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Abstract

:

Coal-waste dumps are an integral part of the environment and shape the landscape of coal basins. This study aimed to present an analysis of environmental changes in terms of land use and changes in vegetation on self-heating coal-waste dumps of different ages. Spatial and temporal analyses of land relief and land cover in the area of the investigated coal-waste dumps were performed. The investigated areas differed in size, shape, management, and land cover. Thermally active zones were identified. The results showed that the species composition of the flora is diverse, but representatives of the Asteraceae family dominate on both dumps. The diversity of flora in the investigated dumps depends on the presence of mosaic- and microhabitats (often of an extreme nature) and the nature of the vegetation in the surroundings, which is manifested by the participation of socioecological groups of flora. The pace and dynamics of succession on burning coal-waste dumps depends on the stage of the fire, the topography, and the nature of the substrate. The investigated changes in the elements of the environment are important from the point of view of application research and monitoring of postindustrial areas, which may allow for the optimal management of postmining dumps.
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1. Introduction


Raw materials, including hard coal, are not only a stimulus for industrial development and economic growth but also pose serious ecological and environmental problems during their exploitation and use [1,2]. Coal mining is associated with considerable permanent environmental and landscape changes throughout the mining area and its vicinity [3,4,5,6]. The formation of mines and their activities lead to changes in spatial development and land cover. This is due to the fact that, when it comes to mining, the environment is, unfortunately, most often classified in terms of commodities, i.e., as capital [7,8,9]. Sustainable mining requires the constant monitoring of land cover and changes in land use caused by mining activities, which requires certain financial outlays and technological solutions [10,11,12]. This magnifies the impact of mining on the landscape, which is significant. After the raw material is extracted, most developed countries undertake technically difficult reclamation projects to integrate this often completely new landscape with the surrounding untouched areas [4,13,14,15].



Unfortunately, not all mines and local government units can properly cope with these activities and, in particular, with the problem of postmining waste [16,17]. Despite many possibilities, including the use of waste material for backfilling, leveling of degraded areas, engineering works, production of building materials, and fuel briquettes, many of them, due to financial, organizational, or spatial limitations, decide on the simplest solutions, i.e., storing waste in dumps [18,19,20]. These dumps can be of different shapes: a cone, a truncated cone, a coal-pile, an asymmetric coal-pile, a complex of cone dumps, a complex of truncated cone dumps, a complex of coal-piles, a coal pile with a cone, a coal-pile with a truncated cone, or flat [21,22]. Regardless of their shape, they all require a large surface area and can contaminate the atmosphere, pedosphere, and hydrosphere [23].



The most harmful to the environment are dumps where self-heating processes take place [24,25]. This process on coal-waste dumps is known from different parts of the world, including Donetsk Coal Basin in Ukraine [26], Catarinense Coal Basin in Brazil [27], Douro Coalfield in Portugal [28], El Bierzo Coalfield in Spain [29], Eastern Coalfield in Kentucky, USA [30], and Wuda syncline in China [31]. Under the right conditions, spontaneous combustion can occur, which usually starts long-lasting subsurface fires [32]. A significant increase in the temperatures of the substrate and the surface leads to changes in the topography, soil cover, plant cover, and also, the atmosphere [33,34,35,36]. Even though this is not a unique or isolated phenomenon—coal fires occur all over the world—it is still an unprecedented problem for mining plants and land managers, as well as for local communities. In most of these cases, appropriate rehabilitation is carried out to prevent self-heating. This should be adapted to the local morphology, technology, filling, and volume of the stored waste material [22,37,38]. Unfortunately, in many cases, even the reclaimed and developed areas of former dumps begin to self-heat [39]. Therefore, many entities decide to reclaim dumps only after they have been burnt, extinguished, or partially dismantled.



Regardless of the degree of reclamation and the difficult thermal conditions in the substrate, burning dumps are spontaneously and successively colonized by pioneering plant species [34,40]. Their course and the rate of formation of the stages of succession vary depending on the location of the dump in the landscape [41,42]. The formation of vegetation cover may prevent many negative environmental effects, such as the erosion of slopes, dust emission, and migration of heavy metals and organic pollutants to the environment, and, therefore, spontaneous succession is often treated as one of the methods for restoring postmining land [34,43,44]. The selection of the species, location, and arrangement of specimens is strongly related to the topography and location, as well as the composition of the substrate and its thermal conditions and the development of the surrounding areas [22,34,45]. The diversity of vegetation and changes in the floristic composition are considered based on the type of material stored in the vicinity of the dump, the water conditions, and the differentiation of the grain size composition [40,41,46,47]. In the case of subsurface fire, which is a very dynamic phenomenon, all these factors change in time and space, which affects the condition of the local landscape.



The aim of this article is to perform a spatiotemporal analysis of environmental changes on two burning coal-waste dumps in terms of vegetation and landscape. An identification of factors influencing the colonization and diversity of the vegetation on the dumps, as well as landscape changes in the vicinity of burning dumps, will be presented.




