
Introduction

The harmfulness of chemical substances used for winter 
maintenance of roads is known as a form if environmental 
contamination and has been researched since the 1970s (Judd, 
1970; Siuta, 1982; Abrol et al., 1988; Turunen, 1997; Koryak et 
al., 1998), i.e. when many countries began to use substances to 
reduce the slipperiness of roads and sidewalks. Currently, the 
most commonly used substances include materials that increase 
the roughness of the surface, as well as chemical substances, 
such as chlorides, formate acetates and glycols (Fay and Shi, 
2012). Sodium chloride (NaCl) is frequently used mainly due 
to its low price and high melting effi  ciency (Berkheimer and 
Hanson, 2006). Excessive use of NaCl (mainly in urban areas) 
contributes to the high accumulation of these compounds in 
surface soil layers, increasing the salinity of areas near roads 
or sidewalks (Blomqvist and Johansson, 1999; Bryson and 
Barker, 2002, Green et al., 2008). Research on the range of 
impact of road salts showed that from 20 to 63% of the salt used 
on sidewalks and streets can spread great distances by air in the 
form of aerosols (Blomqvist and Johansson, 1999). Taking into 
account the systematic – yearly – application of readily soluble 
salts on roads there can be an excessive accumulation of these 
substances which can lead to the degradation of soil quality in 
urban ecosystems. Salt causes negative changes in the physical 
and chemical properties of roadside belt soils.

An excess of Na+ may be associated with negatively 
charged mineral and organic components of soils (clay-humus 

complex), which causes the release of Zn, K, Cu, Mn or Ca 
ions from the sorption complex, thereby changing the soil 
structure through the formation of large aggregates (Fay and 
Shi, 2012). In the study of Dmuchowski et al. (2014), the 
Cl ions had a lower impact on the changes of chemical soil 
properties than sodium ions. Long-term salt accumulation 
in the soil is also becoming an important factor aff ecting 
the health of vegetation along roadside areas. Increased salt 
concentration in the soil often contributes to excessive uptake 
of sodium and chloride ions by plants, causing signifi cant 
damage (Paludan-Müller et al., 2002; Kwasowski and Czyż, 
2011; Cekstere and Osvalde, 2013; Łuczak and Kusza 2015), 
and often causes their premature dying (Dmuchowski et al., 
2014). The application of these substances also contributes to 
groundwater contamination (Ramakrishna and Viraraghavan, 
2005; Cunningham et al., 2008; Kelly et al., 2008).

Therefore, it is necessary to fi nd new methods of reducing 
the negative impact of chemical substances used for winter 
road maintenance on the roadside environment, in particular on 
roadside soils and green areas (Anwari et al., 2020; Srivastava, 
2020). Currently applied methods (e.g. fl ushing) cannot always 
be used in roadside areas due to their location or the expense. 
Irrigation can decrease the salt concentration in the surface 
soil, leading to its leaching deeper into the soil profi le (Haj-
-Amor and Bouri, 2019). The disadvantage of this method 
is the release of important nutrients and salts, limiting their 
availability to plants. Also, in soils of low permeability, e.g. 
loamy, ion elution is very limited (Youngs and Leeds-Harrison, 
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2000). One of the easiest methods to improve the physical 
properties of salty soils, especially clay soils, is to introduce 
natural aggregates with a high content of gravel or very coarse 
sand. Homogenization of this material with the top surface soil 
(0–30 cm) contributes to loosening the soil structure, and thus 
increases soil fi ltration (Maciak, 2003).

The aim of this paper is to develope the alternative method 
of improving physical, physico-chemical and chemical 
properties of the soils of roadside areas using selected mineral 
materials such as sand and gravel 

Concerning the use of mineral materials mixed with the 
surface soil (M), we hypothesized that the soil structure would 
be improved by loosening since there would be free migration 
of Na+ and Cl- ions in the soil profi le (Tan et al., 2018).

Materials 
In our study natural aggregates were used, namely, sand 
and gravel, due to their availability and low purchase costs. 
The fi rst fi nely-grained material was sand, with a fraction of 
0.1–0.25 mm. The second material was a medium gravel, with 
a fraction of 5–20 mm. As a result of sifting, admixtures of 
sands and clays, i.e. smaller aggregate particles, were removed 
from the gravel.

