 

TP2; 22.0 m-33.0 m= TP3; 33.0 m-44.0 m= TP4; 44.0 m-55.0 m= TP5. 

In 2011, for 0-20 cm, the PR values were heterogeneous in all experimental plots before tillage. 

Penetration resistance values obtained after harvesting (AH) showed that they were most reduced by the TP1 

method. For 20-40 cm before tillage, PR values were more homogeneous and the average values of PR were 

lower than for 0-20 cm.  

However, after harvesting, PR values were high enough to limit the crop yield (Botta et al, 2006) in the 

TP3 and TP4 plots at 20-40 cm. Penetration resistances for TP1 decreased at both depths. This result may be 

explained by inversion of the soil by the plow, which increases pore size. These results support the results of 

Çetin et al. (2009) and Doğan and Çarman (1997). 
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c. before tillage (20-40 cm) d. after harvesting (20-40 cm) 

Fig. 2 -The effects of different soil tillage methods on distribution of PR in 2012 

TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine. 
TP3: plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting; 0.0 m-11.0 m = TP1; 

11.0 m-22.0m = TP2; 22.0 m-33.0 m= TP3; 33.0 m-44.0 m= TP4; 44.0 m-55.0 m= TP5. 

The average PR values before soil tillage in 2012 were lower than in 2011. In 2012, the PR values at 0-

20 cm were more homogenous than in 2011 in all experimental plots. In 2012, the PR values obtained at 0-20 

cm after harvesting for the TP1 and TP2 methods were lower than for 2011. In addition, after harvesting, PR 

values were higher for the TP3 and TP4 methods for 20-40 cm in 2011 than in 2012. The TP1 method decreased 

the PR at 0-20 cm. That result can be attributed to the short term loosening effect of tillage. However, the TP3 

and TP4 methods increased the PR at 20-40 cm. These results were in good agreement with those of Scwartz 

et al. (2003) and Çelik (2011).  

Penetration resistances for the two soil depths were the highest under the TP4 method and the lowest 

under the TP1 method in both experimental years, relative to TP5 (Control). This result supported those of 

Alvarez et al. (2009) and Çelik (2011) and the lowest values of PR were obtained for the TP1 method. In our 

study, the PR increased with soil depth for all methods, which supported the results of Boydaş and Turgut 

(2007) and Amin et al. (2014).  

 

CONCLUSIONS 

The results of the current study showed that the use of the TP1 and TP2 methods for two years in maize 

growing resulted in lower bulk densities than for other tillage operations on a heavy clayey soil (Vertisol). The 

BD and PR were significantly greater under TP3 and TP4, especially TP4, than those under TP1 and TP2 at 0-

20 and 20-40 cm. The values of BD and PR were lower in the surface layers. The TP4 method had detrimental 

effects that varied according to the sampling period and soil depth.  

Overall, soil properties influencing PR in all plots were water content, BD and clay content. Our results 

suggest that since the PR was adversely affected, direct seeding (TP4) should be avoided on high clay content 

soils under the Black Sea Region climatic regime. 
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