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A b s t r a c t. The study aimed to determine the effect of ran-
domly applied soil-improving cropping systems on the variability 
of soil thermal conductivity, heat capacity, and thermal diffusivity 
over the course of a 3-year (2016-2018) study. The field experiment 
included the control and the following soil-improving cropping 
systems: liming, leguminous catch crops for green manure, farm-
yard manure, and liming+leguminous catch crops+farmyard 
manure together with spring oats (2017) and spring wheat (2018). 
The parameters such as bulk density, water content, and values of 
soil thermal conductivity, heat capacity, and thermal diffusivity 
have been determined. The thermal properties were measured at 
the current water content in situ and in water-saturated and dry 
soil states in the laboratory. The thermal properties in the wet 
year of 2017 increased in the subareas with a predominance of 
leguminous catch crops for green manure, farmyard manure, and 
liming+leguminous catch crops+farmyard manure, whereas the 
soil-improving cropping systems effect was not consistent after 
stubble tilling in the dry year of 2018. Cross-semivariograms 
which used the sand content as an auxiliary variable and cokriging 
produced a better prediction than the semivariograms and kriging. 
The fractal analysis indicated that the number of subareas differ-
ing in thermal properties was mainly modified by water content 

and bulk density. The spatial spread of the soil thermal properties 
during the water-saturated and dry states increased in subareas 
with a higher bulk density.

Keywords: soil-improving practices, thermal conductivity, 
heat capacity, thermal diffusivity, semi- and cross-semivariograms, 
kriging and cokriging, mapping

INTRODUCTION

Soil thermal properties, including thermal conductivity, 
thermal diffusivity, and heat capacity are the primary fac-
tors governing surface-energy partitioning and heat transfer 
in the soil profile (Ochsner et al., 2007; Lipiec and Hatano, 
2003; Liu et al., 2018). In addition, they influence soil water 
conditions through the effect of latent heat exchange and 
evaporation (Heitman et al., 2020). Heat transfer and the 
temperature distribution of the soil have important effects on 
seedling growth and its associated crop establishment (Abu-
Hamdeh and Reeder, 2000; Mellander et al., 2004; Lipiec et 
al., 2011), microbial respiration rate, organic matter turnover 
(Andry et al., 2009; Xu et al., 2012), and greenhouse gas 
exchange (Peng et al., 2009; Xu et al., 2012). The meas-
ured soil thermal properties are required in coupled heat and 
water transfer models (Heitman et al., 2008; Tarnawski et 
al., 2021) in order to improve the prediction of the spatial 
and temporal dynamics of soil temperature and the effects 
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of land management practices under climate change condi-
tions (Zhao and Sia, 2019). The exploration of the spatial 
variability in soil thermal properties is important in predict-
ing ecosystem function and precision agriculture (Usowicz 
et al., 2017; Mitchell-Fostyk et al., 2021). A knowledge of 
soil thermal properties is also useful in studying space condi-
tions where soils are used as an analogue of extra-terrestrial 
porous media (Usowicz et al., 2008; Nagihara et al., 2014).

The thermal properties of different soil types are for the 
most part determined by the composition of the solid phase, 
including the content of mineral particles and soil organic 
matter (Gamage et al., 2019; Schjønning, 2021; Mitchell-
Fostyk et al., 2021). However, these properties of a given 
soil type are largely dependent on the variable parameters 
of soil water status, air-filled porosity (Ochsner et al., 2001; 
Lipiec and Hatano, 2003) and bulk density (Dec et al., 
2009; Usowicz et al., 2013), and on the less variable organ-
ic matter content (Abu-Hamdeh and Reeder, 2000). Even 
small alterations in soil composition may have a substantial 
effect on soil heat conduction, as the thermal conductivity 
and diffusivity of air as compared to other soil components 
are many-fold lower (Liu et al., 2018). Therefore, soil ther-
mal conductivity was more closely correlated with air-filled 
porosity than with the volume fraction of water (Usowicz, 
1995); Ochsner et al. (2001). A recent study conducted by 
Schjønning (2021) on different soils has revealed that ther-
mal conductivity during dry and water-saturated states had 
a wider range than those reported in the literature. In dry 
conditions thermal conductivity is a critical parameter in 
the model predicting conductivity based on the normalized 
concept (He et al., 2021; Schjønning, 2021). Therefore, 
further measurements of the conductivity in soils with an 
undisturbed structural composition over a range of soil 
water conditions are required.

Soil compaction, composition, and the number of con-
tacts between soil particles can be altered by the application 
of soil-improving cropping systems (SICS), e.g. organic 
amendments, extended crop rotation with cover crops 
(Ajayi et al., 2016; Bolinder et al., 2020), or liming favour-
ing the formation of a more diversified and stable soil 
structure and pore-size distribution (Krasowicz et al., 2011; 
Keiblinger et al., 2016). Increasing the soil organic mat-
ter content and greening associated with the use of catch 
crops forms a part of the global strategy to improve carbon 
sequestration stocks (Yost and Hartemink, 2019; Bolinder 
et al., 2020; Valkama et al., 2015; Zaniewicz-Bajkowska et 
al., 2013) and mitigate global warming effects (Soussana 
et al., 2017; Lal, 2020). However, at present there is a lack 
of data available concerning the effects of SICS on the 
thermal properties of soil. Some studies have shown that 
the application of biochar and recycled organic materials 
increases the thermal conductivity and thermal diffusivity 
also increases with increasing soil water content (Liu et al., 
2018; Usowicz et al., 2016; Usowicz and Lipiec, 2019); 
this effect was more pronounced in soil with a greater rather 

than a lower bulk density (Usowicz et al., 2016). However, 
at controlled and similar soil water contents, the thermal 
capacity and conductivity decreased in response to biochar 
addition mainly due to the increase in soil porosity (Liu et 
al., 2018; Usowicz et al., 2020).

