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Abstract

:

Since the 1990s, many peatlands that were drained for peat extraction and agriculture in Russia have been abandoned with high CO2 emissions and frequent fires, such as the enormous fires around Moscow in 2010. The fire hazard in these peatlands can be reduced through peatland rewetting and wetland restoration, so monitoring peatland status is essential. However, large expanses, poor accessibility, and fast plant succession pose as challenges for monitoring these areas without satellite images. In this study, a technique involving multispectral satellite data was used to identify six land cover classes that meet the requirements for peatland monitoring using the Meschera National Park as the testing area. This park is the largest area of once-exploited and now rewetted peatlands. However, data from one scanner are often insufficient to successfully implement this technique. In this study, we compared the land cover classifications obtained by using data from Spot-5, Spot-6, Landsat-7, Landsat-8, and Sentinel-2 satellites. The Spot-6 data were insufficient, despite having a higher spatial resolution, due to the lack of a shortwave infrared (SWIR) band. The high classification accuracy attained using data from other sensors enabled their combined use to provide an acceptable accuracy in the final product. The classification results were compared using minimum distance Erdas Imagine and the object-oriented ScanEx Image Processor, and the classification accuracy was similar between satellite images, which facilitates the transition from one method to another without quality loss. The proposed and tested approach can be used to analyze the status of abandoned and rewetted peatlands in other locations for the inventory and prioritization of sites for rewetting and restoration, monitoring status changes, and assessing restoration efficacy. The comparability of the data from different sensors allows for the combination of classified images and creates new possibilities for time series analysis.
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1. Introduction


Peatlands are wetland ecosystems characterized by the accumulation of organic matter (peat) derived from dead and decaying plant material under high water saturation [1,2]. The water, plants, and peat in peatlands are strongly interconnected. If any of these components are altered, the nature of the peatland changes. Being found in almost all geographical areas, peatlands are especially abundant in areas such as the boreal regions of Canada, Sweden, Finland, and Eastern European countries, including Russia [2]. Even though peatlands occupy only 3% of the earth’s surface [3], peatlands are important for the environment as they play a key regulating role inmany natural processes [1]. Peatlands are the most efficient terrestrial ecosystem in terms of carbon storage; however, they are a growing source of greenhouse gas (GHG) emissions after degradation [2,4,5,6]. Degradation of drained peatlands and peat fires are important sources of greenhouse gases that contribute to climate change [7]. Therefore, the rewetting of unused drained peatlands and mire restoration are recognized as the most important measures to re-establish a range of mire ecosystem services, including their contribution to climate stability [3,8,9] and biological diversity [10,11,12]. Covering less than 0.3% of the earth’s surface, drained peatlands produce 5% of the global carbon dioxide (CO2) emissions [13].



Peatlands cover over 8% of Russia’s land surface, and combined with shallow peat lands, account for over one-fifth of Russia’s territory [14,15,16]. In some regions such as northern European Russia or West Siberia, peatlands are more than one–third of the land surface [17]. Russia contains a considerable proportion of Europe’s peatlands [18]. However, the peatlands in central, western, and northwestern European Russia have been considerably transformed by human economic activities throughdrainage for peat extraction, agriculture, and forestry [19,20]. A total of 850,000 to 1,500,000 ha of mires were affected by peat extraction in Russia throughout the 20th century [17,20]. Peat extraction, especially if completed by milling, which is the most common industrial peat production method [5], has had the greatest impact on peatlands. Wet extraction methods such as excavation leave behind waterlogged pits that gradually turn to mires. In comparison, milling involves intensive drainage of the production field, which may be used continuously for 15 or more years. Previously, peat deposits had to be re-cultivated for farming, forestry, etc. However, the non-recultivated cutover peatlands have continued to increase with the output of peat, reaching a peak in the 1970s and 1980s. By the early 1990s, some 250,000 ha were still being exploited, primarily using the milling method [17]. Later, with economic changes and the decline in the peat industry, large areas of half-depleted milling fields were abandoned without re-cultivation.



Abandoned drained peatlands are inhospitable for plants, given the intensive degradation, water and wind erosion, and peat decomposition with emissions of carbon dioxide into the atmosphere. The probability of peat fires is highest in these areas [21,22], including in the boreal and other climatic zones of the country [23]. Fires could occur more frequently due to climate change [10]. The fires are mostly concentrated in central European Russia, with the most fires and highest fire hazard in the Moscow region, evidenced by the severe peat fires in 2002 and 2010 [22,24]. Abandoned peatlands that were drained for peat extraction or agriculture have become the most acute peatland–related environmental problem in the country [20], contributing to climate change progress [2,10], placing Russia among the countries with the highest CO2 emissions from these sources [13].



Rewetting could return peatlands to a waterlogged state, which reduces the risk of fires and peat oxidation [3], and initiates the mire restoration process. The prevention of peat fires is the main driver of peatland restoration in Russia [22]. After the extensive fires in 2010, Moscow Province implemented the northern hemisphere’s most ambitious rewetting project for over 70,000 ha of fire hazardous peatlands from 2010–2013 [25]. However, hundreds of thousands of hectares of abandoned peatlands remain. Reasonable methods are needed to assess and monitor the peatland condition and fire hazard status, to support restoration prioritization, and to test the effectiveness of rewetting and restoration measures.



Degraded peatlands often cover large areas (hundreds to thousands of hectares), are scattered, difficult to access, and are characterized by multi-speed land and vegetation cover dynamics. Rewetting triggers the restoration succession of vegetation with more pronounced fluctuations and spatial differences. To assess the effectiveness of mire restoration, which could take years, long-term monitoring is required. Only multispectral satellite remote sensing data (RSD) can meet these requirements and provide an assessment of the area with a frequency of at least one to two times over the summer period.



Various remote sensing data (RSD) have been used in wetland research [26,27], including multispectral RSD. Specific features in multispectral RSD have been used for wetland assessment, including high spectral and spectral variability, and the influence of water on the spectral characteristics of vegetation and their temporal changes [28,29]. These specific features are related to human-disturbed rewetted and restored peatlands. However, few studies have addressed this use of data [30,31,32].



Previously, we developed and tested the classification of land and vegetation cover that allows the assessment of the potential fire hazard of a peatland area, as well as changes after rewetting and restoration, based on Landsat-5 TM and Landsat-7 ETM+ data [33], and which has been used to monitor different human-disturbed and restored peatlands [22]. However, while monitoring groups of peatlands within a larger territory, it was found that they were rarely covered by one type of remote sensing data (RSD) source and thus acombination of RSD from different scanners is required. The ability to cover studied territory also depends on the swath width of using RSD, e.g., the swath width for Landsat-5, -7, and -8 is 185 km; for Sentinel-2, it is 290 km; and for Spot-4, -5, -6, and-7, it is much lower, with a figure of 60 km. Furthermore, the effects of rewetting and restoration measures do not occur immediately (vegetation successions occur over the years), meaning that long-term monitoring is required, which is not possible with data from only one satellite as some satellites may cease to operate, and others are introduced. The use of several satellites provides the best temporal area coverage of the territory. The freely available RSD are limited by the satellite revisit period, imaging time, and cloud cover. Therefore, using ordered on-demand commercial RSD is often necessary and in some cases, could be critically important for regular monitoring.



