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Abstract
The paper presents the results of the effect of uncontrolled landfill sites located in the sandy soils of the Bydgoszcz Forest 
(central Poland, the Kujawy and Pomerania Province) on the content of available forms of selected macro- and microelements. 
Soil was sampled from the mineral surface horizon (0–20 cm) under three uncontrolled landfill sites (W1, W2, W3). They 
were the landfill spots on the surface of 20–35 m2 of different morphological composition. The control point (C) was located 
far from the waste landfill sites and beyond the range of their effect. Those soils were classified as Brunic Arenosols. This 
paper presents the arithmetic means of the results from three replications. Besides, the results of the analyses of the features 
investigated were exposed to the analysis of simple correlation (P < 0.05). Moreover, the principal component analysis (PCA) 
was used. The research demonstrated a significant effect of uncontrolled landfill sites on the changes in the soil reaction as 
well as significant changes in the content of organic carbon, available forms of phosphorus, potassium, magnesium, copper 
and zinc. With the analysis of variance, it was found that the soil sampled under landfill site showed a significantly highest 
amount of the macro- and microelements studied. The analysis of correlation confirmed a significant positive dependence 
between the content of available forms of all the elements analysed and the soil reaction. Two principal components (PC1 
and PC2) were extracted from the available data set which accounted for a total variance of approximately 92.02%.
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Introduction

A fast development of technology and changes in the con-
temporary world considerably affect the natural environ-
ment. Forest soils, an element of ecosystems, are of special 
importance for the monitoring of the natural environment. 

Elements, accumulated in the surface horizons, under spe-
cific conditions can transform into soluble forms, available 
to plants (ground cover and tree stand). Among the elements 
indispensable for the adequate development of plants, you 
will find macro- and microelements, e.g., phosphorus, potas-
sium, magnesium, iron, manganese, copper and zinc. Their 
availability in the soil environment is determined by the 
forms of occurrence and the mechanisms bonding them with 
organic or inorganic soil components. Their bioavailability 
is affected by the following physical and chemical soil prop-
erties: the grain size composition, the content of organic 
matter, pH, sorption capacity, a redox potential as well as 
cation forms (Kabata-Pendias and Pendias 2001; Ashworth 
and Alloway 2004; Violante et al. 2010).

The amount of the waste produced increases proportion-
ally to the increase in the standard of living of the soci-
ety. The adequate and safe waste storage requires adequate 
relevant regulations and funds. Despite the existing waste 
management regulations, the waste is deposited in inad-
equate places. The illegal uncontrolled waste dumping 
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sites, commonly referred to as “illegal waste dumps”, are 
most often located on the edge of the forests, in roadside 
ditches, midfield tree plantings and in other rarely visited 
sites (Bielińska and Mocek-Płóciniak 2009). Illegal waste 
dumps pose a number of environmental threats, which is 
due to random uncontrolled landfill sites with various kinds 
of waste, including hazardous waste, with various toxic sub-
stances (Alkorta et al. 2004; Bielińska and Mocek-Płóciniak 
2009; Frączek and Ropek 2011). A lack of adequate securi-
ties of illegal dumping sites results in a release of pollutions 
to the respective elements of the natural environment, since 
waste contains complex organic substances, mineral nitrogen 
in an ammonium form, xenobiotics, heavy metals, petroleum 
products and others (Ogundiran and Afolabi 2008).

The content of those substances in soil, especially in the 
surface layer, poses a threat to living organisms due to their 
long-term impact on the natural environment. They can also 
migrate deep down the soil profile, resulting in eutrophi-
cation of waters or they get transported considerably far. 
Negative effects of contamination with a phytotoxic effect 
are more often identified in light acid with a poorer sorption 
complex which dominates in the woodland areas of the north 
of Poland (Feng et al. 2007).

The aim of the paper has been to evaluate the effect of 
uncontrolled landfill sites located on sandy Brunic Areno-
sols of the Bydgoszcz Forest on the content of available 
forms of selected macro- and microelements (P, K, Mg, Zn, 
Cu). The research results can be useful for monitoring the 
human-transformed forest ecosystems.