2. Materials and Methods


2.1. Study Area


The research covered two different objects from the Katowice Coal District in the Upper Silesian Coal Basin (later, USCB). The USCB is one of the largest coal basins located in Europe (Figure 1). It covers a total area of 7500 km2: 5600 km2 belongs to Poland (Silesian and Lesser Poland voivodships) and the rest to the Czech Republic (Moravian-Silesian region) [48,49]. Coal-waste dumps are a typical landscape feature in this area [25]. It is estimated that about 0.4–0.5 Mg of waste material is generated in the USCB per 1 Mg of produced coal [50,51], and the construction of one dump requires on average an area of 6 ha [52]. The dumps in the Polish part of USCB cover over 4000 ha of the entire area [51], which is 0.7% of the total area.



The first coal-waste dump (D-RS-1) is located in the city of Ruda Śląska, among residential buildings and a shopping mall. The dump was built in the 1990s to supplement the voids created by the Bielszowice brickyard [26,39]. Materials from the nearby Wawel mine were stored there and separated by insulation layers. After the end of storage, the area was secured with a soil layer, and vegetation was introduced. Unfortunately, the reclamation was unsuccessful, and most of the introduced plant are currently absent. The area covers over 9 ha and is relatively flat. This dump is currently managed by Spółka Restrukturyzacji Kopalń (mine restructuring company).



According to the division made in the framework of the European program Natura 2000, the investigated area belongs to the continental biogeographic region [53]. In terms of the Polish geobotanical region, the region belongs to the section of the South Polish Upland and the Upper Silesian geobotanical region. The share of biogeographic elements in the structure of potential natural vegetation of this land is represented by oceanic (12%), Central European (51%), continental (27%), boreal (1%), and mountain (9%) elements, and there are no Pontic and Mediterranean elements [54]. The main elements among plant associations are subcontinental oak-hornbeam forest (Carpinion betuli), as well as temperate continental pine forest and pine-oak forest (Dicrano-Pinion). Less contributions are a fir forest (Vaccinio-Piceion), light-oak forest (Quercetalia pubescentis), and submountain beech forest (Fagion). In turn, the potential vegetation of this area consists mainly of associations such as Tilio-Carpinetum, Calamagrostio-Quercetum, and Querco-Pinetum [55].



Ruda Śląska is situated at an altitude between 225 to 321 m above sea level, and Bytom is located between 249 to 346 m above sea level [56]. Both cities experience significant rainfall throughout the year, even in the driest months. Precipitation is lowest in February, with an average level of 32 mm [57]. The most rainfall occurs in July, with an average of 95 mm. The average annual rainfall is 686 mm. The average temperature is 8.6 °C. July is the warmest month of the year, while January has the lowest average temperature. The analyzed areas are located close to each other; hence, there are no slight differences between them. Both places are located in the zone of moderate, transition climates between maritime and continental zones.



The second coal-waste dump (D-B-2) is over 11 km away from the first one and is located on the outskirts of the city of Bytom, near the border with the city of Radzionków, among postindustrial facilities and the A1 highway. It is located in the northern part of the largest dump in Bytom [58]. This area was already used in the first half of the 20th century (the interwar period) to store waste from the Zn-Pb Nowy Dwór Mine (later the Ludwik Waryński Mining and Metallurgy Plant). In the 1950s and 1960s, there were large post-flotation settlers in the western part of the dump, and in the eastern part in the 1960s, exploitation of the old dumps was started, which was completed in 1976. In the 1980s and 1990s, the postmining waste from Radzionków Mine (from 1975, Powstańców Śląskich Mine) and slag from the liquidated dumps of the Łazarz zinc smelter (later, Radzionków) were stored in the eastern part of the dump. In the first decade of the 21st century, a highway was marked out through the post-flotation dump of the Nowy Dwór Mine; therefore, in 2011, the partial removal of the dump was started. However, the part investigated in this article is a relatively new formation, as it was built in this place within the last 10 years. Due to the type of stored materials, the dump can be divided into three parts. In the northern part, waste from the coal mine is stored. In the southern part, there is slag from the smelter. In the western part of the dump, municipal waste is illegally deposited. Currently, this area belongs mainly to the city of Bytom and partially to the city of Radzionków (northeastern part).




2.2. Cartographic Investigation


Spatial and temporal analyses of land relief and land cover in the area of the investigated coal-waste dumps were performed. For this purpose, publicly available historical cartographic materials were used, including orthophotomaps from the period of the 1930s–2017, located in open-access spatial databases (including Google Earth [59] and the Open-access Regional Spatial Information System—ORSIP [60]). To obtain current information on the surface of the investigated dumps, ground field observations were carried out and aerial photos taken, which allowed for the creation of a digital elevation model and an orthophotomap with a resolution of 3.5 cm. The obtained cartographic data was processed in the QGIS program, which allowed for an analysis of land cover and topography.




2.3. Thermal Investigation


From spring 2019 to summer 2020, field observations of the surface temperature of the stored material were carried out. Drone flights were carried out with the DJI S900 drone with a FLIR Vue Pro 336 infrared camera (spectral range: 7.5–13.5 μm), which later allowed a thermal map to be obtained for both coal-waste dumps.



Thermal measurements were also carried out with the use of a FLIR T640 hand-held thermal imaging camera (infrared resolution: 640 × 480, spectral range: 7.5–14 μm), which covered the self-heating zones of the investigated dumps. The exact time and date of the thermal infrared measurements were adapted to the weather conditions, which allowed us to avoid, among other things, the influence of sunlight and the effects of the cold sky [61,62]. The thermal photos were properly processed in FLIR Tools to make appropriate corrections [63].