The application of SICS is of particular importance on 
sandy soils with low quality and productivity that are for 
the most part characterized by a low organic matter con-
tent, water-holding capacity, and acidity. At the same time, 
the soils are characterized by a low heat capacity which is 
associated with large daily temperature fluctuations (Akter 
et al., 2015), these increase the risk of plant injury caused 
by extreme temperatures (Lipiec et al., 2011). Instead, they 
warm up rapidly in the spring prior to the growing season 
to achieve the minimum soil temperature required for plant 
growth (Akter et al., 2015; Gliński and Lipiec, 1990) and 
require rather low energy inputs for tillage (Novák et al., 
2014). On a global basis, sandy soils occupy around 900 mil-
lion ha−1 (Yost and Hartemink, 2019) and occur in different 
regions across the world (Bronick and Lal, 2005; Thorsen et 
al., 2010; Jankowski et al., 2011). In Poland, around half of 
all soils were formed from sands of a glacial origin (Białousz 
et al., 2005; Rutkowska and Pikuła 2013). In spite of their 
low quality, sandy soils are progressively being used for crop 
production due to a deficiency in agricultural land resources 
(Yost and Hartemink, 2019; Schjønning et al., 2009; Usowicz 
and Lipiec, 2017) and the rising global population and food 
demand (Reichert et al., 2009; Lal, 2020).

These data indicate that SICS may have a substantial 
effect on soil thermal properties. To the best of our knowl-
edge, no comprehensive studies have been performed as 
yet to assess the spatial distribution of soil thermal proper-
ties upon SICS application on sandy soils. Therefore, the 
aim of this study was to determine the effect of various 
randomly applied soil-improving practices such as liming, 
catch crops, and farmyard manure on the spatial variabil-
ity of soil thermal conductivity, heat capacity, and thermal 
diffusivity with particular consideration of the distribution 
of soil physical properties over a 3-year trial in field and 
laboratory conditions.

MATERIALS AND METHODS

The field study (350×40 m) was located on a private 
farm in Szaniawy, which is in the Podlasie region, Poland 
(51°59'09.8"N, 22°33'57.5"E) on Podzol soil (WRB, 2015) 
it is derived from a sandy material of glacial origin. Most 
of the soils in the study area are used in crop production. 
A tillage system with mouldboard ploughing (20-25 cm) 
dominates in the study area. Crop rotation includes cereals 
for the most part and, to a lesser degree, potatoes and leg-
umes. Small wheeled tractors (up to 3.5 Mg) and combine 
harvesters (up to 10 Mg) are commonly used in the study 
area and do not cause heavy soil compaction. These man-
agement practices have been used over the course of the 
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last three decades (Usowicz et al., 2004). The randomized 
experiment (Fig. 1) was started in the autumn of 2016 with 
oats (Avena sativa L.) in 2017 and wheat (Triticum aestivum 
L.) in 2018. These crops predominate in the crop rotation of 
the study area. The treatments were as follows: (C) control, 
(L) liming with 5.6 t ha−1 CaCO3 (applied once in the autumn 
of 2016), (LU) catch crops for green manure including yel-
low lupine (Lupinus luteus L.), serradella (Ornithopus 
sativus) and phacelia (Phacelia tanacetifolia Benth) that are 
grown every year (with respective seeding rates of 130, 30, 
and 3 kg ha−1), (M) farmyard manure at 30 t ha−1 every year 
in the autumn, and (L+LU+M) liming (as in treatment L) 
+ catch crops (as in treatment LU) + manure (10 t ha−1). 
Yellow lupine, serradella, and phacelia are often used as 
green manures in Poland. Each treatment consisted of three 
plots (20×40 m) separated by a 1.0 m margin.

The measurements comprised the particle size distribu-
tion with Bouyoucos’s sedimentation technique which was 
modified by Casagrande and Prószyński (ISO, 1995), organ-
ic carbon using the Tiurin titration technique (Ostrowska et 
al., 1991), cation exchange capacity through the neutraliza-
tion of the acidic groups with barium chloride (ISO, 1995), 
and pH in 1M KCl using the combination pH electrode of 
Orion Research. These parameters were determined in 150 
soil samples (layer 0-25 cm) evenly covering the whole field 
area (350×40 m) at the beginning of experiment in 2016.

The measurements or calculations during the experiment 
were carried out on three different occasions, including a few 
days after cereal harvest in 2016 (25 August) and 2017 (24 
August) and after stubble tilling and sowing catch crops in 
2018 (16 October). They included dry bulk density (BD) 
using soil cores of 100 cm3 and 5 cm in diameter (Blake and 
Hartge, 1986), the particle density (Mg m−3) was calculat-
ed from the following relationship: bulk density/(1 – total 
porosity) where the total porosity was equal to the saturated 
water content at pF 0 (i.e., log10 (|1 cm H2O|)). The gravi-
metric volumetric water content (WC) was determined using 
the same soil cores as for the determination of the dry bulk 
density. Measurements of the volumetric water content in 
the field were performed using a TDR meter (WCT). The 

gravimetric vs. TDR soil water contents were higher and 
exhibited a lower error (WC vs. WCT < ~ 2%); therefore, 
they were used in further analyses. All of the soil measure-
ments were made at 45 points (WC) and 90 points (WCT) 
in a grid covering the whole field area in an approximately 
even manner.

Measurements of the thermal conductivity (K), heat 
capacity (Cv), and thermal diffusivity (D) of the soils were 
performed at the current soil water content in the field using 
a KD2 Pro meter (Decagon Devices). Additionally, labora-
tory measurements of K, Cv, and D were made at the current 
soil water content at both dry and water-saturated states using 
the same KD2 Pro meter and 100 cm3 soil cores. Both field 
and laboratory measurements were carried out at 90 points 
(5 treatments × 18 replicates taken randomly). Measurements 
of all soil properties were conducted at a depth of 0-10 cm.

The spatial dependence and distribution for soil ther-
mal (z1) and physical properties (z2) were determined using 
geostatistical methods (Gamma Design Software, GS+9, 
Robertson, 2008). The experimental semivariogram γ(h) 
and cross-semivariogram between the soil thermal (z1) and 
physical properties (z2) − γ12(h) for the distance h (m) were 
obtained from the following equations:
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where: N(h) is the number of pairs of points with values of 
[z1(xi), z1(xi+h)], [z2(xi), z2(xi+h)], separated by a distance 
h, and xi is the location coordinate. For the semivariograms 
and cross-semivariograms obtained empirically, the expo-
nential model was fitted (Robertson, 2008):
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where: γ(h) is the semivariance for the inner distance class 
h, h is the lag distance interval, C0 is the nugget variance ≥0, 
C is the structural variance ≥C0, A0 is the range parameter, 
and C0 + C is the sill. As for the exponential isotropic mod-
el, the effective range A = 3A0, that is the distance where the 
sill (C + C0) is inside 5% of the asymptote.