Study area
The study was carried out on fi ve permanent areas on the main 
streets of the city of Opole (Southern Poland). The climate of 
Opole is mesothermal, with low temperature amplitudes, an 
average amount of precipitation, the dynamic occurrence of 
thermal seasons in the fi rst half of the year followed by mild 
winters in the second half of the year, which results in a long 
growing season (Skowera et al., 2016). During the research 
period (2016–2017), the average monthly air temperature 
in the coldest month (February) was -5.3°C, while in the 
warmest month (July) it was 20.6°C. Precipitation was 
slightly lower than the average recorded for the years 
1981–2010. The highest monthly average precipitation was 
recorded for October 2017. – 63 mm, while the lowest was 
in April 2017 and amounted to 17 mm. The experimental 
sites were selected on the basis of the dominant soil type in 
Opole. There were Rendzic Sceletic Leptosols (WRB) with 
typical soil profi les for urban areas (Kabała et al., 2019). 
There are shallow (up to 30 cm) soils developed from marls. 
In October 2016, a soil transect containing fi ve identical, 
separate squares 1m x 1m was marked at each experimental 
site (or plot). These squares were located directly by the 
side of the road, next to the sidewalk. The road sections 
selected had intact asphalt surfaces. In this way, we tried to 
eliminate any uncontrolled splashes of slush or rainwater. 
They were located a considerable distance from intersections 
and pedestrian crossings in order to avoid an additional, 
uncontrolled concentration of readily soluble salt used to 
remove slippery conditions on pavements. The materials 
were deposited on the experimental plots in two ways. With 
the fi rst method the plot was covered freely with the selected 
experimental material. The purpose was to remove green 
vegetation (grass) growing on this area. Then the prepared 
substrate was lined with agrotextile to prevent mixing of sand 
or gravel with the soil. The used materials (sand and gravel) 

were spread out on squares to give a 10 cm thickness. In order 
to limit the mixing of the used materials with that outside 
each plot, a 10 cm high dike of the original soil was prepared. 
The plots were identifi ed using the following abbreviations: 
S – surface with a top level of sand, G – surface with a top 
level of gravel. The second method involved mixing the 
surface level of soil (10 cm) with the mineral material used. 
Then, soil material from a depth of 0–10 cm was selected from 
each experimental square and, after homogenization with 
10 dm3 of sand or gravel, it was stored in a plastic container. The 
prepared substrate was laid out on the surface of the marked 
squares, and identifi ed with the following abbreviations: 
S–M – soil with sand, G–M – soil with gravel. A control (C) 
study area was also marked for each experimental plot – soil 
without mineral materials.

Field Research
The road soils were sampled three times: in October 2016, 
April 2017, and October 2017, thereby including all seasons. 
A steel drill was used to take soil samples from two depths: 
0–10 cm and 10–30 cm. The samples were placed in plastic 
containers and transported to the laboratory. The agrotextile 
was removed before soil sampling. After soil sampling, the 
10 cm high dike of the original soil was prepared again. One 
soil sample consisted of 5 individual collections from the entire 
surface of the experimental squares.

Laboratory analysis 
The soil samples were air-dried at room temperature 
homogenized and sieved through a 2 mm mesh to separate 
skeletal parts from the fi ne earth fraction. According to standard 
methodology of pedology (Ostrowska et al., 1991; Kabała 
and Karczewska, 2017) and selected norms, the following 
were determined: granulometric composition according to 
the areometric method with additional removal of carbonate; 
the pH in H2O and 1M KCl (soil/water weight ratio – 1:2.5); 
conductivity salinity – by using a method based on EC electrical 
conductivity (soil/water weight ratio – 1:5); in the water soil 
extract (soil water weight ratio – 1:5) – the content of cations 
and anions; magnesium was determined by atomic absorption 
spectroscopy using a Thermo iCE 3500; sodium, potassium 
and calcium by emission spectrometry using a BWB XP fl ame 
photometer BWB Technologies UK LTD; sulfates by the 
turbidimetric method; chlorides by the argentometric method, 
and carbonates by the acidometric method.

All physicochemical and chemical analyses were 
performed in triplicate and the interpreted results are the mean 
of these measurements.