2.4. Vegetation Investigation


The research on the transformation of the vegetation was carried out in two stages. The first period concerned the beginning of the growing season (April/May) and the second the full vegetation period (July/August). The scope of the research included floristic research, vegetation mapping, and phytosociological documentation.



The floristic investigation consisted of an inventory of plant species growing on dumps in both periods. The collected floristic material was characterized by determining its belonging to one of the socioecological groups according to Oberdorfer et al. [64] and its syntaxonomy (species characteristic for classes and orders) according to the study by Matuszkiewicz [65]. The type of Raunkiær lifeform [66] and its geographical and historical groups, such as apophytes and anthropophytes [67], were determined for each species. The systematic system of species was given according to Rutkowski [68]. The species names were adopted according to the study by Mirek et al. [67].




2.5. Vegetation Mapping


The first stage consisted of distinguishing patches of vegetation based on their color and the range of shrub-woody and herbaceous plants on a pattern from an open-access orthophotomap. In addition to this, field studies were conducted to verify the actual level of vegetation coverage. The distinguished plant communities were marked on the previously prepared pattern. To identify plant communities, phytosociological documentation was consulted on individually selected areas using the Braun-Blanquet method [69]. According to this method, to identify vegetation at the level of classes, orders, or associations, it is enough to identify the species characteristics that are distinctive for a given syntaxon.





3. Results


3.1. Topography and Structure


The coal-waste dump D-RS-1 currently covers an area of over 9 ha and shows a relatively flat topography in its northeastern and central parts. The area has a slope of 2° to the southwest. In the southwestern part, the slope of the land increases significantly, reaching 25°. The maximum height of the dump is 306 m above sea level, and the minimum height is 396 m above sea level (the height amplitude is, therefore, 10 m).



Until 1992, the analyzed area of D-RS-1 was an industrial area actively used by a brickyard, the voids of which are visible on historical maps (Figure 2). Changes in this area took place in 1992, when the voids were filled with coal material, and thus, a coal-waste dump was constructed. The dump D-RS-1 was initially located, when its construction began, in a poorly urbanized area but was well-connected with both residential estates (by road) and mining plants (by rail). Over the past 20 years, this area has changed. First, a supermarket with a shopping arcade was built on the plots adjacent to the northern part. Then, on the eastern side, buildings belonging to the district court were built. In recent years, plots to the west of the dump were developed in preparation for a road to be built there: the so-called route N-S. Ultimately, the landfill site is now located in urban areas, near residential buildings and road infrastructure.



The coal-waste dump D-B-2 is characterized by a more diversified topography (Figure 3). The dump covers an elongated area on the NW-SE line. Its NE border is Szarlejka River, which flows at the foot of an elongated embankment made of coal materials. The embankment is 300-m-long and 30-m-wide. Its slopes have NE and SW exposure and have an angle of 50°. On the SW side, the embankment borders a thirty-meter plane, which is horizontally arranged and also made of coal waste materials. On the other side of the above-mentioned plane, there is a 2-m-deep depression in the ground. This marks the border between the coal waste and post-smelting materials. Post-metallurgical waste also forms a positive (convex) form, but it is more irregular. From the NE side, its slope reaches a height of 278 m above sea level and collapses at an angle of 60°.



The D-B-2 dump is part of a larger postindustrial area that is far away from urban areas and was used as a store for waste material as early as the 19th century. Initially, this part was used to transport materials from the mine, which is indicated by the railway connections to this place visible on historical maps (including a topographic map at a scale of 1:10,000 in the 1965 system from 1973–1988). In 2012, the Bytom road junction on the A1 highway and a part of this highway were commissioned near this area (they are located 300 m south of the area where the investigated dump will later be built). Some of the waste materials that constitute the postmining areas around the current dump were used in the construction.



The features of both selected facilities are summarized in Table 1.




3.2. Thermal Conditions


The measurements carried out in the field identified thermally active zones in both dumps. In the D-RS-1 dump, they are spotty (Figure 4). Fires are irregularly distributed throughout the analyzed area and have different temperature ranges. The warmest identified zones are in the northwest and west of the dump. The surface temperatures measured there reach +60 °C, with an air temperature of −2 °C. In the northern and eastern parts, the thermally active zones reach temperatures of +20–25 °C.



The heating zones in the D-B-2 dump are linear at the height of about two-thirds of the slope of the coal embankment (Figure 5). The highest temperatures were recorded in the southeastern part of the dump, on its southwestern slope. They reach values exceeding +60 °C. The northeastern slope shows weaker thermal activity.




3.3. Flora Diversity


One-hundred and fifty species of vascular plants were found in the area of both coal-waste dumps. The flora of D-RS-1 was represented by 33 families, 99 genera, and 124 species, while 30 families, 62 genera, and 73 species of vascular plants were found on the D-B-2 dump (Figure 6).



The number of species varied within the investigated objects (Table 2). In the case of the Brassicaceae family, the number of species in both sites was almost similar, despite the different ages of the dumps. However, in the case of Poaceae, the number of species in D-RS-1 was four times greater than in D-B-2. Despite the different number of species within the families, Asteraceae and Brassicaceae dominated in each analyzed site, respectively.



