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Abstract

:

The study was performed on two former sulphur mines located in Southeast Poland: Jeziórko, where 216.5 ha of afforested area was reclaimed after borehole exploitation and Machów, where 871.7 ha of dump area was reclaimed after open cast strip mining. The areas were characterized by its terrain structure and vegetation cover resulting from the reclamation process. The types of reclamation applied in these areas were forestry in Jeziórko and agroforestry in the Machów post-sulphur mine. The study investigates the possibility of applying the most recent Sentinel-2 (ESA) satellite imageries for land cover mapping, with a primary focus on detecting and monitoring afforested areas. Airborne laser scanning point clouds were used to derive precise information about the spatial (3D) characteristics of vegetation: the height (95th percentile), std. dev. of relative height, and canopy cover. The results of the study show an increase in afforested areas in the former sulphur mines. For the entire analyzed area of Jeziórko, forested areas made up 82.0% in the year 2000 (Landsat 7, NASA), 88.8% in 2009 (aerial orthophoto), and 95.5% in 2016 (Sentinel-2, ESA). For Machów, the corresponding results were 46.1% in 2000, 57.3% in 2009, and 60.7% in 2016. A dynamic increase of afforested area was observed, especially in the Jeziórko test site, with the presence of different stages of vegetation growth.
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1. Introduction


Data sets collected using remote sensing technologies, and processed and integrated into Geographic Information Systems (GIS), can be used to derive 2D and 3D spatial information, a useful tool in land management, forestry, or the reclamation of degraded areas. They are an irreplaceable source of knowledge about changes taking place in the environment, particularly with natural processes resulting from both climatic conditions and anthropogenic factors [1].



Mine workings, as post-industrial landscapes, are examples of land transformation. In Poland, there are many areas where the landscape has changed due to mining or other industrial activities [2,3,4,5,6,7]. National regulations require that all mined lands, whether for coal or other minerals, receive reclamation treatments as soon as possible after mining ceases. The monitoring of forested regions in post-industrial areas is an important and up-to-date issue [8,9,10,11], mainly in terms of the assessment of reclamation results.



Spatial information is the basis for undertaking analyses and provides support in decision-making processes. Current trends and ideas help to pursue improvements and to introduce novel techniques including geoinformation technologies, mainly those used for the monitoring of land use and land cover (LULC) changes, as well as morphometric characterization and determining the spatial structure of vegetation in reclaimed post-mining areas. The aim of this research was to test the possibilities of using the latest publicly available satellite imageries acquired by Sentinel-2 European Space Agency (ESA) for LULC classification, primarily for determining and monitoring the vegetated areas of former sulphur mines. Using Sentinel-2 (ESA) imageries opens up new possibilities [12,13,14], mainly due to its better ground (GSD—Ground Sampling Distance) and spectral resolution, comparing to existing satellite sensors like Landsat 8 (NASA).



Its images are delivered by the ESA and the European Commission, within the structure of the Copernicus programme. The mission consists of launching two satellites, Sentinel-2A and Sentinel-2B, at a height of 705 km into the same orbit, at 180° from each other, with an orbital slope of 98.5°. Sentinel-2A was put into orbit in 2015 and Sentinel-2B in 2017. Both satellites are equipped with modern multispectral scanners with a high resolution 13 spectral bands with resolutions of 10 m, 20 m, and 60 m (GSD). The repetition interval for satellite one is 10 days and 5 days for satellite two. Images from Sentinel-2 represent a new resource and free products with improved parameters for field resolution.



Airborne laser scanning (ALS) point clouds were used to obtain precise spatial information (2D and 3D) on the vegetation structure. ALS, a type of light detection and ranging (LiDAR) technology, offers possibilities for collecting 3D information (point clouds). ALS technology allows the definition of many indices, characterising various aspects of vegetation and provides possibilities for monitoring land cover dynamics [15,16,17,18,19,20,21]. Filtration and classification of the point cloud leads to the production of very precise information about the terrain, generating Digital Terrain Models (DTM), Digital Surface Models (DSM), and normalized Digital Surface Models (nDSM) to represent approximated surface objects [22]. Processing ALS point clouds allow the spatial characteristics of the vegetation to be determined, i.e., its structure [23,24,25,26,27]. The use of processed ALS data allows for an objective and relatively accurate assessment of the spatial structure of vegetation growing over reclaimed areas, e.g., its height above ground level (AGL) and canopy cover.




