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The role of plants and soil
properties in the enzyme activities
of substrates on hard coal mine
spoil heaps

Agnieszka Kompata-Baba®?, Wojciech Bierza®*, Edyta Sierka®?*, Agnieszka Btoriska®?,
Lynn Besenyei®? & Gabriela Wozniak ©?

Knowledge about biotic (plant species diversity, biomass) and/or abiotic (physicochemical substrate
parameters) factors that determine enzyme activity and functional diversity of the substrate on hard
coal spoil heaps is limited. Spontaneously developed vegetation patches dominated by herbaceous
species commonly occurring on these spoil heaps: grasses (Poa compressa, Calamagrostis epigejos) and
forbs (Daucus carota, Tussilago farfara), were examined. The activity of dehydrogenase and alkaline
phosphatase was twice as high in plots dominated by grass species compared with those dominated
by forbs. Significant positive correlations were found between the activity of dehydrogenase and
alkaline phosphatase with pH, available P, soil moisture, and water holding capacity and negative
correlations between the activity of urease and soil organic carbon. Strong positive correlations

were found between values for Shannon-Wiener diversity index, evenness, species richness and soil
functional diversity in plots dominated by grasses. We found that the soil physicochemical parameters
had a greater impact on enzyme activity of the substrate than plant biomass and species diversity.
However, grasses, through their extensive root system, more effectively increased enzyme activity
and health of the substrate than other herbaceous species, and as they stabilize the substrate and
form dense plant cover, they can be recommended for reclamation purposes.

Soil enzymes play a crucial role in soil functioning particularly in the cycling of carbon contained within dead
organic matter, acquisition of nutrients from organic resources and decomposition of xenobiotics®. They are also
associated with proliferating soil microbial communities, which play a key role in many soil processes and the
delivery of essential soil ecosystem services?.

Enzyme activity in the soil depends on many factors such as: physicochemical properties of soil (soil reac-
tion, content of soil organic matter, total nitrogen, phosphorus and sulphur as well as heavy metal pollution),
climatic conditions and cropping systems®”. Moreover, soil enzyme activity also depends on the abundance
and diversity of microbial communities®. As already stated the activity of dehydrogenase has a close relationship
with the populations of soil microbes and the diversity of the microbial community structure’. Also phosphatase
and urease activity are closely related to the populations of soil microbes'®!!. Many authors indicate that the
composition of microorganisms in the soil can be changed depending on the diversity of the plant community
(particularly the occurrence of dominant species) growing on it and the extent of the vegetation period'>!?. Dif-
ferences in the microbial community, thus soil enzyme activity, may also result from differences in the number
of plant’s small roots and their metabolic activity, and the amount and chemical composition of litter produced
by a specific plant'. The coexistence of multiple plant species and their diversity can increase the complexity
of soil microbial communities and stimulate soil enzyme activity by increasing the heterogeneity of organic
compounds found in the soil during litter decomposition and root activity'*>!°. The close relationship of plant
community composition, including species richness and functional group assembly, influences soil functions
such as soil microbial biomass and activity has been conducted by many researchers'’~"°. Therefore, the presence
of plants seems to have a key impact on the enzymatic activity of the soil, because the chemical composition of
plant residues and thus the soil nutrient status affect microbial activity and microbial community structure®. For
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all of these reasons soil enzymes are used as an index of soil microbial activity and can react quickly to changes
in environmental conditions* %, microbial community structure?* and vegetation diversity?>*°. A more accurate
understanding of biochemical changes occurring in soil can be achieved using a biochemical soil fertility index
(M,,) that includes dehydrogenase, urease, acid and alkaline phosphatase activities, as well as soil organic carbon
content?. Until now many studies have been conducted on the activity of soil enzymes in agricultural areas?,
forest ecosystems, as well as on areas contaminated with heavy metals, open cast lignite mining or spoil heaps
after brown coal mining!*?**. However, only a few studies dealing with the activity of soil enzymes have been
carried out on spoil heaps after hard coal mining®'. Coal mine spoil heaps provide a good example of newly
established habitats that differ from the natural ecosystems present in the surrounding landscape®. Many studies
have revealed that these sites have been colonized by living organisms through spontaneous succession, providing
novel species compositions of flora and fauna, where frequently one species dominates the floristic composition®.
Such ecosystems cannot be returned to the historical state however, further biotic and abiotic shifts are pos-
sible that need comprehensive studies. The relationships between plants and the soil biota can change during
succession taking place on a specific type of post-industrial site. In the early stages of succession soil organisms
may depend on the presence of a specific combination of plant species that are responsible for organic soil layer
formation®***. These kinds of post-industrial sites provide an opportunity to study the relationships between the
dominant plant species, along with their species richness, diversity, and biomass, together with abiotic substrate
parameters and soil enzyme activity.

The aim of the study was to determine which group of factors: abiotic (physicochemical substrate parameters)
and biotic (plant species diversity, biomass of a dominant plant species, functional groups of species) determine
the enzyme activity of substrates of hard coal spoil heaps. Moreover, we aimed to examine the relationship
between vegetation diversity and substrate functional diversity. We hypothesized that on coal mine spoil heaps
vegetation cover (or chosen functional groups of species) will have a greater influence on enzyme activity and
functional diversity of the substrate than its physicochemical parameters.

Materials and methods

Site description. The study was carried out on hard coal mine spoil heaps located in the Silesian Uplands
(Southern Poland). We investigated three spoil heaps which were not technically reclaimed: “Sosnica” in Gliwice
(50°16' 22" N, 18° 44’ 43" E), “Wesola” in Mystowice (50° 10’ 28" N, 19° 5’ 44" E) and “Kostuchna” in Katowice
(50°11'4" N, 19° 0" 33" E) (Fig. 1). Spontaneous succession on the investigated areas began about 25 years ago.
The studied heaps are generally irregular in shape, and built of carboniferous gangue with unfavourable soil tex-
ture (mainly claystone and siltstone, also sandstone, conglomerate, coal shale) with admixtures of coal***’. Such
sites are often subject to extreme abiotic conditions e.g. low water retention, lack of water, fast drying of the sur-
face layer, low nutrient availability, low levels of organic matter, high temperature (reaching endogenous thermal
activity) and different salinity levels (crystallized salt can sometimes be observed)?®. Despite their anthropogenic
origin, the substrate of coal mine spol heaps does not contain high concentrations of heavy metals and other
dioxins compared to other post-industrial sites (e.g. lead and zinc spoil heaps)**.

Vegetation, biomass and soil sampling. For this research a total of 75 sample plots in the shape of a
circle (6 m in diameter) were established on the spoil heaps in July 2016 to examine the relationships between
physicochemical properties of the substrate, the vegetation dominated by chosen plant species, commonly
occurring on these spoil heaps (Table 1) (15 plots for each dominant species), and the enzyme activity of the
substrate. Moreover 15 control plots without vegetation were selected to examine if plants have any influence on
enzyme activity of the spoil heap substrate. Plots were located at least 10 m from each other. All the study plots
were established on flat terrain (on the tops of spoil heaps) which had been leveled by machines during their
construction, to avoid differences between them regarding exposure to sunlight and susceptibility to erosion.
In addition, unevenness of the terrain surface, such as micro-depressions and micro-elevations were avoided,
as they may have affected the accumulation of organic matter, or water retention, and thus obscured the effects
of the plant species. Two herbaceous groups were chosen for detailed investigation: grass species (monocotyle-
dons) (Calamagrostis epigejos, Poa compressa) and forb species (dicotyledons) (Daucus carota, Tussilago farfara)
(Table 1). In each study plot, the percentage cover of vascular plant species (estimated as cover for each spe-
cies), was estimated according to the following scale: 1, 2, 5, 10% and then at 10% intervals up to 100%*'. The
above-ground part of the plant biomass was collected from 0.25 m? of the quadrats. In each plot the rhizosphere
substrate (in the case of vegetated plots) and bulk substrate were taken from three points at a depth of 10 cm.
Substrate samples for enzyme analysis were placed into plastic bags and immediately transported to the labora-
tory, where the samples were sieved through a 2 mm mesh sieve. The prepared material was stored in polyure-
thane bags at 4 °C until analysis. In the laboratory, plant biomass samples were first dried at 105 °C for 24-48 h
in a laboratory oven and then weighed to determine their dry biomass*.