Statistical analysis
Statistical analysis was done using the Statistica 13.1 
program (StatSoft Polska), the non-parametric Friedman test 
and Spearman correlation test. P <0.05 was calculated as 
statistically signifi cant.

Results and discussion
Salinity associated with anthropogenic activity is a global 
and ever-increasing hazard, which can be environmentally 
devastating, especially in urban areas. The use of de-icing 
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salts, primarily NaCl, for the maintenance of winter roads has 
become a common practice in many countries (Cekstere et al., 
2008; Czarna, 2014b; Daliakopoulos et al., 2016; Asensio et 
al., 2017). The necessity of salinity reduction has led to the 
search for a substance or dosing method which will decrease 
the negative impact of readily soluble salts entering the soil 
environment. Currently, many research is being conducted 
throughout the world to determine the essential features 
of such a universal and environmentally friendly material, 
characterized by: naturalness, physical and chemical stability, 
as well as low costs (de Santiago-Martín et al. 2016). The results 
presented in this paper are a continuation of an environmental 
study initiated by Kochanowska and Kusza (2010), which dealt 
with changes of the physico-chemical properties of soils as 
a result of readily soluble salts used in the winter maintenance 
of streets in the city of Opole. Based on their study conducted 
in 1994 and 2009, the authors (Kochanowska and Kusza 2010) 
indicated that the concentration of hazardous ions, coming 
from substances used for melting snow on roads, depended on 
the amount, type and frequency of use, the localization and 
busyness of communication routes, and also on the specifi c 
properties of diff erent soil types. In this paper it was emphasized 
that the chemicals currently used in winter road maintenance 
contribute to the progressive degradation of roadside soils. 

Therefore, it is necessary to develop new methods of protecting 
roadside soils against excessive concentrations of readily 
soluble salts introduced into the environment. It was assumed 
that this would decrease the salinity of roadside soils. Our 
results suggest to reject of the above assumption. We observed 
changes or texture – the skeletal parts increased to 37% in the 
0–10 cm level (GM) (Fig. 2) and the sand fraction increased 
to 10% in the 0.1–0.25 mm level (SM) (Fig. 1). At the same 
time, a signifi cant decrease of the salinity in the soil profi le 
was not observed. Comparing both materials, it is important to 
highlight that better soil parameters of gravel objects (G) may 
result from the grain size of this material.

Analyzing the chemical properties the ranges of Na+ and 
Cl- ions in the studies are notable. The ranges obtained were 
in agreement with other studies (Bryson and Barker, 2002; 
Cekstere et al., 2008; Cunningham et al., 2008). This may 
indicate a similar, global scale of this problem with salinity 
of street soils. However, the intensity of this process depends 
on the texture of the soil (Garakani et al., 2018). In terms of 
mineralogy the tested soils consisted mainly of quartz (0–10 cm 
layer), but the parent rock was calcite. This measurably aff ected 
the properties of the soils, including: neutral or slightly alkaline 
pH, the dominance of the Ca2+ among other exchangeable 
cations and a low concentration of calcium carbonate (Licznar, 

Fig. 1. Diversity of the percent of sand fraction (0.05–2 mm) in soil material taken from objects S and S–M (0–10 cm)

Fig. 2. Changes in the grain size distribution of soil samples taken from G and G–M objects (0–10 cm); 
skeletal parts (> 2mm), clay (<2mm)
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1976; Kochanowska and Kusza, 2011). Therefore, one should 
individually approach the problem of salinity in correlation 
with the type of soil, especially the interpretation of the content 
of separate ions of readily soluble salts. Despite the carbonate 
nature of the parent rock, no alkaline pH was found in the 
tested soils. Both measurements in H2O and in KCl indicated 
neutral or slightly alkaline pH (in H2O = 6.8–7.4, in 1M KCl = 
6.6–7.1). It was noticed that a seasonal increase of soil salinity 
(after a period of winter use of readily soluble salts) did not 
cause changes in pH. These observations were confi rmed by 
Licznar (1976).