The gained mathematical functions of the semivari-
ograms and cross-semivariograms were used for spatial 
analysis and also for graphical visualization through the 
estimation of the thermal and physical properties of the soil 
using kriging or cokriging methods. Experimental semi-
variograms and cross-semivariograms were obtained from 
the measured data of soil thermal and physical properties. 
Then, parameters and models with the minimum residual 
sum of squares and the highest R2 values were fitted to the 
experimental semivariograms and cross-semivariograms.

Ordinary cokriging (OCK) and ordinary kriging 
(OK) were used to predict the spatial distribution of soil 
thermal properties and selected soil physical properties, 

Fig. 1. Arrangement of the field plot with the following soil-improv-
ing cropping systems (SICS) applied: 1 – control, 2 – lime (L), 
3 – leguminous catch crops (LU), 4 – farmyard manure (M), and 
5 – lime + leguminous catch crops + farmyard manure (L+LU+M).
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respectively. The estimator of kriging and cokriging are 
linear equations which may be expressed by the following 
formula (Robertson, 2008):
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where: N is the number of measurements, z(xi) – the value 
measured at point xi, z*(xo) – the estimated value at the 
point of estimation xo, and λi – the weights, and λ1i and λ2j 
are the weights associated with z1 and z2. N1 and N2 are the 
numbers of neighbours of z1 and z2 used for the estimation 
at point xo.

In our study, the ordinary cokriging technique was used 
to enhance the estimation of the spatial distribution of soil 
thermal properties using sparse sampling data of the soil 
thermal properties and denser sampling data of the sand 
content as an auxiliary variable. Cross-validation analy-
sis was applied for evaluating the extent of the agreement 
between the measured values and those estimated using 
kriging and cokriging methods.

Figure 2 illustrates the course of the monthly mean air 
temperatures and rainfall sums for the years 2016, 2017, 
and 2018 at the study site. The average growing season 

temperatures (April-September) and the annual tempera-
tures in successive years were 15.5, 14.8, 17.1°C and 8.7, 
8.7, 9.3°C, respectively. In 2017 the growing season tem-
peratures proved to be among the lowest during the past 
50-year period with a maximum of 16.3°C. The growing 
season and annual precipitation in 2016, 2017, and 2018 
were 341.7, 424.1, 308.1 mm and 718.0, 670.1, 509.1 mm, 
respectively. During the three growing seasons the precipi-
tation values were below the long-term average (567 mm).

Ta b l e  1. Basic statistics of soil texture, organic carbon content (OC), cation-exchange capacity (CEC) (0-25 cm), bulk density (BD), 
porosity (FI), particle density (PD), TDR water content (WCT), and gravimetric water content (WC) in the 0-10 cm layer in the field

Sand
(%)

Silt
(%)

Clay
(%)

OC
(%)

CEC
(cmol kg–1)

BD
(Mg m–3)

FI
(m3 m–3)

PD
(Mg m–3)

WCT
(m3 m–3)

WC
(m3 m–3)

Date 25.08.2016
Number 150 150 150 150 150 45 45 45 90 45
Mean 62.9 34.8 2.2 0.80 12.3 1.537 0.373 2.45 0.205 0.214
SD 5.1 4.8 1.15 0.23 2.8 0.078 0.028 0.04 0.022 0.019
CV (%) 8.1 13.9 51.8 28.9 22.6 5.1 7.6 1.6 10.8 9.0
Minimum 53.0 18.0 0.0 0.13 4.8 1.381 0.323 2.38 0.13 0.162
Maximum 81.0 45.0 6.0 1.52 21.3 1.675 0.429 2.55 0.255 0.255
Skewness 0.974 –0.930 0.849 0.144 0.514 –0.379 0.328 0.351 –0.885 –0.546
Kurtosis 0.793 0.920 1.054 0.892 0.700 –0.861 –0.884 –0.836 1.195 0.245

BD
(Mg m–3)

FI
(m3 m–3)

PD
(Mg m–3)

WCT
(m3 m–3)

WC
(m3 m–3)

BD
(Mg m–3)

FI
(m3 m–3)

PD
(Mg m–3)

WCT
(m3 m–3)

WC
(m3 m–3)

Date 24.08.2017 16.10.2018
Number 45 45 45 90 45 45 45 45 90 45
Mean 1.551 0.385 2.523 0.190 0.230 1.286 0.447 2.328 0.058 0.091
SD 0.108 0.029 0.132 0.022 0.022 0.079 0.021 0.104 0.014 0.013
CV (%) 7.0 7.6 5.2 11.8 9.7 6.2 4.7 4.5 24.1 14.7
Minimum 1.289 0.338 2.284 0.134 0.180 1.075 0.368 2.024 0.027 0.050
Maximum 1.728 0.448 2.704 0.226 0.267 1.509 0.486 2.491 0.085 0.118
Skewness –0.601 0.762 –0.167 –0.531 –0.403 –0.018 –1.036 –1.055 –0.301 –0.480
Kurtosis –0.275 –0.462 –1.502 –0.217 –0.598 0.690 2.376 0.867 –0.529 0.399

Sand (2-0.05 mm), silt (0.05-0.002 (mm) and clay (<0.002 mm), SD – standard deviation, CV (%) – coefficient of variation.

Fig. 2. Monthly precipitation sums and average air temperatures 
in the study years. Arrow bars indicate the months of the growing 
seasons.
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RESULTS

The mean contents of sand, silt, clay, organic carbon 
(OC) and the values of the cation-exchange capacity (CEC) 
and particle density in the top 0-25 cm of the soil were 
62.9, 34.8, 2.2, 0.80%, 12.3 cmol kg−1, and 2.45 Mg m–3, 
respectively (Table 1) (Usowicz and Lipiec, 2022). The 
corresponding coefficients of variation (CV) were 8.1, 
13.9, 51.8, 28.0, 22.6, and 1.6%. The means and CVs of 
bulk density (BD), total porosity (FI), TDR water con-
tent (WCT), and gravimetric water content (WC) differed 
depending on the study year (Table 1). The means of BD 
and FI measured at harvest time were similar in 2016-2017 
with respective ranges of 1.537-1.551 Mg m–3 and 0.373-
0.385 m3 m–3 and a low CV from 5.1 to 7.6% for both. In 
2018, the mean BD measured after stubble tilling decreased 
to 1.286 Mg m–3 and FI increased to 0.447 m3 m–3, whereas 
the CVs remained similarly low (4.7-6.2%). The means of 
WCT determined with TDR and gravimetric WC varied 

from 0.190 to 0.230 m3 m–3 in 2016-2017 and from 0.058 
to 0.091 m3 m–3 in 2018. The corresponding ranges of CVs 
were 5.2-1.8% and 14.7-24.1%. In most cases, the CVs 
were classified as low (0-15%), except for the medium val-
ue (15-75%) for the content of clay, OC, WCT, and CEC in 
2018 (Dahiya et al., 1984).