Calculation of species diversity indices. Shannon-Wiener diversity index (H’) (Eq. (1)), Evenness (E)
(Eq. (2)) and dominance index (1-D) (Eq. (3)) were calculated for sample plots covered by vegetation®. The
Shannon-Wiener diversity index assumes that individuals are randomly sampled from an independent large
population, and all the species are represented in the sample. It is calculated according to the formula:

N

H' =" pilnpi, 1)

i=1

where S is the number of species, pi is the proportion of the individual species cover relative to the total cover.
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Sosnica

Figure 1. Location of the investigated coal mine spoil heaps in the Silesian Uplands (southern Poland) with a
satellite image of each one. Satellite images were screen shots from open source Google maps (https://www.googl

e.com/maps/).

Dominant species

life form, life span; ecological group; life strategy, height; family, abundance

Characteristics of the vegetation and species composition

Daucus carota™

Hemicryptophyte /biennial; meadow species
CR, 40-100 cm, Asteraceae, abundance in patches 5-30%

Species richness 12.8; total cover of vegetation 54%; species composition
(Calamagrostis epigejos, Lotus corniculatus, Hieracium piloselloides, Picris
hieraciodes, Matricaria martima subsp. inodora)

Tussilago farfara**

Geophyte/perennial; ruderal species; CSR; < 30 cm, Asteraceae, abundance
in patches 20-40%

Species richness 8.3; total cover of vegetation 46%; species composition
(Calamagrostis epigejos, Daucus carota, Chamaenerion palustre, Hieracium
piloselloides)

Poa compressa*

Hemicryptophyte; perennial species, xerothermic species; CSR, 20-80 cm,
Poaceae, abundance in patches 20-40%

Species richness 13.9, total cover of vegetation 70%; species composi-
tion (Leontodon autumnalis, Lotus corniculatus, Daucus carota, Plantago
lanceolata, Achillea millefolium; Medicago lupulina, Echium vulgare Picris
hieracioides, Calamagrostis epigejos)

Calamagrostis epigejos*

Geophyte/perennial; ruderal species; C, 1.45 cm, Poaceae, abundance in
patches 10-80%

Species richness 12.8, total cover of vegetation 73%, species composition
(Picris hieracioides, Oenothera sp., Senecio viscosus, Solidago gigantea, Poa
compressa)

Table 1. Characteristics of plots dominated by selected plant species: monocotyledons (grasses*) and

dicotyledons (forbs**).

Evenness (E) describes the way the species are distributed in the community. It has a value between 0 and 1
(complete evenness). It is calculated according to the formula:

E = H'/H'max = H'/InS,

)

where H' = observed diversity; H'max=maximum diversity for a given number of species (S).

Scientific Reports |

(2021) 11:5155 |

https://doi.org/10.1038/s41598-021-84673-0

nature portfolio



https://www.google.com/maps/
https://www.google.com/maps/

www.nature.com/scientificreports/

Dominance index (1-D) ranges between 0 and 1. The greater the value of D, the greater the sample diversity.
It is calculated according to the formula:

D= pi. 3)
i=1

Enzymeassays. Theactivities of dehydrogenase, acid and alkaline phosphatase as well as urease were chosen
due to their widespread occurrence and their significant role in the transformation of organic matter**. Dehydro-
genase activity is an indicator of the oxidation and health status of biological systems and is a marker of micro-
bial activity and the intensity of microbial metabolism in the soil since it only occurs in living microorganisms*.
Phosphatases play a crucial role in the phosphorus cycle and decomposition of organic phosphorus in various
terrestrial ecosystems*. Acid phosphatase (extracellular) and alkaline phosphatase (intracellular) are the major
enzymes responsible for the mineralization of organic phosphorus. Urease, that provides nitrogen to plants is
an extracellular enzyme produced by microorganisms and is involved in the decomposition of urea into ammo-
nium carbonate, making it a key enzyme in the nitrogen cycle®.

Dehydrogenase (EC 1.1) activity was determined by reduction of 2,3,5-triphenyltetrazolium chloride (TTC)
to triphenylformazan (TPF) by the method developed by Schinner et al.*’. Urease (EC 3.5.1.5) activity was
determined according to the Alef and Nannipieri* protocol based on the incubation of substrate samples with
urea solution. The assays of acid phosphatase (EC 3.1.3.2) and alkaline phosphatase (EC 3.1.3.1) activity were
determined by measuring the p-nitrophenol (PNP) released by phosphatase activity after soil incubation with
buffered (pH 6.0 for acid phosphatase and pH 11.0 for alkaline phosphatase) sodium p-nitrophenyl phosphate
(115 mM) solution®.

On the basis of enzymatic activity and soil organic carbon (SOC) content, a potential biochemical soil fertility
index (M,,) (Eq. (4)) was computed from the formula proposed by Wyszkowska and Wyszkowski®':

My = (URE 10~ + DAH + ACP + ALP) %SOC, (4)

where: URE—is urease, DAH—dehydrogenase, ACP—acid phosphatase, ALP—alkaline phosphatase, and SOC—
soil organic carbon.

Soil functional diversity. Soil functional diversity measures the actual functioning of the whole microbial
community in contrast to microbial community metabolisms and microbial diversity as determined by culture-
based physiological profiling®.

To calculate soil functional diversity we applied the formula used by Rodriguez-Loinaz et al.>>. From the
values of all measured enzyme activities, soil functional diversity was determined using the Shannon-Weiner
diversity index according to the formula:

N
Soil H' = " pilnpi,
i=1

where pi is the ratio of the activity of a particular enzyme to the sum of the activities of all enzymes.

The order of magnitude of the values obtained for the different enzyme activities can vary considerably
depending on the specific activity being determined, thus leading to some enzyme activities having more weight
than others during the calculation of the diversity index. To give all enzyme activities the same weight/relevance,
the value obtained for each enzyme activity was divided by the highest value found for that specific activity in the
whole set of samples, and then multiplied by 100. Thus for each enzyme activity, the percentage of the maximum
value found for that specific activity in the whole set of samples was calculated.

Substrate physicochemical analyses. Substrates for the physicochemical analyses were air-dried in the
laboratory to constant weight at room temperature and sieved (through 2 mm or 0.25 mm mesh depending on
the analysis). Substrate pH, in 1 M KCl (potential acidity) and in water suspension (pH in H,O) (actual acidity)
and electrical conductivity (EC) (substrate to solution ratio 1:2.5), were measured after 24 h of equilibration.
The measurements were performed by the potentiometric method using a SEN 81st TI X electrode. Substrate
organic carbon content (SOC) was determined by the Tiurin method modified by Simakov®*. Total N (TN) was
determined by the Kjeldahl method**. Content of available forms of phosphorus (P,0;) was estimated according
to the Polish Norm PN-R-04023:1996 based on the Egner-Riehm method. The concentration of available Mg
was measured by spectrometric analysis®. Moisture was determined after drying overnight at 105 °C. Water
holding capacity (WHC%) was measured by the gravimetric method>>>. Water was added to substrate until the
soil was saturated. The substrate and water were then placed in a plastic tube with a 1.5 cm diameter hole in the
bottom covered by two layers of 2 mm mesh. The top of the container was sealed with plastic to reduce evapora-
tion from the surface, and the substrate was allowed to drain overnight. The moisture content of the soil on a dry
weight basis at this point was termed the water holding capacity (WHC) of the soil>>*®.

Statistical analysis. Welch’s ANOVA and Tukey’s post hoc test were used to test the differences in physico-
chemical substrate parameters, and soil enzyme activities between plots covered by the selected dominant plant
species. The normality of the variables was examined with the Shapiro-Wilk test after a Box-Cox transforma-
tion. The relationships between soil enzyme activities, plant biomass of the dominant species as well as spe-
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Parameters C. epigejos (n=15) | D. carota (n=15) | P. compressa (n=15) | T. farfara (n=15) | Control (n=15)
pHH,O 6.13+0.25ab 6.44+0.14ab 6.88+0.15a 5.62+0.35b 4.35+0.24c
pHKCl 5.46 +0.28ab 5.95+0.19ab 6.26+0.16a 5.15+0.38b 3.90+0.27c
EC (mS cm™) 0.24+0.03a 0.35+0.05a 0.52+0.13a 0.28+0.04a 0.26+0.08a
TN (%) 0.26+0.04a 0.26+0.02a 0.31+0.04a 0.27+0.03a 0.26+0.02a
SOC (%) 10.29+1.72b 12.43+1.15ab 13.87+1.81ab 18.02+2.39a 12.14+1.36ab
available Mg (mg kg™') 291.80+21.01ab 322.37+10.66a 306.13+17.03ab 191.47 +£20.79b 229.20+32.06b
available P (mg P,Os kg™") 9.66+2.19ab 10.03+1.52a 10.41£1.65a 12.03+2.14a 4.30+0.83b
Moisture (%) 2.45+0.16a 2.51+0.28a 2.57+0.25a 2.24+.020a 2.12+0.16a
WHC (%) 29.01+1.04ab 26.12+1.17bc 31.62+1.49a 24.24+1.32bc 23.73+£1.39¢

Table 2. Substrate parameters of different vegetation plot types (mean + SE). No statistical differences are
marked by the same letter (p <0.05).