The goal of this paper was to explore what could be achieved using freely available imagery from Landsat-7 ETM+, Landsat-8 OLI, Sentinel-2A MSI, and commercial satellite data from Spot-5 HRG and Spot-6 HRG for the monitoring of abandoned peat extraction sites with a focus on the assessment of peatlands status, and on the analyses of changes that occur as a result of rewetting and mire restoration, as well as how to provide a link between different RSD for the analysis of temporal changes and for large territories when one source of data is not enough for this task.




2. Materials and Methods


2.1. Study Area


The study was performed at several sites in the Meschera National Park (NP). The park was established in 1992 in the Gus-Khrustalny administrative district in the Vladimir Province at the eastern border with the Moscow Province (Figure 1a). Covering an area of 118,700 ha, the park has a wide range of mire ecosystems typical of the Meschera Lowland, including 62 large mire and peatland complexes. Located within the park’s boundaries is one of the largest peatland complexes in European Russia disturbed by peat extraction that occurred at different times with the use of various extraction technologies (Figure 1b), including the milled peat method [33]. Due to frequent forest and peat fires, the NP started to pioneer large-scale peatland-rewetting in Russia to restore mire ecosystems [22].



Vegetation of natural and human-disturbed peatlands in the NP has been comprehensively studied [34,35]. Digital maps of some abandoned peat extraction sites are available, which allowed for the compilation of a set of benchmark data for the identification of land cover classes. Vegetation cover and environmental indicators have been monitored since 2005 on permanent plots of the three most representative peatland complexes: Tasinskoye, Ostrovskoye, and Garinskoye. Major trends and factors of vegetation dynamics have been identified for disturbed peatlands [36]. Eight test sites (disturbed peatlands) with a total area of 8000 ha (Figure 1b, 2: 8 test sites in the National Park), located in different peatland complexes within the NP, were used in this study.




2.2. Satellite Source Data


We analyzed five sets of multispectral high spatial resolution data as Landsat-7 (L1T), Spot-5 (L2), and Spot-6 (L2), Landsat-8 (L1T), and Sentinel-2 (L1C) (Table 1). The source of the data from Landsat-7, Landsat-8, and Sentinel-2 is the United States Geological Survey (USGS). The source of the data from Spot-5 and Spot-6 is the ScanEx R&D Center. For an accurate comparison, we attempted to find cloud-free and haze-free data from different scanners for periods that overlapped as much as possible.



Data for the same day (13 September 2013) were obtained from Spot-5 and Spot-6. For Landsat-7, we used two scenes dated 1 July 2013 and 11 August 2013. Data for other mutually closer dates were either unavailable or unusable due to cloud cover. For 2016, the RSD data were available for Landsat-8 (9 August 2016) and for Sentinel-2 (7 August 2016). Due to a low recurrence rate and the presence of cloud cover, it was not always possible to obtain even a fragment of Landsat-7 or Landsat-8 data for the study area during the vegetation season [37]. Since full access was open to Sentinel-2 satellite data in late 2015, we had new additional possibilities for solving the tasks under discussion. Sentinel-2 data have a higher spatial resolution and greater recurrence rate compared with Landsat-7 and Landsat-8 data, which considerably adds functionality to the status monitoring of restored peatlands.




2.3. Methodology


We analyzed data from all six spectral bands for Landsat-7, all four spectral bands for Spot-5, and all four spectral bands for Spot-6. For Landsat-8 and Sentinel-2, we also used six spectral bands that coincided with Landsat-h for geographical reference (up to 100 m), and to improve the binding quality, Spot-6 data were used as the reference data.



We assumed that the use of Landsat-7 and Landsat-8 RSD could provide a link between all other RSD as they include visible, NIR, and SWIR bands. On the basis of Landsat data, it is possible to draw analogies between different RSD, which in time did not have an intersection, but can be compared indirectly through the Landsat data.



An acceptable time for the fire hazard analysis of abandoned peatlands based on satellite data for the central part of European Russia is the vegetation season using the interval from mid-May to mid-September.



We used a previously developed classification system of land cover using Landsat-5 and Landsat-7 RSD [33] that enabled us to solve problems related to fire hazard and rewetting efficacy in human–disturbed peatlands [21]. The classification system had already been used to address the problems in the Meschera NP, and for monitoring the fire hazard level for peatlands in the Moscow Province [22]. We confirmed the possibility of using the satellite data for the allocation within beforehand contoured peatland complexes and six land cover classes that met our objectives: (1) areas of bare and burned peat including patches with sparse vegetation cover (“bare peat”: this and similar short names for other classes given in brackets will be used later in the text, tables, and captions); (2) willow herb, small reed, and small birch reed communities, formed during the overgrowth of bare and burned peat (“grass”); (3) communities with pine, differently depressed pine stands (“pine”); (4) communities dominated by willow and birch, mainly birch communities on overgrowing milled fields, occasionally with alder and aspen stands (“willow–birch”); (5) hydrophilic communities with cattail and reed, formed by hydrophilic species such as cattail and reed, water plantain, and different cotton grasses in wet areas (“hydrophilic”); and (6) water bodies including those formed after natural or artificial rewetting of the peatland areas (“water”). The first two classes are characterized by the lowest groundwater levels, a periodically dry soil surface, and the highest degree of fire hazard. The third and fourth classes of land cover occupy an intermediate position. The fifth is characterized by high groundwater levels close to or above the surface, and with the sixth class, they are practically a non–fire hazard. For more information on the classes, see Appendix A.



Results of an earlier study [33] showed that using supervised classification and the minimum distance method for Landsat-5 and Landsat-7 data satisfactorily solved the objective of assessing the state of fire hazardous peatlands and the effectiveness of their rewetting. In this study, we selected four training samples for class “bare peat” (with the area of 0.70, 1.08, 3.29, and 1.62 ha), one sample each for the classes “grass” (0.72 ha) and “pine” (2.46 ha), two samples for the class “willow–birch” (1.08 and 0.72 ha), three samples for the class “hydrophilic” (0.82, 0.90, and 0.54 ha), and one sample for the class “water” (0.68 ha). Training samples were chosen based on accessibility. More samples for most mixing classes such as “bare peat”, “willow-birch”, and “hydrophilic” were added for a more accurate separation when working with Spot-6. According to the ground truth data, the samples were relatively homogeneous, so a training dataset could be formed to be used for supervised classification.