The positive skewness of the values indicates that the 
distribution of sand, clay, OC contents, CEC, and PD in 
2016 and porosity in 2016-2017 had a positive asymmetry, 
whereas the silt content in 2016 and particle density in 2017 
had a negative asymmetry. The asymmetry of BD, WC, and 
WCT was negative in both 2016 and 2017. In 2018, the 
skewness of all of the soil properties was negative. The dis-
tribution for all three textural fractions, WC, and WCT in 
2016 as well as BD and PD in 2018 was slender (kurtosis 
values > 0 (0.245-2.376)) and flattened for BD, FI, and PD in 
2016-2017 and for WC and WCT in 2017 (–1.502 to –0.217). 
The square root transformation and the natural logarithm of 

Ta b l e  2. Basic statistics of thermal conductivity – K (W m–1 K–1), heat capacity – Cv (MJ m–3 K–1), thermal diffusivity – D (mm2 s–1) 
in the 0-10 cm layer at the current soil water content in the field (columns 2-4) and at dry and water-saturated (sat.) states

K
(W m–1 K–1)

Cv
(MJ m–3 K–1)

D
(mm2 s–1)

Kdry

(W m–1 K–1)
Cvdry

(MJ m–3 K–1)
Ddry

(mm2 s–1)
Ksat.

(W m–1 K–1)
Cvsat.

(MJ m–3 K–1)
Dsat.

(mm2 s–1)

Number 90 90 90 45 45 45 45 45 45

Date 25.08.2016

Mean 1.640 2.936 0.570 0.324 1.721 0.195 1.900 3.537 0.540

SD 0.245 0.503 0.109 0.044 0.321 0.047 0.159 0.298 0.058
CV (%) 14.9 17.1 19.1 13.7 18.6 24.3 8.4 8.4 10.7
Minimum 1.047 1.373 0.396 0.238 1.152 0.113 1.532 2.570 0.435
Maximum 2.124 3.952 1.021 0.414 2.931 0.356 2.160 4.062 0.809
Skewness –0.199 –0.074 1.254 –0.014 1.134 0.780 –0.450 –0.610 1.825
Kurtosis –0.686 –0.411 2.135 –0.674 2.890 1.292 –0.732 0.800 7.699

Date 24.08.2017

Mean 1.391 2.897 0.482 0.311 2.058 0.155 1.804 3.797 0.469

SD 0.284 0.549 0.062 0.044 0.337 0.031 0.159 0.319 0.064
CV (%) 20.4 19.0 12.8 14.2 16.4 19.9 8.8 8.4 13.7
Minimum 0.698 1.452 0.367 0.224 1.490 0.093 1.217 2.707 0.371
Maximum 1.996 4.013 0.730 0.406 3.163 0.272 2.115 4.010 0.741
Skewness –0.125 0.087 1.012 0.242 1.110 0.684 –0.829 –0.623 1.595
Kurtosis –0.841 –0.391 1.394 –0.246 1.740 2.868 2.307 0.292 4.510

Date 16.10.2018

Mean 0.548 1.382 0.390 0.213 1.202 0.183 1.489 2.681 0.562

SD 0.223 0.220 0.129 0.030 0.202 0.045 0.130 0.257 0.090
CV (%) 40.6 15.9 33.0 14.2 16.8 24.4 8.7 9.6 15.9
Minimum 0.171 0.899 0.154 0.149 0.861 0.134 1.194 1.993 0.432
Maximum 1.336 2.360 0.829 0.296 1.807 0.331 1.893 3.192 0.950
Skewness 0.988 0.682 1.069 0.730 0.728 1.517 0.580 –0.457 1.913
Kurtosis 1.078 1.697 1.544 0.452 0.650 2.175 0.906 0.167 5.616

K – thermal conductivity, Cv – heat capacity, D – thermal diffusivity from field measurements.
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the data with properties that exhibited asymmetry did not 
improve the extent of the agreement with the normal distri-
bution; therefore, it was assumed that the untransformed data 
distributions were close to the normal distribution and could 
therefore be used in the geostatistical analysis.

The mean soil thermal conductivity (K) measured in situ 
had the highest value in 2016 (1.64 W m–1 K–1) and decreased 
in 2017 and 2018 to 1.39 and 0.548 W m–1 K–1, respectively 
(Table 2). The thermal diffusivity (D) also decreased in the 
following years from 0.57 to 0.39 mm2 s–1. The heat capac-
ity (Cv) remained almost the same (≈ 2.9 MJ m–3 K–1) in 
2016-2017 and appreciably decreased to 1.38 MJ m–3 K–1 in 
2018. The range of thermal conductivity and thermal diffu-
sivity of the CVs was 12.8-20.4% in 2016-2017, whereas in 
2018 it was 33.0-40.6%. The range of the soil heat capacity 
CVs was 17.1-19% for all of the years of the study.

The thermal conductivity of the dry and water-saturated 
soil decreased in the following study years (2016-2018) from 
0.32 W m–1 K–1 to 0.213 and from 1.9 to 1.489 W m–1 K–1, 
respectively. The thermal diffusivities of the dry and water-
saturated soil were lower in 2017 (0.155 and 0.469 mm2 s–1, 
respectively) compared to those of 2016 (0.195 and 
0.540 mm2 s–1) and 2018 (0.184 and 0.562 mm2 s–1). The 
heat capacity, in contrast to the thermal diffusivity, was 
higher in 2017 for both dry and water-saturated states (2.058 
and 3.797 MJ m–3 K–1, respectively) as compared to those 
in 2016 (1.72 and 3.54 MJ m–3 K–1) and 2018 (1.202 and 
2.681 MJ m–3 K–1). The thermal conductivity, heat capacity, 
and thermal diffusivity CVs of the dry soil were 13.7-14.2, 
16.4-18.6, and 19.9-24.4%, respectively, regardless of the 
year of the study. The corresponding ranges in the water-
saturated soil were 8.4-8.8, 8.4-9.6, and 10.7-15.9%.