C. epigejos (n=15) | P. compressa (n=15) | D. carota (n=15) | T. farfara (n=15)
Shannon-Wiener index (H’) 1.58+0.13a 1.92+0.06a 1.82+0.09a 1.11+0.11b
Species richness (No) 12.80+1.16ab 13.87+£0.90a 12.80+0.86ab 10.53£2.58b
Evenness (E) 0.62+0.04bc 0.74+0.01a 0.72+0.02ab 0.53+0.03¢
Dominance index (1-D) 0.38+0.04b 0.25+0.01c 0.29+0.03bc 0.53+0.04a
Biomass 52.81+9.66a 11.66 +1.74b 8.78+1.78b 38.33+6.20a

Table 3. Comparison of plots dominated by grasses (C. epigejos and P. compressa) and forb species (D. carota
and T. farfara) with reference to Shannon-Wiener diversity, Evenness and biomass of the dominant species
(mean + SE). No statistical differences are marked by the same letter (p <0.05).

cies richness and species diversity indices (Shannon-Wiener diversity index (H'), Evenness (E) and dominance
index (1-D) of the studied plots were evaluated using Pearson’s correlation coeflicient. Diversity indices (Shan-
non-Wiener diversity index (H’), Evenness (E) and dominance index (1-D)) were calculated for sample plots
covered by vegetation (in our studies dominated by grasses and other forbs) in JUICE ver. 7.1%.

In order to show relationships between chosen physicochemical substrate parameters, species diversity and
biomass, and the activity of investigated soil enzymes RDA was applied using Canoco 5.0 for Windows®*” and
forward selection was used to choose those variables that compared community above-ground biomass with
soil chemical properties and soil enzyme activities. The varpart function in the vegan package in R project™ was
used to summarize the variation in soil enzyme activity using physicochemical substrate parameters, species
diversity and biomass. Pearson’s correlation coefficient was used to show the relationship between plant species
diversity calculated for both the whole vegetation and separately for grasses or forbs, and substrate functional
diversity. Statistical analyses were conducted using Statistica v.13.1%.

Results

Substrate physicochemical parameters. The properties of the substrate in the plots covered by the
studied vegetation types (with dominant plant species) differed significantly for substrate reaction (pH in H,O
and KCl) and available P (except for those plots with C. epigejos) from plots without vegetation (control). In con-
trast no significant differences were found between both types of plots with reference to content of total N (TN),
EC and moisture. The highest soil organic content (SOC) content was found in plots dominated by T. farfara,
and the highest WHC was measured in plots dominated by P. compressa (Table 2).

Plant diversity and biomass of the dominant species. Plots dominated by T. farfara differed signifi-
cantly from other plots with reference to species richness and diversity measured by the Shannon-Wiener index
as well as the dominance index (Tables 1, 3). Mean values of Shannon-Wiener and dominance index from T.
farfara plots were the lowest in comparison to plots dominated by other plant species. In contrast, the highest
values for the Shannon-Wiener diversity index, as well species richness, were recorded in the plots dominated
by P. compressa and D. carota. These plots were also characterized by the lowest values for Evenness. The highest
biomass was recorded in the plots of C. epigejos and T. farfara compared with those of P. compressa and D. carota.

Substrate enzyme activity and substrate functional diversity. The activity of the soil enzymes and
M, was highest in plots dominated by grass species compared with plots of forb species. This was especially
evident in the case of dehydrogenase and alkaline phosphatase (Fig. 2) as well as M, (Fig. 3a). Urease activity in
substrate from plots dominated by grasses was not significantly different to the activity of this enzyme in plots
dominated by forb species and control plots (Fig. 2b). Alkaline phosphatase activity was significantly higher in
substrates under P. compressa compared with plots dominated by the other species. Plots dominated by T. farfara
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Figure 2. Activity of soil enzymes in plots dominated by selected plant species and control plots. Data are the
means+SE (n=15). No statistical differences are marked by the same letter (p <0.05). d.m. dry mass of soil.
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Figure 3. Potential biochemical soil fertility index (M,,) (a) and substrate functional diversity index (b) in
plots dominated by selected plant species and the control plots. Data are the means+SE (n=15). No statistical
differences are marked by the same letter (p <0.05).

were characterized by low enzyme activity of the substrate, which was similar to plots without vegetation. Also
in the plots dominated by D. carota no high enzyme activity in the substrate was recorded, only in the case of
alkaline phosphatase was the activity of this enzyme significantly higher than in the control plots. There was no
statistically significant difference in soil functional diversity between the investigated plot types (Fig. 3b).

The influence of physicochemical parameters on the enzyme activity of the substrate. Signif-
icant positive correlations were found between substrate pH (in H,0) and dehydrogenase, alkaline phosphatase
and substrate functional diversity. Similarly, significant positive correlations were found between dehydroge-
nase, alkaline phosphatase, substrate functional diversity and available P in the substrate. Dehydrogenase activ-
ity was also positively correlated with available Mg. Moreover, M,, was positively correlated with substrate pH
(in H,O and 1M KCI), TN and SOC content. A strong positive correlation was found between dehydrogenase,
both alkaline and acid phosphatase activity and substrate water holding capacity (WHC). Positive correlations
were also found between dehydrogenase and alkaline phosphatase and soil moisture. Negative correlations were
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Soil H> | Dehydrogenase | Urease | Acid phosphatase | Alkaline phosphatase | M, index

PHino 0251* | 0.247* 0.128 | 0.084 0.660* 0.463*
pHyal 0.224 0.157 0.076 | 0.034 0.606* 0.448*
EC (mScm™) 0.050 —-0.089 —-0.166 -0.117 0.171 0.171

TN (%) 0.034 —-0.084 -0.154 -0.075 0.108 0.482*
SOC (%) 0.028 -0.150 —-0.251* | -0.199 —-0.022 0.447*
Available Mg (mg kg™") 0.071 0.220 --0.074 | -0.089 0.038 -0.017
Available P (mg kg™ ) 0.348* 0.489* 0.113 0.093 0.273* 0.054

Moisture (%) 0.146 0.446* 0.123 0.129 0.254* -0.099
WHC (%) 0.201 0.452* 0.208 0.260* 0.555* 0.210

Table 4. Pearson’s correlation coefficient values between chosen physicochemical parameters, soil enzyme
activity, functional diversity of the substrate and potential biochemical soil fertility index (M,,). Significant

correlations (p <0.05) are marked with *.

Grasses Forbs Whole vegetation

;8 No E 1-D " No E 1-D " No E 1-D Biomass
Dehydrogenase 0.073 0.105 0.097 —-0.096 0.009 0.058 0.001 -0.012 0.077 0.129 0.048 -0.102 0.198
Urease -0.215 0.130 —-0.410* 0.107 0.118 0.041 0.131 -0.095 0.029 0.084 —-0.039 | -0.003 0.167
Acid phosphatase -0.391* 0.005 -0.427* 0.042 0.267* 0.170 0.278* —-0.284* 0.150 0.001 0.003 -0.150 0.248
Alkaline phosphatase —-0.145 0.282* —0.342* 0.032 0.463** | 0.363* 0.460** | —0.474* | 0.367* 0.344* 0.278* | —0.347* | -0.031
Soil H’ -0.169 -0.113 —-0.081 -0.179 0.062 -0.179 0.042 -0.061 0.079 0.049 0.045 0.104 0.119
Soil H’ grasses dominated plots 0.475* 0.393* 0.424* -0.491** | -0.119 0.181 —-0.411* 0.283 0.048 0.211 -0.142 | -0.071 0.122
Soil H’ forbs dominated plots —-0.430* | —0.535* | —0.189 —-0.040 -0.070 | -0.302 | —-0.040 -0.249 0.091 —-0.042 0.179 -0.081 0.065
M,, index 0.426* 0.284 0.433* —0.469* 0.042 0.231 0.008 —-0.036 0.323* 0.318* 0.294* | —0.342* 0.033

Table 5. Pearson’s correlation coefficients between enzyme activity, potential biochemical soil fertility
index (M,,), substrate functional diversity (soil H') and diversity indices calculated for the whole dataset and
according to functional groups (e.g. grasses, forb species). H' Shannon-Wiener plant diversity index, No
species richness, E Evenness, 1-D dominance index, soil H’ soil functional diversity. Significant correlations
(p<0.05) are marked with * or (p<0.01) with**.

found between urease activity, acid phosphatase and SOC. No significant correlations were found between soil
enzyme activities and total N (Table 4).