In terms of the geographical and historical spectrum of their flora, both dumps are dominated by plants derived from native natural habitats—apophytes occurring in anthropogenic habitats. In D-RS-1, they number 90 (i.e., over 72% of the entire flora), while in D-B-2, there are 57 species (78% of the entire flora). In turn, in both dumps, there is a much lower share of anthropophytes (archaeophytes, epherophytes, and kenophytes), which account for 22% of the flora (16 species) of the D-B-2 dump and almost 28% of the flora (34 species) of D-RS-1. In the area of the D-RS-1, reclamation took place, and then selected plant species were introduced there, including Populus alba, Robinia pseudoacacia, Cornus alba, and Sambucus nigra [70], which had an impact on the species richness in this area. Unfortunately, most of the specimens did not adopt the harsh conditions and were destroyed by thermal processes.




3.4. Vegetation Community in D-RS-1


From the vegetation mapping, 11 vegetation patches were distinguished, representing both forest-scrub and nonforest communities with different areas and degrees of density (Figure 7 and Figure 8). In the area where self-heating does not occur or has burned out, relatively compact communities are formed, often with the domination of one species. Nonforest communities with the occurrence and dominance of Erigeron annuus, Calamagrostis epigejos, and Solidago canadensis can be mentioned here. These are pioneering species in the initiation of spontaneous succession in postmining waste landfill sites, thanks to their morphological adaptations and wide ecological tolerance to the conditions in such a habitat. These communities are accompanied by species representing various socioecological groups, such as Artemisia vulgaris, Amaranthus retroflexus, Cerastium semidecandrum, Descurainia sophia, Echium vulgare, Erigeron acris, Erigeron canadensis, Jasione montana, Eragrostis minor, Poa annua, and others (Table S1).



Forest-scrub communities were distinguished, mainly patches of Populus-Salix (community XII), Robinia pseudoacacia (II), a tree stand of Betula pendula-Tilia cordata, and an artificial stand of Populus × canadensis (VI). An artificial hybrid poplar plantation was established during the reclamation of the dump and is of both landscape and ecological importance. The following species entered its periphery: Populus tremula, Tilia platyphyllos, T. cordata, Acer platanoides, A. pseudoplatanus, Quercus robur, Betula pendula, Salix fragilis, Sorbus aucuparia, Corylus avellana, and Padus serotina, pointing to the direction of succession being towards the forest.



Shrubs of Robinia pseudoacacia (VII and V) occupy a small surface area and are loose in structure, and therefore, their undergrowth is overgrown by Calamagrostis epigejos, Solidago canadensis, and Arctium lappa. They are nitrophilous species, forming communities on organic waste of ex-situ origin. Thickets of R. pseudoacacia are accompanied by clumps of Populus tremula, Salix caprea, Acer pseudoplatanus, Sambucus nigra, Pyrus communis, Crataegus monogyna, and Philadelphus coronarius. The origin of fruiting (Cerasus vulgaris, Padus serotina, Pyrus communis, and Prunus spinosa) and decorative species (Philadelphus coronarius, Deutzia scabra, and Rudbeckia laciniata) may be related to the allotment gardens adjacent to the dump on the east side of the site.



The largest part of the area is covered with by grass, forming meadows and covering over 75% of the entire dump (Table 3). A significant part is also covered by tree stands, i.e., over 12% of the area. The diversity of plant communities in this area is determined by the rate and frequency of fires, not only the morphology of the area. Since 2002, the plant cover on the dump has been subject to local damage, which is visible, among other places, in orthophotomaps from this year. The first visible zones without vegetation appear in the northern part of the dump and, then, in the following years spread to cover its other parts. These zones are distributed irregularly on the surface of the dump and differ in sizes. The investigated surface is relatively flat, and the presence of depressions here and there is associated with technical works aimed at preventing fires by applying a protective layer. A lot of water is collected in these depressions, and this is of significant (although local) importance in terms of the water conditions and in maintaining moisture in the substrate in such an extreme habitat for the development of photosynthetic organisms. It should be emphasized that, on the south side of the studied site, the studied area is surrounded by deciduous forest with a large share of clones, which is the genetic basis for succession on the dump.




3.5. Vegetation Community in D-B-2


The area of the investigated dump does not appear in the cartographic materials until 2011. It took its current form a year later. Over the following years, you can see the slow encroachment of vegetation into this area, but it is mainly concentrated in the southwestern part and at the foot of the northwestern slope of the coal embankment (on the Szarlejka River). Most of the dump is currently covered with low vegetation, 65.49% (Table 3). However, a large area of more than 19% remains without cover.



On D-B-2, communities with a dominance of Erigeron canadensis, Eupatorium cannabinum, Solidago virgaurea, and Calamagrostis epigejos were distinguished (Figure 9). The species composition of the communities is similar to those in D-RS-1. The communities of E. cannabinum and S. virgaurea deserve special attention, as they have colonized the recessed parts of the land on loose and fine-grained substrate. The height of the specimens reaches 170 cm; they grow in the form of tufts and show exceptional vitality, resulting from their development on a fine-grained fraction and with water flowing from the adjacent slopes. The substrate is additionally enriched by discarded organic waste. In the area of the dump, there are shrubs, both single and mixed, with the occurrence of pioneering tree and shrub species. The main scrubs to be mentioned are Populus × canadensis, Acer negundo, Populus tremula-Betula pendula, Populus tremula-Betula pendula-Salix caprea, Pinus sylvestris-Betula pendula, and Salix caprea. Some of the birch and willow thickets have been burnt or died off due to an active fire. In each of the investigated dumps, the ecological processes are similar but with a different intensity.