The work presented was divided into three parts. In the first part, we applied the previously tested supervised classification minimum distance method [33] for datasets: Spot-5, Spot-6, and Landsat-7 from 2013. Additional analysis using the unsupervised classification was performed on the Spot-6 dataset. Generally, the unsupervised classification procedure helped to automatically separate images to a given number of classes; during analysis with the training samples, each class wasassociated with a land cover class from the six-class set.



In the second part, based on the earlier proven suitability of the Landsat-7 RSD [33] from 2013, its classification was carried out by different methods: object-oriented, trees, and neural networks. To cover the study area with satellite source data from Landsat-7, we used two scenes dated 1 July 2013 and 11 August 2013. The ETM+ system has offered scenes with gaps since 2003. First, the classification of each original image with omissions was carried out, and then the overall result was synthesized.



In the third part, based on the results of the first two parts, the analysis of object-oriented and minimum distance for Landsat-8 and Sentinel-2 datasets from 2016 was carried out to confirm the conclusion about the close accuracy of classifications of these two methods.



An important aspect of this work is the accuracy assessment of land cover status and classification [38]. According to the planned work of the Meschera National Park, the current status of the vegetation cover is described each summer period based on field surveys. The descriptive details for different peatland complexes may vary, but its spatial accuracy is sufficient to verify the accuracy of the classifications (six land cover classes) applied in our study. To assess the quality of the classification results, a set of testing units waschosen by a systematic sampling method with a step of 100 m for 2013 and 2016 within the framework of the land-based survey areas. The area of each testing unit was 20 × 20 m. A total of 480 testing units were taken for 2013 for the first and second parts of comparisons and 419 for the third part of comparisons for 2016. Testing units evenly covered all the considered land cover classes. The quality of the classification results was assessed using complete error matrices and we calculated the classification accuracies of the classes’ separation [39] as presented in Table 2.





3. Results


Figure 2 shows the mean quantization levels of the spectral radiance for identifying land cover classes obtained from multispectral satellite images and training samples, and provides an overview of class separation possibilities using different bands. NIR, SWIR 2, and SWIR 3 bands are better for class separation, as demonstrated by the Landsat-7 bands. Spot-5 data, having NIR and SWIR 2 bands, are also acceptable for separating the focal classes (see Table 1). Both Landsat-7 (Landsat-8) and Spot-5 have a band containing a 1.55 (minimum for Landsat 7)–1.66 (max for Landsat-8) µm SWIR range. The Spot-6 dataset lacks this band.



Figure 3 presents the pixel distribution of the training set for various combinations of Landsat-7, Spot-5, and Spot-6 spectral bands. Figure 3a (Landsat-7) and Figure 3d (Spot-5) show a too-dense arrangement of pixels in the training data classes in the RED—near infrared (NIR) spectral bands. In Figure 3b,c (Landsat-7) and Figure 3e (Spot-5), these pixels are arranged more loosely, which more accurately separates the classes. Figure 3f (Spot-6) shows that the training data created some separation difficulties. However, this approach did not solve the problem of separating the “bare peat” and “hydrophilic” communities in the border zone, probably due to the high moisture content of the peat. The lack of the SWIR band in the Spot-6 data was also noticeable.



The Landsat-7 (Landsat-8) and Spot-5 satellites have NIR bands from 0.75 to 0.90 µm and SWIR bands from 1.58 to 1.75 µm. The SWIR band shows itself to be decisive for the separation of the classes we need (Table 2). Spot-6 has four bands with wavelengths between 0.45 and 0.89 µm without the SWIR band (Table 1) and, as expected, the classification with Spot-6 data showed a low accuracy (Table 2). Supervised classification of Spot-6 RSD was unsatisfactory, and we decided to complete the classification without training the 30-class ISODATA unsupervised classification. In this particular case, we were guided by the following considerations. To conduct supervised classification, we selected areas on the images in accordance with the ground truth reference small units: training samples with related spectral characteristics for each class. At this stage of supervised classification in the training samples, one class could likely be confused with areas of another class, which further worsened the classification results.



Unsupervised classification of the Spot-6 data helped increase the identification quality for the following land cover classes: “bare peat” by 36%, “grass” by 13%, “pine” by 9%, and “willow-birch” by 1%. Simultaneously, the identification quality of the “hydrophilic” class decreased by 20% and “water” by 2% (Table 2). Examples of the classification results for different satellite images on one, rather a representative, test site are displayed in Figure 4.



The comparison shows similar classification results for the data from Landsat-7 (Figure 4a) and Spot-5 (Figure 4b), even when considering the higher resolution of Spot-5 (10 m, Landsat-7 30 m) data and different imaging time (the Spot-5 images dated 13 September 2013 were obtained during a rainier period than those from Landsat-7 that were captured a month earlier).



Locations of classes in Figure 4c (Spot-6, supervised classification) considerably differed from the previous two graphs. Notably, classes 1 and 5 could hardly be identified due to the characteristics of the original satellite data. Based on Spot-6 data, it is not possible to classify classes “peat”and “hydrophilic” correctly. There is no SWIR band in this dataset, which obviously makes it impossible to separate these classes, whose characteristics are fundamentally different from the point of view of the tasks to be solved correctly. Separation of these two classes was improved using unsupervised classification (Figure 4d); the locations of the two offending classes looked similar to those in Figure 4b (Spot-5). However, the error matrices (Table 2) showed that Spot-6 data classification was not sufficiently accurate for the identification of classes of observable land cover.



To assess the possibility of using another software package, the ScanEx Image Processor, we tested supervised classification using three methods: object–oriented, trees, and neural networks [40], using Landsat-7 ETM+ data from 2013. The accuracy of the land cover class identification using the above data classifications was assessed through the complete error matrices (Table 3).



Table 3 shows the complete error matrix obtained in an earlier analysis using the minimum distance method (Table 2). The classifications are fairly closely grouped, having an overall good classification accuracy with the first two methods: the minimum distance method was 95.00% accurate and the object—oriented method was 94.58%. Classification accuracies obtained by the neural network and trees methods, at 88.96% and 80.83%, respectively, are insufficient methods for the status monitoring of abandoned peat extraction sites given the required level of detail.



The object—oriented method with interactive classification using the ScanEx Image Processor (SIP) package offers a potentially good transition from the minimum distance method of the Erdas Imagine (EI) package. Figure 5 presents the results of various classifications of the Landsat-7 ETM+ data obtained for the Ostrovskoye peatland complex using the ScanEx Image Processor software package and, for comparison, the data obtained by the minimum distance method using the Erdas Imagine software package.



The identification accuracy of land cover classes for 2016 was assessed through two classification methods using the Landsat-8 and Sentinel-2 datasets: object–oriented (SIP) and minimum distance (EI). The error matrix (Table 4) shows a relatively high and similar overall classification accuracy of the four classification results.