The influence of plant diversity and plant biomass on enzyme activity of the substrate. Pear-
son’s correlation coefficients were calculated for soil enzyme activities, plant diversity indices and M,, index for
the whole vegetation and separately for groups of plots dominated by grass and forb species (Table 5). No sig-
nificant correlations were found between urease activity and most diversity indices calculated for grasses, forbs
and the whole vegetation. Urease was only negatively correlated with Evenness in the case of grass species. In
contrast, strong correlations (**p < 0.01 or *p < 0.05) were found between alkaline phosphatase and almost all
diversity indices calculated for grass species, forbs and total number of species. Strong correlations (**p < 0.01)
were found between acid phosphatase and Shannon-Wiener diversity and Evenness calculated for grasses as well
as forbs. We did not find significant correlations between soil functional diversity (soil H') and plant diversity
for the whole vegetation in the data set or between soil functional diversity and biomass. Strong correlations
were found only in grass dominated sample plots, with Shannon-Wiener diversity (H'), Evenness, species rich-
ness, dominance and soil functional diversity, and for plots dominated by forb species with Shannon-Wiener
diversity, species richness and soil functional diversity. M,, index was positively correlated with almost all plant
diversity indices calculated for grasses and whole vegetation.

Relationships between physicochemical parameters, plant diversity, biomass and enzyme
activity. RDA was conducted to identify whether physicochemical factors, plant species diversity indices, or
biomass had the most important effect on enzyme activity of the substrate (Fig. 4, Table 6). All explanatory vari-
ables used in the analysis accounted for 45.5% of the total variation. Of the 14 variables taken into consideration
in the analysis 8 of them (pHc, WHC, moisture, SOC, available Mg and P, H' and biomass) made a significant
contribution to explaining the total variation in the dataset (Table 6). The highest contribution (15.7%) was made
by water holding capacity (WHC). Variance partitioning analysis showed that physicochemical soil parameters
and plant diversity indices independently explained 25.8% and 15.2% of the total soil enzyme activity respec-
tively. Interactions between soil properties and vegetation diversity explained 4.26% of the variance (Fig. 5).
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Figure 4. The relationships between activity of soil enzymes (blue arrows) in plots (symbols) dominated by
selected grass and forb species and physicochemical substrate variables, plant diversity (H') and vegetation
biomass (both red arrows) on coal mine spoil heaps (Mgav available magnesium, H' Shannon-Wiener diversity
index, Pav available phosphorus, SOC soil organic carbon, WHC water holding capacity).

Variable Explain % | Contribution % | p

WHC (%) 8.6 15.7 0.012
pH in KCl 8.3 15.1 0.018
Mg available (mg kg™) 5.8 10.6 0.010
Biomass (g) 53 9.7 0.022
Moisture (%) 5.1 9.3 0.032
P available (mg P,05 kg™") 4.9 9.0 0.038
SOC (%) 42 7.7 0.046
Shannon-Wiener diversity index H' | 3.3 6.1 0.058

Table 6. Significant physicochemical variables of the substrate and biotic parameters that explain the enzyme
activity of hard coal mine spoil heaps.

Discussion

Soil enzyme activities and physicochemical parameters. It has already been stated that enzyme
activity depends on different soil properties, however, the results are sometimes ambiguous®. It is evident that
soil enzyme activity is strongly connected with SOM in the soil, because it affects the supply of energy for
microbial growth and enzyme production®. Most scientists have found positive correlations between enzyme
activities and SOC as well as TN in human disrupted areas?®-%. Baldrian et al.! detected that during spontane-
ous succession on spoil heaps after brown coal extraction the content of SOC and TN in the topsoil layer had a
significant influence on enzyme activities. Zhang et al.** found that the direction of vegetation restoration had an
influence on different carbon sources that significantly influenced the metabolic activity and functional diversity
of the microbial community in sandy soils. In the case of our research we did not find significant correlations
between SOC in the substrate and dehydrogenase activity or between SOC and activity of acid or alkaline phos-
phatases. In contrast to other studies, we obtained negative correlations between urease activity and SOC>*°,
For both vegetated and unvegetated plots it is possible that most of the carbon contained in the spoil material
was related to organic matter of recent or geogenic origin®>®’. Geogenic coal is not available to microorganisms,
and therefore, despite the high content of organic carbon (10-18%), the substrate in the studied plots had low
available carbon sources for microorganisms®. The small quantity of available carbon for microorganisms in the
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Figure 5. Variance partitioning analysis of soil enzyme activity explained by physicochemical soil properties,
plant diversity and biomass.

total pool of SOC may have contributed to the lack of correlation between SOC and the activity of the studied
soil enzymes, which are mainly derived from soil microorganisms®-!1.

The results of some studies have revealed that soil pH influenced enzyme activity and soil microbial commu-
nity structure®™®. We detected significant positive correlations between dehydrogenase and alkaline phosphatase
activity as well as soil functional diversity and substrate pH. Both dehydrogenase, and alkaline phosphatase are
optimum in neutral or alkaline soil pH (7.1-10)*"*, which is close to soil substratum pH in plots dominated by C.
epigejos, P. compressa and D. carota. Soil pH has been reported to affect the activity of soil enzymes through differ-
ent mechanisms. Changes in the ionic form of the active sites of the enzymes, which alter the three-dimensional
shape of the enzymes, and affect the affinity of the substrate to the enzyme are thought to account for most of
the decrease in enzyme activity observed when pH deviates from optimum?®. Earlier studies have confirmed that
the activity of these two enzymes and soil functional diversity increases with increasing soil pH*»**’!. However,
Li et al.? did not find significant correlations between pH and enzyme activities or microbial abundance with
regard to reclamation treatment (control, plantation, mixed forests) on coal mine sites.

In our research we found significant positive correlations between available phosphorus and dehydrogenaseas
as well as alkaline phosphatase, although available P content in the investigated substrates was relatively low,
according to the Polish norm PN-R-04023 for mineral soils. Positive correlations between activity of dehydroge-
nase, phosphatase and available P content were also detected by Chodak and Nikliniska®! in reclaimed heaps of
lignite open-pit mines. It is known that high activity of soil phosphatases may indicate an insufficient P supply for
microbes®. On the other hand high levels of total phosphate in soil cause a decrease of acid phosphatase activity’.

Water availability had a strong influence on microbial community composition as well as on soil enzyme
activity because increased moisture enabled soluble organic matter to be brought into solution in the soil*>”>.
Water conditions that occur in the substrate of carboniferous gangue are generally very harsh for organisms,
causing the porous surface layer of the substrate to dry-out very quickly during the summer months and the
encrustation of heavily weathered slopes due to the release of large amounts of sodium”. In our research we
found a positive correlation between soil enzyme activity and water holding capacity (WHC) as well as substrate
moisture. However, the moisture within the substrate was relatively low in all plot types.

Soil enzyme activity and vegetation. Our research confirmed the relationships between vegetation,
biomass (productivity), and soil enzyme activity in the substrate of spoil heaps after hard coal mining. Such
relationships had already been revealed in research conducted on semi-natural alpine meadows?® as well as on
other post-industrial lands such as those on brown coal spoil heaps!**?*347>76 and surface coal mining sites®””.
To our knowledge no such detailed investigation has been previously conducted on spoil heaps generated from
hard coal mining.

According to results of previous research the soil enzyme activity and M,, index under vegetation should
be higher than that in soil without vegetation cover in view of the fact that vegetation can directly or indi-
rectly change soil properties and maintain soil fertility due to the close relationship between plants and
microorganisms’®”®. Our study has partially confirmed this statement since we detected a significantly higher
M, index and enzyme activity in plots with vegetation dominated mostly by grasses in comparison to plots
that had no vegetation cover (control plots) or to those dominated by forbs. However, Tscherko et al.® postu-
lated that the presence of plants did not stimulate enzyme activity in the pioneer stage of succession, probably
due to the severe abiotic stress that plants suffer in these conditions. Plants possess different ecophysiological
traits that enable them to utilise soil resources in different ways, furthermore, they have different effects on soil
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microorganisms®”?!. In our study the M,, index and activity of dehydrogenase as well as alkaline and acid phos-

phatases was generally higher in plots dominated by grasses (C. epigejos and P. compressa) compared with plots
dominated by other species. Han et al.*> and Lambers et al.* stated that the significant effect of vegetation on
soil biological properties and soil health might be due to the differences in litter input and root exudates. Grasses
have a well-developed root system®, which is connected with high secretion of root exudates which stimulate
the development and activity of communities of microorganisms in the rhizosphere!*#>%, In our research, this
is shown by higher dehydrogenase activity, which has often been used as an indicator of general soil microbial
activity®”®. Moreover, in plots dominated by grasses a higher acid phosphatase activity (secreted mainly by plant
roots and arbuscular fungi)® and a higher alkaline phosphatase (secreted mainly by bacteria)®® were detected
compared with plots dominated by forbs. Conversely, Ellhottové et al.”® and Stefanowicz et al.*” stated that T.
farfara, a pioneer species on coal mine spoil heaps, significantly increased activity, diversity and biomass of
microbial communities in post-mining sites. Our study did not show any difference in the functional diversity of
the substrate between vegetated and control plots, while Tscherko et al.®’ showed that higher functional diversity
in the rhizosphere versus the bulk soil in all successional stages indicated greater substrate heterogeneity due to
root exudates and root litter.