The distributions of the thermal conductivity and heat 
capacity measured in situ were slightly left-hand side 
oblique (in 3 out of 4 cases) (from –0.199 to 0.087) and 
slightly flattened (kurtosis from –0.841 to –0.391) in 2016-
2017. The distributions of the thermal diffusivity measured 
in situ in 2016 and 2017 and all of the thermal properties 
measured after stubble tilling in 2018 exhibited right-hand 
side asymmetry. In the dry state, the distributions of the 
thermal properties in 2016-2017 were generally right-
handed (from –0.014 to 1.134), whereas the distribution in 
the water-saturated soil was left-handed for thermal con-
ductivity and heat capacity (from –0.829 to –0.610) and 
right-handed for thermal diffusivity (1.825 and 1.595). In 
2018, all of the thermal properties in the dry and saturated 
states were right-handed, except for the left-handed distri-
bution of the heat capacity. In most cases, the distributions 
in both states were slender (kurtosis >0).

The experimental values of the semi- and cross-semivar-
iograms for all soil properties were best fitted to exponential 
models (in most cases (0.3<R2<0.9)). The nugget (C0) values 
in semivariograms were relatively low for pH (KCl), OC, 
BD, FI, PD, WC, WCT, K, Cv, and D and varied from 0.0 to 
0.0504 (Figs 3-6), except for the range from 0.1 to around 10 

for sand, silt, clay, and CEC, where they were considerably 
higher (Usowicz and Lipiec, 2022). The sill values (C0+C) 
also ranged from 0.002 to 0.317 except for sand, silt, clay, 
and CEC (from 1.5 to 32). The effective ranges (A) of the 
spatial dependence in semivariograms were the greatest for 
sand and silt (about 130 m) and decreased for clay and CEC 
<40 m and also for pH, OC <20 m (Usowicz and Lipiec, 
2022). The effective ranges (A) of the spatial dependence 
were from 34 to 103 m for BD, from 32 to 80 m for FI, from 
31 to 120 m for PD, and from 21 to 114 m for WC and WCT. 
The effective ranges of the field-measured thermal properties 
varied from 10.5 to 27.6 m and those of the laboratory meas-
urements in the dry and water-saturated states ranged from 
12.9 to 115 m (Figs 3-6). The values of relative structural 
variance (C0/(C0 + C)) of below 0.25 for all soil and thermal 
properties indicate a very close spatial dependence and those 
in the range of 0.25-0.75 for sand and silt imply moderate 
spatial dependence (Cambardella et al., 1994).

As for the cross-semivariograms, the nugget (C0) val-
ues for the thermal soil properties measured in the field and 
laboratory (for both dry and water-saturated soils) (paired 
K, Cv, D with sand, silt, clay, pH (KCl), OC, CEC, BD, FI, 
PD, WC, and WCT) were positive (from 0.0001 to 0.0227) 
in 155 cases and negative (from –0.0231 to –0.0001) in the 
remaining 133 cases (Figs 3-6). In general, negative nug-
get values were found for the thermal properties paired with 
total porosity (23 out of 27 cases), sand (13 out of 27 cases), 
silt (15 out of 27), clay (16 out of 27), and less frequently for 
the remaining cases. The corresponding sill values ranged 
from 0.105 to 0.525 and from –0.383 to –0.0746, respec-
tively. The ranges of spatial dependence varied from 7.5 to 
140 m for thermal properties paired with soil properties and 
from 10.5 to 115 m for soil thermal properties alone (Figs 
3-6). The spatial dependence (ratios of C0/(C0+C)) (nugget/
sill) for all thermal properties alone and for thermal prop-
erties paired with soil properties for field and laboratory 
measurements were < 0.25 in most cases (284) and 0.260-
0.429 in the remaining 4 cases, thereby indicating close and 
moderate spatial dependence, respectively (Cambardella et 
al., 1994). It is worth noting that the spatial dependences 
(nugget/sill) were closer for most of the cross-semivario-
grams as compared to the semivariograms.

The fractal dimensions (D0) of the soil and the thermal 
properties in the experimental field with different SICS 
were determined with good agreement between them (coef-
ficients of determinations > 0.8. As may be observed in 
Fig. 6, the fractal dimensions ranged from approximately 
1.534 to over 1.982 for stable soil properties, including 
sand, silt, clay, pH, OC, and CEC and from 1.760 to 1.942 
for the relatively stable (BD, FI) and variable (WC, WCT) 
properties. Particle density (PD) had the lowest (1.534) val-
ue indicating a smoother (less diverse) distribution (Fig. 6). 
The fractal dimensions for all of the thermal properties 
ranged from 1.962 to 1.997 in the field, from 1.679 to 1.955 
in the dry soil, and from 1.814 to 1.980 in water-saturated 
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(Figs 3-6). The aforementioned data indicates that the 
minimum fractal dimensions in the field and in the water-
saturated soil decreased in the subsequent study years and 
remained at a similar level in the dry soil. The maximum 
fractal dimensions in the field and in the dry and water-
saturated soil were similar for all of the study years. The 
reduction of the fractal dimension in the field in 2017-2018 
vs. 2016 as well as the values of the thermal properties is 
related to lower rainfall in the previous period. A much 
lower inter-annual differentiation of the fractal dimen-
sions of thermal properties occurred in the dry soil and 
was attributed to the spatial variability in the stable soil 
physical properties.

soil. The mean minimum fractal dimension (1.679) for the 
thermal properties was respectively greater and lower than 
those for the stable (1.534) and temporally variable (1.760) 
soil physical properties. The aforementioned values indicate 
that the stable soil physical properties contribute less to the 
variation in thermal properties than the variables modified 
by SICS application. Among the variable properties, the 
effect of soil water content was most pronounced (Fig. 7).