The greatest accuracy was obtained from the Sentinel-2 data using the minimum distance method (97.14%), followed by the Sentinel-2 data using the object–oriented method (95.47%), and then the Landsat-8 data using the minimum distance method (95.23%), and the lowest accuracy was obtained with the Landsat-8 data using the object–oriented method (94.03%). The results confirm the classification accuracy of the Sentinel-2 data that have a higher spatial resolution (10–20 m) compared with the Landsat-7 data (30 m). The results also confirm the above hypothesis about the possibility of an adequate transition from the minimum distance method of the EI package to the object–oriented method of the SIP package for data analysis in our task.



Figure 6 shows the classification results of the Landsat-8 and Sentinel-2 datasets using two classification methods for the Orlovskoye peatland complex: the object–oriented SIP and the minimum distance EI. Figure 6a shows the minimum distance Sentinel-2 data, and Figure 6c shows the object–oriented Sentinel-2 data that have a higher spatial resolution. As mentioned in Section 2.2 for the Landsat-8 and Sentinel-2 RSD, we only used bands that coincided with Landsat-7 to ensure comparability of all RSD being reviewed. In addition, we tested the effect of the use of Sentinel-2 Vegetation Red Edge bands and less bare peat and more vegetation was defined, which correlated well with other studies [41].



Having analyzed the possibilities of multispectral satellite scanners, we concluded that Spot-6 data were insufficient for the status monitoring of abandoned peat extraction sites given the required accuracy due to the lack of an SWIR band [42]. The main problem of data lacking the SWIR band is that the data tend to confuse patches of bare peat and hydrophilic vegetation, which are classes with completely different meanings in the monitoring context [42].



Classifications based on Spot-5 [33], Landsat-7, Landsat-8, and Sentinel-2 RSD showed close high accuracy levels. Therefore, these types of data can be combined for the analysis of large territories, providing a generally high level of accuracy of the final results.



Another aspect analyzed was the spatial resolution of the satellite data compared. Our focal sites—drained and cutover peatlands—show considerable spatial fragmentation. For example, peat milling fields (peat milling having been the most common industrial peat extraction method since the 1950s) have a drainage network of so-called open ditches that divide milling fields; distances between them are about 40 m. Agricultural lands established on partially cutover peat extraction sites as a revegetation measure usually have similar drainage networks. Open ditches are complemented by catching and main ditches, and other elements of drainage networks. Drainage networks may be in varying conditions. More often than not, they are overgrown with hydrophilic vegetation and have patches of open water surface. Fragmentation affects the general spectral characteristics of such objects. Therefore, it is reasonable to have satellite data with a spectral resolution higher than 30 m [42]. In our study, the RSD used has the following spatial resolution: Spot-6 6 m, Spot-5 10 m, Sentinel-2 10–20 m, and Landsat-7 and Landsat-8 30 m.



The Spot-6 data have the most convenient spatial resolution to solve the above–mentioned problems. Their images are the most detailed of the whole set analyzed (6 m). The Spot-5 data with a spatial resolution of 10 m also provide a sufficient accuracy for solving the problems. However, the Landsat-7 data are too rough (30 m) and, as one can see from Figure 4, using these data results in a decrease of identification accuracy. At the same time, ground–truthing of classification quality has shown that spectral resolution is more important than spatial resolution for solving our problems.




4. Discussion


Rewetting of abandoned peatlands and mire restoration, which is statutorily required in Russia, is the most effective means aimed to prevent adverse processes and reduce fire hazard on the lands where revegetation for economic purposes is impractical [20]. However, given the scope of the problem, prioritization of to–be–rewetted sites should be made and follow–up monitoring carried out in order to assess the effectiveness of these activities. It should be noted that the abandoned peatlands are expansive, rough terrains, and this impedes surface mapping. Vegetation cover is highly patterned. It has a variety of trends, particularly due to fluctuations in weather conditions and occasional disturbances by peat fires. Therefore, satellite data provide the most promising and practical framework for a monitoring system, including, among other things, abandoned peat extraction sites [43]. The use of regular satellite images facilitates the monitoring of peatland status as well as the planning, control, and effectiveness assessment of rewetting activities [44,45].



Assessment of the area of abandoned peatlands in terms of their fire hazard is necessary: first, to identify the most fire hazardous sites including those which need rewetting; and second, to assess the effectiveness of the measures applied. The effect of rewetting in relation to mire restoration does not occur immediately, and could take years. This requires the long–term monitoring of such objects, which cannot be provided by data from only one satellite. Some stop working, and new ones appear. In addition, the use of several satellites provides the best temporary and area coverage of the territory.



The first version of this approach based on Landsat-5 and Landsat-7 RSD has already been tested on peatland complexes in the “Meschera” National Park, Vladimir Province [33]. Classification, which included six land cover classes to enable the assessment of the fire hazard status of human–disturbed peatlands, was developed [21]. This classification hasalready been tested and applied for the “Meschera” NP and fire hazardous peatlands in the Moscow Province to assess their status, prioritize for rewetting, and to check the results [22].



However, the extensive fires that took place in the center of European Russia in 2010 [22] called for the further development of methodological approaches that use remote sensing data to assess the status of fire hazardous peatlands and rewetting effectiveness [25]. Continuous monitoring of peatlands throughout the fire danger season (spring to autumn) requires coverage by more thanone satellite RSD. However, experience prior to Sentinel-2 has shown that operative satellite data from high–resolution satellites are very fragmentary in time and space coverage, even for a frequently covered region like Moscow Province (total area 44,379 km2, distance W–E: 320 km, N–S: 305 km, cf. the Netherlands, 41,526 km2) and even ordering commercial images taken at given intervals and for selected priority sites does not ensure success, should only one satellite system be used [46]. Therefore, the simultaneous use of two or three satellite systems that complement each other becomes actionable and practical to those also shown, for example, for Irish peatlands and heath [47], where active weather systems also present significant cloud cover for most of the year.



The analysis of the results helped to develop the general requirements for RSD (spatial resolution, combination of bands) and the pros and cons of using Spot-5, Spot-6, Landsat-7(8), and Sentinel-2. Having analyzed the possibilities of using multispectral satellite RSD, we proved that the Spot-6 data had insufficient potential to monitor the status of abandoned peat extraction sites with the required accuracy because of the lack of the SWIR band. These and similar spectral data tended to confuse patches of bare peat with hydrophilic vegetation that had a diametrically opposed meaning in the context of monitoring objectives.



Landsat-7 and Landsat-8 data enable the continuous monitoring of abandoned peat extraction sites, including both peatland complexes and more expansive areas. However, gaps in images caused by the Scan Line Corrector (SLC) instrument failure introduce considerable bounds to the use of Landsat-7. Now, these limitations can be compensated for by greater functionality of the Landsat-8 data with two additional spectral bands. One of them, Band 9, allows for the identification of even the slightest cloud cover. While Landsat-8 opens modern and promising prospects, Landsat-5 helps to carry out retrospective analyses based on using uniform data [42].



Landsat-5 and Landsat-7 have similar sets of spectral bands, with small differences in some band ranges. Considering the fact that peat milling fields have a drainage network of open ditches 40 m apart that divide milling fields, having satellite data with a more detailed spectral resolution than 30 m is desirable.



