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Abstract
The research was carried out in the Beskid Śląski and Beskid Żywiecki mountains which were affected,
among others, by air pollution from the Upper Silesian Industrial Region, the largest industrial zone in
Poland. The aim of the study was to assess the heavy metal load in the soils of the studied area and to
determine their potential impact on soil metabolism. The research was carried out on 6 permanent sites.
For each site, the total content of zinc (Zn), lead (Pb) and cadmium (Cd) was determined for three soil
levels (A, B and C). Moreover, the following were determined: total nitrogen, organic carbon, pH and soil
moisture and the amount of heavy metals in soil solutions. The metabolic activity of the soil was
assessed by measuring: soil enzymes activity, soil respiration and by studying community-level
physiological pro�ling (CLPP) using Biolog ECO-plates. In the case of Pb and Cd their increased content
in the topsoil was found, which indicates their anthropogenic origin. Statistical analysis showed that in
the case of very acidic forest soil even slightly elevated lead level probably can affect the functional
biodiversity of soil microorganisms. The study showed that it is not easy to assess the impact of heavy
metals on soil metabolism. Some indicators such as the activity of soil enzymes used individually may
not be su�cient to illustrate the changes occurring in the soil environment.

Introduction
Over the years, the Beskidy region was subjected to strong anthropopressure from the surrounding
industrial areas (Uziębło et al. 2012, Kłos et al. 2018). It was found that the pollution came mainly from
the area of Ostrava and Upper Silesia. This thesis is con�rmed by the decrease in the amount of
pollutants reaching forest ecosystems, including heavy metals and acidic compounds, noticeable since
2000s, when many industrial plants began to closed down on the mentioned areas (Staszewski &
Kubiesa 2008, Staszewski et al. 2008). However, there are only a few studies that focus on the impact of
the deposition of air pollutants on the condition of the soil environment in the Beskidy region. Research in
this �eld was also carried out Bierza et al. (2013). Forest ecosystems represent signi�cant global carbon
sinks. Consequently, thorough understanding the role and function of soil microorganism in forest
ecosystem, and the impact of pollutants on their activity, is essential for predicting and managing C-
cycling processes (Žifčáková et al. 2016). It should be remembered that the soil microorganisms is the
most important factor conditioning the availability of nutrients for plants, enabling them to grow and
develop.

Knowledge about the in�uence of heavy metals on soil microorganisms is still insu�cient. It is known
that these elements, if background level is exceeded, can disturb the homeostasis in the soil environment,
limiting biodiversity and the number of microorganisms. The harmful effect of metals largely depends on
their mobility in the environment and bioavailability, which is in�uenced by many factors such as
environmental acidity, organic matter content and soil granulometric composition (Kaczynska et al.
2014). But it is still di�cult to say what concentrations of heavy metals in the soil will have negative
effects on microbiota.
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The use of biological and biochemical parameters to assess the ecological status of environmental
samples provides accurate information (Gryta et al. 2014). One of the commonly used methods in
studying the functional diversity of microorganisms is the Biolog EcoPlate technique. This method was
used to assess stressing impact on soil environment like pH and salnity (Pankhurst et al. 2001) and also
the toxicological impacts of pollutants on it such as hydrocarbons (Nagy et al. 2013) and heavy metals
(Boshoff et al. 2014, Feigl et al. 2017). Other monitoring research (Huang et al. 2017) showed that the
effect of soil additives on community-level physiological pro�les (CLPP) were corelated with the
sequencing results like 16S rRNA and ITS rRNA. The research of soil enzymatic activity was the source of
information about the condition of soil environment (Telesiński et al. 2019) and also the changes
occurring in it (Trasar-Cepeda et al. 2008).

The aim of the study was to determine the content of heavy metals in the soil environment in the Beskid
Śląski and Beskid Żywiecki mountains and to assess their impact on the activity of soil microorganisms
by using various methods.

Materials And Methods
Site description, sampling, transport and storage of samples

Samples were collected from 6 sites in the Beskid Śląski and Beskid Żywiecki mountains: SG - Stary Groń,
MS - Małe Skrzyczne, KB - Kubalonka, CL - Czarny Las, OR-R - “Oszast” nature reserve, SR-R - “Śrubita”
nature reserve (Fig. 1). All sites were located in mixed spruce–�r–beech mountain forests at an altitude
of between 600 and 800 meters above sea level. Samples from 2 localisations (SG and MS) were taken
near the permanent plots of the Institute of Ecology of Industrial Areas – in Brenna and Salmopol, where
other authors (Rrokicka-Kieliszewska et al. 2002) con�rmed the concentrations of heavy metals in the
soil.