The content of sodium and chloride ions showed 
a signifi cant increase immediately after the use of salt for winter 
road maintenance in all tested surfaces and in each level of the 
soil profi le. In the analyzed research periods, G–M objects were 
characterized by the lowest sodium ion content within the entire 
soil profi le. The loosening of the surface soil level after gravel 
application positively aff ected the migration of ions into the 
profi le, and helped to decrease the salinity of the surface. In the 
second and third research periods (April and October 2017), the 
average values of Na+ at G–M objects were 24% lower than in 
other objects (Fig. 3). This is another premise for the possibility 
of using gravel to improve the chemical properties of saline soils.

Chloride ions, as anions, undergo diff erent processes in soil 
than cations. This ion is washed relatively quickly by rainwater 

deeper into the soil profi le and migrates to groundwater 
(Howard and Maier 2007). In the study in Opole loosening of 
the soil of the 0–10 cm level did not change the Cl- value in 
the analyzed layers during all research periods. In the second 
experimental period, the average values for all objects were 
37 mgCl-·100g-1 d.m. and in the third – 22 mgCl-·100g-1 d.m. 
However, in the 10–30 cm level, the Cl- concentration was 
almost twice as high, especially in the period after the winter 
use of readily soluble salts (for SM and GM, the average values 
ranged from 53.7 to 54.2 mgCl-·100g-1 d.m.) (Fig. 4). This 
parameter exhibited seasonal variation, by a two-fold decline 
of the content of this ion during the following 6 months. 
Comparing the Cl content of the surface soil layer (0–10 cm) 
with mulch application (S and G) and mixed mineral material 
(SM and GM), loosening the soil structure contributed to the 
free migration of chlorides into a deeper soil profi le. Therefore, 
it would be benefi cial to use mineral materials with larger 
diameters mixed with saline soil. Based on the results of our 
experiment, the application of mineral materials on the surface 
of objects did not clearly decrease hazardous salt concentrations 
in the studied soils. A signifi cant increase of the of Na+ and Cl- 
ions in the soil profi le was observed after the winter period, as 
a result of the application of readily soluble salts during the 
winter. In the surface level of soil, the Na+ content after the 
winter period (April 2017) was about 250 mg·100g-1 d.m., with 

Fig. 3. The rate of changes of sodium ion content in the analyzed research periods. (A) – 0–10 cm level on objects S, G 
and C; (B) – 10–30 cm level on objects S, G and C; (C) – 0–10 cm level on objects S–M, G–M and C; 

(D) – 10–30 cm level on objects S–M, G–M and C.
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the highest values found in surface levels with sand application 
(about 342 mgNa+·100g-1 d.m.). This may indicate a lack of 
eff ectiveness of sand mulching of soils exposed to periodic 
salinity. This tendency is confi rmed by Gan et al. (2008) 
and Zare et al. (2015). At the level of 10–30 cm in the soil 
profi le, the values of this parameter were lower, in the range of 
275–322 mgNa+·100g-1 d.m. This may indicate a basic 
accumulation of sodium ions in the surface level of soil and 
its slower migration into deeper levels of the soil profi le. 
However, from a practical point of view, the objects with 
gravel application are very interesting for research. The lowest 
values of sodium ions in all research periods in the surface 
level, compared to objects with sand were observed. In the 
third research period (October 2017), the Na+ values for G 
objects were about 23% lower than the values of this parameter 
at S objects. The reason for this phenomenon can be seen in the 
possibility of limiting the water fl ow up to the pores between 
the gravel, which leads to a reduction of evaporation (Xie et al., 
2006; Yuan et al., 2008). Studies have shown that thicker layers 
of gravel are able to prevent evaporation more eff ectively (Qiu 
et al., 2014; Feng et al., 2018).

After winter the chloride ion content was doubled both in 
the surface level and the deeper level (10–30 cm) of the tested 
object. However, it cannot be defi nitely confi rmed which of 
the analyzed materials used as mulch, can decrease the content 

of this parameter in the soil profi le. This may result from the 
individual properties of this ion (Howard and Maier, 2007). 
Electrical conductivity (EC) showed great seasonal diversity, 
similar to the content of Na+ and Cl- ions. After winter, the 
values of EC increased signifi cantly, regardless of the depth 
in the soil profi le. But the value of EC for the objects with 
a mixture of sand or gravel was lower (in the 0–10 cm layer) 
than analogous objects with a mulch and control (Fig. 5). This 
situation was particularly evident in the second experimental 
period. At the 10–30 cm level of analyzed soil profi les, the 
reverse trend could be observed. Therefore, it is diffi  cult to 
clearly indicate which type of test application showed the best 
properties for decreasing electrical conductivity.