The data of Spot satellites have an image frequency of one scene per 26 days (Spot-5) or one scene daily (Spot-6 grouped with Spot-7). Moreover, we concluded that differences in land cover can be identified from Spot-5 data as precisely as from Landsat-7 data, which is sufficient for our purposes. Unfortunately, on 29 March 2015, the satellite was terminated. However, the Spot-5 data can still be used for retrospective analysis of our study objectives. Due to an insufficient image time and the presence of cloud cover in the Landsat-7 and Landsat-8 data, we could not always obtain even one data fragment for an analyzed object from each satellite over the vegetation season.



Full access to the satellite imagery of Sentinel-2 satellites at the end of 2015 provided new opportunities for the task under discussion. Vegetation Red Edge bands Sentinel-2, also called the red barrier of photosynthesis, where there is a sharp increase in the reflectance of green vegetation in the near–infrared radiation, can be used to estimate chlorophyll content [41]. Due to the phenomenon of the red barrier of the ground, the plants appear bright when imaging in the near–infrared range.



Generally, Sentinel-2 RSD, combined with the higher spatial resolution and smaller revisit period of Landsat-7 and Landsat-8, provides better opportunities for monitoring the status of abandoned, rewetted, and restoring peatlands.



Among the currently available analyzed satellite RSD, the following was determined. Spot-6 (and Spot-7) was unsuitable for our task, having no SWIR band, with a small stripe covering 60 km, but with a high spatial resolution of 6 m, and an almost daily revisit time. Landsat-7 and Landsat-8 had an infrequent revisit time of about twice per month, had an inadequate but acceptable spatial resolution of 30 m, good swath width of 185 km, and a full set of required spectral bands. Sentinel-2, with a spatial resolution in the required bands of up to 20 m, a swath width of 290 km, a revisit time of three to five days, and a full range of required bands, is currently the best open access option for land cover classification.



The results of this study demonstrate the possibility of the long–term analysis of the fire hazard of abandoned peatlands and the results of rewetting and restoration based on freely available Landsat, Sentinel, and commercial Spot RSD. For Landsat-8 and Sentinel-2 RSD, we only used bands that coincided with Landsat-7, and only from bands comparable to Landsat-7 to ensure comparability of all RSD under discussion. Landsat-7, Landsat-8, and Sentinel-2 RSD allowed the analysis of the current situation, and their forerunners, Landsat-5 and Spot-5 RSD, provided a retrospective analysis. This responded to our objective of sustainably monitoring abandoned fire hazardous peatlands, especially for the long–term restoration succession of peatlands after rewetting.




5. Conclusions


Since the 1990s, extensive areas of peatlands that were drained for peat extraction and agriculture in European Russia are now, to a large extent, abandoned. Rewetting could return them to a waterlogged state, reducing their susceptibility to fires and peat oxidation. Degraded peatlands often cover large areas of hundreds to thousands of hectares, are scattered in space, have limited site access, are characterized by multispeed land cover dynamics, and require long–term monitoring. Groups of peatland complexes on a regional scale are rarely covered by one type of remote sensing data (RSD) source and require combining data from different scanners. Furthermore, the monitoring of long–term restoration dynamics of rewetted peatlands requires the continuity of RSD given the stopping and starting of operating satellites.



General RSD requirements such as spatial resolution and combination of bands were defined and the pros and cons of using Spot-5, Spot-6, Landsat-7, Landsat-8, and Sentinel-2 were tested for defining six previously developed land and vegetation classes [33] to assess the fire hazard status of abandoned peatlands for their prioritization for rewetting and monitoring of restoration results.



Landsat-7, Spot-5, and Spot-6 RSD from the same summer time period in 2013, and Landsat-8 and Sentinel-2 for 2016, were used to test different scanners for the approximately 120,000 ha of Meschera National Park, which has one of the largest concentrations of abandoned peatlands in Central Russia and the longest experience in large scale rewetting, dating back to the early 2000s. The results obtained could help to combine different RSD for assessing the state of specified objects, and to ensure the continuity of long–term monitoring.



The main problems with the tested RSD are either related to the absence of the SWIR band, as with Spot-6 and Spot-7, or an insufficient spatial resolution as with Landsat, when one pixel simultaneously includes the drainage channel with open water and drainage spacing that creates a fire hazard such as with bare peat. Lack of an SWIR band makes the RSD unsuitable for monitoring the status of abandoned peat extraction sites given the accuracy requirements. The principal issue with these and similar spectral data is that patches of bare peat are often confused with hydrophilic vegetation and other vegetation types with a lower risk of fire.



To assess fire risk and the effectiveness of rewetting abandoned peatlands, multispectral imagery with an SWIR band and a spatial resolution higher than 30 m is required. In the studied dataset, these criteria aligned with the Spot-5 and Sentinel-2 data that had a 10 m resolution in the presence of an SWIR band with a 20 m resolution. To provide an assessment at the regional scale, from administrative districts and above, the combination of multispectral satellite data with a high resolution and wide coverage is required. In most cases, and especially for retrospective analyses, the most similar RSD from different scanners will need to be combined.



The results of the study demonstrate the possibility of obtaining long–term analyses of the fire hazard and tracking the results of rewetting and restoration in abandoned peatlands based on freely available Landsat, Sentinel, and commercial Spot RSD. Landsat-7, Landsat-8, and Sentinel-2 RSD provide the ability to analyze the current situation, and their forerunners, Landsat-5 and Spot-5 RSD, allow us to complete retrospective analyses. The high classification accuracy obtained using data from these sensors proves the capability of their combined use to provide the required general accuracy in the final result. Having compared the minimum distance using the Erdas Imagine and object–oriented ScanEx Image Processor methods, we obtained similar results, meaning that the transition from one software package to the other without quality loss is possible.



The proposed and tested approach can be used to analyze the status of abandoned and rewetted peatlands in other locations for the purposes of taking inventory, prioritizing sites subject to rewetting and restoration, monitoring changes, and assessing the efficacy of rewetting activities. The comparability of the data obtained from different sensors enables the combination of classified images, adding functionality to the time series analysis. The method developed could provide a more effective use of satellite RSD to help assess and monitor conditions and the fire hazard status of abandoned peatlands; to prioritize areas for rewetting; to evaluate areas used to bind GHG emissions, factors, and carbon data; and to evaluate the rewetting effectiveness of both fire prevention and GHG assessments.
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Appendix A


Class 1 “Bare peat”—areas of bare and burned peat, including patches with sparse vegetation cover. This category includes burned–out areas of different ages, as well as milled peat fields with a remaining peat layer 0.5–3.5 m deep. Ground water level (GWL) can be 50 cm and deeper. Sporadic birches and cotton–grass hummocks could occur, as well as areas with vegetation cover forming slowly on bare peat. For example, small birch reed–willow herb, willow herb, and cotton grass–small reed–moss in combination with bare peat. Moss–covered areas are dominated by Marchantia polymorpha and Polytrichum juniperinum, partly covered by vegetation by up to 20–30%. As the vegetation cover density increases, this area type turns into class 2.
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Figure A1. Test site with class 1 vegetation cover: bare peat. 