Each site was previously equipped with 5 pairs of vacuum ceramic cup lysimeters for sampling of soil
solution. The cups were placed in the A and B soil layers. Soil solutions were collected at least twice a
month in the period from April to November 2018. The soil samples were collected at the beginning of
November 2018 (when the vegetation period was ended), from small soil pits located near each of
ceramic cups of the lysimeters (in total 60 soil samples were taken). In order to assess the content of
heavy metals in parent material (C layer), one deeper pit (> 80cm) was made at each of the six locations
and the soil was collected for the analysis.

Until the tests were performed soil and water samples were stored in the dark, cold place (T = 4°C). All
determinations were performed within one week of the samples' arrival in the laboratory.

Determination of physicochemical parameters of soil and heavy metals concentrations in soil solutions
In all the soil samples, the grain size distribution was determined by Casagrande’s hydrometer method
modi�ed by Prószyński (PN-ISO 11277: 2009). The following fractions were distinguished: sand (particle
size 0.05 -2.0 mm), silt (particle size 0.002–0.05 mm), and clay (particle size below 0.002 mm). After
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determining the share of granulometric fractions, individual soil types were determined in accordance
with the United States Department of Agriculture (USDA) classi�cation. Dry matter content in soil (soil
moisture - SM) was established gravimetrically according to PN-ISO 11465: 1999. Soils pH were
established by using glass electrode in a 1:5 (w/w) suspension of soil in water (pH in H2O) and in in 1

mol L− 1 potassium chloride solution (pH in KCl)

(PN-ISO 10390: 2005). The amount of organic carbon in soils was assessed by oxidation of organic
matter with a mixture of potassium dichromate and sulfuric acid (PN-ISO 14235: 2003). Soil total N was
determined by the Kjeldahl method (Bremner & Mulvaney 1982).

The total content of heavy metals (Zn, Pb and Cd) in soil was determined after ashing the soil in the
furnace (450oC) and digesting the ash with aqua regia. Concentrations of the elements were established
by inductively coupled plasma optical emission spectrometry (ICP-OES) technique using Thermo
Scienti�c iCAP 6500 equipment. The quality assurance and quality control was performed by analysing
the standard samples of the known composition. Cation concentrations (Znss, Pbss and Cdss) in soil
solutions have been determined directly in the samples by also using ICP-OES technique.
Soil enzymes activity

Soil enzyme activity was determined in moist soil. The activity of acid and alkaline phosphatase (AcP
and AlP), dehydrogenase and urease (Ure) was measured in accordance with the methodology proposed
by Schinner et al. (2012).

The activity of both phosphatases was examined by colorimetric method. This method is based on
colorimetric estimation of p-nitrophenol (pNP) released when soil is incubated with buffered sodium p-
nitrophenyl phosphate (pNPP) solution and toluene at 37°C for 1h. Activity of both enzymes was
expressed in µmol pNP g− 1 d in soil h− 1. Absorbance was measured at a wavelength λ = 400nm. MUB
buffer with pH 6.5 for acid phosphatase (AcP) and pH 11 for alkaline (ALP) was used to optimize the
reaction. CaCl2 (0.5 M) and NaOH (0.5 M) were used to brake reaction time.

Dehydrogenase activity (Deh) was determined by the method described by Casida et al. (1964). As a
substrate the Triphenyltetrazolium chloride (TTC) was used. TTC was reduced to red-colored
triphenylformazan (TPF). Dehydrogenase activity was expressed in µg TPF g− 1 d in soil 16 h− 1.
Absorbance was measured at λ = 546 nm. Urease activity was determined colorimetrically based on
determination of ammonium formation after the enzymatic urea hydrolysis at λ = 630 nm and expressed
in µg N g− 1 d in soil h− 1.
Soil microbial functional diversity - Biolog ECO-plates technique