The D-B-2 dump differs from D-RS-1 in terms of age, fire rate, and relief, which has a significant impact on the rate and development of vegetation. Steep slopes (up to approx. 10 m in height), which are frequently eroded, do not favor the colonization process and are often completely devoid of vegetation cover (Figure 10). A similar situation is observed in depressions where there is no solar radiation. The bottom of the dump is highly composted; the overgrowing vegetation is low and does not form a compact turf when compared to the western part. In the area of this dump, communities are characterized by a loose structure and appear in the form of a mosaic. From the vegetation mapping, 10 patches of vegetation representing shrub and nonforest communities are distinguished (Figure 9).




3.6. Socioecological Diversity of Flora


Within the distinguished socioecological groups of the studied flora [64,65], a relatively high share of 36.9% (i.e., 27 species) in D-B-2 and 29.03% (i.e., 36 species) in D-RS-1 show a group of species from anthropogenic ruderal and segetal habitats (from classes Artemisietea, Stellarietea mediae, and Polygono-Chenopodietalia; Table 4). Groups of meadow species (class Molinio-Arrhentheretea) and grassland species (classes: Festuco-Brometea and Sedo-Scleranthetea) are clearly visible, especially in the D-RS-1 dump (Figure 11). The shares of deciduous forest species (classes: Querco-Fagetea, Alneta glutinosae) and coniferous habitats (Vaccino-Piceetea) are relatively low, accounting for a total of 15% in the D-B-2 dump and about 25% for D-RS-1. The syntaxonomic associations of the studied flora were defined at the level of 16 classes (the highest rank in the syntaxonomic taxonomy in phytosociology) and 18 orders (Table 4). These groups define species that grow together in natural and semi-natural conditions (except for anthropogenic habitats) due to common habitat requirements. In such an approach, the presence of species (especially the dominant species) representing particular groups on dumps indicates the presence of a diversity of habitats in the dumps that they colonize.



A clear difference can be observed in both dumps of different ages; this is indicated both by the difference (although slight) in the number of socioecological groups and the difference in the number of dominant species representing the distinguished groups (Figure 11).




3.7. The Raunkiær Plant Life-Forms


The analysis of the spectrum of lifeforms shows a clear dominance of perennial plants (Figure 12) in both sites: 46.7% (i.e., 58 species) in D-RS-1 and 67% in D-B-2 (49 species). The share of megaphanerophytes (14%, i.e., 18 species), nanophanerophytes (11.2%, 14 species), and therophytes (17.7%, i.e., 22 species) in the flora of D-RS-1 is greater than in the younger D-B-2 dump. In both dumps, as a result of self-heating (Figure 4 and Figure 5), habitats are often completely destroyed, which also affects the distribution of lifeforms.





4. Discussion


Mining leads to high urbanization in a very short time, attracting a large number of jobseekers. The scale of this migration leads to important environmental changes [9], which is also visible in the USCB, which is one of the most densely populated areas not only in Poland [71] but, also, in Europe. This requires the appropriate design and adaptation of the postmining landscape following the best technological practice and land development standards [72]. Implementing strict environmental protection measures helps to reduce ecological damage during coal mining and reverse so-called environmental injustice [2,9]. The changes that take place in postmining areas, including coal-waste dumps, prove that natural succession spontaneously recovers areas lost to industry. Even areas not subjected to planned reclamation, under favorable conditions, regain or assume their natural functions and environmental stability over time [73,74].



The effects of mining anthropo-pressure on the relief in the Upper Silesian Coal Basin are among the most serious in the world [48] and require appropriate management. In the case of coal-waste dumps, the negative effects mainly include problems with the stability of slopes, erosion, ground, and landscape disturbances, which may lead to changes in ecosystems and limit the possibilities of using these areas for economic purposes [23]. It is much more difficult to reduce these effects in the case of convex (positive) forms, such as dump D-B-2. This is due to the fact that conical and shaft forms are less stable than flat forms and are more susceptible to external factors and, thus, make the processes of the formation of ecological systems difficult (Figure 10). However, the difficulties resulting from the morphology of the site should not discourage people from taking action; land recovery and reclamation and the ecological restoration of dumps should be promoted, as should that of subsidence areas or areas of planned mines, all the more so as the ecological potential of the landscapes recreated later has proven [2,75]. Regardless of the original shape of the dump, nature, due to its properties, may, in time, integrate the reclaimed structure into the surrounding, undisturbed landscape [72].



Coal mining also changes the physical landscape of the coal basin [9]. The postmining landscape of the dumps can be left without management (e.g., D-B-2) or changed towards reclamation (e.g., D-RS-1). The types of reclamation are closely related to spatial planning, and the degree of interference depends on local needs [76]. The most important issue to consider when planning a reclamation is the type of development of the postmining site, since the costs of rehabilitation depend on the type of proposed development of the postmining site. The most common uses of postmining land currently include agriculture (grazing and crops), forestry, lakes (for various purposes), recreational areas, habitat protection areas, areas for industrial or construction activities, and areas for backfilling with other waste [23,77]. As reclamation progresses, landscape diversity and ecological stability increase [15]. Both investigated dumps fit perfectly into these trends: as an area surrounded by residential and service buildings, D-RS-1 complements this with recreational functions. On the other hand, D-B-2, as an integral part of a larger postindustrial area, is somewhat synchronized with the surrounding areas.