Figure A1. Test site with class 1 vegetation cover: bare peat.



[image: Land 07 00071 g0a1]





Class 2 “Grass”—willow herb, small reed, and small birch reed communities. Forms during the overgrowth of bare and burned peat. These are small birch reed–willow herb, willow herb, cotton grass–willow herb–moss, grass–herb, and reed–herb groups. In the moss layer, Marchantia polymorpha and Polytrichum juniperinum are predominant. Secondarily, growing birch and willow occur, with heights not usually more than 1 m, and rarely up to 2 m, such as a site with a birch–moss community with bushes of Salix cinerea (willow), Carex lasiocarpa (sedge), and Calamagrostis epigeios (small reed). GWL was lower than 20 cm. However, wet hollows with a GWL of 0–10 cm with cattail and small beds of Sphagnum cuspidatum often occur. Extremely dry (GWL up to 100 cm and more) and poor sites are characterized by small birch reed–willow herb communities with Betula pubestes, Calamagrostis epigeios, and Chamaerion angustifolium (undersized secondarily growing birches, height 90–140 cm, diameter 0.6–0.9 cm). Wetter sites (GWL 10 cm) are characterized by cotton grass–moss communities, and Eriophorum vaginatum and Polytrichum juniperinum communities.
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Figure A2. Test site with class 2 vegetation cover: willow herb, small reed, and small birch communities. 
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Class 3 “Pine”—communities with pine. Differently depressed pine stands, typically found in sites with hand and excavating peat extraction, such as two sites with excavating sod peat extraction with Pinus sylvestris, Ledum palustre, Sphagnum fallax, and Pinus sylvestris with Betula pubescens–Ledum palustre and Vaccinium vitis–idaea communities (GWL 15–25 cm); or sites with Pinus sylvestris, Eriophrum vaginatum, and Sphagnum magellanicum communities (GWL 7–10 cm). Often covered pit sites. These communities are typical for Central Russian mires. They could serve as an example of naturally recovered ecosystems. This category also includes peatlands drained for forestry, including pine stands with cotton grass–sphagnum, cowberry pine forests, brown moss pine forests, and pine cultures 30–45 years old.
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Figure A3. Test site with class 3 vegetation cover: communities with pine. 
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Class 4 “Willow–Birch”—communities dominated by willow and birch. Mainly birch communities that are overgrowing milled fields, occasionally with alder and aspen stands. Often forming along peatland edges, they later expand inside a peatland. Here, birch–willow herb and bush–willow herb communities are often forming. This category also includes wet black alder forests, such as a forest site with a black alder herb community. Tree stands are represented by black alder (Alnus glutinosa) (height 10–15 m, diameter 10–15 cm) with some pines and birches (seven black alders, three birches, and one pine). The undergrowth is usually mountain ash and buckthorn. Another example is a birch–moss (Betula pubestes and Polytrichum commune) community, typical for recovering post–fire succession. In the central parts of milled fields, birch–willow–small reed and birch–willow communities usually develop (GWL 20 cm).
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Figure A4. Test site with class 4: communities dominated by willow and birch. 
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Class 5 “Hydrophilic”—hydrophilic communities with cattail and reed. Formed by hydrophilic species such as cattail, reed, water plantain, and different cotton grasses in wet areas. Often, these communities are formed along banks of artificial water bodies during their overgrowth period, such as cattail (Typha angustifolia, Scripus sylvaticus) or reed (Phragmites australis) and wood club–rush (Scripus sylvaticus) communities with a GWL of 0–10 cm. Communities in this category are formed in lower waterlogged areas of milled fields with a GWL from 0 to 5 cm. Most typical for milled fields are cattail–sedge, sedge–moss (Carex rostrata and Warnstorfia fluitansi) (GWL 0–15 cm), Typha angustifolia and Carex cinerea, reed–cotton grass (Phragmines australis–Eriophorum polystation) (GWL 0–5 cm), reed–cotton grass–moss (Phragmites australis–Eriophorum vaginatum–Polytrichum commune) (GWL 0–5 cm) communities. If ecological conditions remain, sphagnum mire communities could form here.
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Figure A5. Test site with class 5: hydrophilic communities with cattail and reed. 
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Class 6 “Water”—water bodies, including those formed after natural or artificial rewetting of peatland areas. Before rewetting, willow bushes and grass vegetation grow. After rewetting, the land may remain in narrow strips with willow bushes and grass vegetation (Salix cinerea–Typha angustifolia). The water surface can be covered by duckweed (Lemna minor) and areas with cattail (Typha angustifolia), reed (Phragmites australis), and cowberry (Comarum palustre). Water depth is 0.5–1 m or more. Banks are often gentle, with maximum depths in the center of water bodies. This category could include previously flooded pits of hydro–peat extraction with a depth of 1 m or more. In vegetation covered areas, mostly cowberry (Comarum palustre), cattail (Typha angustifolia), rushes (Juncus conglomeratus, Juncus effuses), reed (Phragmites australis), duckweed (Lemna minor), and calla (Calla palustris) can be found. Banks are usually steep and overgrowth starts there.
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Figure A6. Test site with class 6: water. 
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Classes 1 and 2 have the following features: the deepest ground water levels, an intermittently drying soil surface, and the greatest fire hazard. Classes 3 and 4 are the intermediate classes. They are mainly sites covered with forest vegetation, making them prone to forest and peat fires. Rewetting these sites is generally undesirable, because it would kill the tree vegetation and result in a buildup of flammable material. With ground water levels close to the soil surface, Class 5 does not pose a fire danger. Classes 5 and 6 are areas to be developed into wetlands.
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Figure 1. Meschera National Park in Vladimir Province, Russia. (a) Location of Meschera National Park shown in red; and (b) 1: mire complexes and 2: test sites (eight peatland complexes) in the National Park. 
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Figure 2. Spectral radiance bands for identifying land cover classes. 






Figure 2. Spectral radiance bands for identifying land cover classes.



[image: Land 07 00071 g002]







[image: Land 07 00071 g003 550] 





Figure 3. Classes of training data areas in two-dimensional space of spectral radiance values for various combinations of data bands: (a) RED-NIR for Landsat-7; (b) NIR-SWIR 2 for Landsat-7; (c) SWIR 2-SWIR 3 for Landsat-7; (d) RED-NIR for Spot-5; (e) NIR-SWIR 2 for Spot-5; (f) RED-NIR for Spot-6. 
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Figure 4. Minimum distance classification examples of different satellite images for a peat extraction site in the Orlovskoe peatland complex: (a) Landsat-7; (b) Spot-5; (c) Spot-6 (supervised classification); and (d) Spot-6 (unsupervised classification). 
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Figure 5. Landsat-7 ETM+ classification examples using different methods for a peat extraction site in the Orlovskoe peatland complex: (a) Erdas Imagine (EI) Minimum Distance; (b) ScanEx Image Processor (SIP) Object–oriented; (c) SIP Neural networks; and (d) SIP Trees. 
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Figure 6. Classification examples of satellite images for the peat extraction site in the Orlovskoe peatland complex: (a) EI Minimum Distance Sentinel-2; (b) EI Minimum Distance Landsat-8; (c) SIP Object–oriented Sentinel-2; (d) SIP Object–oriented Landsat-8. 
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Table 1. Characteristics of satellite data used.