Biolog ECO-plates are 96-well plates, containing three replicate sets of 31 different substrates, which are
ecologically relevant and structurally diverse compounds. The selected substrates are widely used to
assess functional diversity of soil microbial communities (Preston-Mafham et al. 2002, Chojniak et al.
2015).
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10 g of soil were shaken in 90 ml of distilled sterile water for 20 min at 25°C. Then 150 µL of each sample
was inoculated into each well of Biolog ECO-plates s and incubated at 26°C. The determinations have
been performed by spectrophotometric measurements of absorbance used by sets of microorganisms of
carbon substrates. The oxidation of carbon substrates was read using an automatic microplate reader, by
measuring the intensity of the colour change as a result of dye reduction - tetrazolium violet caused by
microorganisms (Garland and Millis 1991). 72 hours were the shortest incubation time in which the
highest variation between the examined objects was found. The average absorbance - AWCD (Average
Well Colour Development) for each soil was calculated based on the absorbance for 31 substrates, less
the absorbance for pure water, according to the formula: AWCD = Σ(ni)/31, where ni is the absorbance of
each substrate (Hu et al. 2011). The calculated AWCD value was used as a measure of the activity of soil
microorganisms. The richness index (Rs) was calculated based on the number of carbon substrates that
were used by the microorganisms. The microbial functional diversity index (H’) was calculated on the
basis of Shannon-Wiener diversity index. In the calculations a number of substrates and the utilisation of
an individual substrate by microorganisms were taken into account (Derry et al. 1999, Hu et al. 2011,
Klimek et al. 2016).
Measurements of soil respiration

After transporting to the laboratory, the soil was sieved (2 x 2 cm) in order to separate stones,
invertebrates and plant roots. Then 200 grams of soil were transferred to glass soil chambers and kept at
10oC for 1 day. The chambers were open during the stabilization period. Soil respiration (CO2 e�ux) was
determined by using infrared gas analyzer LCProplus (ADC Bioscienti�c, UK) (measurement time − 1 hour,
air �ow − 200µmol min− 1).
Statistical analysis

The analysys of variance (ANOVA) was used in order to asses differences in soil enzymes activity, soil
respiration and indexes of functional diversity of soil bacteria between the sites. As a post hoc analysis
the Tukey’s test was performed. The samples were found to differ signi�cantly at the signi�cant level of
p < 0.05. Relationship between the selected parameters was assessed using the Pearson's correlation
coe�cient. The following signi�cance levels are indicated in the tables: *p < 0.05, **p < 0.01, ***p < 0.001.
In order to illustrate the relationship between the physicochemical soil parameters and metabolic activity
of soil micro�ora, the principal components analysis (PCA) was used. On the diagrams PC1 and PC2
components are shown, which present the largest variance. To perform the calculations we used a Dell
Statistica (data analysis software system), version 13.

Results And Discussion
Soil physicochemical properties and concentration of heavy metals in soil and soil solutions

Over the years, many authors have found increased values of heavy metals in the Beskidy mountain
forests. In the research on soil humus collected in Czech part of Beskidy Mountains bordering the Beskid
Śląski and conducted in the early 2000s by Suchara and Sucharova (2002), it was found there was an
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increased deposition of trace elements like Fe, Cu, Zn, Cd, As and Pb. The authors emphasized the fact
that this area was affected by local sources, mainly steel works and as well as by air-borne pollutants
transported long distances from domestic and foreign sources. High content of lead in the Beskid Śląski
mountains was also observed by Rrokicka-Kieliszewska et al. (2002) at the beginning of 2000s. In the top
layer of soil from MS site these authors recorded 361 mg Pb kg− 1 dw and near the SG 238 mg Pb kg− 1

dw were noticed. Now a day, despite the observed decreasing deposition of heavy metals into the
environment, the biomonitoring studies performed on bryophytes still showed a greater deposition of
trace elements in the Beskid Śląski and Żywiecki mountains compared to the Karkonosze or other forests
ecosystems in southern Poland (Kłos et al. 2015, 2018).

Table 1 presents the physicochemical properties of soils and the content of heavy metals in soils A and B
layers from the studied locations. On each sites, in both soil layers, the sand content was between 25 and
35%, the clay between 20 and 25% and silt between 75 and 80%. Therefore, all the analysed soil samples
(except B layer on the KB) can be classi�ed as silt loam in accordance with the USDA classi�cation. The
pH of the studied soils indicates their acidic (pH H2O 4.5–5.5) and very acidic (pH H2O < 4.5)
characteristics and seems to be one of the most important factors determining the migration of heavy
metals into the soil pro�le (Table 3).