2. Materials and Methods


The study areas were the former sulphur mines of Jeziórko (50°32′ N; 21°47′ E) and Machów (50°29′ N; 21°36′ E), located in Southeast Poland (Figure 1a), in the Podkarpacie voivodeship, Tarnobrzeg county, in the municipality of Grębów. According to the physico-geographical regionalization of Kondracki [28], the area is in the mesoregion of the Tarnobrzeg Plain, in the Sandomierz Basin macroregion. The area of the Sandomierz Basin macroregion is mainly made of Pleistocene sands and Holocene alluvial mud, under which there is a Miocene sulphur layer. The region has an average annual temperature of +8.2 °C (−1.6 °C in January and +18.7 °C in July) and the average annual precipitation ranges from 550–650 mm. The growing season lasts for 200–220 days per annum [29].



The sulphur deposit in Tarnobrzeg county was discovered in 1953 and the subsequent mining area incorporated mines in Osiek, Machów, Jeziórko, and Grzybów [5,7]. The deposit was estimated at 560 million tons, which constituted about 75% of Poland’s resources [30]. However, the poor national economic situation, the world economic crisis, and the arrival of new technology enabling cheaper sulphur to be obtained from the flotation process meant that the extraction of Polish sulphur ceased to be profitable, resulting in the closure of the mines. Over many years, the exploitation of sulphur contributed to the devastation of the environment and after this ended, reclamation works, individually adjusted to the specifics of each mine, began in earnest.



The Jeziórko mine was in operation from 1967 to 2001 and was the largest borehole mine for sulphur. The borehole method involves pumping in water at a high temperature (140–160 °C) and taking melted sulphur to the surface using a pneumatic lift. Reclamation works started in 1993 and in this case, a forest and ecological type of recovery was considered appropriate. This direction for reclamation suited the ordinates of the mining area’s surface, which dominated over the water table’s ordinates by several metres. The formation of flooded areas became possible because of the subsidence troughs that remained after excavation as well as the introduction of a diverse composition of tree species [31,32,33,34].



In 1968, the Machów sulphur mine was the fourth established mine in the area, and operated until 1992. Open-cast and flotation-refining methods were applied to extract sulphur from the deposit [30]. The reclamation of the Machów sulphur mine spoil dump began in 1976 and lasted until 1998. An agricultural/forest type of reclamation was carried out, covering an area of 871.7 ha. Scarps, hilltops, and broad shelves between scarps were crafted onto the spoil dump. Afforestation took place on the scarps and various species of trees and shrubs were introduced. In the remaining sections, agricultural reclamation was carried out and alfalfa and grasses were sown. After four years, other annual plants were introduced: Spring barley, fodder beet (cultivated on manure), winter wheat, and annual ryegrass [35].



The study was performed on parts of the former sulphur mines in Jeziórko (Figure 1b) and Machów (Figure 1c). For the Jeziórko sulphur mine, this included 216.5 ha of afforested area reclaimed after borehole exploitation and for the Machów sulphur mine, this included 871.7 ha of dump area reclaimed after open-cast strip mining.



The study was based on the following data set:

	
Sentinel-2 image (Sentinel-2A, 8 August 2016, source: ESA);



	
Airborne laser scanning point clouds (source: Head Office of Surveying and Cartography) from the ISOK project (pl. Informatyczny System Osłony Kraju przed nadzwyczajnymi zagrożeniami)—the IT System for the Protection of the Country. From ISOK, the products used were ALS LiDAR point clouds, delivered to almost the entirety of Poland. For the research areas, the point cloud density was 6 pts/m2 (acquired in 2012);



	
Cadastral data (source: Geoportal and webEWID portal).