The ranges of fractal dimensions for the paired soil 
thermal and physical properties were 1.528-1.994 (2016), 
1.293-1.992 (2017), and 1.211-1.997 (2018) in the field, 
1.304-1.973 (2016) 1.219-1.971 (2017), and 1.310-1.903 
(2018) in the dry soil, and 1.510-1.975 (2016), 1.301-1.996 
(2017), and 1.033-1.984 (2018) in the water-saturated soil 

Fig. 3. Parameters of semivariograms of thermal conductivity (K) and cross-semivariograms of thermal conductivity linked with soil 
variables (sand, silt, and clay contents, pH (KCl), organic carbon (OC), cation-exchange capacity (CEC), bulk density (BD), total 
porosity (FI), particle density (PD), gravimetric water content (WC), TDR water content (WCT): nugget (C0), sill (C0 + C), range (A), 
fractal dimension D(0), regression coefficient, and the coefficient of determination at the current soil water content in the field (Field) 
and the dry and water-saturated (Sat.) states in 2016, 2017, and 2018.
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The results of the OK and OCK methods were validated 
using the measurement data. The accuracy of the valida-
tion was determined by using the linear regression equation 
coefficients (a) and the coefficient of determination (R2) 
(Figs 3-6). The ranges of the regression coefficients (a) and 
R2 between the soil properties including sand, silt, clay, 
OC, pH, and CEC were 0.976-1.547 and 0.09-0.574 for OK 
and 1.070-1.697 and 0.799-0.988 for OCK, respectively 
(Usowicz and Lipiec, 2022).

In the case of the variable soil physical properties, includ-
ing BD, FI, PD, WC, and WCT, the ranges of regression 
coefficients (a) and R2 in the OK method were 1.084-1.561 
and 0.438-0.966, respectively. The regression coefficients 
(a) and R2 for the thermal properties using the OK approach 

ranged from –0.413 to 1.752 and 0.001-0.928, respectively. 
The corresponding ranges for OCK were 0.365-1.869 and 
0.164-0.998. The abovementioned parameters indicate that 
OCK gives more accurate predictions.

Ordinary kriging maps of soil water content obtained 
using gravimetric and TDR methods were generally similar 
(Fig. 7) with some exceptions. In the subareas (50-270 m in 
2016 and 0-200 m in 2017) with a higher soil bulk density, 
the values of soil water content were measured using the 
gravimetric method and their spatial differentiation were 
higher than those obtained using the TDR method. The 
mean gravimetric soil water contents in the wet years of 
2016 and 2017 (0.214-0.230 m3 m–3) were higher than those 
obtained using the TDR method (0.190-0.205 m3 m–3). In 

Fig. 4. Parameters of the semivariograms of heat capacity (Cv) and cross-semivariograms of heat capacity linked with soil variables 
(sand, silt, and clay contents, pH (KCl), organic carbon (OC), cation-exchange capacity (CEC), bulk density (BD), total porosity 
(FI), particle density (PD), gravimetric water content (WC), TDR water content (WCT): nugget (C0), sill (C0 + C), range (A), fractal 
dimension D(0), regression coefficient, and coefficient of determination at the current soil water content in the field (Field) and dry and 
water-saturated (Sat.) states in 2016, 2017, and 2018.
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the dry year of 2018, the mean gravimetric and TDR soil 
water contents were 0.091 m3 m–3 and 0.058 m3 m–3 (Table 1, 
Fig. 7). Overall, the gravimetric method seems to be more 
sensitive to changes in soil water content in response to 
SICS application than the TDR method. Irrespective of the 
measurement method used in 2016 and 2017, the soil water 
content in the subareas was 40-60, 170-190, and 320-340 
m, corresponding to the application of SICS 5 providing the 
most organic matter. The changes in the water content in 
response to the other SICS were less pronounced (Fig. 7).

Figure 8 presents the spatial distributions of ther-
mal conductivity, heat capacity, and thermal diffusivity 
obtained with the OCK method using field-measured data 
with sand content as the auxiliary variable. Sand (quartz) 

was chosen because it improves the predictive potential of 
OCK through its great influence on the conductivity. The 
field distributions are related to soil water content and other 
soil properties. The spatial pattern of the changes differed 
depending on the soil thermal properties.

As may be observed in Fig. 8, the initial spatial distri-
bution of thermal conductivity (K) at the field soil water 
content (Fig. 7) in 2016, before the SICS application, was 
similar to that of the bulk density (BD) (Fig. 9) This is clear-
ly visible in the subarea 120-300 m with increased values 
of both BD and K. However, there was no such similarity 
observed in 2017 when the spatial distribution of BD altered 
upon the SICS application. However, a higher thermal con-
ductivity was recorded in the subarea 100-190 m with the 

Fig. 5. Parameters of the semivariograms of thermal diffusivity (D) and cross-semivariograms of thermal diffusivity linked with soil 
variables (sand, silt, and clay contents, pH (KCl), organic carbon (OC), cation-exchange capacity (CEC), bulk density (BD), total 
porosity (FI), particle density (PD), gravimetric water content (WC), TDR water content (WCT): nugget (C0), sill (C0 + C), range (A), 
fractal dimension D(0), regression coefficient, and coefficient of determination at the current soil water content in the field (Field) and 
dry and water-saturated (Sat.) states in 2016, 2017, and 2018.
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predominance of SICS 3, 4, and 5 including the applica-
tion of legume catch crops, manure, and their combinations, 
all providing relatively large quantities of organic matter. 
This effect was clearly visible in the second and moist (wet) 
study year (2017) (Fig. 8). In 2018, when the bulk density 
was reduced by the preceding stubble tilling, the greater K 
value in the subarea 210-350 m once again corresponded 
with a higher content of sand (Fig. 10). It is worth noting 
that the similarity between K and the sand distributions 
occurred both in the wet (2016) and dry years (2018).

The heat capacity (Cv) distribution did not exhibit a high 
spatial variation in 2016, whereas in 2017 it increased in 
subarea 40-190 m corresponding to SICS 3, 4, and 5, which 
provided the greatest amounts of exogenous organic matter 
(Fig. 10). However, there was no Cv response to SICS 2 
with the lime application. In 2018, the Cv values decreased 
over the whole experimental field, and the SICS effect was 
not clearly visible.