In Staszewski et al. (2012) research conducted in 11 mountain National Parks in Poland, the average lead
content in the topsoil (0–25 cm) was 0.53 ± 0.72 mg Pb kg− 1 dw. In our research lead content in soil A
layer was diversi�ed and ranged from 38.4 to 146.8 mg Pb kg− 1 dw. Our results indicates the elevated
content of Pb in some regions of the Beskidy mountains and shows that the problem of heavy metal
burden on the environment exists. According to the standards introduced in September 2016 (Journal of
Laws 2016, item 1395), the amount of lead in soil A layer didn’t exceed the admissible values (500 mg Pb
kg− 1 dw). However, according to the previously applicable Act (Journal of Laws 2002, item 1359) where
permissible level for lead in soil was 100 mg Pb kg− 1 dw, the lead concentration in the soils, would be
exceeded in SG and MS sites. Newerthanless these values are much lower than those obtained in forests
localised near urban areas and around industrial plants (Pająk 2016, Borgulat 2017, Rusinowski et al.
2019). For example Pająk (2016) near the zinc smelter in forest areas recorded: 11.5 mg Cd kg− 1 dw,
709.1 mg Pb kg− 1 dw and 524.5 mg Zn kg− 1 dw.

Cadmium was present at the lowest concentration in soil A layer from the Oszast reserve (OR-R) (0.24 mg
Cd kg− 1 dw) and the highest concentration in the Stary Groń (SG) (0.73 mg Cd kg− 1 dw). In Staszewski et
al. (2012) studies concentration of cadmium in Babiogórski National Park in Beskid Żywiecki was 0.48
mg Cd kg− 1 dw and it was several times higher than in other national parks (0.03–0.13 mg Cd kg− 1 dw).
The quoted and obtained results indicate slightly increased content of this element in soil of some
regions of the Beskidy mountains. Both in the case of cadmium and lead (Figs. 3 and 4), it can be seen
that the content of these elements in A and B layers was higher than in C – horizon, which indicates the
anthropogenic origin of these elements in soil. The obtained results can also be explained by the higher
content of organic carbon in the topsoil (Table 1). Zinc content in soil A layer ranges from 31.2 to 78.3
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mg Zn kg− 1 dw (Table 1). Usually higher values of this element were recorded in soil C layer (59.7–104.9
mg Zn kg− 1 dw, Fig. 2). Łaszewska et al. (2007) indicated higher zinc content in the Beskidy area (174–
208 mg Zn kg− 1 dw). However, it seems that the values given above are typical for the geochemical
background of the region.

However, more important than the amount of heavy metals in the soil is their content in dissolved form in
soil solutions, because in this form these elements can move in the soil environment and negative affect
on it. The content of the selected metals in soil solutions in A layer was in the range of: 10.9–24.7 µg Zn
L− 1, 6.8–15.8 µg Pb L− 1 and 2.4–2.9 µg Cd L− 1 and it was higher than in B layer (5.7–21.1 µg Zn L− 1,
4.9–10.8 µg Pb L− 1, 1.9–2.9 µg Cd L− 1) (Table 2). Nearly 20 years ago, in the same studied area,
Staszewski et al. (2008) recorded lower amounts of metals in soil solutions (2.9 µg Pb L− 1 and 0.15 µg
Cd L− 1 on SG and 10.9 µg Pb L− 1 and 0.55 µg Cd L− 1 on MS). Based on the analysis of the relationship
between the content of heavy metals in soil solutions and their concentration in the soil, as well as pH
and organic carbon content (Table 3), it was found that pH and organic carbon content largely determine
the mobility of these elements in the soil environment. The in�uence of these factors on the mobility of
metals was well documented by others authors (Ramakrishnaiah & Somashekar 2002, Kabala et al.
2014).
Soil enzymes activity

Soil enzymes activity (Deh, Ure, AlP) in soil A layer do not differ signi�cantly between the sites (Table 4).
In the case of acid phosphatase (AcP), its activity was signi�cantly higher on CL site (1314.1µg pNP g− 1