Table 1. Characteristics of satellite data used.





	
Data Set Name

	
Landsat-7

	
Spot-5

	
Spot-6

	
Landsat-8

	
Sentinel-2






	
Resolution (m)

	
30

	
10

	
6

	
30

	
10–20




	
Image date

	
11August 2013 *

	
13 September 2013

	
13 September 2013

	
9 August 2016

	
7 August 2016




	
Spectral Band

	
Wavelength (µm)

	

	
Central wavelength (µm)

	
Band width (µm)




	
Blue

	
ETM+1 0.45–0.52

	

	
0.45–0.52

	
OLI2 0.45–0.52

	
MSI2 0.490 (10 m)

	
0.065




	
Green

	
ETM+2 0.53–0.61

	
0.50–0.59

	
0.53–0.59

	
OLI3 0.53–0.60

	
MSI3 0.560 (10 m)

	
0.035




	
Red

	
ETM+3 0.63–0.69

	
0.61–0.68

	
0.63–0.70

	
OLI4 0.63–0.68

	
MSI4 0.665 (10 m)

	
0.030




	
Vegetation Red Edge

	

	

	

	

	
MSI5 0.705 (20 m)

MSI6 0.740 (20 m)

	
0.015




	
NIR

	
ETM+4 0.75–0.90

	
0.78–0.89

	
0.76–0.89

	
OLI5 0.85–0.89

	
MSI7 0.783 (20 m)

MSI8 0.842 (10 m)

MSI8a 0.865 (20 m)

	
0.020

0.115

0.020




	
SWIR 2

	
ETM+5 1.55–1.75

	
1.58–1.75

	

	
OLI6 1.56–1.66

	
MSI11 1.610 (20 m)

	
0.090




	
SWIR 3

	
ETM+7 2.09–2.35

	

	

	
OLI7 2.1–2.3

	
MSI12 2.190 (20 m)

	
0.180








Note: * mostly the scene from 11 August 2013 and, to a lesser degree, from 1 July 2013.
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Table 2. Complete error matrices and calculated classification accuracies of class separation.
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Spot-5




	
Classes

	
Actual




	
Calculated

	
Bare Peat

	
Grass

	
Pine

	
Willow–Birch

	
Hydrophilic

	
Water

	
Σ

	
Us. Accuracy 1 (%)




	
Bare peat

	
108

	
1

	
0

	
0

	
0

	
0

	
109

	
99.1




	
Grass

	
2

	
70

	
1

	
4

	
1

	
0

	
78

	
89.7




	
Pine

	
0

	
0

	
33

	
0

	
1

	
0

	
34

	
97.1




	
Willow–Birch

	
2

	
4

	
0

	
76

	
1

	
0

	
83

	
91.6




	
Hydrophilic

	
2

	
0

	
1

	
0

	
87

	
3

	
93

	
93.5




	
Water

	
0

	
0

	
0

	
0

	
1

	
82

	
83

	
98.8




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
94.7

	
93.3

	
94.3

	
95.0

	
95.6

	
96.5

	

	
95.00 3




	
Landsat-7




	
Bare peat

	
110

	
2

	
0

	
0

	
0

	
0

	
112

	
98.2




	
Grass

	
3

	
72

	
0

	
4

	
1

	
0

	
80

	
90.0




	
Pine

	
0

	
0

	
32

	
1

	
1

	
0

	
34

	
94.1




	
Willow–Birch

	
1

	
1

	
2

	
75

	
0

	
0

	
79

	
94.9




	
Hydrophilic

	
0

	
0

	
1

	
0

	
87

	
5

	
93

	
93.5




	
Water

	
0

	
0

	
0

	
0

	
2

	
80

	
82

	
97.6




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
96.5

	
96.0

	
91.4

	
93.8

	
95.6

	
94.1

	

	
95.00 3




	
Spot-6 data (supervised classification)




	
Bare peat

	
53

	
0

	
0

	
0

	
15

	
0

	
68

	
77.9




	
Grass

	
0

	
51

	
5

	
2

	
1

	
0

	
59

	
86.4




	
Pine

	
0

	
1

	
24

	
2

	
1

	
0

	
28

	
85.7




	
Willow–Birch

	
10

	
21

	
6

	
74

	
6

	
0

	
117

	
63.2




	
Hydrophilic

	
51

	
2

	
0

	
2

	
67

	
4

	
126

	
53.2




	
Water

	
0

	
0

	
0

	
0

	
1

	
81

	
82

	
98.8




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
46.5

	
68.0

	
68.6

	
92.5

	
73.6

	
95.3

	

	
72.92 3




	
Spot-6 data (unsupervised classification)




	
Bare peat

	
94

	
2

	
0

	
0

	
38

	
0

	
134

	
70.1




	
Grass

	
1

	
61

	
3

	
2

	
2

	
0

	
69

	
88.4




	
Pine

	
0

	
0

	
27

	
2

	
0

	
0

	
29

	
93.1




	
Willow–Birch

	
2

	
9

	
5

	
75

	
1

	
0

	
92

	
81.5




	
Hydrophilic

	
17

	
3

	
0

	
1

	
49

	
6

	
76

	
64.5




	
Water

	
0

	
0

	
0

	
0

	
1

	
79

	
80

	
98.8




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
82.5

	
81.3

	
77.1

	
93.8

	
53.8

	
92.9

	

	
80.21 3








Note: 1 Producer’s accuracy, 2 User’s accuracy, 3 Overall classification accuracy.
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Table 3. Complete error matrices and calculated classification accuracies of Landsat-7 using ScanEx Image Processor (SIP) and Erdas Imagine (EI) methods.
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Minimum Distance




	
Classes

	
Actual




	
Calculated

	
Bare Peat

	
Grass

	
Pine

	
Willow–Birch

	
Hydrophilic

	
Water

	
Σ

	
Us. Accuracy 1 (%)




	
Bare peat

	
110

	
2

	
0

	
0

	
0

	
0

	
112

	
98.2




	
Grass

	
3

	
72

	
0

	
4

	
1

	
0

	
80

	
90.0




	
Pine

	
0

	
0

	
32

	
1

	
1

	
0

	
34

	
94.1




	
Willow–Birch

	
1

	
1

	
2

	
75

	
0

	
0

	
79

	
94.9




	
Hydrophilic

	
0

	
0

	
1

	
0

	
87

	
5

	
93

	
93.5




	
Water

	
0

	
0

	
0

	
0

	
2

	
80

	
82

	
97.6




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
96.5

	
96.0

	
91.4

	
93.8

	
95.6

	
94.1

	