Materials and Methods

Location of Soil Sampling

Soil was sampled in the autumn of 2014 under three uncon-
trolled landfill sites in the Bydgoszcz Forest (Fig. 1), domi-
nated by light soils with the grain size composition of sands 
and the soil reaction ranging from acid to strongly acid 
(Table 1). The soils were classified as Brunic Arenosols 
(IUSS Working Group WRB 2014). The forest is dominated 
by the habitats of fresh coniferous forest and the share of 
coniferous species in the tree stand accounts for more than 
95%. The prevailing tree stand species is Scots pine (Pinus 
sylvestris L.). The landfill sites under study were small, 
20–35 m2 in size, and showed a varied morphological com-
position (with unknown deposition time). They were marked 
as W1, W2 and W3. W1 and included: debris, ceramics, 
glass, plastics, scrap metal, fabrics and disposed electronic 
equipment. The waste characteristic for W2 included mostly 
plastic foil, plastic foodstuffs containers, metal pieces, car 
tyres, metal paint containers, glass bottles, elements of light 
bulbs and fluorescent lamps, whereas W3 included mostly 

waste of organic origin: cut grass, leaves, tree and shrubbery 
post-nursing residue. The control site (C) was located far 
away (about 500 m) from the landfill sites and their impact 
zone. Soil was sampled from the area similar to the land-
fill site area. Once the waste layer was removed, from each 
landfill site, using the Egner stick, ten single mineral soil 
samples were taken from the depth of 0–20 cm (PN-ISO 
10381-2:2007 2007). 

Soil Analysis

The soil samples were prepared compliant with the norm 
(PN-ISO 11464 1999) and the following were assayed for 
them: the grain size composition with the laser diffraction 
method applying analyser Masterssizer MS 2000, pH in 
 H2O and pH in 1 M KCl potentiometrically (PN-ISO 10390 
1997), the contents of total organic carbon (TOC)—with 
analyser TOC Primacs provided by Skalar; available phos-
phorus  (PE-R) spectrophotometrically—with the Egner-
Riehm method—DL (PN-R-04023 1996); available potas-
sium—with the Egner-Riehm method (PN-R-04022 1996); 
available magnesium—with the Schachtschabel method 
(PN-R-04020 1994); available forms of zinc and copper—
with the method by Lindsey and Norvell (1978). The con-
tents of K, Mg, Zn and Cu in extracts received following 
those procedures were essayed applying the ASA technique 
depending on the element determined in spectrometer PU 
9100X (Philips). All the assays were performed in three 
replications; the article presents the arithmetic means of the 
results.

Statistical Analysis

Single-factor analyses of variance were performed in 
independent design, according to the fixed model, the 

Fig. 1  Location of the study area
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homogeneity of which was confirmed with the Levene’s test. 
The variation in the object means was defined by determin-
ing homogeneous groups based on the LSD test at the level 
of significance of α = 0.05. The content of available macro- 
and microelements, Corg, the grain size composition as well 
as the soil reaction were evaluated with the principal compo-
nent analysis (PCA), the assumptions of which were verified 
with the Bartlett test and Kaiser-Mayer-Olkin factor. The 
coefficients of linear correlation between all the variables 
analysed were also determined.

Results and Discussion

Basic Soil Properties

The content of organic carbon in the soil samples analysed 
varied depending on the soil sampling site (Table 2). Of 
all the soil samples, the highest value of the parameter was 
noted in the soil sampled under W3 where the morphologi-
cal composition revealed an accumulation of organic waste. 
There was recorded significant difference between the con-
tent of organic carbon assayed for the control site and for 
W3. The key source of TOC in the control samples was a 
gradual accumulation of the matter from fallen tree leaves 
and dead ground cover. Under specific conditions, found in 
the layer of ecto-humus of forest soils, organic matter which, 
in the process of humification, gets transformed in a specific 