Plant diversity also had an influence on soil microbial activity and soil quality because each plant species
uniquely contributed to the functioning of the below-ground system'®®!. Rodriguez-Loinaz et al.”%, in highly
diverse native mixed-oak forests, found a negative correlation between the diversity of herbaceous plants and
ferns and the activity of acid and alkaline phosphatases in the soil. They explained this fact by suggesting that with
sufficient P, plant communities regulated by competitors have lower biodiversity due to competitive exclusion.
In the unfavourable conditions which prevail on coal mine spoil heaps (with insufficient available P) we found
a positive correlation between the diversity of plants and the activity of soil alkaline phosphatase. Zhang et al.??
also found that an increase in the diversity of plants in wetlands caused a higher phosphatase activity in the soil,
indicating that a high diversity of plants increases the mineralization rate of organic phosphorus.

Interactions between above ground vegetation, soil physicochemical properties and enzyme
activity of the substrate. As has already been mentioned, during spontaneous succession unfavourable
soil conditions (nutrient limitation, moisture) have a greater effect on soil enzyme activity than plant species®.
Our research has confirmed this statement as we have shown that the soil physicochemical parameters had a
bigger impact on the acceleration of biochemical activity in the substrate than biomass and plant species diver-
sity on our hard coal spoil heaps. Chodak and Nikliriska®' who examined the effect of soil texture and plant
species on microbial properties of mine soils also found a predominant influence of soil properties (soil texture)
in shaping the enzyme activity. In contrast, the vegetation type and the litter quality appeared to be of higher
importance for soil microbial activity than substrate quality on reclaimed heaps after open cast lignite mining”.
However, in their case, they studied the activity of microorganisms in the substrate of spoil heaps in the later
stage of succession (in forest communities). At this stage of the succession, the influence of plants on the enzyme
activity of soils is much more significant. The study of Baldrian et al.' showed that there was a general trend
towards increasing enzyme activity in the later stages of spontaneous succession on coal mine heaps. Moreover,
Allison et al.”® found that the activities of soil enzymes increased with site age across carbon and nutrient gradi-
ents at the Frantz Josef chronosequence in New Zealand.

Conclusions

We found that on hard coal spoil heaps the abiotic parameters of the substrate, especially pH and WHC, have
a greater effect on the substrate enzyme activity compared to species diversity and biomass associated with the
plants. We did not prove our hypothesis about the significant role of vegetation cover that spontaneously devel-
oped on hard coal spoil heap on the enzyme activity of the substrate. However, taking into account functional
groups of species, grasses, owing to their extensive root system, had a greater influence on the enzyme activ-
ity of the substrate than either forbs or a lack of vegetation cover. Moreover, stronger correlations were found
between substrate functional diversity, potential biochemical soil fertility index and plant species diversity of
plots dominated by grasses than with forbs. Since grasses additionally stabilize the substrate, as well as creating
dense and permanent plant cover, they can be recommended for use in the reclamation process of the substrate
of hard coal spoil heaps.

Further research is required to gain an understanding of the enzyme activity of a variety of substrates in rela-
tion to the changes made by different plant species compositions within the vegetation in order to comprehend
the optimal functioning and productivity of this anthropogenic ecosystem. This knowledge will develop an
effective tool to assess the environmental conditions of hard coal mining sites and the possibility of enhancing
the restoration process based on natural mechanisms in order to ultimately improve the overall biodiversity of
the site and its surroundings.

Received: 14 August 2020; Accepted: 18 February 2021
Published online: 04 March 2021

References
1. Baldrian, P. et al. Enzyme activities and microbial biomass in topsoil layer during spontaneous succession in spoil heaps after
brown coal mining. Soil Biol. Biochem. 40, 2107-2215. https://doi.org/10.1016/j.s0ilbio.2008.02.019 (2008).
2. Goémez-Sagasti, M. T. et al. Microbial monitoring of the recovery of soil quality during heavy metal phytoremediation. Water Air
Soil Poll. 223, 3249-3262. https://doi.org/10.1007/s11270-012-1106-8 (2012).
3. Yang, Y.Z, Liu, S., Zheng, D. & Feng, S. Effect of cadmium, zinc and lead on soil enzymes activities. J. Environ. Sci. 18, 1135-1141.
https://doi.org/10.1016/S1001-0742(06)60051-X (2006).

Scientific Reports |

(2021) 11:5155 | https://doi.org/10.1038/s41598-021-84673-0 nature portfolio


https://doi.org/10.1016/j.soilbio.2008.02.019
https://doi.org/10.1007/s11270-012-1106-8
https://doi.org/10.1016/S1001-0742(06)60051-X

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.
42.
43.
44,

45.

. Sheoran, V., Sheoran, A. S. & Poonia, P. Soil reclamation of abandoned mine land by revegetation: A review. Int. J. Soil Sedim.

Water 3, 1-20 (2010).

. Vahed, H., Shahinrokhsar, P. & Rezaei, M. Influence of some soil properties and temperature on urease activity in wetland rice

soils. Am.-Euras. J. Agric. Environ. Sci. 11, 310-313 (2011).

. Blonska, E. & Januszek, K. Usability of enzyme activity in the estimation of forest soil quality. Folia For. Polonica Ser. A 55, 18-26.

https://doi.org/10.2478/ffp-2013-0003 (2013).

. Zhang, T., Wan, S., Kang, Y. & Feng, H. Urease activity and its relationships to soil physiochemical soil properties in a highly

saline-sodic soil. J. Soil Sci. Plant. Nut. 14, 304-315. https://doi.org/10.4067/s0718-95162014005000025 (2014).

. Zhang, Y. et al. Soil bacterial and fungal diversity differently correlated with soil biochemistry in alpine grassland ecosystems in

response to environmental changes. Sci. Rep. 7, 43077. https://doi.org/10.1038/srep43077 (2017).

. Zhang, Q. M. et al. Effects of fomesafen on soil enzyme activity, microbial population, and bacterial community composition.

Environ. Monit. Assess. 186, 2801-2812. https://doi.org/10.1007/s10661-013-3581-9 (2014).

Sarathchandra, S., Perrott, K. & Upsdell, M. Microbiological and biochemical characteristics of a range of New Zealand soils under
established pasture. Soil Biol. Biochem. 16, 177-183. https://doi.org/10.1016/0038-0717(84)90109-3 (1984).

Fernandez-Calvino, D. et al. Enzyme activities in vineyard soils long-term treated with copper-based fungicides. Soil Biol. Biochem.
42, 2119-2127. https://doi.org/10.1016/j.50ilbi0.2010.08.007 (2010).

Bartelt-Ryser, J., Joshi, J., Schmid, B., Brandl, H. & Balser, T. Soil feedbacks of plant diversity on soil microbial communities and
subsequent plant growth. Perspect. Plant. Ecol. 7, 27-49. https://doi.org/10.1016/j.ppees.2004.11.002 (2005).

Kao-Kniffin, J. T. & Balser, T. C. Elevated CO, differentially alters belowground plant and soil microbial community structure in
reed canary grass-invaded experimental wetlands. Soil Biol. Biochem. 39, 517-525. https://doi.org/10.1016/j.s0ilbio.2006.08.024
(2007).

Eisenhauer, N. et al. Root biomass and exudates link plant diversity with soil bacterial and fungal biomass. Sci. Rep. 7, 44641. https
://doi.org/10.1038/srep44641 (2017).

Broughton, L. C. & Gross, K. L. Patterns of diversity in plant and soil microbial communities along a productivity gradient in a
Michigan old-field. Oecologia 125, 420-427. https://doi.org/10.1007/s004420000456 (2000).