dm h− 1) in relation to other plots (504.5-751.2 µg pNP g− 1 dm h− 1). In our research correlation analysis
showed that the content of heavy metals in topsoil generally did not affect the obtained results (Table 4).
Gucwa-Przepióra et al. (2016) noted that in the area affected by heavy metals contamination, the activity
of soil enzymes was lower than in clean areas. In Borgulat’s research (2017) conducted in pine-spruce
forest near the Miasteczko Śląskie zinc smelter, the AcP activity in soil A layer was in the range 1.4–13.9
µgp-NP g− 1 dm h− 1. On sites located in spruce forests subjected to emissions from Huta Katowice
metallurgical plants and characterized by a lower degree of degradation, the activity of this enzyme was
5.6–30.6 µgp-NP g− 1 dm h− 1. In the last century, these two industrial plants were among the biggest
emitters of air pollutants in Upper Silesia, and the heavy metals contamination of soil surface near these
plants were at very high level. Comparing the quoted results with those obtained in the presented work for
AcP (A layer: 504.5-1314.1 µgp-NP g− 1 dm h− 1) and AlP (A layer: 136.0-415.5 µgp-NP g− 1 dm h− 1), one
can say that heavy metals probably had no in�uence on activity of AcP and AlP in soil environment in the
Beskidy mountains. However, in the present study it was found that AcP activity in topsoil was positively
correlated with soil pH (Table 5). The optimum pH of the activity of acid phosphomonoesterases to be
within a range of 4.0 to 6.5 (Rejsek et al. 2012). Herbien and Neal (1990) were found that the optimal pH
for phosphatase activity in forest soil was 4.9. At the SG and MS sites, a very acidic soil was found (pH < 
4.0), which could have had a negative effect on the AcP activity. The pH close to optimal was found at
the CL site where the highest activity of this enzyme was found. Negative correlation was found between
urease activity and the amount of lead in the soil. Urease it’s an extracellular enzyme implied in the
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nitrogen cycle in the forest soil environment to catalyse the transformation of urea into ammonium ion.
The negative effect of lead on the activity of soil enzymes, including urease, in forest soils was also
found by Pająk et al. (2016) near mining and metallurgical works in Bukowno. However, in the cited
studies its content in the soil environment was at a higher level (mean 303.0 mg kg− 1 dw, range 14.5–
1202.8 mg kg− 1 dw). In layer B of soils, lower activity of soil enzymes was found (Table 4) and in the
case of dehydrogenase (Deh) its activity statistically differed between the research plots. The
determination of dehydrogenase activity (Deh) in soil is an indicator of the intensity of the respiratory
metabolism of microorganisms such as soil bacteria and actinomycetes (Januszek et al. 2015). Mocek-
Płóciniak (2006) indicates that the dehydrogenases and phosphatase are good biomarkers of soil
contamination with zinc and lead. But it should also be mentioned that the inactivation of
microbiological processes in the soil occurs at a zinc content of 1000 mg kg− 1 dw (Kabata-Pendias &
Pendias 1999). In this work, this value did not exceed 100 mg kg− 1 dw. It seems that the factor which had
the greatest impact on the diversi�cation of the activity of this enzyme in soil B layer was pH and the
content of organic carbon in the soil (Table 5).
Functional diversity of soil bacteria and soil respiration

The negative in�uence of heavy metals, including lead, on the functional diversity of soil microorganisms
assessed by the Biolog ECO-plate technique was reported by many researchers (Roane & Kellogg 1996,
Teng et al. 2008, Xie et al. 2016, Kuźniar et al. 2018). This method was used due to the repeatability of
the results and the availability of literature data. In this research it was noted that microbes inhabiting the
topsoil environment on sites SG and MS, which had a relatively high lead content in the topsoil (A layer),
were characterized by statistically signi�cant lower microbial functional diversity index (H’) and low
metabolic activity (AWCD) (Table 4). The AWCD index provides information on the whole metabolic
activity of microorganisms in the soil environment (Gomez et al. 2004) and re�ects metabolic pro�les of
the soil microbial community, which could be affected by such pollutants as heavy metals (Teng et al.
2008, Fazekašová & Fazekaš 2020). In this research, a large variation of this parameter was found for the
A layer between the analysed research plots (30.0-133.0 OD). Both AWCD and H’ correlated negatively
with the presence of lead in soils and also with other soil characteristics like pH and content of organic
carbon (Table 5). The acidic pH is considered to be one of the most important factors affecting the
absorption of heavy metals in soil environment (Zwolak et al. 2019). Our results also show that low soil
pH in�uenced the mobility of heavy metals (Table 3). The higher content of heavy metals in soil solutions
could also affect the obtained results. Literature data indicates the in�uence of the presence of heavy
metals on growth, morphology and microbial metabolism, which leads to the decrease in the functional
diversity of ecosystems (Hassan et al. 2013). The harmful effect of the presence of heavy metals (mainly
lead and zinc) on the metabolism of microorganisms found in soil was demonstrated in the research of
Niklińska et al. (2006). However, the authors stated that the low bioavailability of heavy metals may have
in�uenced their results. In the present study high mobility of the heavy metals in soil was found so their
potential impact on soil metabolism may indeed have occurred. Other researchers (Kelly and Tate 1998)
founded that zinc ions might react with phosphate buffer to form a precipitate, which may result in false
positives in the Biolog ECO-plate test, which this study does not seem to con�rm.
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Other researchers (Chodak et al. 2013) claimed that the use of soil respiration in the studies of the effects
of heavy metals on forest soils might be di�cult due to confounding in�uences of other environmental
factors. Our results con�rm these observations. It should also be emphasized that the content of heavy
metals in the tested soil was relatively low, which additionally made it di�cult to identify signi�cant
differences. In our research no signi�cant relationships were found between the content of heavy metals
in topsoil and the rate of soil respiration. The organic carbon (Corg) is a major source of energy for soil
microorganisms so the positive relationship between soil respiration (Sres) and its content should not be
surprising (Table 5). PCA (Figs. 5 and 6) and the correlation analysis showed that the pH, carbon source,
soil moisture and amount of nitrogen were the most essential factors which had in�uence on soil
respiration. Higher intensity of soil respiration was found for A layer (3.3-7.9mg CO2-C kg− 1soil h− 1) than