To determine the relationship between electrolytic 
conductivity and the content of selected ions found in the 
aqueous extracts of the studied soils, the Spearman correlation 
coeffi  cients were calculated, for both the 0–10 cm and 
10–30 cm levels. In the studied soils, a strong positive 
relationship between EC and Na+ and Cl- ions was observed 
in all research objects. For Na+ content, the highest statistically 
signifi cant correlation coeffi  cient was calculated in the range 
0.493–9.944 (10–30 cm layer). A similar relationship was found 
for the content of chloride ions in this same level and ranged 
from 0.508 to 0.979 (Table 2). In addition, a positive eff ect of 
the content of Ca2+, K+ and Mg2+ ions on the EC values in the 

Fig. 4. The rate of changes of chloride ion content in the analyzed research periods. (A) – 0–10 cm level on objects S, G 
and C; (B) – 10–30 cm level on objects S, G and C; (C) – 0–10 cm level on objects S–M, G–M and C; (D) – 10–30 cm level 

on objects S–M, G–M and C.
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0–10 cm layer was shown (Tab. 1). The amount of these ions 
may be a result of the homogenization of soil material, and thus 
a signifi cant eff ect of the parent rock on the entire soil profi le. 
In the deeper level to 30 cm the eff ect of the concentration 
of potassium and magnesium ions was eliminated to benefi t 
the ions of HCO3 content – which strongly aff ected the EC 
values (r = 0.294). The observed tendency was a result of the 
features of the parent rock (Licznar 1976). This can be a result 
of signifi cant changes in the soil sorption complex, especially 
in a situation where other ions of readily soluble salts enter the 
soil environment.

The best parameters were found in soils of G and G–M 
objects, however, applying gravel and gravel mixed with soil 
or separately applied on the surface may not help decrease 
the ion content of readily soluble salts in analyzed soils of 

Opole. Therefore, the possibility of using mineral materials 
with a larger diameter for soils with low salinity can be 
recommended, especially in areas with large amounts of 
atmospheric precipitation (Xie et al., 2006).

Conclusions
Based on results, it can be concluded that selection of materials 
applied to the surface layers of road soils can reduce the 
negative impact of excessive amounts of readily soluble salts 
on the soil environment the soil environment as a result of 
winter road maintenance.

The loosening of the structure of the topsoil or uppermost 
part of soil after gravel application favoured the free migration 
of Na+ and Cl- ions into the soil profi le, consequently reducing 

Fig. 5. Values of electrical conductivity (EC) in the analyzed research periods. (A) 0–10 cm; (B) 10–30 cm.

Table 1. Spearman’s correlation coeffi  cients calculated between EC and Na+, K+, Ca2+, Mg2+, HCO3
-, Cl-, SO4

2- values determined 
in the water extract of soil material taken from a depth of 0–10 cm in the soil profi le (p<0.05), 

* signifi cant values were determined statistically

Objects Na+ K+ Ca2+ Mg2+ HCO3
- Cl- SO4

2-

Total 0.758* 0.745* 0.794* 0.424* 0.175 0.783* -0.007

S 0.421* 0.865* 0.873* 0.707* -0.169 0.590* -0.452

S–M 0.917* 0.628* 0.839* 0.502 0.320 0.936* 0.075

G 0.923* 0.597* 0.492 -0.415 0.369 0.936* 0.010

G–M 0.673* 0.395 0.211 -0.035 0.453 0.637* 0.837

Table 2. Spearman’s correlation coeffi  cients calculated between EC and Na+, K+, Ca2+, Mg2+, HCO3
-, Cl-, SO4

2- values determined 
in the water extract of soil material taken from a depth of 0–30 cm in the soil profi le (p<0.05), 

* signifi cant values were determined statistically

Objects Na+ K+ Ca2+ Mg2+ HCO3
- Cl- SO4

2-

Total 0,915* 0,187 0,602* 0,034 0,294* 0,938* 0,120

S 0,944* 0,032 0,687* 0,628* 0,402 0,979* 0,667

S–M 0,901* 0,285 0,840* 0,700* 0,209 0,894* -0,052

G 0,768* 0,061 0,212 -0,681* 0,010 0,777* -0,416

G–M 0,493* 0,301 0,316 -0,180 0,357 0,508* -0,038
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the salinity in the topsoil. However, sand application did not 
measurably improve the chemical properties of the analyzed 
soils throughout the entire profi le.
We believe that our fi ndings can be useful for development of 
new methods of neutralizing the salinity of roadside soils, and 
to improve the quality of the environment.