Stephan, A., Meyer, A. H. & Schmid, B. Plant diversity affects culturable soil bacteria in experimental grassland communities. J.
Ecol. 86, 988-998. https://doi.org/10.1046/j.1365-2745.2000.00510.x (2000).

Zak, D. R., Holmes, W. E., White, D. C., Peacock, A. D. & Tilman, D. Plant diversity, soil microbial communities, and ecosystem
function: Are there any links?. Ecology 84, 2042-2050. https://doi.org/10.1890/02-0433 (2003).

Eisenhauer, N. et al. Plant diversity effects on soil microorganisms support the singular hypothesis. Ecology 91, 485-496. https://
doi.org/10.1890/08-2338.1 (2010).

Lange, M. et al. Biotic and abiotic properties mediating plant diversity effects on soil microbial communities in an experimental
grassland. PLoS ONE 9, €96182. https://doi.org/10.1371/journal.pone.0096182 (2014).

Wu, J. et al. Vegetation degradation impacts soil nutrients and enzyme activities in wet meadow on the Qinghai-Tibet Plateau. Sci.
Rep. 10, 21271. https://doi.org/10.1038/541598-020-78182-9 (2020).

Mocek-Plociniak, A. Utilisation of enzymatic activity for the evaluation of the impact of anthropogenic changes caused by heavy
metals in soil environment. Nauka Przyr. Technol. 4, 1-10 (2010).

Kot, A. & Frac, M. Methods used in the evaluation of the organic wastes influence on soil microbial activity. Post. Mikrobiol. 53,
183-193 (2014).

Kuziemska, B. Enzymatic activity of nickel contaminated soils. Teka. Kom. Ochr. Kszt. Srod. Przyr. 11,77-89 (2014).

. Kourtev, P. S., Ehrenfeld, J. G. & Haggblom, M. Exotic plant species alter the microbial community structure and function in the

soil. Ecology 83, 3152-3166. https://doi.org/10.1890/0012-9658(2002)083(3152:epsatm)2.0.co;2 (2002).

Pei, S. E, Fu, H. & Wan, C. G. Changes in soil properties and vegetation following exclosure and grazing in degraded Alxa desert
steppe of Inner Mongolia, China. Agric. Ecosyst. Environ. 124, 33-39. https://doi.org/10.1016/j.agee.2007.08.008 (2008).

Wang, C., Wang, G., Liu, W. & Wu, P. The effect of plant-soil-enzyme interaction on plant composition, biomass, diversity of alpine
meadows in the Qinghai-Tibetan Plateau. Int. J. Ecol. 2011, 1-10. https://doi.org/10.1155/2011/180926 (2011).

Wyszkowska, . Effect of soil contamination with Treflan 480 EC on biochemical properties of soil. Pol. J. Environ. Stud. 11, 71-78
(2002).

Aon, M. A. & Colaneri, A. C. II. Temporal and spatial evolution of enzymatic activities and physico-chemical properties in an
agricultural soil. Appl. Soil. Ecol. 18, 255-270. https://doi.org/10.1016/s0929-1393(01)00161-5 (2001).

Li, J. ], Zheng, Y. M,, Yan, J. X, Li, H. J. & He, J. Z. Succession of plant and soil microbial communities with restoration of aban-
doned land in the Loess Plateau, China. J. Soil. Sediment 13, 760-769. https://doi.org/10.1007/s11368-013-0652-z (2013).
Hedénec, P. et al. Enzyme activity of topsoil layer on reclaimed and unreclaimed post-mining sites. Biol. Commun. 62, 19-25. https
://doi.org/10.21638/11701/spbu03.2017.103 (2017).

Lia, J., Zhoub, X., Yan, J., Lia, H. & He, J. Effects of regenerating vegetation on soil enzyme activity and microbial structure in
reclaimed soils on a surface coalmine site. Appl. Soil Ecol. 87, 56-62. https://doi.org/10.1016/j.aps0il.2014.11.010 (2015).
Kompata-Baba, A. et al. Do the dominant plant species impact the substrate and vegetation composition of post-coal mining spoil
heaps?. Ecol. Eng. 143, 105685. https://doi.org/10.1016/j.ecoleng.2019.105685 (2020).

Kowarik, I. Novel urban ecosystems, biodiversity, and conservation. Environ. Pollut. 159, 1974-1983. https://doi.org/10.1016/j.
envpol.2011.02.022 (2011).

Frouz, J. & Novékovd, A. Development of soil microbial properties in topsoil layer during spontaneous succession in heaps after
brown coal mining in relation to humus microstructure development. Geoderma 129, 54-64. https://doi.org/10.1016/j.geode
rma.2004.12.033 (2005).

Frouz, J. et al. The effect of topsoil removal in restored heathland on soil fauna, topsoil microstructure and cellulose: Implication
for ecosystem restoration. Biodivers. Conserv. 18, 3963-3978. https://doi.org/10.1007/s10531-009-9692-5 (2008).

Cabatla, J. M., Cmiel, S. R. & Idziak, A. F. Environmental impact of mining activity inthe Upper Silesian Coal Basin (Poland). Geol.
Belg. 7,225-229 (2004).

Kompata-Bgba, A. et al. Vegetation diversity on coal mine spoil heaps—How important is the texture of the soil substrate?. Biologia
74, 419-436. https://doi.org/10.2478/5s11756-019-00218-x (2019).

Wozniak, G. Diversity of vegetation on coal-mine heaps of the Upper Silesia (Poland) (Instytut Botaniki im. W. Szafera, 2010).

. Baba, W. et al. Arbuscular mycorrhizal fungi (AMF) root colonization dynamics of Molinia caerulea (L.) Moench. in grasslands

and post-industrial sites. Ecol. Eng. 95, 817-827. https://doi.org/10.1016/j.ecoleng.2016.07.013 (2016).

Pietrzykowski, M., Socha, . & van Doorn, N. S. Linking heavy metal bioavailability (Cd, Cu, Zn and Pb) in Scots pine needles to
soil properties in reclaimed mine areas. Sci. Total Environ. 470, 501-510. https://doi.org/10.1016/j.scitotenv.2013.10.008 (2014).
Braun-Blanquet, J. Grundziige der Vegetationskunde 3rd edn. (Springer, 1964).

Bonham, C. D. Measurements for Terrestrial Vegetation 2nd edn. (Wiley, 2013).

Tichy, L. & Holt, J. JUICE Program for Management, Analysis and Classifications of Ecological Data (Masaryk University, 2006).
Ge, G. E et al. Geographical and climatic differences in long-term effect of organic and inorganic amendments on soil enzy-
matic activities and respiration in field experimental stations of China. Ecol. Complex. 6, 421-431. https://doi.org/10.1016/j.ecoco
m.2009.02.001 (2009).

Wolinska, A. & Stepniewska, Z. Dehydrogenase Activity in the Soil Environment in Dehydrogenases 183-210 (Intech Open, 2012).

Scientific Reports|  (2021) 11:5155

https://doi.org/10.1038/s41598-021-84673-0 nature portfolio


https://doi.org/10.2478/ffp-2013-0003
https://doi.org/10.4067/s0718-95162014005000025
https://doi.org/10.1038/srep43077
https://doi.org/10.1007/s10661-013-3581-9
https://doi.org/10.1016/0038-0717(84)90109-3
https://doi.org/10.1016/j.soilbio.2010.08.007
https://doi.org/10.1016/j.ppees.2004.11.002
https://doi.org/10.1016/j.soilbio.2006.08.024
https://doi.org/10.1038/srep44641
https://doi.org/10.1038/srep44641
https://doi.org/10.1007/s004420000456
https://doi.org/10.1046/j.1365-2745.2000.00510.x
https://doi.org/10.1890/02-0433
https://doi.org/10.1890/08-2338.1
https://doi.org/10.1890/08-2338.1
https://doi.org/10.1371/journal.pone.0096182
https://doi.org/10.1038/s41598-020-78182-9
https://doi.org/10.1890/0012-9658(2002)083(3152:epsatm)2.0.co;2
https://doi.org/10.1016/j.agee.2007.08.008
https://doi.org/10.1155/2011/180926
https://doi.org/10.1016/s0929-1393(01)00161-5
https://doi.org/10.1007/s11368-013-0652-z
https://doi.org/10.21638/11701/spbu03.2017.103
https://doi.org/10.21638/11701/spbu03.2017.103
https://doi.org/10.1016/j.apsoil.2014.11.010
https://doi.org/10.1016/j.ecoleng.2019.105685
https://doi.org/10.1016/j.envpol.2011.02.022
https://doi.org/10.1016/j.envpol.2011.02.022
https://doi.org/10.1016/j.geoderma.2004.12.033
https://doi.org/10.1016/j.geoderma.2004.12.033
https://doi.org/10.1007/s10531-009-9692-5
https://doi.org/10.2478/s11756-019-00218-x
https://doi.org/10.1016/j.ecoleng.2016.07.013
https://doi.org/10.1016/j.scitotenv.2013.10.008
https://doi.org/10.1016/j.ecocom.2009.02.001
https://doi.org/10.1016/j.ecocom.2009.02.001

www.nature.com/scientificreports/

46.