	
95.00 3




	
Object–oriented




	
Bare peat

	
110

	
1

	
0

	
0

	
0

	
0

	
111

	
99.1




	
Grass

	
2

	
70

	
1

	
5

	
0

	
0

	
78

	
89.7




	
Pine

	
0

	
0

	
30

	
0

	
3

	
0

	
33

	
90.9




	
Willow–Birch

	
2

	
4

	
3

	
75

	
0

	
0

	
84

	
89.3




	
Hydrophilic

	
0

	
0

	
1

	
0

	
88

	
4

	
93

	
94.6




	
Water

	
0

	
0

	
0

	
0

	
0

	
81

	
81

	
100.0




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
96.5

	
93.3

	
85.7

	
93.8

	
96.7

	
95.3

	

	
94.58 3




	
Neural networks




	
Bare peat

	
110

	
6

	
0

	
4

	
0

	
0

	
120

	
91.7




	
Grass

	
3

	
61

	
0

	
3

	
0

	
0

	
67

	
91.0




	
Pine

	
0

	
0

	
25

	
0

	
6

	
0

	
31

	
80.6




	
Willow–Birch

	
1

	
8

	
9

	
73

	
5

	
0

	
96

	
76.0




	
Hydrophilic

	
0

	
0

	
1

	
0

	
79

	
6

	
86

	
91.9




	
Water

	
0

	
0

	
0

	
0

	
1

	
79

	
80

	
98.8




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
96.5

	
81.3

	
71.4

	
91.3

	
86.8

	
92.9

	

	
88.96 3




	
Trees




	
Bare peat

	
105

	
13

	
0

	
15

	
0

	
0

	
133

	
78.9




	
Grass

	
6

	
45

	
1

	
8

	
0

	
0

	
60

	
75.0




	
Pine

	
0

	
0

	
22

	
0

	
5

	
0

	
27

	
81.5




	
Willow–Birch

	
1

	
6

	
10

	
57

	
5

	
0

	
79

	
72.2




	
Hydrophilic

	
2

	
11

	
2

	
0

	
79

	
5

	
99

	
79.8




	
Water

	
0

	
0

	
0

	
0

	
2

	
80

	
82

	
97.6




	
Σ

	
114

	
75

	
35

	
80

	
91

	
85

	
480

	




	
Pr. Accuracy 2 (%)

	
92.1

	
60.0

	
62.9

	
71.3

	
86.8

	
94.1

	

	
80.83 3








Note: 1 Producer’s accuracy, 2 User’s accuracy, 3 Overall classification accuracy.
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Table 4. Complete error matrices and calculated classification accuracies of Landsat-8 and Sentinel-2 using different methods.
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Sentinel-2 Minimum Distance




	
Classes

	
Actual




	
Calculated

	
Bare Peat

	
Grass

	
Pine

	
Willow–Birch

	
Hydrophilic

	
Water

	
Σ

	
Us. Accuracy 1 (%)




	
Bare peat

	
93

	
1

	
0

	
0

	
3

	
0

	
97

	
95.9




	
Grass

	
1

	
99

	
0

	
1

	
0

	
0

	
101

	
98.0




	
Pine

	
0

	
0

	
18

	
0

	
0

	
0

	
18

	
100.0




	
Willow–Birch

	
0

	
1

	
2

	
90

	
0

	
0

	
93

	
96.8




	
Hydrophilic

	
0

	
0

	
0

	
0

	
59

	
1

	
60

	
98.3




	
Water

	
0

	
0

	
0

	
0

	
2

	
48

	
50

	
96.0




	
Σ

	
94

	
101

	
20

	
91

	
64

	
49

	
419

	




	
Pr. Accuracy 2 (%)

	
98.9

	
98.0

	
90.0

	
98.9

	
92.2

	
98.0

	

	
97.14 3




	
Landsat-8 Minimum Distance




	
Bare peat

	
93

	
2

	
0

	
0

	
0

	
0

	
95

	
97.9




	
Grass

	
0

	
97

	
0

	
3

	
0

	
0

	
100

	
97.0




	
Pine

	
0

	
0

	
17

	
1

	
4

	
0

	
22

	
77.3




	
Willow–Birch

	
0

	
1

	
2

	
87

	
0

	
1

	
91

	
95.6




	
Hydrophilic

	
1

	
0

	
1

	
0

	
57

	
1

	
60

	
95.0




	
Water

	
0

	
0

	
0

	
0

	
3

	
48

	
51

	
94.1




	
Σ

	
94

	
100

	
20

	
91

	
64

	
50

	
419

	




	
Pr. Accuracy 2 (%)

	
98.9

	
97.0

	
85.0

	
95.6

	
89.1

	
96.0

	

	
95.23 3




	
Sentinel-2 Object–oriented




	
Bare peat

	
92

	
4

	
0

	
0

	
2

	
0

	
98

	
93.9




	
Grass

	
2

	
95

	
0

	
1

	
1

	
0

	
99

	
96.0




	
Pine

	
0

	
0

	
16

	
0

	
0

	
0

	
16

	
100.0




	
Willow–Birch

	
0

	
0

	
4

	
89

	
0

	
0

	
93

	
95.7




	
Hydrophilic

	
0

	
1

	
0

	
1

	
59

	
1

	
62

	
95.2




	
Water

	
0

	
0

	
0

	
0

	
2

	
49

	
51

	
96.1




	
Σ

	
94

	
100

	
20

	
91

	
64

	
50

	
419

	




	
Pr. Accuracy 2 (%)

	
97.9

	
95.0

	
80.0

	
97.8

	
92.2

	
98.0

	

	
95.47 3




	
Landsat-8 Object–oriented




	
Bare peat

	
92

	
7

	
0

	
0

	
0

	
0

	
99

	
92.9




	
Grass

	
2

	
92

	
0

	
2

	
1

	
1

	
98

	
93.9




	
Pine

	
0

	
0

	
17

	
0

	
0

	
0

	
17

	
100.0




	
Willow–Birch

	
0

	
0

	
3

	
88

	
2

	
0

	
93

	
94.6




	
Hydrophilic

	
0

	
1

	
0

	
1

	
57

	
1

	
60

	
95.0




	
Water

	
0

	
0

	
0

	
0

	
4

	
48

	
52

	
92.3




	
Σ

	
94

	
100

	
20

	
91

	
64

	
50

	
419

	




	
Pr. Accuracy 2 (%)

	
97.9

	
92.0

	
85.0

	
96.7

	
89.1

	
96.0

	

	
94.03 3








Note: 1 Producer’s accuracy, 2 User’s accuracy, 3 Overall classification accuracy.
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