Acknowledgement 
Publication is funded by the Polish National Agency for 
Academic Exchange under the International Academic 
Partnerships Programme from the project „Organization of the 
9th International Scientifi c and Technical Conference entitled 
Environmental Engineering, Photogrammetry, Geoinformatics 
– Modern Technologies and Development Perspectives”.

References 
Anwari, G.A., Mandozai, A. & Feng, J. (2020). Eff ects of Biochar 

Amendment on Soil Problems and Improving Rice Production 
under Salinity Conditions, Advanced Journal of Graduate 
Research, 7, pp. 45–63, DOI:10.21467/ajgr.7.1.45-63.

Asensio, E., Ferreira, V.J., Gil, G., García-Armingol, T., López-
-Sabirón, A.M. & Ferreira, G. (2017). Accumulation of 
de-icing salt and leaching in Spanish soils surrounding roadways, 
International Journal of Environmental Research and Public 
Health, 14,12, pp. 1–19, DOI:10.3390/ijerph14121498.

Berkheimer, S.F. & Hanson, E. (2006). Deicing Salts Reduce Cold 
Hardiness and Increase Flower Bud Mortality of Highbush 
Blueberry, Journal of the American Society for Horticultural 
Science, 131, pp. 11–16, DOI:10.21273/JASHS.131.1.11. 

Blomqvist, G. & Johansson, E.-L. (1999). Airborne spreading and 
deposition of de-icing salt – a case study, Science of the Total 
Environment, 235, pp. 161–168.

Bryson, G.M. & Barker, A.V. (2002). Sodium accumulation in soils 
and plants along Massachusetts roadsides, Communications in 
Soil Science and Plant Analysis, 33, pp. 67–78, DOI: 10.1081/
CSS-120002378.

Cekstere, G., Nikodemus, O. & Osvalde, A. (2008). Toxic impact of 
the de-icing material to street greenery in Riga, Latvia, Urban 
Forestry & Urban Greening, 7, pp. 207–217, DOI: 10.1016/j.
ufug.2008.02.004.

Cekstere, G. & Osvalde, A. (2013). A study of chemical characteristics 
of soil in relation to street trees status in Riga (Latvia), Urban 
Forestry & Urban Greening, 12, pp. 69–78, DOI: 10.1016/j.
ufug.2012.09.004.

Cunningham, M.A., Snyder, E., Yonkin, D., Ross, M. & Elsen, 
T. (2008). Accumulation of deicing salts in soils in an urban 
environment, Urban Ecosystems, 11, pp. 17–31, DOI: 10.1007/
s11252-007-0031-x.

Czarna, M. (2014). The eff ectiveness of chemicals used in removing 
winter slipperiness, Zesz. Nauk. Inż. Śr. Uniw. Zielonogórs. 33, 
pp. 110–116.

Daliakopoulos, I.N., Tsanis, I.K., Koutroulis, A., Kourgialas, N.N., 
Varouchakis, A.E., Karatzas, G.P. & Ritsema, C.J. (2016). 
The threat of soil salinity: A European scale review, Science 
of the Total Environment, 573, pp. 727–739, DOI: 10.1016/j.
scitotenv.2016.08.177.

de Santiago-Martín, A., Michaux, A., Guesdon, G., Constantin, 
B., Despréaux, M. & Galvez-Cloutier, R. (2016). Potential of 
anthracite, dolomite, limestone and pozzolan as reactive media 
for de-icing salt removal from road runoff , International Journal 
of Environmental Science and Technology 13, pp. 2313–2324, 
DOI: 10.1007/s13762-016-1085-1.

Dmuchowski, W., Baczewska, A.H., Gozdowski, D., Rutkowska, 
B., Szulc, W., Suwara, I. & Bragoszewska, P. (2014). Eff ect of 
salt stress caused by deicing on the content of microelements in 
leaves of linden, Journal of Elementology, 19, DOI: 10.5601/
jelem.2014.19.1.588.