The thermal diffusivity (D) distribution in 2016 (Fig. 8) 
was in part similar to the textural composition (Fig. 6). For 
example, increased D occurred in the subarea 150-270 m which 
had a higher sand and silt content. Relatively high values and 
a small variation of D in response to different bulk densities 

indicate that the D values are close to the inflection point (close 
to the maximum) with the characteristic non-linear response 
of diffusivity to increasing water content (a rapid increase up 
to the inflection point and a slower decline afterward) at a giv-
en soil bulk density (Mady and Shein, 2016; Usowicz et al., 
2016). In 2017, an increased D value was observed in the sub-
areas 0-60 m and 110-140 m with the predominance of SICS 
3, 5 and 3, 4, respectively although the D values in the other 
subareas (150-190 m) with the application of SICS 4 and 5 
were rather low and were probably in a zone with a character-
istic D decline with increasing soil water content.

Figures 11 and 12 present the spatial distribution of the 
thermal properties in the dry and water-saturated states that 
were obtained with the use of the OCK method using lab-
oratory-measured data with sand content as the auxiliary 
variable. The spatial pattern of the changes differed depending 
on the type of thermal property, SICS location, and study year.

The spatial distribution of thermal conductivity (K) 
in the dry and water-saturated states (Figs 11 and 12) was 
mainly influenced by the distribution of soil bulk density 
(BD) (Fig. 8). In 2017, the higher values of BD in the 
subareas 0-190 m and 250-350 m and the lower ones in 
the subarea 190-250 m were associated with the inherent 

Fig. 6. Semivariogram parameters: nugget (C0), sill (C0 + C), range (A), fractal dimension D(0), regression coefficient and coefficient of 
determination for bulk density (BD), total porosity (FI), particle density (PD), gravimetric water content (WC), and TDR water content 
(WCT) in the experimental field in 2016, 2017, and 2018.
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textural composition applications of different SICS that 
were reflected in higher and lower K values, respectively. 
Additionally, K increased in subareas (20 to 200 m) with 
a greater silt content (Fig. 10), which may be ascribed to 
a greater number of contacts between the soil particles. As 

shown by the measurements, after stubble tilling in 2018, 
the distribution of BD (and FI values) (Fig. 9) over the 
whole field with SICS was rather smooth and corresponded 
with an even K distribution at both soil water states.

The spatial heat capacity (Cv) distributions were more 
varied in the water-saturated than in the dry state (Figs 11 
and 12). Irrespective of the SICS application, the Cv values 
in the water-saturated state were higher in 2016 and 2017 
vs. 2018 when the bulk density values (Figs 7 and 9) were 
much lower than in the former period. The spatial distri-
bution of soil thermal diffusivity (D) was more diverse in 
the dry than in the water-saturated soil in all of the studied 

Fig. 7. Spatial distribution of gravimetric water content and water 
content TDR (m3 m–3) in the 0-10 cm layer in the experimental 
field in 2016, 2017, and 2018. 1 – control, 2 – lime (L), 3 – legu-
minous catch crops (LU), 4 – farmyard manure (M), and 5 – lime 
+ leguminous catch crops + farmyard manure (L+LU+M).

Fig. 8. Spatial distribution of thermal conductivity, heat capacity, 
and thermal diffusivity in the 0-10 cm layer at the current soil water 
content in the field in 2016, 2017, and 2018. 1 – control, 2 – lime 
(L), 3 – leguminous catch crops (LU), 4 – farmyard manure (M), and 
5 – lime + leguminous catch crops + farmyard manure (L+LU+M).

Fig. 9. Spatial distribution of bulk density (Mg m–3) and porosity 
(m3 m–3) in the 0-10 cm layer at the current soil water content in 
the field in 2016, 2017, and 2018. 1 – control, 2 – lime (L), 3 – 
leguminous catch crops (LU), 4 – farmyard manure (M), and 5 
– lime + leguminous catch crops + farmyard manure (L+LU+M).

Fig. 10. Spatial distribution of sand (2-0.05 mm), silt (0.05-
0.002 mm), clay (<0.002 mm), and organic carbon (OC) in % 
terms, cation-exchange capacity (CEC) – in cmol kg−1. 1 – con-
trol, 2 – lime (L), 3 – leguminous catch crops (LU), 4 – farmyard 
manure (M), and 5 – lime + leguminous catch crops + farmyard 
manure (L+LU+M) (Usowicz and Lipiec, 2022).
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years (Figs 11 and 12). The D distribution in both water 
states resembles that of the bulk density (Figs 7 and 9) to 
a greater extent in the dry than in the saturated state.

DISCUSSION

The concept of soil-improving cropping systems compris-
es sustainable management practices to improve soil quality 
and minimize soil threats (Oenema et al., 2017; Hessel et al., 
2022). It includes the application of organic amendments, 
catch crops, and liming and may be particularly useful for 
the sustainable improvement of both quality and productiv-
ity (Lipiec and Usowicz, 2021; Usowicz and Lipiec, 2022). 
Various analyses of the kriging-interpolated and cokriging-
interpolated maps allowed for the identification of the spatial 
interrelations between some soil physical properties, thermal 
properties, and random application of SICS in the farm field 
in different weather and management (tillage) conditions.

The presence of subareas with similar thermal proper-
ties matches with the locations of the selected SICS. One of 
the subareas (100-190 m) with a higher thermal conductivity 
consists mainly of SICS 3, 4, and 5, including the applica-
tion of legume catch crops, manure, and their combinations 
providing relatively large quantities of organic matter. This 
effect is clearly visible in the second wet study year (2017) 
(Fig. 8). Increased thermal conductivity in response to the 

organic matter supply may be associated with an increase in 
water-holding capacity and related to the soil water content. 
The elevated water content in this subarea could additionally 
be enhanced by the (somewhat) higher content of intrinsic 
silt and clay at the expense of sand. A similar effect of the 
three SICS with farmyard manure (M) alone and catch crops 
(LU) and the combined catch crops with lime and manure 
(L+LU+M) implies that organic matter from shortfall farm-
yard manure could be substituted by legume catch crops 
in order to maintain a comparable response in terms of the 
thermal conductivity and heat transfer. These results fit with 
the Greening programme in the EU (Smith et al., 2020) and 
are aimed at increasing soil carbon stocks in order to combat 
climate change and improve the supply capacity of nutrients, 
including legume-fixed atmospheric nitrogen, and war-
rant sustainable nutrition security (Schjønning et al., 2009; 
Wysokiński and Kuziemska, 2019). An analysis of the maps 
of thermal properties and textural composition along with 
the SICS distribution will help with the selection of the most 
appropriate management practices with which to modify the 
thermal conductivity and improve heat transfer and soil tem-
perature required for various soil processes and plant growth.