organic substance accumulates (Brogowski and Chojnicki 
2013). At sites W1 and W2, due to the kind of the waste 
deposited, which constituted a barrier, there was no supply 
of fresh organic matter and, produced as a result of humifica-
tion, easily water-soluble humus compounds (fulvic acids) 
could have leached deep down the soil profile. The rate of 
changes of soil organic matter depends, to much extent, on 
its fragmentation but also on the air–water relations, tem-
perature and the method of use (Hamza and Anderson 2005; 
Slepetiene and Slepetys 2005). The household activity is 
the source of a considerable amount of organic waste which 
often constitutes a considerable share in the mass of uncon-
trolled landfill sites; in soil under waste, it increases the 
amount of organic carbon, as compared with the correspond-
ing arable soils horizon. The differences in the composition 
and types of plant residue deposited at W3 contributed to 
neutralising the soil acidity. According to Xu et al. (2006), it 
was related to the degree of decomposition of plant residue, 
anions and cations released from it as well as the immobili-
sation by microorganisms.

Macro‑ and Microelements Content and Its Relation 
to Other Soil Parameters

With the analysis of variance, a significant effect of the type 
of waste on the content of available phosphorus in soil was 
found (Table 2). The highest amount of P (35.76 mg kg−1) was 
noted in the soil under W3. The values were tenfold higher as 

Table 1  pH and texture of soils

C control point, W dumping waste sites

Objects PH  H2O PH KCl Fractions (%)

Sand Silt Clay

Min Max Min Max Min Max Min Max Min Max

C 4.20 4.75 3.85 4.39 79.89 90.62 8.57 17.90 0.81 2.21
W1 6.74 8.56 6.54 8.02 80.50 90.25 8.81 18.65 0.85 1.71
W2 4.42 4.83 4.35 4.67 77.55 93.10 4.93 20.54 0.85 1.97
W3 6.98 7.34 6.85 7.30 79.98 91.25 7.37 17.67 0.98 2.35

Table 2  The content of organic 
carbon, available forms of 
phosphorus (P) potassium (K) 
and magnesium (Mg)

Marked values in the same columns with different letter are significantly different (P = 0.05)
Mean ± SD standard deviation
LSD least significant difference

Objects TOC P K Mg
g kg−1 mg kg−1

C 8.97b ± 0.035 3.765c ± 0.134 15.15d ± 0.353 10.05d ± 0.353
W1 4.055c ± 0.148 17.95b ± 0.091 39.30c ± 0.530 61.81c ± 0.855
W2 4.77c ± 0.219 3.13c ± 0.113 46.00b ± 0.141 64.33b ± 0.322
W3 22.84a ± 0.863 35.76a ± 0.997 57.31a ± 0.658 82.25a ± 0.212
NIR0.05  LSD0.05 1.838 2.069 1.886 2.048
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compared with the control soil. The significantly lowest P con-
tent (3.13 mg kg−1), similar to the control site, was reported 
in W2 soil where electrotechnical equipment, car tyres and 
fabrics prevailed. Usually, in the forest ecosystem, the content 
of phosphorus in soil is a deficit (Jonczak et al. 2015), and its 
key source is plant litter (Dziadowiec et al. 2008), which is 
also related to the tree species composition. The factor deter-
mining the content of available phosphorus in soil is its reac-
tion, which was confirmed by a significant positive value of 
the coefficient of correlation (r = 0.932; P < 0.05) (Table 4). 
As for the pH values below 6.5, phosphorus is bonded by free 
Fe and Al oxides (Achat et al. 2013). There were also found 
significant positive correlations between the content of P and 
Zn (r = 0.895; P < 0.05) and Cu (r = 0.897; P < 0.05).

The resources of magnesium and potassium available to 
plants are made up of ions present in the soil solution and 
exchangeable cations bonded with the sorption complex. 
The quantity and quality of soil colloids in specific moisture 
conditions determine the form of the occurrence of elements 
and their leaching deep down the soil profile (Kobierski et al. 
2011). The analysis of variance showed a significant effect 
of the soil sampling site on the content of available forms of 
potassium and magnesium (Table 2). The significantly low-
est values of the elements were noted for the control, respec-
tively, 15.15 mg kg−1 for potassium and 10.05 mg kg−1 for 
magnesium and the highest—in W3 soil (57.31 mg kg−1 of 
potassium and 82.25 mg kg−1 of magnesium). Both potas-
sium and magnesium are elements which easily leach down 
the soil profile. Such inconsiderable amounts of potassium 
found in the samples from C site could have been due to its 
leaching, mostly as a result of the grain size composition of 
the soils analysed. In light soils with a low sorption complex 
capacity, leaching is higher than in heavy soils. The analysis 
of correlation, however, did not confirm any such dependen-
cies. The factor determining the content of available forms 
of the two elements, similarly as for phosphorus, was the soil 
reaction. The analysis of correlation showed a significantly 
positive correlation between reaction (pH in KCl) and the 
content of available forms of K (r = 0.807; P < 0.05) and Mg 
(r = 0.754; P < 0.05).