for layer B (0.5-4.0 mg CO2-C kg− 1soil h− 1) which was also in�uenced by the higher content of organic
matter in the topsoil.

Conclusions
It seems that Biolog ECO-plates technique is the more sensitive method than soil enzyme analysis and it
is more adequate for the assessment of soil environment pollution with heavy metals. Heavy metals may,
to some extent, affect soil metabolism of forest ecosystems in the Beskidy, however, acidi�cation is more
likely. The above results of the research carried out on the basis of various research methods indicate the
need for a comprehensive study of the soil environment and the diversity associated with it. Some
commonly used indicators, such as the activity of soil enzymes, may not be su�cient to illustrate the
changes occurring in the soil environment, which is not heavily contaminated. According to the Polish
standards that were implemented in September 2016 (Journal of Laws 2016, item 1395) lead
concentrations in soils do not exceed the admissible values (500 mg∙kg− 1 dw). However, according to the
previous Act (Journal of Laws 2002, item 1359) its concentration in the soils would be exceeded in two
out of six sites. This information seems to be interesting because the statistical analysis indicate that the
lead content could affect the functional diversity of soil microbial communities and indicates the
potential impact of this element on the soil environment in the Beskidy mountains. Comprehensive
research may provide information about the possible changes in soil metabolism that may affect a
decision to make proper use of the researched area.
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Tables
Table 1 Physicochemical properties of soils and the content of heavy metals in soil and soil
solutions

Site Layer Soil typea Corg N SM pH Zn Pb Cd
(% dw) (% dw)H2OKCl (mg kg-1 dw)

SG A silt loam 6.0 0.74 29.4 3.9 3.3 69.9 102.5 0.73
  B silt loam 1.6 0.18 27.7 4.3 3.7 87.7 22.9 0.30
MS A silt loam 7.9 0.49 40.9 3.9 3.2 36.6 146.8 0.37
  B silt loam 3.1 0.19 35.0 4.4 3.8 32.5 45.1 0.30
KB A silt loam 8.7 0.35 46.6 4.4 3.6 31.2 62.5 0.50
  B silty clay loam 2.2 0.14 24.4 4.6 3.8 25.0 25.8 0.36
CL A silt loam 2.8 0.35 41.0 4.8 3.9 72.0 62.3 0.53
  B silt loam 1.4 0.20 24.4 5.0 4.2 63.2 25.5 0.45
OR-R A silt loam 2.1 0.16 30.5 4.7 3.9 78.3 48.7 0.24
  B silt loam 0.4 0.16 22.1 5.0 4.2 96.8 19.3 0.25
SR-R A silt loam 2.7 0.27 30.4 5.0 4.0 72.4 38.4 0.48
  B silt loam 0.7 0.16 22.9 5.5 4.2 78.9 21.9 0.45

aUnited States Department of Agriculture (USDA) classification
Abbreviations: Corg-  organic carbon, SM- soil moisture

Table 2 Concentrations of soluble forms of heavy
 metals in soil solutions 

Site LayerZnSSPbSSCdSS

(µg L-1)
SG A 23.014.3 2.9
  B 21.1 7.9 2.8
MS A 24.715.8 2.8
  B 16.810.8 2.9
KB A 19.310.4 2.4
  B 15.8 8.1 2.9
CL A 12.4 9.5 2.5
  B 13.0 6.6 2.5
OR-R A 12.9 7.0 2.4
  B 11.5 5.7 2.1
SR-R A 10.9 6.8 2.5
  B 5.7 4.9 1.9

      