The Sentinel-2 satellite image was downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu). The spectral bands: Blue (B), Green (G), Red (R), and Near Infrared (NIR) were obtained with a 10 m GSD. The preliminary processing was carried out using SNAP (Sentinel Application Platform) software (open-source software, ESA). Linear spreading histograms were created and color compositions RGB and CIR (Color InfraRed) were prepared in ILWIS (Integrated Land and Water Information System) open-source software. The main stage involved generating the supervised (pixel-based) classification of the Sentinel-2 (ESA) image. During field work, the training areas (AOI—Area of Interest) were established using Spectra Precision GNSS (Global Navigation Satellite Systems) receiver and a photointerpretation key for RGB and CIR Sentinel-2 color composition was prepared. For each study area, groups of pixels were defined as an AOI for each LULC class—for Machów, the total number was almost 600 pixels, and for Jeziórko it was around 350 pixels. The supervised (pixel-based) image classification was performed using the Minimum Distance algorithm (ILWIS). An assessment of the classification results was carried out using the Confusion Matrix function (ILWIS), defining the parameters for average accuracy (AA), average reliability (AR), and overall accuracy (OA). The error matrix compares the reference pixels to the classified points. The reference pixels were based on validation points from the test areas (not including the training areas). For each class, validation points (a group of pixels) were defined and the total number for Machów was around 2300 pixels, and for Jeziórko almost 600 pixels.



For the Sentinel-2 (ESA) image classification result, a generalization process was used with the Boundary Clean and Majority Filter function (ArcGIS, Esri). These tools were used to generalise the edges of zones in a raster. The edges were smoothened to varying degrees, either by expanding and shrinking boundaries, or by growing or shrinking zones based on the values within the neighbourhood of individual locations. It should be noted that zones with smaller areas were incorporated into the larger areas’ zones (ArcGIS, Esri).



Finally, the results were converted from a raster to a vector layer in order to compare it to the results of a photointerpretation and on-screen vectorization orthophoto. The Sentinel-2 (ESA) classification results were also compared with previous studies [36]—the classification of Landsat 7 (NASA; 2000) and Landsat 8 (NASA; 2013) images. The participation of individual LULC classes in the research areas was calculated with a polygon tool to calculate each area. The aim was to obtain information about the progress of the forestation process in the reclaimed research areas.



To obtain information about the spatial characteristics of vegetation, airborne laser scanning point clouds were used. The processing of ALS point clouds started by generating: DTM based on the automatic approximation of the points of the ‘ground’ class, DSM based on points from the other classes, and nDSM, where the relative height (AGL) is determined as the difference between the absolute altitude (MSL—Mean Sea Level) of a given point and the place found exactly under this point on the DTM surface. DTM and DSM model generation was performed using the GridSurface Create and Canopy Model functions in FUSION Version 3.50 (McGaughey, Pacific Northwest Research Station) [37]. The nDSM (difference: DSM–DTM) model was generated as a raster (Grid) in ArcGIS (Esri) using Map Algebra. ALS point clouds were also used to obtain precise information about the structure (2D and 3D) of vegetation. Using FUSION software, the vegetation’s height was calculated (GridMetrics and CloudMetrics functions) [37] as the value of the 95th percentile of the ALS point cloud’s relative altitude, indicating a height below 95% of the whole analyzed points’ population. This quantile is often used in the calculation of a tree’s height in airborne laser scanning data [38]. The std. dev. of height and canopy cover (value: 0%–100%) [37] was also calculated.




3. Results


The results of the Sentinel-2 (ESA) image classification are presented in Figure 2. The assessment parameters have the values: For Jeziórko—AA = 86.17%, AR = 87.73%, and OA = 90.54%; for Machów—AA = 95.13%, AR = 95.28%, and OA = 96.82%. The results of the Sentinel-2 (2016) image classification were compared with previous studies of these areas [36]—the results of Landsat 8 (2013) image classification (Figure 3), the results of the photointerpretation and on-screen vectorization orthophoto (2009, Figure 4), and the results of Landsat 7 (NASA; 2000) image classification (Figure 5). The results obtained from the classification of Sentinel-2 (ESA) images gave satisfactory graphical results, better than that of Landsat 7 and Landsat 8 image classification.