Fay, L. & Shi, X. (2012). Environmental Impacts of Chemicals for 
Snow and Ice Control: State of the Knowledge, Water, Air, & 
Soil Pollution, 223, pp. 2751–2770, DOI: 10.1007/s11270-011-
1064-6.

Feng, H., Chen, J., Zheng, X., Xue, J., Miao, C., Du, Q. & Xu, Y. 
(2018). Eff ect of Sand Mulches of Diff erent Particle Sizes on Soil 
Evaporation during the Freeze–Thaw Period. Water 10, 5, 536. 
DOI: 10.3390/w10050536.

Gan, Y.T., Huang, G.B., Li, L.L., Liu, J.H. & Hu, Y.G. (2008). Unique 
conservation tillage prac-tices in northwest China, In: Goddard, 
T., Zoebisch, M.A., Gan, Y., Ellis, W., Watson, A. & Sombatpanit, 
S (Eds.), No-till Farming Systems, World Association of Soil 
Water Conservation, Special publication, 3, pp. 429–445.

Garakani, A.A., Haeri, S.M., Cherati, D.Y., Givi, F.A., Tadi, M.K., 
Hashemi, A.H., Chiti, N. & Qahremani, F. (2018). Eff ect of road 
salts on the hydro-mechanical behavior of unsaturated collapsible 
soils, Transportation Geotechnics, 17, 77–90. DOI: 10.1016/j.
trgeo.2018.09.005

Green, S.M., Machin, R. & Cresser, M.S. (2008). Eff ect of long-term 
changes in soil chemistry induced by road salt applications on 
N-transformations in roadside soils, Environmental Pollution, 
152, pp. 20–31, DOI: 10.1016/j.envpol.2007.06.005.

Haj-Amor, Z. & Bouri, S. (2019). Subsurface Drainage System 
Performance, Soil Salinization Risk, and Shallow Groundwater 
Dynamic Under Irrigation Practice in an Arid Land, Arabian 
Journal for Science and Engineering, 44, pp. 467–477. 
DOI:10.1007/s13369-018-3606-3.

Howard, K.W.F. & Maier, H. (2007). Road de-icing salt as a potential 
constraint on urban growth in the Greater Toronto Area, Canada, 
Journal of Contaminant Hydrology, 91, pp. 146–170, DOI: 
10.1016/j.jconhyd.2006.10.005.

Judd, J.H. (1970). Lake stratifi cation caused by runoff  from street 
deicing, Water Research, 4, pp. 521–532, DOI: 10.1016/0043-
1354(70)90002-3.

Kabała, C. & Karczewska, A. (2017). Methodology for laboratory 
analysis of soils and plants, Wrocław 2017. (in Polish) 

Kabała, C., Charzyński, P., Chodorowski, J., Drewnik, M., Glina, 
B., Greinert, A., Hulisz, P., Jankowski, M., Jonczak, J., Łabaz, 
B., Łachacz, A., Marzec, M., Mendyk, Ł., Musiał, P., Musielok, 
Ł., Smerczak, B., Sowiński, P., Świtoniak, M., Uzarowicz, Ł. & 
Waroszewski, J. (2019). Polish Soil Classifi cation, 6th edition 
– principles, classifi cation scheme and correlations. Soil Science 
Annual, 70(2): 71–97, DOI:10.2478/ssa-2019-0009.

Kelly, V.R., Lovett, G.M., Weathers, K.C., Findlay, S.E.G., Strayer, 
D.L., Burns, D.J. & Likens, G.E. (2008). Long-Term Sodium 
Chloride Retention in a Rural Watershed: Legacy Eff ects of Road 
Salt on Streamwater Concentration, Environmental Science & 
Technology, 42, pp. 410–415, DOI:10.1021/es071391l.

Kochanowska, K. & Kusza, G. (2011). Infl uence of snow removal with 
chemicals on sorption properties of rendzinas in the town of Opole, 
Chemistry-Didactics-Ecology-Metrology, 16, pp. 41–45. (in Polish)

Kwasowski, W. & Czyż, M. (2011). Reaction of lime trees (Tilia sp.) 
growing along the Żwirki i Wigury Street in Warsaw on soil 
salinity caused by chemical technology of snow removal, Quest 
Ecology, 14, pp. 81–83, DOI: 10.12775/v10090-011-0023-6.