Table  3 Pearson’s correlation coefficient between selected parameters (n = 30;  *p<0.05,
**p<0.01, ***p<0.001)

https://doi.org/10.1007/s11270-019-4221-y


Page 16/21

Layer A Zn Pb Cd pHH2O Corg
ZnSS 0.82***    -0.79***0.78***
PbSS   0.19  -0.86***0.77***
CdSS     0.10 -0.56** 0.34
Layer B Zn Pb Cd pHH2O Corg
ZnSS 0.18    -0.72*** 0.47*
PbSS  -0.34  -0.67***0.72***
CdSS    -0.41* -0.64** 0.62**

Abbreviations: SS– soluble forms of heavy metals in soil solutions

 

Table 4 Soil enzymes activities, metabolic functional diversity indices of soils microbial
communities and soil respiration for selected sites in Beskidy mountains. The same letters
indicate homogeneous groups (n = 5, p<0.05, ANOVA, post hoc Tukey’s test)
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  SGa MSa KB CL OR-R SR-R

  A layer
Soil enzymes activity
Deh
(μg TPF g-1  16h-

1dm)

1.0a 
 (±0.3)

0.7a 
 (±0.3)

1.1a 
 (±0.4)

0.7a 
 (±0.5)

0.8a 
 (±0.6)

0.4 a
 (±0.1)

Ure 
(μg N g−1 dw)

32.5a 
 (±5)

38.0a 
 (±4.6)

38.0a 
 (±0.9)

44.8a 
 (±9.5)

39.5a 
 (±3.2)

38.5a 
 (±12.3)

AlP
(μg pNP g−1 dm
h−1)

221.5a 
 (±110.9)

268.0a
  (±42.9)

415.5a 
 (±223.2)

407.5a 
 (±183.9)

136.0a 
 (±82.2)

374.5a
(±260.6)

AcP
(μg pNP g−1 dm
h−1)

615.5a
  (±151.1)

504.5a 
 (±47.9)

569.1a 
 (±58.4)

1314.1b 
 (±371.5)

619.5a 
 (±442.3)

751.2a 
 (±84.9)

Biolog ECO-plates
H' 2.65a 

 (±0.05)
2.70a

 (±0.01)
3.15b 

 (±0.05)
3.10b 

 (±0.27)
3.10b 

 (±0.02)
3.20b 

 (±0.09)
Rs 21.0ab 

 (±0.9)
19.0a

 (±1.8)
29.0c 

 (±0.9)
25.0bc 
 (±5.5)

24.0abc 
 (±0.9)

26.5bc 
 (±1.4)

AWCD
 (OD)

46.0ab 
 (±7.3)

30.0a 
 (±8.2)

66.0ab 
 (±15.5)

133.0c 
 (±35.6)

126.5c 
 (±5.9)

81.0b 
 (±17.3)

Soil respiration            
Sres
(mg CO2-C kg-

1soil h-1)
7.9b 

 (±0.2)
4.1a 

 (±0.8)
4.1a 

 (±0.9)
3.3a 

 (±0.3)
4.9a 

 (±0.9)
3.4a 

 (±0.7)
  B layer
Soil enzymes activity
Deh
(μg TPF g-1  16h-

1dm)

0.7d (±0.2) 0.4bc 
 (±0.1)

0.5cd 
 (±0.1)

0.3abc 
 (±0.1)

0.1a 
 (±0.1)

0.1ab 
 (±0.1)

Ure 
(μg N g−1 dw)

18.8a
(±6.3)

21.4a 
 (±6.3)

23.0a 
 (±9.2)

32.1a 
 (±1.5)

21.4a 
 (±6.4)

27.1a 
 (±9.1)

AlP
(μg pNP g−1 dm
h−1)

196.5a
(±49.1)

182.2a
(±70.7)

208.4a
(±105.6)

172.9a
(±61.4)

78.9a 
 (±22.9)

210.2a
(±83.6)

AcP
(μg pNP g−1 dm
h−1)

332.2a
(±61.2)

266.2a
(±38.4)

435.6a
(±120.9)

484.9a
(±285.4)

430.2a
(±75.1)

379.3a
(±135.9)

Biolog ECO-plates
H' 1.3c (±0.1) 0.9ab 

 (±0.2)
1.2bc 

 (±0.1)
1.1bc 

 (±0.1)
1.1bc 

 (±0.1)
0.9a 

 (±0.1)
Rs 23.0d 

 (±1.8)
13.8a

 (±2.3)
17.7abc 

 (±3.7)
18.8bcd
  (±0.2)

19.7cd 
 (±0.3)

14.7ab 
 (±1.2)

AWCD
 (OD)

67.3b 
 (±6.0)

49.5ab 
 (±13.6)

67.1b 
 (±17.8)