The self-heating phenomena that occur in dumps are undoubtedly a threat to the environment, society, and infrastructure. Contrary to appearances, however, they do not paralyze natural processes but only change their direction. Subsurface fires primarily lead to changes in the substrate, which, after the cessation of high temperatures, is quickly colonized by vegetation. The elevated temperatures also create completely different habitat conditions, attracting new species (thermophilic and xerophytic plants) and, thus, increasing biodiversity. Fires, despite their negative sides, can also be an impulse for completely different use of coal dumps. With appropriate protection, these objects can be an educational area or a geo-tourist attraction, such as the burning Emma dump in the Czech Republic [78]. This opens up new opportunities and a completely different view of the underestimated postmining heritage [79,80].



Spontaneous ecological succession can be considered a natural and optimal way of managing postmining dumps, and their process and direction depend primarily on the type of bedrock material (waste) and its properties [41,81,82,83]. Waste materials with a high content of organic matter and a small or medium fraction favor the colonization of vegetation [84,85]. This is due to high water capacity and soil aeration. In the area of the studied dumps, the stored material has a heterogeneous nature and is characterized by a significant amount of clay fraction, which does not favor the rapid formation of plant communities compared to wastelands with a fine-grained fraction [40].



In most territories of the investigated dumps, the process of overgrowing is spontaneously initiated by herbaceous plants of the Solidago canadensis and Calamagrostis epigejos species, often creating compact communities (D-RS-1). Apart from the aforementioned taxa, in the studied areas, during spontaneous succession, groups of species with anemochoric and anemogamous types of development, including those from the Asteraceae family, have a significant share. As in other postmining landscapes, in nonreclaimed areas, vegetation succession is mainly initiated by C. epigejos [47,86]. This is due to the production of a large amount of light and volatile seeds that facilitate their spread. In this way, they can be the first to colonize areas devoid of natural soil cover.



Ecological systems naturally encroaching or introduced into the landscape by a human slowly undergo spontaneous transformation due to natural succession and environmental disturbances [15]. The process of phytocoenosis formation in this area is closely related to the dynamics and frequency of fires. As a result, the formed communities are completely destroyed, and slow-progressing fires cause the vegetation to dry up. In the zone where fires have subsided, the substrate is characterized by good water–air conditions resulting from the dominance of the fine-grained fraction with a relatively loose structure of the substrate, in contrast to the areas with a larger fraction; hence, the species growing here (Lepidium ruderale and Reseda lutea) show a high viability in their morphology (branchy clumps). A similar situation is observed on anthropogenically loosened surfaces covered with organic waste, where the fertility and water–air conditions in the soil improve, which, in turn, contributes to quick settlement. For this reason, the species (Chenopodium album, Amaranthus retroflexus, and Verbascum thapsus) that develop here, similarly to the postfire zone, have extensive clumps and show high vitality. In most cases, herbaceous species differ morphologically (e.g., in growth and branching) from those growing in natural conditions. On exposed and sunlit clay surfaces in columnar forms (protected against erosion), some species (Hypericum perforatum and H. maculatum) take a branched form and reproduce in a vegetative manner, forming small rows due to the lack of available water, and here, they often die. In the initial stages of succession in fire and postfire zones, thread algae and bryophytes—mainly, Tortula ruralis—enter and consolidate the substrate, increasing its retention. The algae–moss crust is a potential substrate for new recruits on this surface.



The variety and species richness of the investigated coal-waste dumps correspond to other postindustrial areas in Poland and Europe, even though two relatively young, small-area dumps were taken into account. Research conducted by other authors confirmed the irregularity of plant communities, disturbed vegetation cycle, and problems with the absorption of introduced vegetation on burning coal-waste dumps. The spontaneous spread of species on a burning conical dump in Poland (the town of Czerwionka-Leszczyny) was also noticed by Zając and Zarzycki [87]. Their results confirmed changes in the vegetation in the vertical profile of the investigated object, including the complete absence of vegetation in the top part, which was also observed on D-B-2. Ciesielczuk et al. [34], while studying the burning dump in Katowice, observed mosaic-like plant communities similar to D-RS-1. Although the dump had a different shape (an asymmetric coal-pile), it was created at a similar time (1991–1996) and was subject to similar protection and reclamation processes (they were also unsuccessful). The reclamation of similar objects in Europe was more widely dealt with by Šebelíková et al. [88], who compared different methods of revegetation at several sites in Germany, the Czech Republic, and Hungary. Their analyses showed that spontaneous revegetation is as effective as forestry reclamation, differing only in the species richness of plants. A large number of vascular plant species have been found in the Czech Republic [89] and in the area of postmining dumps of Donbas; as a result of spontaneous succession, 260 species of vascular plants have been found there [90]. In Western Ukraine (Lviv-Volyn Basin), attention was paid to the problem of the plant reclamation of dumps, where, due to fire, the introduced species are not accepted (fire destroys the root system) [91]. On the coal-waste dumps of Upper Silesia, Rostański [41] lists 580 plant species, which is about one-fifth of the Polish flora species. Many studies presented the causes of diversity; the richness of species in the dumps surrounded by the city; and the agricultural, industrial, and forest areas. It was found that dumps in cities are richer in species, which is due to the considerable richness of the urban flora [42,92,93,94,95].