Licznar, S.E. (1976). Rendzinas and soils on limestone of the Opole 
region in the light of micromorphological and physico-chemical 
investigations, Soil Science Annual, 27, pp. 73–121. (in Polish)

Łuczak, K. & Kusza, G. (2015). The infl uence of coconut fi bre 
and salts composite used for eliminating slipperiness and on 



90 K. Łuczak, I. Pisarek, G. Kusza

roads on soils, Ecological Chemistry And Engineering A, 22,4, 
pp. 481–488, DOI:10.2428/ecea.2015.22(4)38.

Maciak, F. (2003). Environment protection and recultivation, SGGW, 
Warszawa. (in Polish)

Ostrowska, A., Gawliński, S. & Szczubiałka, Z. (1991). Methods for 
analyzing and assessing soil and plant properties, Warszawa. (in 
Polish)

Paludan-Müller, G., Saxe, H., Pedersen, L.B. & Randrup, T.B. (2002). 
Diff erences in salt sensitivity of four deciduous tree species to 
soil or airborne salt, Physiologia Plantarum, 114, 2, pp. 223–230, 
DOI: 10.1034/j.1399-3054.2002.1140208.x.

Qiu, Y., Xie, Z., Wang, Y., Ren, J. & Malhi, S.S. (2014). Infl uence 
of gravel mulch stratum thickness and gravel grain size on 
evaporation resistance, Journal of Hydrology, 519, pp. 1908–1913, 
DOI: 10.1016/j.jhydrol.2014.09.085.

Ramakrishna, D.M. & Viraraghavan, T. (2005). Environmental impact 
of chemical deicers – A review, Water, Air, & Soil Pollution, 166, 
pp. 49–63, DOI: 10.1007/s11270-005-8265-9.

Skowera, B., Wojkowski, J. & Ziernicka-Wojtaszek, A. (2016). The 
thermal-precipitation conditions in the Opole voivodeship in the 
1981–2010 period, Infrastructure and Ecology of Rural Areas, 
3,2, pp. 919–934, DOI: 10.14597/infraeco.2016.3.2.067. (in 
Polish)

Srivastava, N. (2020). Reclamation of Saline and Sodic Soil 
Through Phytoremediation, In: Shukla, V., Kumar, N. (Eds.), 

Environmental Concerns and Sustainable Development, 
Biodiversity, Soil and Waste Management, 2, pp. 279–306, 
DOI: 10.1007/978-981-13-6358-0_11.

Tan, J., Wang, X., Tian, J. & Su, X. (2018). Eff ect of gravel-sand 
mulching on movements of soil water and salts under diff erent 
amounts of brackish water, Chinese Society of Agricultural 
Engineering, 34, pp. 100–108. DOI: 10.11975/j.issn.1002-
6819.2018.17.014.

Xie, Z., Wang, Y., Wei, X. & Zhang, Z. (2006). Impacts of a gravel-
-sand mulch and supplemental drip irrigation on watermelon 
(Citrullus lanatus [Thunb.] Mats. & Nakai) root distribution and 
yield, Soil & Tillage Research, 89, pp. 35–44, DOI: 10.1016/j.
still.2005.06.013.

Youngs, E.G. & Leeds-Harrison, P.B. (2000). Improving effi  ciency 
of desalinization with subsurface drainage, Journal of Irrigation 
and Drainage Engineering, 126, pp. 375–380, DOI: 10.1061/
(ASCE)0733-9437(2000)126:6(375).

Yuan, C., Zhang, X., Lei, T., Liu, H. & Li, X. (2008). Eff ects of 
mulching sand and gravel size on soil moisture evaporation, 
Transactions of the Chinese Society of Agricultural Engineering, 
24, pp. 25–28.

Zare, S., Jafari, M., Ahamdi, H., Tavili, A., Arjomandi, R.K. & Oztac, 
T. (2015). Mineral mulch and soil chemical properties, European 
Association of Geoscientists and Engineers, pp. 4696–4698, 
DOI:10.3997/2214-4609.201412512.