Detailed information about the participation of individual LULC classes is given in Table 1 for Jeziórko and in Table 2 for Machów. The results of Landsat 7 (2000), Landsat 8 (2013), Sentinel-2 (2016) image classification, and on-screen vectorization orthophoto (2009) are presented [36].



Based on the results of Sentinel-2 image classification and previous studies [36], the following was established for forested areas (the total value of LULC classes: Coniferous Forest, Broad-leaved Forest, and Transitional Woodland Shrub):

	
Jeziórko constituted 82.0% of the analyzed area in the year 2000, 88.8% in 2009 (showing a 6.8% difference between 2000 and 2009), and 95.5% in 2016 (a 6.5% difference between 2009 and 2016);



	
Machów constituted 46.1% of the analyzed area in the year 2000, 57.3% in 2009 (showing an 11.2% difference between 2000 and 2009), and 60.7% in 2016 (a 3.4% increase from 2009).








The analyzed results of the former sulphur mine areas, showed a spatial range increase in forested areas from 2000 to the present (i.e., the total value of Coniferous Forest, Broad-leaved Forest, and Transitional Woodland Shrub classes), which are presented in Figure 6.



Table 1 and Table 2, and Figure 6 show a dynamic increase in the forested areas. Jeziórko is almost fully covered by forested areas. For Machów, forested areas are the most dominant LULC classes but there are also important agricultural lands; arable lands and pastures covered a total of 38.7% of the analyzed area.



For the Jeziórko area, we can see that the vegetation is at different stages of growth and therefore, it is important to obtain more information about its spatial characteristics. The results of using ALS point clouds for deriving precise information about the height of vegetation (95th percentile) and its std. dev. are presented in Figure 7 and the canopy cover is shown in Figure 8. These parameters, generated based on ALS point clouds, allow for objective and relatively accurate assessments of the spatial structure of the vegetation growing in the area. Parameters from processed LiDAR point clouds suggest that the variation in the height of vegetation and canopy cover (LULC classes: Coniferous Forest, Broad-leaved Forest, and Transitional Woodland Shrub) occurs due to the effect of heavy degradation in this area. Graphical and spatial views of the area’s vegetation structure showed differences in vegetation growth that could not be observed using satellite images alone.




4. Discussion


Reclaimed areas were characterised by a high dispersion of land cover classes, but Sentinel-2 images allowed the correct identification of LULC classes. The results of the Sentinel-2 images’ classification were satisfactory, indicating that it is reasonable to automate the process of the classification of land cover and monitor the increase in forested areas based on them. According to papers on using Sentinel images [12,39,40,41,42,43] and preparing terrain information about reclaimed areas using remote sensing data [10,36,44,45,46,47], research has confirmed the possibility of using Sentinel-2 images for LULC change detection and the monitoring of vegetated areas in reclaimed areas. The essence of this study was to indicate the methodology for the common and widespread detection of LULC class changes and the increase of forested areas’ spatial range based on the newest, generally available satellite imagery—Sentinel-2. For these reasons, in this study, the supervised (pixel-based) classification method was used. More advanced methods such as Geographic Object Based Image Analysis (GEOBIA) [48,49] and other classification methods could also be applied. Using the GEOBIA method for monitoring LULC classes for reclaimed areas was the subject of previous studies [36,50]. GEOBIA could provide better results but requires specialised software and user knowledge. Additionally, results depend on the image’s pixel size. For detecting small LULC changes, the most important method is field-based observation, for training areas (AOI) and for results and validation.



Current LULC classes at the Machów and Jeziórko former sulphur mines, based on Sentinel-2 (ESA) image processing, confirmed there has been an applied type of reclamation in both these areas. This was forestry for Jeziórko and agroforestry for Machów. The Jeziórko area is now almost fully covered by Coniferous forest, Broad-leaved forest, and Transitional woodland shrub with significant participation of LULC classes. At Machów, forested areas (Broad-leaved Forest and Transitional Woodland Shrub) have the largest value but there are also important agricultural lands—Arable Lands and Pastures.