5. Conclusions


Coal-waste dumps, despite their thermal activity, are willingly and spontaneously inhabited by vegetation, but the way it enters and the way it covers the dump depends, on a large extent, on the shape of the dump, the way it is built, its exposure, and the development of the surrounding areas, as well as the course of thermal processes. Vegetation transformation in anthropogenic habitats is, to some extent, similar to natural and semi-natural habitats, but many aspects of vegetation development are specific only to anthropogenic habitats. Both of the analyzed sites were dominated by ruderal and meadow species belonging to the Artemisietea and Molinio-Arrhenatheretea classes related to the transformed habitats. The vegetation communities and flora diversity were conditioned not only by changes over time but, mainly, by the varieties of ecological niches of mosaic and micro-mosaic characteristics and the delivery of propagules from neighboring areas. In the coal-waste dumps, there are accumulations of mosaics of extreme habitats, which generate a different course of succession, and it is not easy to determine the final stages of vegetation development in these areas. Carrying out a comprehensive reclamation in this kind of area is very problematic due to dynamic thermal processes. Research has shown that, in the case of burning coal-waste dumps, the introduction of vegetation has no effect if the object is not adequately protected against fire development. In such a case, spontaneous succession is the only solution, which was also confirmed by the results of other authors.



Despite being an inseparable element of the landscape of coal basins, dumps have a huge impact on changes in the local landscape. They are very dynamic objects that, if properly managed, can enrich the landscape and make it more attractive and, at the same time, have a positive impact on the biodiversity.
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Figure 1. Location of the study area, where A: the investigated dumps (1: D-RS-1 and 2: D-B-2), B: the Upper Silesian Coal Basin (USCB) range, C: the state borders, and D: the main cities. 
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Figure 2. Historical cartographic data for the dump D-RS-1: 1a: clay pit in the 1990s, 1b: brickyard in the 1950s–1990s, 2: clay pit in the 1950s–1980s, 3: other buildings in the 1990s, 4: orthophotomaps range, 5: surface water in the 1990s, 6: roads in the 1990s, and 7: railways in the 1900s. 
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Figure 3. Historical cartographic data for the dump D-B-2: 1: waste dumps (a: 1930s and b: 1990s), 2: orthophotomaps range, 3: surface water in the 1990s, 4: roads in the 1990s, 5: railways in the 1990s, and 6: other landmarks in the 1990s. 
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Figure 4. Thermal map (29 March 2019) and infrared photo (2 November 2019) of the D-RS-1 coal-waste dump. 
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Figure 5. Thermal map (29 March 2019) and infrared photo (9 July 2020) of the coal-waste dump D-B-2. 






Figure 5. Thermal map (29 March 2019) and infrared photo (9 July 2020) of the coal-waste dump D-B-2.



[image: Land 10 00023 g005]







[image: Land 10 00023 g006 550] 





Figure 6. The number of species, genera, and families in the analyzed flora. 
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Figure 7. Vegetation map (A) on the orthophotomap (29 March 2019) and altitude profile (B) of the D-RS-1 coal-waste dump: I: mixed community with Erigeron annuus, Calamagrostis epigejos, and Solidago canadensis; IA: initial form of community near the fire zone; II: community with Robinia pseudoacacia; III: community with Rubus caesius; IV: community with Verbascum thapsus; V: community with Solidago canadensis and Robinia pseudoacacia; VI: stand with Populus × canadensis; VII: community with R. pseudoacacia; VIII: community with R. pseudoacacia and Pinus sylvestris; IX: community with Phragmites australis; X: community with Populus tremula, Salix caprea, and S. fragilis; XI: community with Phragmites australis-Solidago canadensis; and F—thermally active zones without plant cover. 
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Figure 8. Plant cover on the coal-waste dump in D-RS-1 (11 June 2019): (A) a patch of Verbascum thapsus (see Figure 7—community IV), (B) Lepidium ruderale (Figure 7—F), (C) the zone with a fire surrounded by the community with Erigeron annuus (Figure 7—I), and (D) young specimens of Pinus sylvestris in the self-heating zone (Figure 7—VIII). 
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Figure 9. Vegetation map (A) on the orthophotomap (29 March 2019) and altitude profile (B) of the D-B-2 coal-waste dump: I: loose community with Eupatorium cannabinum and Solidago canadensis, Ia: dense community with Eupatorium cannabinum and Solidago canadensis, II: loose community with Calamagrostis epigejos, IIa: dense community with Calamagrostis epigejos, III: scrub with Populus tremula-Betula pendula-Salix caprea, IV: community with Deschampsia ceaspitosa, V: community with Calamagrostis epigejos and Reseda lutea, VI: stand with Pinus sylvestris and Betula pendula, VII: scrub with Urtica dioica, VIII: stand with Salix fragilis, IX: destroyed stand with Betula pendula, X: scrub with Erigeron annuus, and N—zones without plant cover. 
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Figure 10. Plant cover on the coal-waste dump in D-B-2: (A) dense patch of Eupatorium cannabinum (28 July 2020; Figure 9—Ia), (B) a loose patch of Hypericum perforatum and Erigeron annuus (28 July 2020; Figure 9—I), (C) loose sod at the bottom of the dump (09 July 2020; Figure 9—II), and (D) destroyed community with Betula pendula (30 October 2019; Figure 9—IX). 
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Figure 11. The number of species within the socioecological groups: L: forest species, LK: meadow species, M: grassland species, NS: rocky species, O: fringe species, RD: ruderal species, S: salt marsh species, SG: agriculture weeds, and W: a rush and aquatic species. 