52.3ab 
 (±15.6)

73.6b 
 (±8.9)

28.9a 
 (±0.7)
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Soil respiration            
Sres
(mg CO2-C kg-

1soil h-1)

2.4b (±0.8) 4.0c 
 (±0.8)

2.5b 
 (±0.8)

2.3b 
 (±0.5)

0.5a 
 (±0.2)

0.9a 
 (±0.1)

aSites with elevated lead concentration  
  Abbreviations: Deh- dehydrogenase, Ure- urease, AlP-  alkaline phosphatase, AcP- Acid
phosphatase, H’- microbial functional diversity index, Rs- richness index, AWCD- average well
colour development, Corg- organic carbon, Sres- soil respiration

 

Table 5 Pearson correlation coefficient between selected parameters (n = 30;  *p<0.05,
**p<0.01, ***p<0.001)

  A layer
Deh Ure AlP AcP H' Rs AWCD Sres

pHH2O -0.16 0.42* 0.10 0.44* 0.88*** 0.63** 0.78*** -0.54**
pHKCl -0.26 0.40 0.05 0.35 0.87*** 0.61** 0.81*** -0.56**
Corg 0.37 -0.28 0.06 -0.34 -0.75*** -0.49* -0.65** 0.56**
N 0.32 -0.41* 0.22 -0.04 -0.69*** -0.45* -0.49* 0.71***
SM 0.19 -0.02 0.12 0.01 -0.22 -0.14 -0.10 0.41*
Zn -0.13 -0.08 -0.08 0.37 0.09 -0.16 0.50* 0.17
Pb 0.18 -0.42* 0.05 -0.23 -0.73*** -0.65** -0.54** 0.24
Cd 0.22 -0.08 0.20 0.16 -0.34 -0.07 -0.24 0.68***
ZnSS 0.38 -0.57** 0.20 -0.27 -0.61** -0.44* -0.58** 0.36
PbSS 0.07 -0.32 -0.13 -0.28 -0.79*** -0.61** -0.71*** 0.33
CdSS -0.10 -0.38 0.22 -0.14 -0.53** -0.48* -0.43* 0.23
  B layer

Deh Ure AlP AcP H' Rs AWCD Sres
pHH2O -0.71*** 0.45* -0.08 0.23 -0.28 -0.14 -0.24 -0.66***
pHKCl -0.81*** 0.40 -0.25 0.17 -0.23 -0.09 -0.18 -0.64**
Corg 0.54** -0.10 0.35 -0.16 -0.10 -0.28 0.02 0.94***
N 0.10 0.10 0.19 0.01 -0.15 0.07 -0.13 0.33
SM 0.40 -0.14 0.25 -0.28 -0.24 -0.24 -0.10 0.79***
Zn -0.31 -0.10 -0.30 0.01 0.20 0.47* 0.04 -0.40
Pb 0.05 -0.08 0.19 -0.25 -0.23 -0.44* -0.03 -0.40
Cd -0.08 0.40 0.40 0.30 -0.42* -0.25 -0.61** 0.01
ZnSS 0.72*** -0.30 0.17 0.09 0.43* 0.34 0.28 0.51*
PbSS 0.39 -0.31 0.23 -0.18 0.06 -0.18 0.15 0.70***
CdSS 0.60** -0.24 0.28 -0.15 0.28 0.18 0.19 0.70***

Abbreviations:  Deh- dehydrogenase, Ure- urease, AlP-  alkaline phosphatase, AcP- Acid
phosphatase,
  H’- microbial functional diversity index, Rs- richness index, AWCD- Average Well Colour
Development,
  Corg- organic carbon, Sres- soil respiration, SM-  soil moisture, SS- soluble forms of heavy
metals in soil solutions
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Figures

Figure 1

Localisation of sampling sites. SG - Stary Groń, MS - Małe Skrzyczne, KB - Kubalonka, CL - Czarny Las,
OR-R - “Oszast” nature reserve, SR-R - “Śrubita” nature reserve.

Figure 2

The content of heavy metals in the soil (mean ± SD)
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Figure 3

The content of heavy metals in the soil (mean ± SD)

Figure 4

The content of heavy metals in the soil (mean ± SD)

Figure 5
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Principal Component Analysis (PCA) of soil physicochemical properties and indicators of soil
microbiological activity of soils collected from mixed forests in the Beskidy mountains

Figure 6

Principal Component Analysis (PCA) of soil physicochemical properties and indicators of soil
microbiological activity of soils collected from mixed forests in the Beskidy mountains