A comparison of the results between the study years 
indicated the combined effect of the dry weather conditions 
and stubble tilling in 2018 which is reflected in a substantial 

Fig. 12. Spatial distribution of thermal conductivity, heat capacity, 
and thermal diffusivity in the 0-10 cm layer in the water-saturated 
soil in 2016, 2017, and 2018. 1 – control, 2 – lime (L), 3 – legumi-
nous catch crops (LU), 4 – farmyard manure (M), and 5 – lime + 
leguminous catch crops + farmyard manure (L+LU+M).

Fig. 11. Spatial distribution of thermal conductivity, heat capac-
ity, and thermal diffusivity in the 0-10 cm layer in the dry state in 
2016, 2017, and 2018. 1 – control, 2 – lime (L), 3 – leguminous 
catch crops (LU), 4 – farmyard manure (M), and 5 – lime + legu-
minous catch crops + farmyard manure (L+LU+M).
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reduction in the soil thermal properties, in particular heat 
capacity and thermal diffusivity as compared to those val-
ues in 2017. This reduction may be ascribed for the most 
part to the reduced soil water content and bulk density 
(Table 1) in 2018 over the whole field area. The decreas-
ing values of the thermal properties with decreasing bulk 
density and soil water content may be related to the lower 
number of contacts between thermally conductive soil par-
ticles, the lower continuity of conductive water-filled pores 
(convection and diffusion), and increasing air-filled poros-
ity with extremely low thermal conductivity (Zhang et al., 
2021). At the same time, the differences in thermal proper-
ties between the SICS in 2018 were masked by the low soil 
bulk density over the whole field. The effect of the con-
siderably reduced bulk density (or increased total porosity) 
achieved through stubble tilling alone in 2018 may well be 
proven with using laboratory measurements, where lower 
thermal conductivities were obtained at the established dry 
and water-saturated states (Figs 11 and 12). Another effect 
of the increased total porosity following tillage in 2018 is 
the increasing ratios of the mean K and Cv in the water-
saturated and dry soil as compared to those in 2016 and 
2017 (Table 3). This may be explained by the higher volu-
metric soil water content at the point of saturation, which 
corresponds to the greater total porosity.

Ta b l e  3. Ratios of K, Cv, and D in water-saturated and dry soil

Year Ksat./dry Cvsat./dry Dsat./dry
2016* 5.83 2.06 2.77
2017* 5.80 1.47 3.03
2018** 6.99 2.23 3.07

* After harvest before stubble tilling, ** after harvest and stubble 
tilling.

The analysis of the effective range (spatial dependence), 
was defined as the distance at which the semivariance value 
achieves 95% of the sill, and indicated that it was lower for 
the thermal properties of the in situ than for the laboratory 
measurements. The lower spatial dependence of the thermal 
properties in situ could be influenced for the most part by the 
effect of the spatially differentiated soil water content and 
bulk density and the associated air-filled porosity and also 
by the more stable organic matter content (Abu-Hamdeh 
and Reeder, 2000; Schjønning, 2021) as well as the tex-
tural and mineralogical composition (Usowicz et al., 2020; 
Roshankhah et al., 2021; Schjønning, 2021). This explana-
tion may be supported by the greater effective ranges in the 
cross-semivariograms including soil thermal properties as 
primary variables and sand content as a secondary variable.

Spatial interpolation methods are increasingly being 
used to generate maps of the thermal soil properties due 
to the limited availability of measured data. The per-
formance of the interpolation depends on the method 
applied. Our study showed that the spatial prediction of 

soil thermal conductivity, heat capacity, and thermal dif-
fusivity in the cultivated field was more precise using the 
ordinary cokriging (OCK) method including thermal prop-
erties as the main variable and sand as an auxiliary variable 
(R2=0.164-0.998), as compared to the ordinary kriging 
(OK) (R2=0.001-0.928). The suitability of the sand content 
for improving the predictive accuracy of thermal properties 
(distribution) may be supported by its availability in soil 
databases (Hengl et al., 2017; Batjes et al., 2020) and the 
Soil Quality Mobile App (SQAPP) (Fleskens et al., 2020).

CONCLUSIONS

The results of this study showed the following:
1. The spatial variability of thermal properties within 

the farm field with the random soil-improving cropping sys-
tems application of soil-improving cropping systems over 
the course of a three-year study depended on the type of 
the thermal property, study year, as well as the weather and 
management (tillage) conditions. In the second study year 
(2017) which was wet, from measurements conducted after 
harvest and before stubble tilling, the values of all thermal 
properties increased in the subareas with a predominance of 
SICS providing the largest amounts of organic matter from 
farmyard manure and/or catch crops but not for soil-improv-
ing cropping systems including liming. However, in the dry 
year of 2018, from measurements carried out after harvest 
and stubble tilling, the soil-improving cropping systems 
effect on all the thermal properties was not clearly visible.

2. The spatial distribution of the thermal properties in 
the experimental field was better described by the cross-
semivariograms with auxiliary sand content and ordinary 
cokriging interpolation as compared to the direct semivari-
ograms and ordinary kriging interpolation.

3. The fractal dimension values indicated that the 
number of subareas differing in thermal properties in the 
experimental field was more dependent on the variation in 
soil density and water content modified by soil-improving 
cropping systems than on such stable properties of soil as 
the sand content.

4. The soil-improving cropping systems effect on 
the spatial distribution of thermal properties was largely 
masked when measured at extreme water contents, includ-
ing the water-saturated and dry states. The effect was more 
pronounced in areas with a higher bulk density which was 
influenced by both the inherent textural composition, soil-
improving cropping systems application, and tillage. The 
heat capacity was more spatially variable in the water-sat-
urated as opposed to the dry states, whereas the opposite 
was true for thermal diffusivity. The highest ratios of mean 
thermal conductivity and heat capacity in the water-saturat-
ed and dry soil were recorded in 2018 from measurements 
conducted after stubble tilling.
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5. The cokriging-interpolated maps will help farmers 
to select the most appropriate management practices with 
which to modify the thermal properties with the aim of 
improving heat transfer and the soil temperature required 
for various soil processes and plant growth.
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