47.

48.

49.

50.

52.

53.

54.
55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lemanowicz, J. Dynamics of phosphorus content and the activity of phosphatase in forest soil in the sustained nitrogen compounds
emissions zone. Environ. Sci. Pollut. R. 25, 33773-33782. https://doi.org/10.1007/s11356-018-3348-5 (2018).

Haroni, N. N., Zarafshar, M., Badehian, Z., Sharma, A. & Bader, M. K. E. Tree seedlings suffer oxidative stress but stimulate soil
enzyme activity in oil sludge-contaminated soil in a species-specific manner. Trees 34, 1267-1279. https://doi.org/10.1007/s0046
8-020-01996-7 (2020).

Banks, M. et al. The Effect of Plants on the Degradation and Toxicity of Petroleum Contaminants in Soil: A Field Assessment in
Phytoremediation 75-96 (Springer, 2003).

Schinner, E, Ohlinger, R., Kandeler, E. & Margasin, R. Methods in Soil Biology (Springer-Verlag, 1996).

Alef, K. & Nannipieri, P. Methods in Applied Soil Microbiology and Biochemistry (Academic Press, 1995).

. Wyszkowska, J. & Wyszkowski, M. Effect of cadmium and magnesium on enzymatic activity in soil. Pol. J. Environ. Stud. 12,

473-479 (2003).

Bending, G. D., Turner, M. K., Rayns, E,, Marie-Claude Marx, M.-C. & Wood, M. Microbial and biochemical soil quality indicators
and their potential for differentiating areas under contrasting agricultural management regimes. Soil Biol. Biochem. 36, 1785-1792.
https://doi.org/10.1016/j.s0ilbio.2004.04.035 (2004).

Rodriguez-Loinaz, G., Onaindia, M., Amezaga, 1., Mijangos, I. & Garbisu, C. Relationship between vegetation diversity and soil
functional diversity in native mixed-oak forests. Soil Biol. Biochem. 40, 49-60. https://doi.org/10.1016/j.s0ilbio.2007.04.015 (2008).
Bednarek, R., Dziadowiec, H., Pokojska, U. & Prusinkiewicz, Z. Ecological and Soil Studies (PWN, 2005).

Saetre, P. Decomposition, microbial community structure, and earthworm effects along a birch-spruce soil gradient. Ecology 79,
834-846. https://doi.org/10.1890/0012-9658(1998)079(0834:DMCSAE)2.0.CO;2 (1998).

Orwin, K. H., Wardle, D. A. & Greenfield, L. G. Context-dependent changes in the resistance and resilience of soil microbes
to an experimental disturbance for three primary plant chronosequences. Oikos 112, 196-208. https://doi.org/10.111
1/§.0030-1299.2006.13813.x (2006).

ter Braak, C. J. F. & Smilauer, P. Canoco Reference Manual and User’s Guide: Software for Ordination, Version 5.0 (Microcomputer
Power, 2012).

R Core Team. R: A language and environment for statistical computing. (R Foundation for Statistical Computing, 2018).

. Dell Inc. Dell Statistica (data analysis software system), version 13. software.dell.com.

Fontaine, S., Mariotti, A. & Abbadie, L. The priming effect of organic matter: A question of microbial competition?. Soil Biol.
Biochem. 35, 837-843. https://doi.org/10.1016/s0038-0717(03)00123-8 (2003).

Chodak, M. & Nikliniska, M. Effect of texture and tree species on microbial properties of mine soils. Appl. Soil Ecol. 46, 268-275.
https://doi.org/10.1016/j.aps0il.2010.08.002 (2010).

Chodak, M. & Nikliniska, M. The effect of different tree species on the chemical and microbial properties of reclaimed mine soils.
Biol. Fertil. Soils 46, 555-566. https://doi.org/10.1007/s00374-010-0462-z (2010).

Ciarkowska, K., Solek-Podwika, K. & Wieczorek, J. Enzyme activity as an indicator of soil-rehabilitation processes at a zinc and
lead ore mining and processing area. . Environ. Manage. 132, 250-256. https://doi.org/10.1016/j.jenvman.2013.10.022 (2014).
Zhang, W. Y, Yao, D. X,, Zhang, Z. G., Yang, Q. & An, S. K. Characteristics of soil enzymes and the dominant species of repair
trees in the reclamation of coal mine area. J. Coal Sci. Eng. 19, 256-261. https://doi.org/10.1007/s12404-013-0223-3 (2013).
Santriickovd, H., Jaroslav, V., Picek, T. & Kopacek, J. Soil biochemical activity and phosphorus transformations and losses from
acidified forest soils. Soil Biol. Biochem. 36, 1569-1576. https://doi.org/10.1016/j.s0ilbi0.2004.07.015 (2004).

Abakumov, E. & Frouz, ]. Humus accumulation and humification during soil development in post-mining soil. In Soil Biota and
Ecosystem Development in Post Mining Sites (ed. Frouz, J.) (CRC Press, 2013).

Stefanowicz, A. M., Kapusta, P.,, Bloniska, A., Kompala-Baba, A. & Wozniak, G. Effects of Calamagrostis epigejos, Chamaenerion
palustre and Tussilago farfara on nutrient availability and microbial activity in the surface layer of spoil heaps after hard coal min-
ing. Ecol. Eng. 83, 328-337. https://doi.org/10.1016/j.ecoleng.2015.06.034 (2015).

Markowicz, A., Wozniak, G., Borymski, S., Piotrowska-Seget, Z. & Chmura, D. Links in the functional diversity between soil
microorganisms and plant communities during natural succession in coal mine spoil heaps. Ecol. Res. 30, 1005-1014. https://doi.
0rg/10.1007/s11284-015-1301-3 (2015).

Lauber, C. L., Hamady, M., Knight, R. & Fierer, N. Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial
community composition at the continental scale. Appl. Environ. Microbiol. 75, 5111-5120. https://doi.org/10.1128/aem.00335-09
(2009).

Wang, A. S., Angle, ]. S., Chaney, R. L., Delorme, T. A. & McIntosh, M. Changes in soil biological activities under reduced soil
pH during Thlaspi caerulescens phytoextraction. Soil Biol. Biochem. 38, 1451-1461. https://doi.org/10.1016/j.s0ilbio.2005.11.001
(2006).

Lee, S. S. et al. Heavy metal immobilization in soil near abandoned mines using eggshell waste and rapeseed residue. Environ. Sci.
Pollut. R. 20, 1719-1726. https://doi.org/10.1007/s11356-012-1104-9 (2013).

Olander, L. P. & Vitousek, P. M. Regulation of soil phosphatase and chitinase activity by N and P availability. Biogeochemistry 49,
175-190 (2000).

Geisseler, D., Horwath, W. & Scow, K. Soil moisture and plant residue addition interact in their effect on extracellular enzyme
activity. Pedobiologia 54, 71-78. https://doi.org/10.1016/j.pedobi.2010.10.001 (2011).

Patrzalek, A. The properties of initial soil arising at the dumping site of carboniferous waste. Zesz. Nauk. Polit. SI.. Gérnictwo 248,
151-156 (2001).

Sourkové, M. et al. Soil development and properties of microbial biomass succession in reclaimed postmining sites near Sokolov
(Czech Republic) and near Cottbus (Germany). Geoderma 129, 73-80. https://doi.org/10.1016/j.geoderma.2004.12.032 (2005).
Ellhottova, D., Kristulek, V., Maly, S. & Frouz, J. Rhizosphere effect of colonizer plant species on the development of soil
microbial community during primary succession on postmining sites. Commun. Soil Sci. Plant Anal. 40, 758-770. https://doi.
0rg/10.1080/00103620802693193 (2009).

Finkenbein, P., Kretschmer, K., Kuka, K., Klotz, S. & Heilmeier, H. Soil enzymes activities as bioindicators for substrate quality in
revegetation of a subtropical coal mining dump. Soil Biol. Biochem. 56, 87-89. https://doi.org/10.1016/j.s0ilbio.2012.02.012 (2013).
Tischer, A., Blagodatskaya, E. & Harmer, U. Extracellular enzyme activities in a tropical mountain rainforest region of southern
Ecuador affected by low soil P status and land-use change. Appl. Soil Ecol. 74, 1-11. https://doi.org/10.1016/j.aps0il.2013.09.007
(2014).