According to previous studies on Jeziórko and Machów, particularly for the Jeziórko area, an increase in forested areas was shown [36,45]. For Jeziórko, a test site analysis of ALS point clouds suggests a significant variation in the height of vegetation and canopy cover. Jeziórko was a heavily degraded area, in which there are still the remains of sulphur mines and a graphical and spatial view of the vegetation structure shows differences in vegetation growth. This indicates an ongoing process of vegetation development, as an effect of the reclamation treatment for this area [29,33,34].




5. Conclusions


The current availability of spatial data obtained with remote sensing technologies provides access to objective and precise information about the surrounding environment. It may be possible to use these geo-data to determine indicators that show the spatial range and structure of vegetation. Remote sensing data allow to build-up time series about LULC classes of reclaimed areas, including areas of dynamically-forming forested areas.



Using Sentinel-2 imageries opens up new possibilities in monitoring the progress of afforestation over any time interval, which is an important aspect in any assessment of the results of reclamation. The application of orthophotos or airborne photos was limited, due to the scarcity of these materials. The availability of Sentinel-2 images and automated procedures for processing, including classification, offers possibilities for monitoring reclaimed areas, especially as the results are highly accurate, and can enable land cover classification for any time interval and permit analysis of LULC changes.



ALS LiDAR technology provides detailed spatial information, allowing for the description of the spatial structure of the vegetation growing on the reclaimed surface. It can provide information about biometrical features, including the height of trees, their biomass and volume, the number per unit area, the density and length of their crowns, the area occupied by vegetation patches and their spatial distribution, and many other features describing the vegetation in greater or lesser detail.



The obtained results may be valuable in the context of the implementation of putting usage remote sensing into practice for monitoring spatial and temporal changes. This is an important ecological issue when examining reclaimed surfaces.
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Figure 1. Location of the 2 study’s areas: (a) Overview map of Poland (aerial orthophoto 2012, coordinates system PL-1992), (b) Jeziórko study area, (c) Machów study area Sentinel-2 (ESA), RGB color composition, red line—boundaries of study areas. 
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Figure 2. Land use and land cover (LULC) classes—the results of Sentinel-2 (2016) image classification: (a) Jeziórko and (b) Machów. 
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Figure 3. LULC classes—the results of Landsat 8 (2013) image classification [36]: (a) Jeziórko and (b) Machów. 
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Figure 4. LULC classes—the results of photointerpretation and on-screen vectorization of aerial orthophoto (2009) [36]: (a) Jeziórko and (b) Machów. 
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Figure 5. LULC classes—the results of Landsat 7 (2000) image classification: (a) Jeziórko and (b) Machów. 
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Figure 6. Increase in forested areas in Jeziórko and Machów areas. 
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Figure 7. Jeziórko test site—ALS point clouds processing results: (a) The relative height of vegetation, calculated as a 95th percentile, (b) std. dev. of height. 
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Figure 8. Jeziórko test site—ALS point clouds processing results: Canopy cover (0%–100%). 
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Table 1. Distribution (%) of LULC classes in the Jeziórko research area.
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	LULC Classes
	Landsat 7 2000
	Orthophoto 2009
	Landsat 8 2013
	Sentinel-2 2016





	Mineral extraction sites
	17.5
	2.0
	2.6
	1.2



	Transitional woodland shrub
	70.8
	13.4
	15.7
	18.3



	Broad-leaved forest
	8.2
	53.4
	52.3
	52.6



	Coniferous forest
	3.0
	18.9
	25.8
	24.6



	Mixed forest
	-
	3.1
	-
	-



	Waters
	0.5
	2.4
	3.6
	3.4



	Other classes
	-
	6.8
	
	-
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Table 2. Distribution (%) of LULC classes in the Machów research area.
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	LULC Classes
	Landsat 7 2000
	Orthophoto 2009
	Landsat 8 2013
	Sentinel-2 2016





	Arable lands
	31.7
	29.5
	30.5
	26.5



	Pastures
	22.0
	4.2
	18.4
	12.2



	Transitional woodland shrub
	-
	19.6
	-
	17.6



	Broad-leaved forest
	44.1
	37.2
	49.1
	41.4



	Coniferous forest
	2.0
	0.5
	1.4
	1.7



	Waters
	0.2
	0.4
	0.6
	0.6



	Other classes
	-
	8.6
	-
	-
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