An increased content of macroelements (e.g., phospho-
rus, potassium, magnesium) in soil sampled under the illegal 
landfill sites can cause the so-called “chemical stress”, and 
their concentration is, to much extent, conditioned by the 
morphological composition of the waste dump. For example, 
the compounds of magnesium are used mostly as refractory 
and insulation material; potassium mostly in fertilisation 
industry or as  CO2 absorbers; sulphur for the production 
of dyes, matches; sodium for the production of foodstuffs; 
while calcium—as a component-fixing building materials, 
mortars.

The soil, representing the agronomic category of very 
light and light soils, showed a varied richness in bioavailable 

forms of zinc and copper (Table 3). Martinez and Motto 
(2000) reported on the mobility of zinc and copper depend-
ing on soil reaction and similar pH values below which their 
mobility increases, being 6.2 and 5.5. In the present study, 
a significant positive correlation was reported between pH 
in KCl, and the content of forms of Zn (r = 0.972; P < 0.05) 
and Cu (r = 0.978; P < 0.05) extracted with the DTPA solu-
tion (Table 4). A more than 25-fold higher Zn content in soil 
under W3, as compared with the other three sites, resulted 
in the correlation with pH being positive and so high. The 
correlations with zinc do not comply with the data reported 
in literature. An increasing soil pH is accompanied by a 
decreased concentration of zinc, which can be due to an 
increased bonding of the element by iron and aluminium 
oxides, or precipitating them to less-soluble forms (Stone 
and Marsalek 1999). However, Chukwuma et al. (2010) 
also showed a positive correlation between pH and Zn in 
the soils polluted with petroleum. The soils, similarly as 
in the present study, were not covered by vegetation. Zinc 
undergoes also sorption by organic substance, the intensity 
of which depends on the soil reaction. Under pH 5.8, humic 
acids bond zinc in 60% of its cation concentration, while 
under the conditions of lower values, the bond almost disap-
pears (Stone and Marsalek 1999). The analysis of correla-
tion did not demonstrate, however, a correlation between 
TOC and the content of available Zn forms. The concentra-
tion of available forms of Zn and Cu in all the soil sam-
ples was higher from the content critical for plants, namely 
0.5–0.8 mg kg−1 for zinc (Lindsey and Norvell 1978; Sims 
and Johnson 1991) and 0.4 mg kg−1 for copper (Karama-
nos et al. 1986). The significantly highest content of avail-
able forms of both microelements was found in the soil 

Table 3  The content available forms of zinc (Zn) and copper (Cu)

a, b, c, d  small letters indicate a comparison between different uncon-
trolled landfill sites

Objects Zn Cu
mg kg−1

C 2.09b ± 0.002 0.375c ± 0.035
W1 1.90c ± 0.036 0.490b ± 0.019
W2 1.57d ± 0.004 0.537b ± 0.015
W3 54.2a ± 0.059 6.36a ± 0.002
NIR0.05  LSD0.05 0.141 0.052

Table 4  Coefficient of linear correlation between parameters

Variable P K Mg Zn Cu

Mg – 0.987 – – –
Zn 0.895 – – – –
Cu 0.897 – – – –
pH KCl 0.932 0.807 0.754 0.972 0.978
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under W3 (Table 3). The values were many times higher 
than those found in the control samples. In W3, the con-
tent of available forms of zinc was very high and it reached 
54.2 ± 0.059 mg kg−1. In general, the plants show a high 
tolerance to elevated amounts of zinc in soil and the level of 
tolerance as compared to that metal which depends mostly 
on the physico-chemical properties of soil and the plant spe-
cies and cultivars (Cakmak 2008; Wyszkowska et al. 2013). 
The tolerance of plants to high zinc contents is quite com-
mon, especially in the regions polluted with that element and 
the plants exposed to its high content in soils can show no 
symptoms of toxicity (Baran and Wieczorek 2012).