Liu, Y. et al. Long-term forest succession improves plant diversity and soil quality but not significantly increase soil microbial
diversity: Evidence from the Loess Plateau. Ecol. Eng. 142, 105631. https://doi.org/10.1016/j.ecoleng.2019.105631 (2020).
Tscherko, D., Hammesfahr, U., Marx, M. C. & Kandeler, E. Shifts in rhizosphere microbial communities and enzyme activity of Poa
alpina across an alpine chronosequence. Soil Biol. Biochem. 36, 1685-1698. https://doi.org/10.1016/j.s0ilbio.2004.07.004 (2004).
Orwin, K. H. et al. Linkages of plant traits to soil properties and the functioning of temperate grassland. J. Ecol. 98, 1074-1083.
https://doi.org/10.1111/j.1365-2745.2010.01679.x (2010).

Han, X. M. et al. Effects of vegetation type on soil microbial community structure and catabolic diversity assessed by polyphasic
methods in North China. J. Environ. Sci. China 19, 1228-1234. https://doi.org/10.1016/s1001-0742(07)60200-9 (2007).
Lambers, H., Mougel, C., Jaillard, B. & Hinsinger, P. Plant-microbe-soil interactions in the rhizosphere: An evolutionary perspec-
tive. Plant Soil 321, 83-115. https://doi.org/10.1007/s11104-009-0042-x (2009).

Scientific Reports|  (2021) 11:5155

https://doi.org/10.1038/s41598-021-84673-0 nature portfolio


https://doi.org/10.1007/s11356-018-3348-5
https://doi.org/10.1007/s00468-020-01996-7
https://doi.org/10.1007/s00468-020-01996-7
https://doi.org/10.1016/j.soilbio.2004.04.035
https://doi.org/10.1016/j.soilbio.2007.04.015
https://doi.org/10.1890/0012-9658(1998)079(0834:DMCSAE)2.0.CO;2
https://doi.org/10.1111/j.0030-1299.2006.13813.x
https://doi.org/10.1111/j.0030-1299.2006.13813.x
https://doi.org/10.1016/s0038-0717(03)00123-8
https://doi.org/10.1016/j.apsoil.2010.08.002
https://doi.org/10.1007/s00374-010-0462-z
https://doi.org/10.1016/j.jenvman.2013.10.022
https://doi.org/10.1007/s12404-013-0223-3
https://doi.org/10.1016/j.soilbio.2004.07.015
https://doi.org/10.1016/j.ecoleng.2015.06.034
https://doi.org/10.1007/s11284-015-1301-3
https://doi.org/10.1007/s11284-015-1301-3
https://doi.org/10.1128/aem.00335-09
https://doi.org/10.1016/j.soilbio.2005.11.001
https://doi.org/10.1007/s11356-012-1104-9
https://doi.org/10.1016/j.pedobi.2010.10.001
https://doi.org/10.1016/j.geoderma.2004.12.032
https://doi.org/10.1080/00103620802693193
https://doi.org/10.1080/00103620802693193
https://doi.org/10.1016/j.soilbio.2012.02.012
https://doi.org/10.1016/j.apsoil.2013.09.007
https://doi.org/10.1016/j.ecoleng.2019.105631
https://doi.org/10.1016/j.soilbio.2004.07.004
https://doi.org/10.1111/j.1365-2745.2010.01679.x
https://doi.org/10.1016/s1001-0742(07)60200-9
https://doi.org/10.1007/s11104-009-0042-x

www.nature.com/scientificreports/

84. De Baets, S., Poesen, J., Gyssels, G. & Knapen, A. Effects of grass roots on the erodibility of topsoil during concentrated flow.
Geomorphology 76, 54-67. https://doi.org/10.1016/j.geomorph.2005.10.002 (2006).

85. Mueller, K., Tilman, D., Fornara, D. & Hobbie, S. Root depth distribution and the diversity-productivity relationship in a long-term
grassland experiment. Ecology 94, 787-793. https://doi.org/10.1890/12-1399.1 (2013).

86. Ravenek, J. M. et al. Long-term study of root biomass in a biodiversity experiment reveals shifts in diversity effects over time. Oikos
123, 1528-1536. https://doi.org/10.1111/0ik.01502 (2014).

87. Gil-Sotres, E, Trasar-Cepeda, C., Leir6s, M. C. & Seoane, S. Different approaches to evaluating soil quality using biochemical
properties. Soil Biol. Biochem. 37, 877-887. https://doi.org/10.1016/j.s0ilbio.2004.10.003 (2005).

88. Tan, X., Chang, S. X. & Kabzems, R. Soil compaction and forest floor removal reduced microbial biomass and enzyme activities
in a boreal aspen forest soil. Biol. Fertil. Soils 44, 471-479. https://doi.org/10.1007/s00374-007-0229-3 (2008).

89. Nanippieri, P, Giagnoni, L., Landi, L. & Renella, G. Role of phosphatase enzymes in soil. In Phosphorus in Action (eds Biinemann,
E. K. et al.) 215-244 (Springer, 2011).

90. Sakurai, M., Wasaki, J., Tomizawa, Y., Shinano, T. & Osaki, M. Analysis of bacterial communities on alkaline phosphatase genes
in soil supplied with organic matter. Soil Sci. Plant Nutr. 54, 62-71. https://doi.org/10.1111/j.1747-0765.2007.00210.x (2008).

91. Mariotte, P. et al. Subordinate plant species impact on soil microbial communities and ecosystem functioning in grasslands: Find-
ings from a removal experiment. Perspect. Plant. Ecol. 15, 77-85. https://doi.org/10.1016/j.ppees.2012.12.003 (2013).

92. Zhang, C. B. et al. Effects of plant diversity on nutrient retention and enzyme activities in a full-scale constructed wetland. Bioresour.
Technol. 101, 1686-1692. https://doi.org/10.1016/j.biortech.2009.10.001 (2010).

93. Allison, V.J., Condron, L. M, Peltzer, D. A, Richardson, S. J. & Turner, B. L. Changes in enzyme activities and soil microbial com-
munity composition along carbon and nutrient gradients at the Franz Josef chronosequence, New Zealand. Soil Biol. Biochem. 39,
1770-1781. https://doi.org/10.1016/j.s0ilbio.2007.02.006 (2007).

Acknowledgements

We gratefully thank referees who provided helpful comments on our article. We would like to thank students that
helped us in both field and laboratory work. This study was funded by the InfoRevita project (TANGO1/268600/
NCBR/2015) financed by The National Centre for Research and Development in Poland.

Author contributions

AK.B., ES., A.B. and G.W. designed the experiment. W.B., A.K.B., A.B. and G.W. collected the samples. W.B.,
A X.B.and E.S. analyzed the soil and biomass samples. A.K.B. and W.B. analyzed statistically the data set. A.K.B.,
W.B. and L.B. wrote the first draft of the manuscript. All authors contributed substantially to revisions.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5155 | https://doi.org/10.1038/s41598-021-84673-0 nature portfolio


https://doi.org/10.1016/j.geomorph.2005.10.002
https://doi.org/10.1890/12-1399.1
https://doi.org/10.1111/oik.01502
https://doi.org/10.1016/j.soilbio.2004.10.003
https://doi.org/10.1007/s00374-007-0229-3
https://doi.org/10.1111/j.1747-0765.2007.00210.x
https://doi.org/10.1016/j.ppees.2012.12.003
https://doi.org/10.1016/j.biortech.2009.10.001
https://doi.org/10.1016/j.soilbio.2007.02.006
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The role of plants and soil properties in the enzyme activities of substrates on hard coal mine spoil heaps
	Materials and methods
	Site description. 
	Vegetation, biomass and soil sampling. 
	Calculation of species diversity indices. 
	Enzyme assays. 
	Soil functional diversity. 
	Substrate physicochemical analyses. 
	Statistical analysis. 

	Results
	Substrate physicochemical parameters. 
	Plant diversity and biomass of the dominant species. 
	Substrate enzyme activity and substrate functional diversity. 
	The influence of physicochemical parameters on the enzyme activity of the substrate. 
	The influence of plant diversity and plant biomass on enzyme activity of the substrate. 
	Relationships between physicochemical parameters, plant diversity, biomass and enzyme activity. 

	Discussion
	Soil enzyme activities and physicochemical parameters. 
	Soil enzyme activity and vegetation. 
	Interactions between above ground vegetation, soil physicochemical properties and enzyme activity of the substrate. 

	Conclusions
	References
	Acknowledgements