Figure 11. The number of species within the socioecological groups: L: forest species, LK: meadow species, M: grassland species, NS: rocky species, O: fringe species, RD: ruderal species, S: salt marsh species, SG: agriculture weeds, and W: a rush and aquatic species.



[image: Land 10 00023 g011]







[image: Land 10 00023 g012 550] 





Figure 12. The species number contributions of Raunkiær’s lifeforms: C: woody chamaephytes, G: geophytes, H: hemicryptophytes, M: megaphanerophytes, N: nanophanerophytes, and T: therophytes. 
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Table 1. The features of the investigated coal-waste dumps.
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	D-RS-1
	D-B-2





	Location
	Ruda Śląska (within settlements)
	Bytom (abandoned land)



	Year of construction
	1992
	2010



	Type of waste
	coal waste
	coal, metallurgical and municipal waste



	Size
	9.6 ha
	whole dump 5.1 ha, coal part about 2.5 ha



	Shape
	flat
	complex



	Former land use
	brickyard Bielszowice
	postmining settlers



	Management
	partially reclaimed
	uncontrolled



	Dumping technology
	filling the voids left by the brickyard excavation with rail transport; stored material divided by insulation layers
	truck, gravity dumping



	Reclamation
	soil layer and plant introduction
	no reclamation



	Intended land use
	partly recreational, partly postindustrial
	postindustrial



	Real land use
	recreational, transit zone
	postindustrial, recreational



	Thermal situation
	active
	active



	Colonization
	dense
	loose
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Table 2. The number and percentage share of the species in the selected families.
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Families

	
D-RS-1

	
D-B-2




	
Number of Species

	
(%)

	
Number of Species

	
(%)






	
Asteraceae

	
21

	
16.90

	
15

	
20.50




	
Brassicaceae

	
15

	
12.09

	
12

	
16.40




	
Leguminosae

	
7

	
5.64

	
3

	
4.10




	
Poaceae

	
14

	
11.29

	
3

	
4.10




	
Rosaceae

	
12

	
9.67

	
5

	
6.84




	
Salicaceae

	
7

	
5.64

	
3

	
4.10




	
Share from the total flora

	

	
61.16

	

	
56.04
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Table 3. Share of the individual types of land cover (29 March 2019).
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Land Cover

	
D-RS-1

	
D-B-2




	
(M2)

	
(%)

	
(M2)

	
(%)






	
Forest and tree stand

	
11,736.92

	
12.17

	
5711.83

	
11.23




	
Meadow and grassland

	
73,077.62

	
75.75

	
33,297.48

	
65.49




	
No cover

	
4799.76

	
4.97

	
9681.30

	
19.04




	
Roads

	
4695.04

	
4.87

	
2155.85

	
4.24




	
Others

	
2157.36

	
2.24

	
-

	
-




	
Summary

	
96,465.78

	
100.00

	
50,846.46

	
100.00
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Table 4. Syntaxonomic affiliation of flora at the level of classes and orders.
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	Class
	D-RS-1
	D-B-2





	Querco-Fagetea, Alneta glutinosae
	2
	1



	Artemisietea
	11
	6



	Chenopodietea
	1
	0



	Epilobietea angustifolii
	1
	2



	Festuco-Brometea, Sedo-Scleranthetea
	6
	2



	Molinio-Arrhenatheretea
	11
	6



	Nardo-Callunetea, Sedo-Scleranthetea
	1
	2



	Phragmitetea, Alneta glutinosae
	1
	1



	Querco-Fagetea
	8
	3



	Rhamno-Prunetea
	7
	2



	Salicetea purpureae
	9
	2



	Sedo-Scleranthetea
	1
	0



	Stellarietea mediae
	10
	4



	Trifolio-Geranietea
	1
	1



	Vaccino-Piceetea, Querco-Fagetea
	3
	2



	Order
	D-RS-1
	D-B-2



	Arrhenatheretalia elatioris
	7
	5



	Atropetalia, Onopordetalia
	1
	2



	Caricetalia nigrae
	1
	1



	Centauretalia cyanii
	1
	2



	Convolvuletalia sepium
	6
	2



	Corynephoretalia, Arrhenatheretalia
	7
	5



	Eragrostetalia
	2
	2



	Fagetalia sylvaticae
	5
	4



	Glechometalia hederaceae
	0
	1



	Molinietalia caeruleae
	2
	2



	Nardetetalia
	1
	0



	Onopordetalia acanthii
	1
	3



	Polygono-Chenopodietalia
	2
	2



	Quercetalia pubescentis
	4
	2



	Sisymbrietalia
	2
	2



	Trifolio fragiferae-Agrostietalia stoloniferae
	0
	2
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