The Principal Component Analysis (PCA)

The evaluation of the principal components for the contents 
of selected macro- and microelements, pH and the clay frac-
tion is presented in Fig. 2. The coefficients of components 
corresponding to each value confirmed that the first two 
account for more than 90% of the total variation. The direc-
tional vectors of all the variables analysed showed an inverse 
inclination towards the principal horizontal axis, which 
accounts for almost 65% of co-variation against the entire 
data set. Factor loadings for variable P, K, Mg, Cu, Zn and 
the reaction of soils from respective landfill sites represent 
a separate set of parameters determining the first component 
which can be referred to as “accumulative”. However, the 
evaluated elemental composition can be negatively clas-
sified against the first component in the following order: 
P > Cu > Zn > K> Mg. Very strong such dependencies were 
demonstrated by the soil reaction and the contents of phos-
phorus, copper or zinc. The vectors of those variables point 
to the highest positive linear dependencies allowing the 
allocation the most abundant homogeneous group making 

up the first principal component. The decomposition of the 
effects of single variables for the content of organic carbon 
as well as the clay fraction revealed their dominant effect 
on determining the second component, which accounts for 
about 27% of the total variance of the total variation. The 
content of available forms of potassium and magnesium 
corresponds inverse proportionally in a balanced range to 
both distinguished principal components. Both elements 
also show a positive correlation with the soil reaction. How-
ever, the projections of vectors for the content of TOC and 
clay fraction against the axis representing the first principal 
component point to a weak negative correlation and a lim-
ited effect of the “accumulative” component. The centroid 
distance for the clay fraction confirms the lowest share in 
determining the variation of the properties of landfill sites 
and the control site.

The physico-chemical properties of the soil sampled 
under W3 most corresponded to the variables determining 
the first component. The contents of available forms of Cu 
and Zn, as well as phosphorus or soil reaction, were closely 
related to the soil sampling location under W3. W1 and W2 
showed a positive orientation in space in reference to the 
second principal component and generated the highest vari-
ation in the content of clay fraction. The pattern of the value 
of clay fraction is the closest for the soils sampled under 
landfill site W2. In the samples analysed from that site, the 
highest factor loading for that variable was noted. The oppo-
site dependence was recorded for the soil sampled from W1 
and W2 for the content of organic carbon, which points to 
their inconsiderable share in defining its variance.

However, the occurrence of specific variation in TOC in 
the furthest habitats was found. Negatively oriented against 
the second principal component, the content of total organic 
carbon (TOC) was in the same range represented in the sam-
ples from the control site—with an inconsiderable content 
of Cu and Zn as well as W3, showing the highest concentra-
tion of those elements. The opposite orientation of factor 
loadings of the content of clay fraction against the control 
site points to its lowest share in defining the variation at the 
control site. Of the sampling sites specified in the study to 
evaluate the contamination of soils, the conditions in W1 
represented the values most similar to the average, in com-
parison to those on the other sites. The distance between that 
site and the beginning of the principal components system 
points to a strong effect of all the variables analysed.

Conclusions

1. Uncontrolled landfill sites in the Bydgoszcz Forest 
showed a significant effect on the soil reaction and on 
the changes in the content of organic carbon.
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2. The analysis of variance identified a significant effect 
of the type of waste deposited on all studied chemical 
properties. The highest accumulation of both macro- and 
microelements was found in the soil under landfill site 
W3 accumulating organic waste of plant origin. The 
analysis of correlation confirmed a significant positive 
dependence between soil reaction and the content of 
available forms of P, K, Mg, Cu and Zn.

3. The existing uncontrolled landfills significantly affect 
physicochemical properties and the content of macroe-
lements and micronutrients in soils. The landfill sites 
are a potential threat to the natural environment. With 
that in mind, one shall continue the applicable monitor-
ing studies to evaluate the risk of changes in the forest 
ecosystems transformed by the man.
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